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Fvery experiment proves something. If it does not prove what you

wanted it to prove, it proves something else.

Anonymous

i
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Abstract

Advanced materials such as carbon fiber, composite materials et.al. are more
and more used in modern industry. They make the structures lighter and stiffer.
However, they bring vibration problems. Researchers studied numerous methods
to eliminate the undesirable vibrations. These treatments are expected to be a
compact, light, intellectual and modular system. Recently, a nonlinear technique
which are known as Synchronized Switch Damping (SSD) technique was proposed.
These techniques synchronously switched when structure got to its displacement
extremes that leading to a nonlinear voltage on the piezoelectric elements. This re-
sulting voltage showed a time lag with the piezoelectric strain thus causing energy
dissipation. Based on the developed SSD techniques, a new synchronized switch
damping e.g. Synchronized Switch Damping with Energy Transfer (SSDET) was
proposed in this document. This method damped the vibration by using the
energy from other vibrating form. The objectives of the work reported in this doc-
ument were threefold. The first one consisted of introduction of SSDET principle
and developing its control law. This part aimed at establishing the mathemati-
cal model and verifying the proposed method by mathematical tools. Then, the
experiment validations were carried out. Three experiments with different config-
urations demonstrated that SSDET can be implement not only between structures
but also vibrating modes in one structure. A SSDET scheme with multi-patches
was also investigated for improving the damping. Finally, a bidirectional SSDET
concept was introduced based on the original SSDET technique. This technique be
regarded as a multimode control SSDET. Since it privileged the target vibration
while keeps a decent control effect on the source vibration.

Keywords: piezoelectric materials, synchronized switch damping technique,
non-linear vibration control, semi-passive, semi-active, energy transfer.
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Résumé

Les matériaux évolués tels que les matériaux composites ou les fibres de car-
bone sont de plus en plus utilisés dans I'industrie. Ils rendent les structures plus
légeres et plus résistantes mais en contrepartie, ils apportent de nouveaux prob-
lemes de vibration. De nombreuses recherches sont ainsi en cours pour apporter
des solutions afin d’éliminer les vibrations indésirables tout en restant compactes,
légeres, intelligentes et modulaires. Récemment, des techniques de controle non-
linéaires, dénommeées en anglais S.S.D. (Synchronized Switch Damping) ont été
proposées et validées. Ces méthodes font commutées un élément piézoélectrique
collé a la structure mécanique a amortir sur un circuit électrique de maniere syn-
chronisée avec la déformation de celle-ci. Un effet amortissant peut ainsi étre
obtenu en utilisant 1’énergie de vibration de la structure mécanique elle-méme.
Basée sur ces concepts, une nouvelle technique appelée S.S.D.E.T. (Synchronized
Switch Damping with Energy Transfer) est proposée dans ce manuscrit. Cette
méthode permet d’amortir une vibration en utilisant de I'énergie extraite a par-
tir d’autres vibrations. Les résultats de ce travail de these sont présentés de la
maniere suivante. Premierement, le principe et les lois de commande de la tech-
nique S.S.D.E.T. sont introduits. Ainsi, un modele mathématique est établi et
permet de vérifier les concepts proposés par simulation. Ensuite, des validations
expérimentales menées sur différentes configurations sont décrites et démontrent
I’augmentation de l'amortissement sur un systeme composé de deux structures
mécaniquement indépendantes, sur un systeme composé d’une seule structure qui
vibre selon plusieurs modes et sur une combinaison des deux précédents. Enfin,
une extension de la technique S.S.D.E.T. est introduite dans un cadre d’échange
d’énergie bidirectionnel. Celle-ci permet d’obtenir un amortissement privilégié sur
un mode tout en conservant un controle correct des autres modes.

Mots-clés : matériaux piézoélectriques, technique d’amortissement par com-
mutation synchronisée, controle de vibration non-linéaire, semi-passif, semi-actif,
transfert d’énergie
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Symbol ‘ signification
Alphabetic character
A state matrix
B Input matrix
C capacitance
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c structural damping coefficient,
D electric displacement,
[d] direct piezoelectric effect
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n Efficiency factor
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Introduction

Undesired mechanical vibration harms the running mechanical equipments. It
could lead to material fatigue, deterioration of system performance, also increase
the noise level. Particularly, structure could be damaged due to the high amplitude
vibration when the excitation just locates around structure eigenvalue frequencies.
Several catastrophes such as bridge collapse, airplane crash have been ascribed to
vibration caused problems. Thus, vibration control becomes to an urgent issue to
the mechanical engineers.

The main vibration control methods can be cataloged as passive, active and
semi-passive or semi-active methods. Passive control methods are usually con-
sidered to be stable. Since there is no external feedback exerted on the target
structure directly. However, it is usually bulky and sensitive to the environmental
changes. On the contrary, active control can achieve broadband control but it
consumes great amount of energy. Besides, it is also confined by the caused insta-
bility problems such as spillover. Semi-passive or semi-active methods inherit the
advantages of both passive and active control and become a hot topic in vibration
control domain.

This document proposes a semi-passive vibration technique called synchronized
switch damping with energy transfer. The basis of this technique is the popular
synchronized switch damping techniques (reviewed in chapter 2). This technique
aims at reducing the structural vibration (target) level by using the energy pumped
from another vibrating structure or vibrating mode (source) via bonded piezoelec-
tric materials.

In this thesis, two types of SSDET technique are discussed. The first one is an
ordinary SSDET technique in which the energy transfer path is constantly from
one piezoelectric patches group to another. The investigation of this type SSDET
concerns with control law development, mathematical modeling and simulations in
both time and frequency domain (in chapter 3) and the experimental validations
on different testbenches (in chapter 4). The other one is bidirectional SSDET
technique in which the energy transfer between piezoelectric patches is in both
direction (in chapter 5). In this part, We also discuss the damping effect by using
several different connections between two patches for damping a bending-torsion
coupling vibration structure. Comparisons are carried out both in simulation and
experiment to reveal the advantage of the bidirectional SSDET.

17
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Chapter 1
General introduction

Effective vibration control can improve the precision of the machining,
reduce the fatigue load and prolong the operational life of industrial
structures. Plenty of wvibration control methods have been developed
and already applied into the commercial arena. Smart materials es-
pecially piezoelectric material based vibration control techniques grows
rapidly during the past two decades. In this chapter, we give a general
idea of vibration control. Piezoelectricity and their usage in vibration
control are simply introduced. Among kinds of piezoelectric materials
based damping treatments, we emphasize in reviewing four basic shunt

damping techniques due to their advantages.

1.1 Vibration control

Vibration is a basic physical phenomenon in universe. People utilize desirable
vibrations to make a better life. For instance, orchestral music are played by vi-
bration based instruments such as drums, violin, clarinet and so on. These instru-
ments are tuned to vibrate with certain frequencies that equals to integer multiples
of a fundamental frequency in order to generate pleasant sound. Crystal oscillators
are used to make quartz watch which runs much preciser that a automatic one as
shown in Fig.1.1. Electric and sonic toothbrushes vibrate as high as 13 thousand
Hz, show a superiority to traditional toothbrushes in removing plaque and surface
stains on teeth as shown in Fig.1.2.

However, undesirable vibrations can bring lots of problems. Working in a high
level noise environment can severely damage human’s health. Structural vibrations

can cause material fatigue, structural failure and excessive equipment wear which
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20 Chapter 1

Figure 1.1: Quartz watch.! Figure 1.2: Sonicare-toothbrush
designed by Philips corporation.

Figure 1.4: Tacoma narrows
bridge collapse under 64 km/h
winds.?

Figure 1.3: Earthquake in
Wenchuan,China.

would shorten the structure operational life and increase the maintenance costs.
Moreover, Disasters could occur if there is a inherent shortage of the structural
design. People would lost their lives in a strong earthquake if their residences with-
out anti-seismic design as shown in Fig.1.3. Long span bridge such as suspension
bridge or cable-stayed bridge is vulnerable to the wind which could induce the
self-excited vibration of the bridge as shown in Fig.1.4.

Consequently, people call for vibration control methods to avoid the problems
induced by the undesirable vibrations. In the past decades, such techniques grow
rapidly in kinds of industry domain. These approaches can be generally classified
as three catalogs which are passive control, active control and semi-active or semi-

passive control.

"http://www.hautehorlogerie.org/fr/horlogere-culture/watches/
modeles-de-legende/1981-1990/swatch/ due to 2011
2http://en.wikipedia.org/wiki/Tacoma_Narrows_Bridge_(1940) due to 2011
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Figure 1.6: Tuned mass damped

Fi 1.5: Structural bracket
BHIE restras braciet erected on TaibeilO1 skyscraper.

added to the FA-18 vertical tail.?

Passive control is the earliest developed vibration control methods. These
methods are easy to implement, sensor and power needless and unconditional
stable. The simplest passive vibration control method is isolation. On the one
hand, we can isolate the vibrating structure from its support to prevent the vibra-
tion transmit to other equipments. This application has been applied to the some
mechanical structures such as central air condition and air compressor. On the
other hand, we can also isolate the structure from the vibrating base like adding
a spring under the seats in the vehicles. However, the vibration source is not be
damped in these applications. Another simple way is to add mass or stiffness
to the structure in order to change the dynamic behaviors. Thus the structure
can keep away from their resonant frequencies during working time. Besides the
above treatments, several passive control ways are also developed. Tuned mass
damper (TMD) is a popular passive control approach[19]. This device is normally
mounted in a host structure to absorb the structural mechanical energy when the
structure vibrates at its resonant frequency. The main disadvantage of the passive
control is that the control bandwidth is too narrow. Once the structure dynamic
properties changes, the control system would need to be retuned. In addition, the
passive control need to add non negligible mass to the structure which could be
unacceptable in aerospace field.

Active control is developed based on the development of the computer science[20,
21]. The control system need sensors to monitor the displacement or velocity of
the structure. The sensed signals then send to a controller (microchip or computer
embedded I/O board) in order to obtain a control signal by employing specific
algorithms. The control signal would be amplified by power amplifier or directly
exert on actuators to generate feedback force on the structure which usually has

the opposite phase with the external excitation. Depending on the modern control

3http://www.aerospaceweb.org/question/planes/q0176.shtml due to 2011
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theories, people can design specific control laws to solve kinds of vibration prob-
lems. However, the power consumption would be large and the spill-over could be

induced for high frequency control leading to instability.

Controller

Sensor

Figure 1.7: Conventional active vibration control.

Semi-active control or semi-passive control possesses partial advantages of both
passive and active control. Usually, these control strategies are hysteretic or non-
linear in nature. By using small amount of energy, these methods can change the
structural dynamic properties by changing the control state thus achieving the
damping. The semi-passive and semi-active methods can be distinguished by how
we use the small amount external energy. The criterion is that if this energy is only
used for power-up the control system but not used for inducing the control force,
such method can be ranged with semi-passive method. Otherwise, it is a semi-
active control. However, the energy used for inducing the control force is very
small comparing with conventional active control. Several control systems have
been proposed and investigated in the literatures, include active variable stiffness
(AVS) in which the stiffness can be switched between high and low values|22],
electro-rheological (ER) dampers and magneto-rheological (MR) dampers which
damp the structural vibrations by tuning the intensity of electric field or magnetic
field with the structural motion[23, 24].

1.2 Smart materials

1.2.1 Common smart materials

The definition of smart material could be depicted as smart material can sense and

respond to the external stimuli in a predictable and useful manner. These stimuli
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could be stress, temperature, electric or magnetic fields, moisture, pH value. For
example, shape memory alloy can remember their original shape and cold-forged
shape and return to it when heated. Magnetorheological fluid can increase its
apparent viscosity when subjected to a magnetic field. The relationship between
the stimuli and response of some types smart material are described in Tab. 1.1.

Compared with other smart materials, piezoelectric materials were extensively
used in vibration control field due to four reasons. (1) Piezoelectric material is
one of crystalline materials which are usually used to produce high performance
devices. (2) Piezoelectric material is solid state making it easier to be fixed on
the structure. (3) Piezoelectric can transfer the mechanical energy into electrical
energy and wice versa, it could be used as actuators for either passive or active
control. (4) The electrical field is also easy to be generated and controlled compared
with other stimuli. We will give a more detailed introduction of piezoelectricity in

next section.

1.2.2 Piezoelectricity

Piezoelectricity was firstly discovered in 1880 by Pierre Curie and Jacques Curie,
two French physicists who were also brothers. They demonstrated that crystals
of tourmaline, quartz, cane sugar and Rochelle salt generate electrical polariza-
tion from mechanical stress. They found twenty natural crystal classes exhibit
piezoelectricity. One year after the discovery of the piezoelectricity, Gabriel Lipp-
mann predicted the existence of the converse piezoelectricity from the deducing
of the fundamental thermodynamic which was soon confirmed by the Curies. De-
spite these exciting discoveries, they were not used for applications rather than the
interests of the physicists until the early twentieth century.

The piezoelectric materials are usually made by polycrystal which has random
polar axis inside. In order to generate the piezoelectric effect, the polycrystal
is heated firstly in order to give more freedom to the domain of the materials.
Meanwhile, a strong electrical field is applied to the polycrystal to align the dipoles
in nearly piezoelectric effect after the electrical field is canceled. The procedure
can be shown in Fig.1.8

When mechanical stress is acting on the piezoelectric body, which manifests the
dipole moments in the materials, an electric field can be be observed between the
insulated electrodes. This effect is known as direct piezoelectric effect. A ordinary
lighter in our daily life comes from this effect. More than 10k volts voltage can

be generated when pushing the button. Then the resulting electro spark can
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Stimuli Electrical Magnetic Optical Thermal Mechanical
Response
Electrochromic Piezoelectric
Electrical Electroluminescent | Thermoelectric Electrostrictive
Electro-optic ER fluids
Magnetic Magneto-optic MR fluids
Optical Photoconductor Photochromic
Thermochromic
Thermal Thermoluminescent Shape memory
Mechanical Piezoelectric magnetostrictive | Mechanochromic Negative poisson ratio

Table 1.1: The relationship between the stimuli and response of some types of smart material.
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Figure 1.8: polarization of polycrystal materials.
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Figure 1.9: Piezoelectric effect.*

ignite the gas. In industry field, direct piezoelectric effect is more applied to
produce the sensors. Due to its high sensitivity and broad bandwidth sensing,
It is applied to many domains such as underwater wave detection, earthquake
prediction, loudspeaker production and so on.

On the contrary, the converse piezoelectric effect is that when a voltage is
applied on the two piezoelectric electrodes, the material will deform. The ceramic
will be expanded if the applied voltage has the same direction with the poling
direction and be compressed if this voltage direction is different from it. If the
exerting voltage is a AC voltage, the piezoelectric materials will vibrate with the
frequency of the AC signal. This effect is utilized for making actuators which
relates to vibration control, supersonic engineering, precise motion driving and so

on. The piezoelectric effect is shown in Fig.1.9.

“http://www.aurelienr.com/electronique/piezo/piezo.pdf due to 2011
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Host-structure

3 (2) piezoelectric
patch

/

2 (y) Vibration direction

Figure 1.10: piezoelectric patch bonded on a vibrating mechanical structure.

Piezoelectricity results a coupling effect between electricity and mechanics thus

the constitutive equation of tensors as shown in Eq. 1.1.

S_sEdt
D| | d &

where D is the electrical displacement (surface charge density), S is the material

T

. (1.1)

engineering strain. £ and T are the electrical field in the material (volts/meter)
and the material stress(force/area). The matrix [d] and [d'] represent the direct
piezoelectric effect and the converse piezoelectric effect. The parameters €7 and
s¥ correspond to the permittivity and the compliance of the piezoelectric material.
The superscript E indicates a zero, or constant, electric field. The superscript T’
indicates a zero, or constant, stress field and the superscript ¢ is transposition of a
matrix.

In vibration control, the piezoelectric patch with 3-1 effect (d = d3;) is usually
utilized as the transducers. When structure is vibrating in the direction as shown
in Fig.1.10, the piezoelectric patch will strain along the x-axis and the resulting
strain S, will generate a AC voltage between the two electrodes of the patch. In
this thesis, the piezoelectric patches are composed of PZT (lead-zirconate titanate)
which are fabricated by LGEF laboratory. We also use some PZT patches which

are produced by commercial companies like Midé corporation.

1.3 Shunt damping techniques

Piezoelectric shunt damping techniques were an important branch in structure
vibration control by smart materials[25]. By connecting an optimized electrical
impedance between piezoelectric elements, which are bonded to or embedded in
the structure, an obvious damping effect has been observed when the structure

vibrates around its natural frequency. These techniques require no feedback sensor
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INDUCTIVE RESISTIVE CAPACITIVE SWITCHED
, c . R : c. \
E E E E Csh:: :.
1 |piezo! ' |piezo! !
Resonant Frequency Frequency Controlled
(damped) dependent dependent energy
absarber damping stiffness transfer
Tuning strategies Peak damping Adjust stiffness of Active (fast) shunting
Passive vs synthetic Frequency dependence | part of mechanical rectifier
inductors tuning vibration absorber resistance
Single vs multimode distribution Active (siow) tuning inductance rate
Active (slow} tuning Modal strain energy
Circuit topology Effects of:
Effects of: electrode size
structural damping local stiffening
nonlinearities
RL-shunted CLD Damped composites
Hybrid active-passive particulate
Power efficiency fiber-reinforced

Figure 1.11: Classification of piezoelectric shunt circuits[1].

and only need a few simple electronic components. Some of them are pure passive
control methods which get rid of the power source and the stability problems.
The preliminary shunt damping technique is proposed by Forward in 1979[26]. In
this research, they tried both inductive shunting and active feedback control to
damp the structure dynamic response. Their work lay a foundation for the future
researches on shunt damping techniques. In 1988, Uchino and Ishii experimentally
demonstrated the feasibility of the resistive damping[27].

Starting from the electromechanical coupling effect between structure and bonded
piezoelectric elements, Hagood et.al systematically analyzed the resistive and in-
ductive shunt damping circuit behaviors[28]. Their works focused on the principles
of the shunt circuits and the optimization of the circuit parameters. This remark-
able work is significant to the subsequent shunt damping researches.

In a review article, Lesieutre reported on four basic shunt circuits, i.e., in-
ductive, resistive, capacitive and switched circuits as shown in Fig.1.11, and each
shunt circuit could give rise to a different mechanical behavior[1]. In the following

sections, we will briefly review the developed treatments of these shunt circuits.
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1.3.1 Resistive shunt technique

Since a AC voltage appears on the piezoelectric elements, a resistor connected
between the terminals of the piezo-elements can dissipate the electrical energy
through Joule heat. Hagood and Flotow proved that the damping increased at
first, and then decreased if the resistor increased monotonously[28]. The maximum
damping value was determined by the electromechanical coupling effect. Lesieutre
et.al used multi piezoelectric elements and distribute resistors to build piezoelec-
tric shunt damping circuit. They obtained a broadband control ability[29, 30].
Taninoto et.al applied the resistive shunt circuit to damping a composite plate

and they gave the optimized resistance value for each controlled mode[31].

1.3.2 Inductive shunt technique

Due to its simplicity and low power cost, the R-L (resistor-inductor) shunt circuit
is one of the most researched and it shunts the terminals of piezoelectric elements
with serial or parallel resistors and inductors. The oscillation frequency of this
circuit (LCR oscillator) is well tuned to the structural eigenvalue frequency in or-
der to get a maximum damping effect. Such method was interpreted in terms of
an analogy with tune mass damper (TMD) or passive mechanical vibration ab-
sorber (PMVA)[28]. Wu et.al. proposed a parallel resistor and inductor circuit to
damp a cantilever beam. They pointed out that the structure parameters change
or unoptimized inductor choosing would decrease the damping around the natural
frequencies[32, 33]. Wu demonstrated that the R-L shunt circuit have the multi-
mode control ability. He developed a multimode R-L shunt damping circuit. As
shown in Fig.1.12; the circuit contains n branches aiming at controlling n vibrat-
ing modes, and each branch have (n — 1) anti-resonant oscillators which play a
role as bandwidth filter to prevent the current passing except one target mode
component[34]. Then, this technique was successfully applied to damp the vibra-
tion also the acoustical response of cut-out panel from an F-15 fighter aircraft,
CD-ROM, hard disc drive beam and other structures|2, 35-40].

The optimization for R-L shunt damping technique had also got much attention.
Many researches focused on tuning the resistance for the sake of obtaining a flat
system transfer function[3, 41, 42]. Fig.1.13 shows a representative system transfer
function with different optimized resistances. The bonding placement and profile
of the piezoelectric elements were also considered in some researches[39, 43].

The main drawback of the R-L shunt damping technique is huge inductance

requirement even up to thousands of henries for low frequency control. In prac-
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tice, discrete inductors are limited in size to around 1 H. Fleming et.al advised
to place an additional capacitance across the terminals of the PZT in order to
decrease the inductance need. However, it could decrease the force generated by
the piezoelectric elements[44]. In their another research, a synthetic impedance
was developed by a DSP system avoiding to use the inductor component in the
circuit[45]. More popular method is called Negative capacitance which run with
a similar electrical behavior of an inductor[46]. Moreover, it could be designed as
an adaptive one which can trace the structure vibration frequency changes[47, 48].
But these designs need an external power supply, that makes the R-L shunting no

longer a passive method.

1.3.3 Capacitive shunt technique

X & Xy &

2
PIA ST, N

Figure 8. Conceptual “ladder” capacitive shunt circuit.

/ Short-circuit response Open-circuit response \

Response magnitude

Looh A A &k h
Frequency

Figure 1.14: Davis’ ladder capacitive shunt circuit[4].

Capacitive shunt technique tuned the stiffness of the global system by chang-
ing the stiffness of the bonded piezoelectric elements , meanwhile keeping the
system damping a constant value. So far, there are several literatures concern this
topic[49, 50]. Davis et.al tuned the system frequency-response curve by connecting
or disconnecting capacitors using switches as shown in Fig.1.14[4]. Thus, the struc-
ture response would be low if the excitation frequency was between open-circuit
and short-circuit frequency. Kurdila et.al used averaging analysis for qualitative
and quantitative study of this method. They suggested two control strategies. One

is to increase the capacitance by step; another is to alternatively set the capaci-
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tance as the optimized values for only open-circuit or short-circuit frequency[51].
Tylikowski applied capacitive shunt technique to suppress the vibration of a ring
structure. He pointed out that the precise impedance tuning is critical to the

control effect[52].

1.3.4 Switched shunt technique

By intermittently on-off the switches in the circuit, a non-linear voltage will be
generated over the piezoelectric elements[53]. In 1994, Larson proposed the state
switch conception from the stiffness change of a sound actuator which is made
of piezoelectric material[54]. Cunefare et.al developed a State Switch Absorber
(SSA) which aiming at minimizing the mechanical energy of the system. He also
introduced the control law based on the velocity response of the host structure[55].
The most popular switched shunt techniques are called state switch shunt technique

and synchronized switch damping techniques.

e State switch damping technique. Clark et.al proposed the state switch damp-
ing technique[56, 57]. In this technique, the switch is close in one-half of the
structure vibration period and open in rest of the time. The damping effect
can be be ascribed to the stiffness change between the two switch states.
He also studied the damping effected by the switch closing duration[58]. As
key parameters in a switched shunt circuit, the timing and duration of the
switching have also been investigated. It is pointed out that the optimal tim-
ing should be at the peak of the vibration cycle for closing and the peak of
the next electrical cycle for reopening that makes the state switch technique
close to the synchronized switch damping technique. Corr et.al explained the
enegy dissipation from the angle of the stiffness change. He figured out that
the synchronized switching damping can perform better than state switch

damping technique[59, 60].

e Synchronized switch damping techniques. Synchronized switch damping (SSD)
techniques get great attention in the recent years due to its simplicity and de-
cent control ability. We will give a particular review in chapter 2. Moreover,
the techniques have been successfully transplanted into the energy harvesting

field for power up small electrical devices|8, 61-64].
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1.4 Objectives of research topic

The researches introduced in this thesis are developed based on the well-known
Synchronized switch damping techniques. SSD techniques have been studied in
many literatures. These works cover many aspects like principles, control laws,
broadband control also their applications. However, most of these researches only
use one patch (group) in the control system. In this thesis, multi patches are
bonded on the host structure and they are not connected in series or in parallel as
before. With such configuration, we propose a new SSD conception while named
as synchronized switch damping with energy transfer (SSDET) technique. In this
method, we transfer the energy which comes from the different vibrating modes,
between different patches in order to enhance the damping on one particular struc-
ture or mode.

The entire thesis is organized as follows. Chapter 2 reviews the published SSD
techniques in detail. Chapter 3 presents the principles as well as the control law of
the SSDET technique . The mathematical model in time and in frequency domain
are established. Simulations are carried out in matlab/simulink environment to
verify its feasibility. An enhanced control law based on a voltage threshold is also
developed in this chapter. Chapter 4 experimentally demonstrates the SSDET.
Three different type experiments are implemented to show that the SSDET can
be applied between different structures or modes in one structure. Experimental
results also show that it can be adopted for reducing both harmonic and transient
response. Chapter 5 introduces a preliminary research on bidirectional SSDET
technique. Different connections between two patches are illustrated and dynamic
behaviors are researched based on the simulations. Then, the bidirectional SSDET
technique and its control law are introduced. Experimental results are compared

between several connections. Finally, Chapter 6 concludes the thesis.
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Chapter 2

Review of synchronized switch

damping techniques

Among kinds of semi-active and semi-passive vibration control methods,
Synchronized Switch Damping (SSD) techniques are proved to be an
effective treatment. Compared with the passive methods, the system
has the immunity against the structure dynamic properties shift due to
the environmental change . They are also compact, lightweight which is
convenient to apply to specific structure with weight or size restriction.
Compared with the active control, SSD control system is very simple
to implement and can easily be self-powered from the vibration itself.
In these techniques, the switch in the circuit is intermittently switched
leading to a non-linear voltage processing. The piezo-force induced by
such voltage always shows an opposite sign with the structure velocity
which leading the vibration suppression on the structure. Such behavior

is similar with the well-known direct velocity feedback control[65, (0].

This chapter reviews the developed SSD techniques in four main as-
pects. At first, SSD principles are introduced. After that, the en-
ergy analysis in SSD techniques are listed. The broadband frequency
control attempts of SSD techniques are exhibited which are classified
as mode distinguished based approaches and time window based ap-
proaches. Finally, the self-powered SSD techniques and Blind Switch
Damping (BSD) techniques are briefly introduced.

33
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2.1 SSD techniques principles

SSD technique could be studied analogously to variable-stiffness control which
is devised by Onoda in[67]. In his proposed methods, the type II is the most
interesting one as shown in Fig.2.1. A secondary stiffness Ak can be added or
canceled by a switch. The switching timing can be determined by several control
laws such as maximum strain law, maximum amplitude law[67] or maximum energy
benefit[5]. In SSD technique, the stiffness of the piezo-elements is different under
different electrical boundary. By switching these piezo-elements between different
electrical boundary, the mechanical energy is converted as electrical energy and
stored on the piezoelectric element itself. The collected energy could be dissipated
due to the electric loss or harvested in a battery. However, strictly speaking, SSD
technique is not variable stiffness technique. In variable stiffness control, we do
not add additional damping into system but only shift the transfer function of the
controlled system to avoid resonant. That is we do not extract or dissipate system
energy. In SSD technique, the piezoelectric force is always opposite to velocity
which shows similar behavior like dry friction. The mechanical energy of the host

structure is extracted by SSD technique.

2.1.1 Mathematical model of piezo-element coupled struc-

ture

This section presents a general mathematical model of a piezo-structure. The basic
equations are introduced to exhibit the electromechanical relations.

The structure coupled with piezoelectric elements is often described by a model
with a single degree of freedom as shown in Fig.2.2. Here, m is the structure mass,
c is the damping coefficient and k¥ is the short-circuit stiffness. Furthermore, F
is an external force exerting on the structure, Cj is the natural capacitance of the
piezoelectric elements on the structure, u is the displacement of the structure and
V' is the voltage between two electrodes of the piezoelectric element. This elec-
tromechanical coupling system can generally be formulated according to Eq.(2.1).
Here, 7 is the outgoing current from the piezoelectric elements and « is the force

factor related to the piezoelectric material.

. (2.1)

mii+ et + kFfu = F —aV
i:@u—COV
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Figure 2.1: Type II mechanical spring|[5].
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Figure 2.2: An electromechanical model.
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Figure 2.3: A classic circuit for SSD techniques.

The general circuit schema for SSD techniques can be shown in Fig.2.3. The
piezoelectric elements with capacitance Cj are usually bonded on the surface of
the structure. The switch is usually achieved by combining MOSFET transistors
and diodes. The driving signal consists in pulses with short duration synchronizing
with the structure motion. The impedance Z could be a small resistor (SSDS), an

inductor(SSDI) or a battery source (SSDV) as discussed in the following sections.

2.1.2 SSDS principles

Synchronized Switch Damping on Short circuit (SSDS) was proposed by Richard
et.al. in 1999[68]. The circuit of SSDS is very simple which only consists of a wire,
a switch and a small resister as shown in Fig.2.4. Once the structure gets to its
extrema (maximum or minimum) of displacement, the switch will be closed for a
very short time and then re-opened. That is the circuit is in short circuit. Thus, the
electrical charge with different polarities store on the piezoelectric patches surface
will be canceled during the closing time and the piezoelectric voltage will return
to zero in the closing duration. Fig.2.5 shows the waveforms of the structural
displacement and voltage. From this figure, we know that the piezoelectric voltage
increases in most of the time which indicates the mechanical energy is extracted
from the structure and stored in the piezoelectric elements as electrical energy.
Such voltage only drops when the switch is closed. That means the electrical
energy is dissipated in the circuit as joule heat. So, the mechanical energy of the
vibration finally dissipated in the circuit. It could also be noticed that the voltage
always has the same sign with the velocity. Therefore, the induced piezoelectric

force which equals to —aV always has the opposite sign with the velocity. That
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behavior is like the dry friction effect. This behavior shows a similar manner to
the Direct Velocity Feedback[66].

I/T (9]

/ i
piezo-

element
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o

Figure 2.4: SSDS circuit.
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Figure 2.5: SSDS waveforms.

Due to its simplicity, SSDS gets much researchers’ attention. Corr and Clark
analyzed the energy dissipation of SSDS technique and compared with state switch
control technique[59, 69]. They pointed out that SSDS always outperform the state
switch technique. Then, they experimentally compared the state switch control,
SSDS and the RL resonant shunt by using a aluminum beam. Experiment show
that state switch can only obtain 2 dB reduction while that is 12 dB for SSDS and
RL shunt. However, the RL shunt circuit needs 2870 times greater inductor than
SSDS does[60]. In[70], it is demonstrated that SSDS technique can be achieved by

self-sensing method.
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2.1.3 SSDI principles

It can be shown that the converted energy is directly related to the voltage jump
during the switching. In order to maximizing the damping, Synchronized Switch
Damping on Inductor (SSDI) is proposed by Richard et.al. in[71]. The electrical
circuit of SSDI is shown in Fig.2.6. Compared with SSDS circuit, an additional
inductor is added into the circuit. The capacitance Cy of the piezoelectric elements,
the inductance L and the resistance R of the circuit constitute an LCR oscillator.
The switch is open at most of the time and just briefly closed at the selected
instants. The closing duration ¢; is one-half of the electrical oscillation period T
Hence, the voltage V' can be inverted during the closing time. Considering that the
resistance in the circuit is very small, the closing time ¢; could be approximately
shown in Eq.(2.2). It can be known smaller inductance L will lead to a smaller
t;. The closing time issue is also discussed in[58] in which it concludes that the
switch should be closed on the peak of a vibration cycle and reopen it on the first
peak of the electrical cycle for optimal performance. Compared with the passive
R — L shunt circuit, the inductance is much smaller. Usually, it is chosen to
get an inversion time roughly between 10 and 50 times lower than the shortest
mechanical vibration period. The voltage and displacement typical waveforms are
shown in Fig.2.7 in the case of sinusoidal excitation. From Fig.2.7, we know that
the inversion occurs at the displacement extrema. The amplitude of voltage after
inversion is always less than that before inversion which indicates the energy loss
during the inversion process. Such loss can be contributed to the resistance of
the circuit (switch+inductor+wire) and can be reflected by an electrical quality
factor @); which is defined in Eq.(2.3). The before-after voltage relation can be
presented by using this quality factor which is given by Eq.(2.4). An inversion
factor v which is given by Eq.(2.5), can be defined as the ratio of the before-after
voltage inversion.

Under such definition, the inversion factor of SSDS ~vssps will be zero. In SSD
techniques, it has been demonstrated that the damping is particularly up to the
inversion factor[72]. Larger inversion factor usually leads to better damping effect.
Hence, SSDI can perform a better control performance than that of SSDS. SSDI
got researched in many literatures[6, 73-79]. In[75], SSDI control is compared with
one kind of active control. Though the active control show a better damping than
SSDI, the authors suggest that the SSDI is better choice for single mode control
considering the tradeoff between control performance and system complexity. In[6,

75, 77], SSDI is adopted to control the vibration of a ten-bay truss structure as
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Figure 2.7: SSDI waveforms.

shown in Fig.2.8. Results proved that SSDI is an effective, robust and low-energy-

consumed vibration control method, and it could be also self-sensing.

T

t; = LZCR ~ T/ LC() (22)
1 /L
i = =1/ = 2.3
@-7m (23)
Vi = Vige ™ % (2.4)
Vin _x

— " — 2Q; 25
V== (2.5)

2.1.4 SSDV and adaptive SSDV principles

As we know, the voltage amplitude in SSD techniques is significant. Synchronized

Switch Damping on Voltage source (SSDV) technique is proposed to artificially
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Figure 2.8: Ten-bay truss structure with piezoelectric transducers|6].

enhance such voltage especially for systems with low electromechanical coupling.

This section introduces the original SSDV which uses a constant voltage source in

the circuit. SSDV with an adaptive voltage source techniques which possess better

stability than original one, are reviewed as well.

e Original SSDV

SSDV circuit is similar with the that of SSDI but adding an addition voltage
source in series as shown in Fig.2.9. The role of these additional constant
voltage sources, having respectively a +V,. and a —V,. value, is to increase
the voltage amplitude of V', thus increasing the damping effect[80, 81]. The
control strategy of the switches is to alternatively close the SW; or SWy
when the maximum or minimum displacement u occurs. The switch clos-
ing duration is totally same with that in SSDI technique which is given in
Eq.(2.2). The typical SSDV waveforms are plotted in Fig.2.10. These wave-
forms also show a similarity with SSDI but with a higher inversion factor
due to the additional energy source. Here, the inversion factor has the same
definition with Eq.(2.5). The relationship between voltages before-and-after

inversion V,,, and V)s can be expressed as Eq.(2.6).

SSDV on adaptive voltage source

In the original SSDV, the sign of the continuous voltage source changes with
the structural speed direction that increases the piezo-voltage during the
inversion process. However, it would lead stability problems. Since the abso-
lute value of the voltage source is constant, which images the force induced by
this voltage is also constant. It could excite the structure when the structural
vibration level is low instead of suppressing the vibration. Badel et.al devel-
oped an enhanced SSDV so called SSDV on adaptive voltage source[7]. The
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Figure 2.10: SSDV waveforms.
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Figure 2.11: SSDV damping absolute value versus proportional coefficient[7].

applied voltage is automatically adjusted by the controller proportionally
with the structure deflection. The proportional coefficient 5 is empirically
set by users. This coefficient can not set too large, otherwise instability
would occur as shown in Fig.2.11. Ji et.al. employed LMS algorithm to find
the same coefficient as mention above. However, the system would become
definitely complex[82]. Lallart et.al. systematically analyzed the stability of
SSDV and SSDV on adaptive voltage source[72]. They pointed out that the
unstable phenomenon happened in experimental would be induced by the
delay of the switching. For SSDV on adaptive voltage source, the system can
always be stable as long as the margin modulus is less than a certain value

which shows good agreement with the research[7].

2.2 Energy analysis and transfer functions

2.2.1 General energy analysis

The mechanical property of the piezo-elements coupled 1-D structure can be writ-
ten in Eq.(2.7). If multiplying both terms by the velocity @ and integrating over
the time variable leads to the following energy Eq.(2.8):

mii + i+ kfu = F —aV (2.7)

/ miiidt + / cuPdt + / EEuudt + / aViudt = / Fudt (2.8)
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Considering only the steady state, integration over a finite number of periods

gives:

1 T 1 T T T T
l—mdz} +[—kEu2} + / ci*dt + / aVaudt = / Fudt (2.9)
2 0 2 0 0 0 0

If we consider the initial conditions of the displacement u and velocity u are
zero, then the Eq. (2.9) becomes:

1 1 T T T
—ma? + kPu? + / cidt + / aVaudt = / Fdt (2.10)
2 2 0 0 0

Eq.(2.10) shows that the provided energy is distributed into the kinetic energy
and potential elastic energy of the structure, the structural damping loss and the
extracted energy. These terms are listed in Tab.2.1. The vibration control of SSD
techniques is reflected as the extracted energy part which is firstly extracted from
the structural mechanical energy and transferred as electrical energy stored on
the capacitor, and finally dissipated in the circuit by joule heat. Thus, greater
extracted energy certainly brings better control ability. This energy can be ex-
pressed as the following integral function of voltage V' and displacement u shown
in Eq.(2.11). Due to

/avudt:/anu (2.11)

Considering the harmonic motion of the structure, the extracted energy can be
plotted as the cycle shown in Fig.2.12. It is clear that the voltage inversions
occurs at the displacement extrema moment. Since the inversion time is very
short comparing with mechanical period, the structure can hold at its position
(the displacement variation is zero) in this duration. In the open circuit, the
voltage variations are proportional to the displacement with a factor a/Cy. The
circumscribed surface by this cycle is the extracted energy with a factor 1/« in
one mechanical period. The surface can also be expressed as Eq.(2.12). Enlarging
the surface means that more energy is extracted from the structure which can be
achieved by increasing the voltage.

The extracted energy in one period of SSDS, SSDI and SSDV are listed in
Tab.2.2 and plotted in Fig.2.13. It shows that SSDV possesses the largest area
which images the best damping effect. Due to the larger inversion factor, SSDI
can perform better control ability than SSDS (the inversion factor of SSDS is zero).
If the switch is open all the time, the area surrounded by hysteresis loop of the

voltage is null, which indicates the extracted energy from SSD is zero. However,
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Figure 2.12: Extracted energy cycle.

it should be also pointed that though SSDV shows the best control performance,
it consumes more energy than SSDI or SSDV in which the external energy is only
used to control the switches state. Moreover, the force induced by the energy
source is directly exerted on the structure which potentially brings the instability.
As the matter of fact, SSDV could loses its stability if the voltage source has a
high voltage output.

/ aVdu = 2auy (Vi + Vi) (2.12)
period

Table 2.1: Energy terms.

T . .

J, Fudt  Provided energy

smu® Kinetic energy

11.E, 2 : :

k" u Potential elastic energy
T .9 .

fo cu*dt  Structural damping loss

fOT aVudt Extracted energy

2.2.2 Transfer functions of SSD approaches

open circuit

Without control, the electrical circuit is in open circuit condition (i = 0), thus
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Table 2.2: Extracted energy with different SSD techniques.
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Figure 2.13: Extracted energy cycle for SSD techniques.
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yield Eq.(2.13)

o
- 2.1
1% Cou (2.13)

Inserting Eq.(2.13) into Eq.(2.1) leads to:

2
mii+cu+kEu:F—g—0u (2.14)

Eq.(2.1) can be written by using the open circuit stiffness k” which is described
in Eq.(2.16) :

mii + i+ kPu=F (2.15)
D E o’

EP =kF + — 2.16

+Co (2.16)

Thus, the transfer function of the uncontrolled system can be expressed in Eq.(2.17)

by Fourier transformation. If the structure vibrates under its open-circuit resonant
frequency wf = \/kP/m, then the transfer function becomes Eq.(2.18)

u 1
F - 217
(F) without  —Mw? + jew + kP ( )

U 1
(i) - (2.18)
F without JWo
With SSD techniques

The dynamic behavior of the piezo-coupled structure can be written as Eq.(2.19).
The V is the voltage between piezoelectric elements electrical poles and it can be
expressed as the sum of a sinusoidal signal and a piecewise function as Eq.(2.20).
The amplitude of the piecewise function in different SSD techniques can be shown
in Tab.2.3. By inserting V into Eq.(2.19) and transferring it to the Laplace do-
main, the transfer function of SSD techniques can be obtained. Assuming the
external force is constant, SSD damping thus can be derived by comparing with
the Eq.(2.18) as shown in Tab.2.4. Readers can refer to[7] for more information

about the derivation.

mii + i+ kfu = F —aV (2.19)
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V= Cﬁo(u +h) (2.20)
Technique h value
SSDS uprsign(i)
SSDI unr L sign(a)
SSDV (up + %Vcc)i—zsign(u)

Adaptive SSDV  uy, (1 + ﬁ)}f—zsign(u)

Table 2.3: h definitions in SSD techniques.

Technique Inversion factor v Source voltage V.. Damping coefficient
SSDS 0 0 20—
cwo+m
SSDI 0 —
v cwo—ﬁ-%%
__cwo _ 4y aVe
SSDV o Vee s ¥ (1-22%F)
. (1+8)(1+7)—1 w
Adaptlve SSDV m 5‘/00 Cwo-i-%(&r(?)_(,ly;rw

Table 2.4: SSD techniques damping effect[18].

2.3 Broadband and multimode control of SSD

techniques

During the early research stage, SSD techniques usually deal with the monomodal

vibration case. However, researchers’ put more and more attention to the multi-

mode vibration control in the recent years.

2.3.1 Mathematical model of multimode SSD techniques

In the model of the multimode vibration control, the structure properties are

usually represented by model coordinate. Guyomar et.al. built a multimode model

for a Euler-Bernoulli beam[8]. The schema of the beam is shown in Fig.2.14 and
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u(x,t)
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Figure 2.14: Schematic diagram of cantilever beam. wu(z,t) is the beam deflection
along the transverse direction(y) and F'(t) is the excitation force at the tip of the

beam(z = L)[8].

the corresponding governing equation is given in Eq.(2.21). ET is the flexural
rigidity of the beam. p, ¢ and F(t) are the mass, damping coefficient and external
force per unit length. Then, this model can be discretized by the modal function
©(x) into the interested modes as Eq.(2.21). Here, the Q; is the generalized forces
and ¢; is the displacement of the ith mode. Since the ); can be expressed by the
sum of the excitation force and the piezoelectric force, Eq.(2.21) can be written as
Eq.(2.23). The global current I can be also presented by the modal displacement
as Eq.(2.24).

Pu(z,t)  Ou(z,t) 0% [ _20%u(x,t)]
BTE +c T + 52 [EI 92 ] = f(z,1) (2.21)

i} . Qi
2w + Wl = 2L 2.22
Gi + 2Gwigs + wiq M (2.22)
Gi + 2Gwid; + wiq; = Lfz‘(Tf) - ﬂvi(t) (2.23)
! M; M;
N

i=1

Ciminello et.al. developped a multimode SSD model by using Finite Element
Method (FEM)[83]. In this research, they extracted the mass, damping and stiff-
ness matrix from a commercial software. The PZT mass, damping and stiffness
matrix are obtained by its constitutive relation. By adding or dropping the PZT
matrix from the global matrix synchronizing with the structural motion, the sim-
ulation for SSDI technique can be achieved. Badel et. al. investigated both FEM
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and simple lumped model for SSD techniques. They compared the simulation re-
sults between these two methods. It reveals that the simple lumped model shows
good agreement with the FEM model while possessing 100 times faster speed cal-
culation than FEM[84].

2.3.2 Original SSD broadband control

At first, SSD techniques designed for single mode control was directly used to
suppress the motion under broadband excitation. In research[80], SSDI is used to
control the vibration of a steel cantilever beam. The switching occurred at each
extrema which leads to 9dB and 12dB to the the first two bending modes. Then,
the identical control method is applied to a four edge clamped plate. The results
show that six modes which distributed between 190Hz to 280Hz, are suppressed at
least 20%. The results are also compared with the tradition L — R resonant shunt
circuit which only works in four modes. Ciminello et.al. established a FEM model
to verify the broadband control ability of SSD techniques, and the experiment also
successfully damped the first eight modes by using 6 PZT inserts[85]. Guyomar
et.al. introduced these techniques to reduce the acoustic transmission. One of
their attempt is to adopt SSDI and SSDV to suppress the sound transmission in
an acoustic box shown in Fig.2.15[9]. It shows that sound pressure is weaken at
selected five resonant modes. In addition, the electromechanical coupling coef-
ficient variation with different piezoelement’s size (thickness, width and length)
are considered. Their another try is to attenuate both the sound transmission and
reflection in a brass pulse tube with a separator wall shown in Fig.2.16[10]. Experi-
ments show an apparent control effect for both two modes. Meanwhile, simulations
show a good agreement with the experimental results. A similar work is imple-
mented by Faiz et.al. also demonstrates SSD effectiveness for wave transmission
reduction[86].

As we know, SSD techniques need to detect the extrema of the sensed displace-
ment or piezovoltage to determine the closing instant. It had been demonstrated
that the switching at each extrema of structural displacement is the most effective
for single mode control, but it is no longer the optimal algorithm for the multi-
mode vibration control. Multimode vibration generates plenty of extrema in the
displacement signal. If switching occurs at every extrema, highest mode will be
privileged (since the detected extrema are mainly caused by the highest mode),
while degenerating the control effect on the lower mode which usually has larger

vibration amplitude. Several methods listed below are developed to refine SSD
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Figure 2.15: An acoustic box with SSD control[9].
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Figure 2.16: A brass pulse tube with a separator wall consisting of a piezoelectric
buzzer driven by SSD control board[10].

application for lower mode control in the multimode vibration. They could be
classified as two catalogues: mode distinguish based approaches and time window

based approaches.

2.3.3 Mode distinguishing based multimode control

For multimode vibration, the sampled signals usually consists of the information
from different modes. Mode distinguish based approaches are used to separate this
signal into several components in which contains only single mode information.
Corr and Clark firstly proposed to use a numerical filter to distinguish the each
mode in the sensed hybrid frequency signal. The control schema is shown in

Fig.2.17. The switching can be assigned at the selected control mode. However,
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numerical filter inevitably generates a time lag between the input and output
signals. The time lag depends on the order of the filter as well as the filtering
algorithm. Consequently, the switching will occur later than the exact extrema
instant decreasing the control effect. Meanwhile, the energy consumption of the

filter is also a drawback to such a semi-passive control.

Solid State
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W

Mighiieadaes p-| comparator
Bt Buffer Pé
piezo actuator l
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Low P Anti-Aliasi >
ow Pass nti-Aliasing
Filter > Filters .
DM5408

Figure 2.17: Multimode control schema with numerical filter[11].

PC-104

Harari et.al. proposed to use modal observer to select the desired modes[87].
The propose of modal observer is similar with numerical filter, that is to distinguish
each mode from the global motion. In their research, the modal observer is built
by the mechanical parameters from FE model. Then, the modal displacements
can be calculated by the observer to detect its extrema. Since only one mode
can be selected as the target, the damping for the rest modes are not optimal.
The further researches found that even the switching occurs at the extrema of the
distinguish mode, it may still not be the optimal control for the target mode[88]. A
SS DI, is then developed with an enhanced switching law for a bimodal vibration
control[12, 87, 89, 90] aiming at dissipated more energy of the structure. In this
approach, the modal observer remains for obtaining the modal displacement firstly,
then the switching does not occur at the exact extrema but with little time shift
which ranges [—%, %] around the extrema, where T; is the period of the higher
mode. The waveforms under this control is illustrated in Fig.2.18. Switching will
occur in the gray period at the extrema of the higher mode which has the same
sign with the lower mode exterma (both maximum or minimum instant). By
doing so, the voltage will be enhanced by using the vibration energy of the higher
mode. Experiments also show more structural energy can be dissipated by utilizing

the proposed control law. But it should be pointed out that the switching is not
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synchronized with neither lower mode motion nor higher mode motion, which leads
to a tradeoff between the voltage and the control effect. The energy and frequency
ratio of the neighboring mode could also play an important role in this method.
Moreover, the modal observer should have a fast running performance to give the
modal displacement. Otherwise, it will have the same problems with numerical

filter such as time delay of the switching.
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Figure 2.18: Waveforms under enhanced switching law|[12].

2.3.4 Time window based SSD multimode control

Time window based SSD approaches aim at optimizing the dissipated energy in the
circuit without taking into account any information related to the different modes
to the structures. A fixed length time window is generally needed to evaluate the
voltage threshold for the forthcoming switching. Guyomar and Badel proposed an
efficient probabilistic approach to get the voltage threshold[10]. In their research,
the dissipated energy in a fixed time regime can be expressed as Eq.(2.25). Where,
the subscript k is the switching times and V}, is the voltage before the k'* switching.
The employed approach is to maximize the Eq.(2.25) so as to reach an optimal
global control effect. The structural displacement of piezovoltage in the past time
(in the window) are used to estimate the future piezovoltage by a cumulative
distribution function as shown in Fig.2.19. If the voltage exceeds the statistically
0

probable value, the switching will be triggered once %7 = 0. Simulations are carried

out to verify the approach. In a following research, they employed several statistic

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/20111SAL0088/these.pdf
© [K. Li], [2011], INSA de Lyon, tous droits réservés



2.3 Broadband and multimode control of SSD techniques 53

algorithms for example average value and standard deviation or root mean square
value to calculate the threshold[13]. The authors also discussed about the effect
of the window length. When the length is too short, the control would not be
sensitive to the lower mode because the their extrema may not include into the
window. Conversely, if it is too long, this would induce delays in the control which
would decrease its frequency band. The comparison between different algorithms
are illustrated in Fig.2.20

t
1
/ VIdt = 5(JO § V21 —~%) (2.25)
0 k

A
A
A
v
A
N
v

- + - +
T past I T Fuwre T past Tir1 1 Fuwre

Estimation of the voltage after ; C_—,> Calcul of v,,;, IT__,> Estimation of the voltage after #,; N> Etc.

Figure 2.19: Estimation of the piezoelectric voltage after an inversion process[10].

Displacement damping (dB)

Figure 2.20: Vibration control effect with different algorithm[13].
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Ji et. al. did a similar work as that mentioned above[91]. They recorded the
absolute value of the displacement at the latest 10 switching instants. The mean
value multiplied by an adjustment coefficient is then set as the threshold. Switch
is triggered only when the structural displacement exceeds this threshold while a
local extreme is respected. His another attempt is to maximize converted energy
which is shown in Eq.(2.26)[92]. Thus, the problem can be summarized as to find
out the largest distance difference of the neighboring switching. These approaches
perform well in the experiments. However, the algorithms mainly privilege the
lower mode since the largest displacement difference usually occurs around the

displacement extreme of the lowest mode motion.

T 1+ a? 2
Vawdu = — 2 on[Au; 2.26
| aVewdu = 172 ol (2.26)

2.4 A brief introduction for self-powered SSD
techniques and blind switch damping tech-

niques

2.4.1 Self-powered SSD technique

In this section, self-powered techniques in SSD techniques are briefly introduced.
The ultimate goal of SSD techniques should be a low cost and self-powered system.
Most of the current researches still use external rigs such as DSP or microcontroller
to implement peak detection and switching. In oder to achieve real self-powered
goal, some preliminary researches have been done by smart circuit design. Nieder-
berger et.al. designed an autonomous shunt circuit which performs SSDI without
any power supply[14]. This circuit schema is shown in Fig.2.21. The switching is
achieved as follows. The sensor charges a capacitor whose capacitance is smaller
than the sensor. If the voltage absolute value of the damping insert is larger than
that of the small capacitor, the switching is trigger due to the MOSFET physical
property. Since two piezoelectric elements are collocated, their voltage amplitude
will show almost the same value which ensure the switching occurs at the instant
close to the exact extrema. Richard et.al. proposed another self-powered SSD
schema in which the sensor is needless[15]. The control block diagram is shown in
Fig.2.22. An envelope detector is embedded in the circuit which can be powered
up by the damping patch. The switching is trigger once the input voltage is less

than the envelope value. This technique switches at all local extrema decreasing
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its multimode control performance. Lallart et.al. improved this method by using
two voltage envelope detectors with different time constants as shown in Fig.2.23.
The detector with larger time constant works like a threshold mentioned in[91] and
it is used to active the detector with smaller time constant. Such a circuit only

picks the global extrema so as to get a global control propose.

Piezo 1 (Damping)
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C
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Figure 2.21: Sketch of the autonomous shunt circuit that does not require power
for operation[14].
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Figure 2.22: Self-powered SSDI control block diagram[15].
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Figure 2.23: Self-powered adaptive SSDI control block diagram[15].

Shen et. al. proposed a low-power circuit for SSDV version in[16, 63]. In this
research, two structures are used to verify this technique. One is used to harvest

energy and another is the structure need to be damped. A low power circuit shown
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Figure 2.24: Low power circuit for self-powered SSDV/[16].

in Fig.2.24 is designed to manage the harvest energy for switching and providing
the voltage V.. and Vgg used in SSDV. However, this technique is supplied by
external device but not the structure itself, so it is not truly self-powered system.

In addition, the energy consumed in the circuit is critical for this technique.

2.4.2 Blind switch damping techniques

Blind Switch Damping (BSD) techniques are investigated by Lallart et al. in[17].
They proposed three BSD methods namely Blind Switch Damping on Short cir-
cuit (BSDS) and Blind Switch Damping on Voltage source (BSDV) including Blind
Switch Damping on Adaptive Voltage sources (BSDVa) and Blind Switch Damp-
ing on Piecewise constant Voltage source (BSDVp). Strictly speaking, the BSD
techniques are not synchronized switch damping techniques since the switching is
not synchronizing with the structure motion. However, the BSD techniques do not
need to detect the displacement peak thus making it easier to implement. They
also allow a control of the re-injected harmonics®.

Fig.2.25 shows the BSDS circuit and waveforms. In BSDS, the switches usually
switch with a random frequency (usually, this frequency is higher than the structure

frequency. Since the mechanical energy is always transferred as electrical energy

1SSD techniques can induce the harmonics motion. In order to suppress these harmonics, a
larger inductance should be used to smooth the inversion. This issue is discussed in[80]. BSD
techniques can control these harmonics thus the required inductance could be much smaller than
that in SSD techniques. It allows the BSD easier for integration on an electrical broad.
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Figure 2.26: BSDV techniques[17].
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and can be dissipated in the circuit during the switching, the BSDS should be
a robust control. However, the switching is not synchronized with the structural
displacement, the damping effect should be worse than that of SSDS.

Fig.2.26 shows the BSDV circuit and waveforms. It shows that the voltage
always has same sign with the speed. That means the piezo-induced force always
has the different sign with the speed. Since there is external voltage source in the
circuit, the BSDV techniques exhibit a better control performance than that of
BSDS.

In BSD techniques, the switching frequency is directly related to the damping
effect. Experimental results show that too much switching in one period will de-
crease the damping. It could be imaged that the best switching instant should be
just at the extrema of the structural displacement that reducing the BSD tech-
niques to SSD techniques.

2.5 Conclusion

In this chapter, we review the state-of-the-art of synchronized switch damping

techniques. The conclusion can be summarized as follows:

e First, the classical mathematical model for piezo-coupled structure is given.
Then, three representative SSD techniques are introduced namely SSDS,
SSDI and SSDV both in their working principles and the corresponding
waveforms. Their similarities can be summarized as three parts: (a), the
switching always occurs at the displacement extrema; (b), the piezo-voltage
increases most of the time but only drops to zero or inverts to an opposite
value during the switching. That indicates the mechanical energy can be only
transfered into electrical energy and finally dissipated as heat in the circuit.
The electrical energy can not be transfered back as the mechanical energy;
(¢), the signs of the induced voltage are always same with that of the veloc-
ity. That is to say the induced piezo-force has the different signs with the
velocity. As energy-recycling techniques, SSDS and SSDI are always robust
since we can consider that the energy used for control is extracted from the
controlled structure. While SSDV could be instable because the energy for
control is partly from external voltage source. However, SSDV on adaptive

source can solve such problem.
e Second, we introduce the energy analysis for general SSD techniques. It

shows that the damping ability of SSD technique particularly depend on
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the voltage on the piezoelectric elements. The energy cycle reveals that
the damping ability ranking is SSDS<SSDI<SSDV. However, the energy
consumption ranking is SSDS~SSDI<SSDV. The transfer function of kinds

of SSD techniques are also listed in the section.

e Third, we conclude the broadband control and multimode control of SSD
methods which were developed in past five years. The mathematical model
of multi-mode SSD methods are usually built under model coordinate. Re-
searchers also establish the model by means of FEM methods. The main
difference between single mode control and multimode control is the switch-
ing instant selection. we summarized these techniques as three catalogs. (a),
The method with original control law. In these methods, the control law
is identical with that in single mode control. They show the control ability
for broadband excitation in the experiments. However, they are not the best
control law for multimode control; (b), The mode distinguish based methods.
These methods identify the interested modes from sensing signals so as to
determine the switching instant; (c), The time window based methods. The
switching instant is determined by statistical prediction which is obtained

from a fixed time window.

e Fourth, two distinctive SSD techniques are reviewed which are self-powered
SSD techniques and blind switch damping techniques (BSD). In the research,
the switches On/Off states are controlled by DSP devices. Therefore, the en-
ergy consumption of these devices is would be large. elf-powered SSD tech-
nique can open and close the switch without any outer energy supply but
by smart circuit design. In the reviewed literature, this technique can even
possess multimode control ability. BSD techniques do not need to detect the
displacement peak thus making them easier to implement. But BSD tech-
niques can not be considered as SSD techniques. Because the switching is not
synchronized with displacement extreme. However, it has the same circuit
schema with SSD technique. In addition, the BSDS technique is partially
similar with Synchronized switch damping with energy transfer technique

which will be presented in the next chapter.
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Chapter 3

General SSDET principles

Due to it differing from most of the published vibration control tech-
niques, this chapter proposed a new SSD scheme so called Synchro-
nized Switch Damping with Energy Transfer (SSDET) technique. In
this technique, vibration energy can be transferred between structures
or different vibrating modes in order to achieve damping effect. The
remainder of this chapter continues as follows. At first, the SSDET
principles are introduced including the circuit design and the control
law. Then, the mathematical modeling in time domain is established
by the state-space approach. The simulation work is carried out by us-
ing the matlab/simulink software to verify its feasibility. The system
parameter identification technique for SSD techniques are explained as
well. After that, the mathematical model in frequency domain is de-
rived. The effect of several parameters are discussed by employing this
model. Finally, an enhanced control law by using threshold setting is
developed. A simple simulation demonstrates this control strategy can

significantly increase the control effect.

3.1 Principles of the SSDET

In this section, we proposed a new SSD schema named synchronized switch damp-
ing with energy transfer. The electrical circuit and the operation steps (control
law) are introduced to explain how the energy between different objects can be

transferred for the sake of vibration control.
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3.1.1 Idea of energy transfer in SSD technique

Compared with the passive vibration control, active control gets better damping
effect in most cases. However, it usually needs a strong external energy source to
power the control system especially to drive actuators. That brings hazard risks in
industrial applications. For instance, the control system will loss its effectiveness
once the external power is cutoff by accident. SSDI technique do not need external
energy while performs a decent vibration control. However, its control ability is
limited by the electromechanical coupling coefficient which can not be easily altered
after the piezoelectric elements are bonded on the structure.

In SSD techniques, it has been demonstrated that the voltage amplitude plays
an important role. Higher amplitude always leads to better damping. Moreover,
this voltage can be enhanced by artificially adding a small battery (SSDV). How-
ever, it still need change the battery termly.

That drives us to develop an autonomous energy-feeding or self-powered sys-
tem to enhance such voltage. Energy harvesting techniques[93-97] for mechanical
system could be suitable for combining with SSD technique to achieve this goal.
The hypothetical system could be composed of two parts. One of them should
be energy harvesting part which collect the energy and store them on an energy
storage device. The rest part should be SSD part which use the collected energy
to enhance the voltage amplitude. The energy flow in traditional SSD techniques
and the proposed energy transfer based SSD technique are depicted in Fig.3.1a.
As shown in this Fig.3.1a, the mechanical energy is partially extracted by the
piezo-elements and then simply dissipated into heat in the circuit in SSDS or SSDI
technique. While in energy transfer based SSD technique, the mechanical energy
(from a source structure or mode) is delivered to an energy storage device by the
coupled piezoelectric elements and then transfered to the other piezo-element which
coupled with a mechanical target. A greater voltage amplitude will appear on the
piezoelements which receives the transfer energy thus causing better damping for

the target. The energy flow routing is illustrated in Fig.3.1b.

3.1.2 SSDET circuit and control low

The ideal SSDET control scheme is described in Fig.3.2. It consists of two LC'R
circuits sharing an inductor L which is used as temporary energy storage and a
resistor R. Cy and V are the capacitance of and the voltage on the piezoelectric
elements, respectively. The subscripts s and ¢ indicate the variables related to the

energy source and the target respectively. The two switches are in the opened

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/20111SAL0088/these.pdf
© [K. Li], [2011], INSA de Lyon, tous droits réservés



3.1 Principles of the SSDET 63
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(a) Energy flow in SSDS or SSDI
External force
Mechanical source -
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Piezo-elements
Dissipation as heat in circuit
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Energy storage — mm—
Dissipation by Eddy current
Energy
) Dissipation as heat in circuit
Piezo-elements =
Energy = External force
Mechanical target
— —

Structural damping loss
(b) Energy flow in SSDET

Figure 3.1: Energy flow in SSD techniques. (a) SSDS or SSDI. (b)SSD technique
with energy transfer.

state most of the time and only need to be switched on when the targetvoltage,
which images the displacement, reaches either a maximum or a minimum value.
The capacitor Cy;, is used to extracted the mechanical energy of the source while
the Cy; is used to receive the transfer energy for a better damping on the target.

The corresponding operations could be carried out in the two following steps:

e step 1:
When the target vibration reaches its extreme displacement, SWj is switched
on till V, drops to zero. In other words, the current i increases to its first
extreme, and then SWj is switched off. During this period, the electrical
energy which has been converted from energy-source mechanical energy is
stored in the inductor. This process is shown in the right part of Fig.3.2

which could be called an energy storing process.
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e step 2:
Considering that the LC R resonant frequency is much higher than the struc-
ture vibration frequency, step 1 could be implemented in a very short time
while the displacement of the target u; would be maintained around its ex-
treme during this period. When SW; is re-opened, SW, is immediately
switched on till V; is inverted. Subsequently, SW; is opened again. This pro-
cess is shown in the left part of Fig.3.2, and can be referred to as an energy

transferring process.

[ [

I —L I I —L I

IVtI Ca | LG IVsI

I L =
Target Source

SW; O\ DR SWSO\

Figure 3.2: SSDET circuit.

To some extent, the operation in step one is similar with Synchronized Switch
Harvesting on Inductor technique(SSHI)[8, 61, 64, 72, 98, 99]. In these SSHI tech-
niques, the energy is stored in a capacitor. However, in our proposed SSDET
circuit, the energy storage media is a inductor but not capacitor. That is because
using capacitor would decrease the transfer efficiency. Since large capacitor would
be preferred in order to store more energy from source, but it needs longer charg-
ing time which would be unaccepted in the synchronizing system. Moreover, the
energy stored in Cy; can not be totally transfered to Cy; in step 1 no matter what
capacitance we choose due to the parallel connection of the capacitors. On the
contrary, the inductor can perfectly transfer the energy and transfer speed would
be very fast if using a small inductor. Moreover, the voltage cross the inductor
can be inverted by tuning the switching duration in order to correspond to the
voltage on the target. However, it needs two capacitors to accomplish this goal
(one’s voltage is positive and another’s voltage is negative) making the system
more complex. These advantages make inductor be a better component than a

capacitor does.
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Figure 3.3: Comparisons between SSDI and SSDET techniques:(a) SSDI wave-
forms and (b) SSDET waveforms.

Fig.3.3 exposes the waveforms of SSDI and SSDET techniques during the clos-
ing of the switches. For classical SSDI method, the piezoelectric voltage is simply
inverted during one-half of the circuit period. The current i increases when the
voltage V' decreases. It reaches a maximum when V' drops to zero and then de-
creases till V' is inverted to its opposite extreme. As compared to SSDI technique,
the proposed SSDET method contains two steps. In the first inversion, V; is not
totally inverted but cut off at zero. The operation in step 2 is the same with SSDI
but begins with an initial inductor current, thus giving rise to a greater inversion.
Due to the initial current, the inversed voltage could be even larger than one!.

As shown in Fig.3.4, the signs of V; and V; could be either the same (at point
e) or opposite (at point b) at the beginning of the step 1 as shown in Fig.3.4(a),
which determines different switch closing durations. If the signs of Vi and V; are
the same(fig:voltage-time-schema(c)), SWy should be closed for a quarter of an
oscillation period, which roughly equals 27v/LCp, in the energy storing process
(assuming that the resistance is small). Otherwise(Fig.3.4(b)), the SW; should be
closed for a longer time to make sure that the sign of the voltage on the inductor
was the same as for V, at the end of step 1. By doing so, the energy stored in
the inductor consistently enhanced the voltage inversion in step 2. The switching
duration ¢, in step2 was not constant but depended on the initial conditions. Based
on the second-order circuit relations, the switch-closing duration in each step, i.e.,

the control law, can be summarized in Eq.(3.1).

1Only in some inversions, but it can not be always larger than one in all inversion
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Figure 3.4: The voltage waveforms in SSDET.

te = w% arctan(“3)

tp w% [arctan( U_Oi_()%tﬁj:L) + ]

t = w% arctan(%) +7

t; = u.% [arctan( U_Oif%%LL) + 7]

When @, = 0 and sign(Vs - V;) >0 {
(3.1)

When 4, = 0 and sign(Vs - V) <0 {

Here, 5 = %. Uy and 7( are the initial voltage of the V, and the initial current
in the inductor at the beginning of step 2, wys and w; are the resonant circular
frequency of the energy storing circuit and the energy transferring circuit. These
parameters can be obtained from Eq.(3.2). It should be pointed out that ¢, and ¢,
are always constant since they are only determined by the L, Cy and R properties.
Nevertheless, the t, and ¢, are variable due to the different initial conditions (V,

and ig) under each transfer time.

o= (&) 32

3.1.3 Voltages cycle in SSDET

Fig.3.5 shows the voltages cycle versus the current in coil. The time flows from

point a to point g which brings into correspondence with Fig.3.4. The side view
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Figures are also plotted in Fig.3.6. SSDET can damp not only the target but also
the source. It clarifies that the voltage inversion on target begins with a initial
current leading to a larger area indicating the dissipated power compared with
that of SSDI. This cycle can be described as follows.

e a — b: Both V, and V; increase, the energy are extracted from their corre-

sponding structure or mode.

e b — c: SWsis closed. The electrical energy on source mode are transferred
to the coil. Note that V; and V, have the different signs. Hence, the closing
time of switch SW, equals to three quarter of the LC R circuit period to

make sure the voltage of the coil has the same direction with V.

e ¢ — d: SW, is open while SW, is closed. Cy,; received the energy from the
coil and V; is inverted to its opposite extreme. Since the inversion time is

short, V, remains at zero.

e d — e: All switches are open. V; and V; increase. Mechanical energy transfers

to the electrical energy again.

o ¢ — f: SWi is closed. V, drops to zero. Note the V, and V; have the same
sign, thus the closing time equals to quarter of the LC R circuit period.

o f — g SW, is open while SW; is closed. V; is inverted to its opposite
extreme. Note that point g and a are not the same point due to the different

transferred energy each time.

3.2 Mathematical modeling in time domain

This section models SSDET technique in time domain by using the state space
approach. The system parameters identification are also introduced. The dynamic
behavior and observation equations are solved by simulink model to verify the
proposed method. Compared with the previous time domain simulation in which
the voltage inversion is implemented by a inversion factor, the details during the
voltage inversion including the voltages and the current in coil can be observed in

this simulation.
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Figure 3.6: Sideviews of Fig.3.5.
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3.2.1 Modeling by state space approach

In this section, we proposed an electromechanical coupling equation for SSDET
by employing a state space representation. Assuming that there is no mechanical
coupling effect between source and target, they can be treated as a standalone
system. Therefore, they can be still presented by Eq.(3.3). SSDET circuit can be
seen as two LCR oscillators sharing a coil, however, the switches are never closed
simultaneously. Thus, the LCR circuit law which is given in Eq.(3.4) could be used
to present the circuit SSDET property.

mij—i—c.u—l—k'Eu:F—aV (3.3)
1 =au— CyV
di
=[L— ) A
1% o + Ri (3.4)

Based on the above equations, the governing equation is represented in terms

of a state space formulation (3.5)
x(t) = Ax(t) + Bf(t) (3.5)

Here, the state vector X(t) is chosen as

X(t) = [$1 To T3 T4 Ty Tg i7]T (36)
= [us Us g Uy vg vy 7]
Thus, the derivative of the state vector is (3.7)
X(t) = [ty s 1y iy Vg 0y 1] (3.7)

The state matrix A is a 7-by-7 matrix (3.8) and can be divided into four blocks:

A; A
A=| 0t 2 (3.8)
Az Ay
0 1 0 0
_kE s — Ls s 0 0
Ay = | He/me —e/m (3.9)
0 0 0 1
0 0 —k:f/mt —Cts/mt
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0 0 0
—avg/mg 0 0
A, = 3.10
2 0 0 0 (3.10)
0 —Oét/mt 0 |

0 a,/Ch, 0 0
A3 = 0 0 0 at/COt (311)
0 0 0 0

Aincludes only the parameters of mass, damping and short circuit stiffness,
and it thus represents the mechanical properties of the coupling system. Ao and
A3 can be seen as electromechanical coupling matrices which reveal the interaction
between structures and piezoelectric elements. A4 shows the electrical properties
of the system and it has different forms under varying control stages.

When both of the switches are open, the current i is zero and A4 can be written

according to:

0 0O
Ai=|000 (3.12)
0 00
When SW is closed while SW; is open (step 1), Ay could be written as:
0 0 —1/C,
Ar=| 0 0 0 (3.13)
1/L 0 —R/L

When SW; is open while SW; is closed (step 2), A4 can be written according

to equation

0 0 0
0 1/L —R/L

Considering two external forces fs(t) and fi(t) exerted on each structure, the
input vector f(¢) can be written according to Eq.(3.15) and the input matrix B
according to Eq.(3.16):

£(t) = [fs(t)  fi(D)] (3.15)
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T
0 1/mg O 0 0 00

B =
0 0 0 1/m 00 0

(3.16)

3.2.2 Introduction of simulink model and configurations

Based on the equations in the previous section, the simulation in time domain
is implemented under the Matlab\Simulink® environment. The diagram of the
simulation model is depicted in Fig.3.7. In this figure, we can see that the system
consists of the mechanical part(source and target structure), electromechanical
part (PZT on the structures), electrical circuit(LCR oscillators) and control sys-
tem. It can be noticed that the mechanical part and electrical part are connected
by the a factor. The piezoelectric voltage can input to the electrical circuit so as
to calculate the output current. The control system detects the extrema of the
source displacement to determine the switching timing. The voltage V, and V; are
used to make a sign relationship judgment in order to set the switching duration.

The simulink model is depicted in Fig.3.8. Since the non-linearity of the system,
the state space model can not directly adopted to simulate. Thus, a simulink
model with switch components is employed here to solve the equations listed in
Eq.(2.7) and Eq.(3.4) in time domain. Since the closing duration of step 2 was
variable and the fact that there was no diode in the simulation, the system had
to estimate the closing duration in step 2 according to the zero-crossing instant
of the current. Once this zero-crossing instant was detected, the SW, opened
immediately. However, the derivative of the current around zero was large, and
even a small delay would lead to a large deviation of the current from zero. Hence,
a fine step size is required in the simulation to guaranty the simulation accuracy.
On the contrary, small step size drastically increases the calculation time. In the
section, the time step is set as 3 x 107% seconds, which is sufficient when compared
to the oscillation period of the circuit. Moreover, the model can achieve SSDI

control on target simply by always keeping the SW open.

3.2.3 System parameter identification

The parameters identification method for SSD techniques has been mentioned in
several literatures|[7, 73, 100]. The main parameters which need to be identified
are summarized in Tab.3.1. The superscript £ and D stand for short circuit and
open circuit respectively. However, only several parameters can be obtained from

the measurement, the others can be calculated by the equations from Eq.(3.17) to
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Figure 3.7: A diagram of the simulink model.

Eq.(3.21).X factor is the proportionality coefficient between voltage and displace-
ment in open circuit. The mechanical quality factor ()5; can be obtained from the
half-power bandwidth method [101]. It should be pointed out that the values for
the mass, stiffness and damping are those equivalents to their corresponding mode.

This parameter identification is available for both the source and target.

Classification Parameters notations

Mass m
Damping coefficient and damping ratio c and (

Mechanical Stiffness kP and k¥
Natural circular frequency wP and WP *
Mechanical quality factor Qu *
Resistance R

Electrical Capacitance Co*
Inductance L*

Electromechanical Ratio between voltage and displacement A\ *
Force factor «

The symbol & means this parameter can be directly obtained from measurement

Table 3.1: System parameters in SSD techniques.

E2
B w
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3.2 Mathematical modeling in time domain
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m = f—EEz (3.19)
1
c = 2(mw® (3.21)

Symbol Value(unit)

L 0.09 H

R 300

0057 COt 44.5 nF, 442 nF

wF wE  139.8 rad™!,318.2 rad !

wP wP 140.1 rad™!,318.6 rad !

Mg, My 135.6 g,98.7 g

KEKE 2650 Nm~,9998 Nm~!

Cs, Ct 0.2584 Nm~'s71,0.3017 Nm~ts~!
Asy Ag 1.6 x 10* Vm=1,2.1 x 10* Vm !
g, Oy 72x107* NV~ 94 x 1074 NV~!
Qs, Qy 73.9,103.7

Cor G 6.8 x 1073,4.8 x 1072
ta, ty 9.3688 x 107 5,1.8738 x 107° s
tt, 2.9465 x 107* 5,1.8738 x 107° s

Table 3.2: System properties in simulation.

3.2.4 Simulations and results discussions

The simulation is carried out by using the developed simulink mode. The system
properties are showed in Tab.3.2. They are obtained from a cantilever beam (en-
ergy source) and a four edge clamped plate (target) by employing the proposed
identification method.

Considering the equivalent resistance of the coil, the switches and the piezo-

electric patches as well as other losses in the circuit, the resistance is empirically
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determined to be 300€2. In the simulation, the energy is transferred from the can-

tilever beam (source) to the plate (target) so as to suppress the vibration of the

plate.
x10™ P Without control | SSDI control | SSDET control
—~ 5 — [ I —= T = =
E o
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Figure 3.9: Time simulation results.

The excitations for both source and target are sinusoidal with their resonant
frequencies. The simulation is running for 9 second with the step size 3 x 1076
second which is sufficient when compared to the oscillation period of the circuit(4 x
10~* seconds for both oscillators). Fig.3.9 shows the simulation results including
the displacements and piezoelectric voltages of both source and the target as well
as the current in the coil of entire time-of-flight. The different control stages are
noted on the top of the figure. As shown in Fig.3.9, the simulation is implemented

with the following operations .

e 0 — 4 seconds. No control is applied in the system. Both source and target

motions and voltages get to a steady response around 4 second.

e 4 — 7 seconds. SSDI control begins. The voltage V; increases a lot at the
very beginning of this stage (switch closing instant). After a short instant,

its amplitude decreases and holds on a steady value. This change can be
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attributed to the transient effect of the system. This steady amplitude is
much larger than that in no control stage. The source voltage is not involved
during this stage. Thus, they do not show any changes in this stage. It shows
that the current occurs in the coil due to the voltage inversion of the target.
Displacement curves shows that the target motion is suppressed. However,
since SSDI only reacts to the target, the source is not damped during this

stage.

e 7—9 seconds. SSDET is conducted. it shows that V; is enhanced comparing
with that of SSDI due to the transferred energy from source. V; waveform
no longer steady since the switch SW; switches with the frequency of target
motion. The current in coil shows a larger amplitude than that in SSDI due
to a larger voltage inversion occurs on the target. It is evident that SSDET

shows a better damping than SSDI due to a larger voltage inversion.

x10_4
—_~ 5 T T T T T
VAV AVAVAVAVAVAVAVAVAYAYaY:
= -5 | { | 1 1
3 3 3.05 3.1 3.15 3.2 3.25
x10
—~ 5 T T T T T
£ OW\/\/\
Dw -5 | | | | |
3 3.05 3.1 3.15 3.2 3.25
@ 10
2 o 1
= 10 ! \ ! . !
> 3 3.05 3.1 3.15 3.2 3.25
2 50 : ; ; |
2 o |
"o 50 w ‘ ‘
> 3 3.05 3.1 3.15 3.2 3.25
. 1
<o
= 1 ! | | | |
3 3.05 3.1 3.15 3.2 3.25

Time (s)

Figure 3.10: Details of the simulation waveform(Without control).

The three portion of Fig.3.9 which is covered by the red shadow are magnified
in Fig.3.10, Fig.3.11 and Fig.3.12 in order to show the waveform details.

In Fig.3.10, the waveforms of all displacement and voltages are sinusoidal. It
shows that voltages are in-phase with the corresponding displacements. Consider-

ing the force induced by the piezoelectric elements Fj.., equals to —aV/, that is
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to say this force has a phase deference of 180 degree with the displacement. No

damping can be induced for both vibrations.
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Figure 3.11: Details of the simulation waveform(SSDI).

Fig.3.11 shows waveform details in SSDI control stage. It exhibits that the
voltage on target shows a typical SSD voltage waveform. That is the target voltage
V, is inverted at the u; extrema and always increases its absolute value except the
inversions. The current only appears during the inversion. The current signs
depend on the sign of V; at the beginning of the switching. It shows that the
current increases at first, and reaches to the extrema value when V; drops to zero.
And it returns back to zero at the end of the inversion when V; inverts to its
opposite maximum. The current is null at the rest of the time due to the switches
are open.

SSDET control stage is exposed in Fig.3.12. Due to the control law, it is found
that the piezo-voltage of the source V; is consistently stopped around zero at each
switching. It can be seen that the voltage V; can be also inverted at each switching.
However, the inversion factor is not constant owing to the transferred energy is
fluctuant. Nevertheless, it shows a greater value than that in SSDI due to the
transferred energy. The voltage V; increases when the switches are open, but this
phenomenon is not obvious (it seems like the voltage keeps a constant between two

switchings). That is because the voltage is high while the u; level is very low due
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Figure 3.12: Details of the simulation waveform(SSDET).

to a drastic damping. It means a little energy could be extracted from the target
between two switchings. On the other hand, It needs more energy to enhance the
voltage if the voltage is high because the electrical energy is proportion to the
voltage square value. So, such energy is too few to increase the voltage level too
much. The current is also enhanced if we observe the y-axis scale (0.01 — 0.02).
That means more energy is dissipated during this control stage. Moreover, the
us also reduces due to the source motion energy is partly extracted and used to
control the target.

The extracted energy from source and target are calculated by [ Vidt and
plotted in Fig.3.13. Where, V' is piezoelectric voltage (V; and V;) and i is the out-
going current from the corresponding piezoelectric patch. From 0-4 seconds, no
energy is extracted from both vibration. From 4-7 seconds, the mechanical energy
is extracted from target due to SSDI control. It can be observed that the slope
of the curve which indicates the extracted power, is large at the very beginning
and then becomes to a smaller constant. In fact, the extracted energy can be
also expressed as [ Fpcsodu, which can be extended as [ —aVdu. At the very
beginning after SSDI is conducted, the velocity of the target is still large and the
piezo-voltage is also high that leading to a high extracted power in this duration.
After that, the target vibrates under steady state, thus the extracted power should
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Figure 3.13: Extracted energy from source and target.

be a constant as shown in the figure. From 7-9 seconds, the mechanical energy is
extracted from both source and target. The extracted energy from source grows
monotonously and its curve slope is constant because the source vibrations is not
damped too much. The curve of the extracted energy from target also have a large
slope at the beginning, but then the slope is nearly zero. That means little energy
is extracted from the target after 8 second. That is because the target vibration
level is too low due to the damping effect, thus it is impossible to extract much
energy from target vibration.

Due to the sign relationship between the source voltage and target voltage as
we discussed in Eq.(3.1), the current will have four representative waveforms which
are illustrated in Fig.3.14. We can see that the current direction at the end of step
1 is always same with that of the following process. That ensures the transferred
energy always enlarges the current in the step 2, which images a greater voltage

inversion on the target piezo-voltage.

3.3 Mathematical modeling in frequency domain

In this section, SSDET model is established in the frequency domain. The transfer
function is derived when the target vibrates at its resonant. Numerical simulation

is carried out to testify the damping effect with several parameters.
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Figure 3.14: Representative current waveforms in SSDET.

3.3.1 Mathematical modeling

The voltage and displacement typical waveforms of both source mode and target
mode are shown in Fig.3.15. It is assumed that the displacement of the target
mode under SSDET control is sinusoidal as shown in Eq.(3.22). Concerning with
the typical SSDET technique, the energy transfer happens at each peak of the
target displacement extreme, thus two transfers would be conducted during one
period of the target mode at its maximum and minimum displacement instant. If
the operation time is T and the vibration frequency of the target mode is f;, the

transferred times n can be obtained by Eq.(3.23)

uy(t) = i sin(wit + ¢y) (3.22)

n=|2fT] (3.23)

As shown in Fig.3.15(b), the voltage on the target mode relates to the trans-
ferred energy from the source. Generally, the V; would have a big inversion when
transfer energy is large i.e. the Vj is large at the transferring instant. However, it
is evident that V; is not a periodical function as SSDI due to the aperiodic trans-
ferred energy, that makes impossible to get a precise function to depict V;. The

statistic approach is used here to address such problem.
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Figure 3.15: Voltage waveforms under SSDET technique.

For the target mode, the voltages before and after inverted are defined as V;;
and Vj,,,; respectively as shown in Fig.3.15(b), where the subscript ¢ stands for the
order of the transfer i.e. 4, transfer. Thus, two equivalent voltages, which are
before inverted V;y, and after inverted Vj,, , can be defined by using the root mean
square value in Eq.(3.24) and Eq.(3.25). In the same way, the equivalent voltage
of the source mode before switching Viy, can also be defined in Eq.(3.26).

Vi = \ > V3/n (3.24)
=0

Vi = \ Z V2/n (3.25)
1=0

Vv = \ zn:WM/n (3.26)
=0
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Thus, the total transferred energy from the source mode E can be calculated

by Eq.(3.27), and the extracted power from source P; can be written as Eq.(3.28).

1 - 1 -
E, = 5COS z; V2, =n- 5(JOSvfM (3.27)
E, -
Ps = ? = COsft‘/sQ]\/[ (328)

As known, the mechanical energy is extracted from the structure and finally
dissipated as heat in SSD technique, so the energy losses for SSD technique can
be only considered in the transfer process. At the beginning of the first step of
SSDET, the piezoelectric voltages are Viy; on source mode and Vj; on the target
mode, thus the total energy stored in the circuit equals to %COs‘Zsz + %C’otf/ﬁw
at this instant. Here, %C’OSVSQM and %C’Otf/ﬁw stand for the energy stored on the
piezoelectric patches for source mode and target mode respectively. At the end of
this transfer, the voltages are zero on source mode and Vi OL target mode. So
the rest of the energy in circuit is %C@t‘?t%n which only stored in the piezoelectric
element on target mode. The total dissipated energy Fgissipated during one transfer
cycle can be easily obtained by Eq.(3.29), and the dissipated power of all system
can be given as Eq.(3.29)

1 ~ 1 ~ 1 ~
2 2 2
Edissz'pated - ECOS‘/;M + 50015‘/,5]\/[ - §COt‘/lfm (329)
N ~~ >y
Extracted energy FExtracted energy
from source mode from target mode
Pdissipated = 2ftEdissipated (330)

An efficiency factor 7 is defined in Eq.(3.31) by the stored energy in the circuit

before and after energy transfer.

1 72
1 (72 1 (72
3C0sVon + 500 Vi

n = (3.31)

If V.5 is null 4.e. the transferred energy is zero, SSDET turns into a pure SSDI
technique, and then 7 reduces to Eq.(3.32), where 7 is the inversion factor which
reflects the voltage ratio before and after inversion in SSDI technique.

72
_‘/tm 2

_ Vim _ 3.32
7 7S v (3.32)
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In general case, the equivalent voltage V; for the target mode can be expressed
as the sum of two functions as shown in Eq.(3.33), one is proportional to the

displacement and another one is a piecewise constant function Vj.

Considering the electric period is much shorter than the mechanical period,
f/t v and f/tm can be seen to occur at the same instant that displacement u,; gets

to its extreme u5%" . They can be expressed in Eq.(3.34) and Eq.(3.35).

Fo = [+ i a0
o = i - 5
By inserting Eq.(3.34) and Eq.(3.35) into Eq.(3.31), the VO‘ can be obtained
as Eq.(3.36).
Qi (1 + 1) + \/na2ugt” + 20ECi(1 = n)fn
‘VO) - (3.36)

Ci(1—mn)
Since the Vj always has the same sign with the velocity, thus it could be ex-

pressed in Eq.(3.37). Vp is also periodic and can be expended as Fourier series as
shown in Eq.(3.38).

Vo = ‘f/o‘ - sign(w) (3.37)

Vi = “70’ : (i (ﬁ cos((2n + Lwit + gb)) (3.38)

Combining Eq.(2.7)and Eq.(3.38), the excitation force F' on target mode can
be written as Eq.(3.39)

- ssdet

Oé2
_|_ ) ssdet —|—Oé ‘/O (339)
Cot

Since the displacement is assumed to remain sinusoidal during SSDET control,

ssdet (ktE

F = muu”"" + cuy

only the first harmonic of the piecewise constant can be considered. Thus the
excitation force F' can be expressed in frequency domain as (3.40), where j is the

imaginary unit.
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2
~ ) o
F = (—myw?® + jewor + kF + —t
Cot

It is assumed that the force F' and the speed are still in phase at the resonant

)ﬂdeet 4+

Vo) (3.40)

frequency after the control is performed. Combining the Eq.(2.18) and Eq. (3.40),
SSDET damping can be expressed by the ratio of the displacement (before control)
and (after control) in Eq.(3.41).

ssdet Ps
VA W—X\/Y- . +Z| (3.41)
U E

tM Ui

A- (402 (n+1)—(n—1)(A+j-a?7))
(n—1)(@?m2—160f - A-(A+j-2a37) ) +8a2 (n+1)(A+j-a?r)
4ot
(n—1)(a272—160f - A-(A+j-2a27) ) +8a? (n+1)(A+j-a?r)

Y = L’Z’(f—t {n—=1) (a}m* =160} — A- (A+j-2aim)) +8a2(n+1)(A+j - alm)}
7 =4a2n - A% and A = meweCh
It can be observed that the parameters W, X, Y and Z are determined by the

properties of the structure and piezoelectric elements. Thus, such damping is only

where W =

the function of the extracted power P, and the displacement before control uZ,.

3.3.2 Simulations and discussions

From the target damping Eq.(3.41), we know that the control effect of SSDET
technique is determined by several parameters. In this section, we focus on three
parameters which are extracted power from the source P;, resonant frequency wo;
and efficiency factor . A numerical simulation is carried out based on the derived
Eq.(3.41) and the results are plotted in Fig.3.16. In this simulation, the target
displacement without control is set to one. All other parameters are normalized
to their maximum value.

As shown in Fig.3.16a, the target displacement decreases when the extracted
power increases. The damping effect with SSDI is also calculated by setting the
extracted energy as zero and plotted in the figure. It is evident that SSDI damping
is a constant value if no energy is injected into the target.

Fig.3.16b shows the the damping effect will be worse if the target resonant fre-
quency is high. Since the vibration amplitude without control is set as one for all
simulation cases, the vibration with higher frequency surely possesses larger me-
chanical energy, that makes it harder to suppress when the extracted power from

source is constant. Meanwhile, SSDI damping is also effected by the structural

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/20111SAL0088/these.pdf
© [K. Li], [2011], INSA de Lyon, tous droits réservés



3.4 An enhanced SSDET control low based on a threshold setting 85

resonant frequency. Fig3.16c¢ shows the efficiency factor n effect. Larger efficiency
factor means greater voltage inversion on the target thus bringing better damping.
The point (n = 0) corresponds SSDI control effect. Three other target properties
are considered in the simulation which are the force factor oy, damping coefficient
¢; and the capacitance Cy. From Fig.3.16d, we know that SSD technique performs
better to the structure with low damping coefficient. Fig.3.16e and Fig.3.16f in-
dicate that increasing the force factor o can increase the damping on the target.
However, the « is directly proportional to the capacitance, and increasing the

capacitance will decrease the damping which is shown in 3.16f.

3.4 An enhanced SSDET control low based on a
threshold setting

As mentioned in the previous section, the extracted power P, is related to the
voltage of the source mode and can not be changed by employing the classical
SSDET technique if the vibrating level of the source mode keeps constant. In
this section, a threshold for the source mode voltage is presented to increase such
extracted power under constant vibration amplitude of the source mode. A simple
simulation is designed by using Matlab® to verify its effectiveness and to find the

best threshold configuration.

3.4.1 Threshold setting principles

For a typically SSDET control, the switch SWj is closed when wu; gets to its ex-
tremes in order to transfer the energy to the inductor and then the voltage V;
dropped to zero at the switch STy reopening instant(the end of the first step).
In fact, such operation on source mode is similar with a newly developed SSD
technique, so called blind switch damping on short circuit (BSDS) technique [17].
In BSDS, the shunt circuit switches under a random frequency for canceling the
electrical charge on the piezoelectric elements. Therefore, the piezoelectric voltage
returns back to zero after each switching and the electrical energy dissipates in
the circuit as heat during this charge neutralization. In SSDET, the operation of
step 1 achieves the same effects, the only difference is that the electrical energy is
not dissipated but stored in the inductor for transferring. Hence, the analysis for
BSDS technique could also be adopted for the source mode of SSDET technique.
The expression of the attenuation of the BSDS technique is defined in Eq.(3.42)
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Figure 3.16: Target displacement versus several parameters.
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1

14 la2T
c Co

Apsps = (3.42)
Where T" is the vibration period of the structure and p is the number of switch-
ing per period. This equation reveals that the smaller switching times could elevate
the control effect. That is to say the extracted energy from structure could be in-
creased by adjusting the transfer times. In fact, such point also appears in [92] but
no prove had been given. In this section, a simple prove is made by numerical sim-
ulation. From the equation (3.41), the damping effect is related to the extracted
power, greater extracted power usually results in better damping before the system
loses its stability. This conclusion implies that the damping for the torsion mode
could be improved by reducing the switching times on source mode.
Consequently, a threshold setting for the piezoelectric voltage of the source
mode is defined in the control law to realize such goal. Being different with the
original SSDET control law, the proposed SSDET control law always compares
the absolute value of the voltage Vs with the threshold when the extremes of w;
occur. The switch ST, will be closed if the Vi is larger than the preset threshold
at this moment. Otherwise, only SW; will be closed for doing a pure SSDI on
target structure. As a matter of fact, the threshold setting decreases the number
of transfer times but increases the transfer energy of each time. However, the
transfer energy power can be increased though there is tradeoff between these two

factors which will be demonstrated in the following part.

3.4.2 Simulation validation

According to Eq.(3.28), the extracted power from source mode is proportional to
the square of the equivalent source voltage V, at the switching instant. Therefore,
a simple time-domain simulation was designed under Matlab® environment to
show the voltage V, with different threshold. The flow chart of the simulation
is illustrated in Fig.3.17. It should be pointed out that the damping on source
mode does not take into account for the sake of simplicity. Moreover, it could be
noticed that the displacement of u, is set with an offset us,. Such configuration

aims at a higher threshold even up to twice of the Vi amplitude under open circuit

Qs
COS

the displacement of the source mode under different normalized threshold. The

condition which equals to ugspr-  Fig.3.18 shows the normalized voltage and

normalized values are obtained by equations (3.43)-(3.45).
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Figure 3.17: Flow chart.

From Fig.3.18, it showed that the higher threshold could decrease the transfer
times meanwhile increase the voltage at the transfer instant. Particularly, when the

threshold™ ™= was set to 1.8, the Vrormalized could increase most of the time

normalized

i closed to its maximum or minimum. This

but only drop to zero when u
indicates the energy transmission path is unidirectional which is from mechanical
energy (structure) to electrical energy (piezoelectric patches).

Thus, the power of the extract energy can be calculated by Eq.(3.25) and
Eq.(3.28). Fig.3.19 shows that a larger threshold could obviously lead to a larger
extract energy power. (Here, the power is normalized to its maximum value.) How-

ever, it could be noticed that the threshold effect is also affected by the frequency
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Figure 3.18: Normalized values under different normalized threshold.

ration f;/fs. It can be seen that the threshold could have a better performance of
increasing the extract energy power at a larger frequency ratio. It is not hard to
image that the extracted power should be null if such ratio approaches to infinite
while the threshold is set to zero. That is because the SW, could always be closed
like short circuit condition resulting no energy can be extracted from the source
structure. The simulation results also showed that whatever the threshold is, the
extract power always keeps the maximum when this ratio equals to one (when both
source and target are synchronized with their extrema). It could be explained that
the displacements us and u; would simultaneously get their extremes in this case,
thus the SW, will always be closed at the moment of the extremes us that leads to
the maximum of the displacement difference between two consecutive switching,
Such
results denote that the maximum extracted power from source mode could be

which image the maximum V; could be reached at the switching instant.

obtained when the switch SW; is closed at its extremes displacement.

3.5 Conclusion

In this chapter, we present the principles of SSDET techniques in three main
aspects.
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e First, the goal of SSDET technique is introduced in which we expect damp

the motion of a target by using the energy from a source. Moreover, the
source is not a man-made power source but a vibrating structure or one of
its vibration mode. A simple electric circuit is proposed then for delivering
the energy between source and target. It reveals that the energy is transfered
by a shared coil. The corresponding control law is carried out by two steps:
storing the energy to the coil and transferring it to the target. Voltages cycle
clearly indicates SSDET can dissipate more energy in the circuit resulting to

a better daping on the target.

Second, The mathematical models are built in both time domain and fre-
quency domain. In time domain modeling, the state space representation is
adopted to show the system behavior in different control stages. The sim-
ulation in time domain shows SSDET can increase the damping comparing
with SSDI by means of greater voltage inversion. Meanwhile, the source
can also be damped due to the extracted energy. Frequency domain model-
ing considers the relationship between the extracted power from source and
the damping on the target. The transfer function of the target is obtained

by mathematical means at the its resonant. the damping versus several
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parameters are simulated. In addition, the system identification is briefly

introduced.

e Third, an enhanced control law is developed based on the derived equations.
The proposed control law can increase the extracted power form source by
decreasing the switch times. Comparing with the original control law, nu-
merical simulation results show that the enhanced control law can show a

great improvement when the frequency ratio is large.
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Chapter 4

SSDET experiments and

discussions

In this chapter, three experiments are designed to verify the SSDET
techniques. In these experiments, SSDET is conducted between differ-
ent structures as well as vibration modes in one structure. A control law
based on the electrical energy amount for multi-source-single-target sys-
tem is tested in an experiment. The experimental results demonstrate
that the SSDET can evidently improve the control effect comparing with
SSDI technique. Moreover, the threshold setting can effectively increase
the extracted power of the source improving the control. The stability of

the SSDET control is also discussed based on the experimental results.

4.1 Introduction of the control system

A general view for SSDET experiments can be depicted in Fig.4.1. The working
principle of the experimental system can be briefly described as follows. At first,
the piezoelectric patches bonded on the structures are connected with the SSDET
circuit which contains pulse-controlled switches (MOSFET). Then, the control
system which built in Simulink environment (as shown in Fig.4.2) is written into a
dSPACE ds1104 board. Finally, the sensed signals by the sensors are input to the
dSPACE board for generating pulse signals to on/off the corresponding switches at
the desire timing. A user interface is designed in Controldesk software (as shown
in Fig.4.3) to control the whole system and observe the signals (displacements,

voltages, switches on/off states).
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Figure 4.1: A schematic diagram of the experimental system.

The control system plotted in Fig.4.2 is the its Simulink scheme. It mainly
contains six blocks: voltages input block, displacements input block, bit-out out-
put block, voltage signs judgment block, max/min detector block and switches
control block. I/O blocks consists of the A/D and D/A converters. They are used
to receive the voltage signals from the instruments and generating pulse signals
to control the MOSFET switch. Voltage signs judgment block is used to judge
the voltage signs of both the source and target which determines the switching
duration of two steps. Max/min detector is used to find the extrema of the target
displacement and generate a pulse signal whose pulse width equals to one sample
time. Base on the preliminary pulse signal and the voltage signs judgment, the
switches control block generates a switch control pulse sequence for controlling the

different switches with proper pulse widths corresponding to the control law.

4.2 Energy transfer between different structures

4.2.1 Experimental setup

The schematic diagram of the experiment is shown in Fig.4.4. The energy source
structure was the cantilever beam clamped on a rigid structure shown in Fig.4.5,
and the target structure was a four-edge clamped plate. Both of the two struc-
tures were made of steel. Eight piezoelectric patches (PZT) were bonded at the
root of the beam with a parallel connection and their equivalent capacitance was
44.5 nF. A commercial piezoelectric patch (ACX Quickpack QP10N, PZT) with a
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capacitance of 44.2 nF was bonded on the plate near the clamped edge in order to
receive the transferred energy and damp the plate. The poling direction of all the
piezoelements was perpendicular to the structure surface. The electrical circuit
was simply composed of two switches (dual-MOSFETSs with diodes) and a tunable
inductor. The displacement of the plate was measured at its geometric center by
an inductive proximity sensor. The geometric characteristics of the structures and
piezoelectric elements are summarized in Tab.4.1.

The structures were driven by an electromagnet under their first-mode natu-
ral frequencies which were 22.3 Hz for the beam and 50.7 Hz for the plate. A
dSPACE system was used to control the switches and store the sensed signatures.
The switching control platform was developed by the simulink/dSPACE system,
as shown in Fig.4.7, to detect the extremes of the plate displacement and gen-
erate a timing pulse to control the switches. From the control law Eq.(3.1), the
signs of piezoelectric voltage led to two switching strategies, and it was thus neces-
sary to detect the voltage sign of the piezoelectric patches simultaneously on both
beam and plate to determine which strategy should be implemented. It should be
pointed out that the switching strategy was only determined by the sign relation-
ship between V; and V, at the very beginning of the step 1, and it should not be
changed during the whole switching period. Thus, a holder was designed in the
control system to hold the sign judgment during one switching period (both step
1 and step 2) to avoid any mis-estimating due to the voltage sign changing.

The switching duration ¢, in step 1 could be precisely set since it was constant
and equals to 1/4 (voltages with same sign) or 3/4 (voltages with different signs)
circuit period. However, t, was difficult to set accurately since it was a function
of the initial voltage of the PZT on the plate and the current of the inductor as
shown in Eq.3.1. Detecting a precise current value is not possible since it needs an
extremely fine step size in the control system, leading to a heavy memory space.
Moreover, the noise in the current generated during the switching instant could
easily result in false current detection. Fortunately, the current direction cannot
be changed, even when the switching time is larger than the precise time t; or t; (in
Eq.3.1). Since the diode in the switch can stop the current from another direction,
this could ensure the holding of the voltage at its extremes for a certain period of
time after the current drops to zero. In practice, the switching duration for SW;

was set to the half period of the RCSL circuit, which is always larger than ¢,.
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Figure 4.4: A schematic diagram of the experiment (SSDET between different
structures).

Figure 4.5: Energy source structure: Figure 4.6: Energy target structure:
A cantilever beam. A four edge clamped plate.
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| length(mm) width(mm) thickness(mm)

beam
plate

345
400

PZT on beam | 40.0
PZT on plate || 50.0

4.00
300

20.0
25.0

2.50
0.5

1.00
0.37

Table 4.1: Geometric characteristics.
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Figure 4.8: The damping of the plate by SSDI and SSDET.

4.2.2 Results and discussion

Fig.4.8 shows the damping effect of the plate by both the SSDI and SSDET tech-
niques. The experiment demonstrated that the SSDET method gave rise to a
better damping effect than the SSDI technique. At first, both structures vibrated
under their first mode. The SSDI performed from 1.7 s, and the plate vibration
consequently decreased in this period. When the vibration of the plate reached the
stable state at 4.7 s, the SSDET approach performed the energy transfer from the
vibrating beam to the piezoelectric patch on the plate and enhanced the damping
effect. From 15.4 s, the SSDET was stopped and only the SSDI remained active.
Finally, all the controls were stopped and the amplitude of the beam returned back
to its original value after 16.8 s.

The simulation and experimental results were compared in order to confirm
the mathematical model. The procedure of the simulation was the same as that in
the experiment. Fig.4.9 shows the comparisons between the experiment and the
simulation in various control stages. At first, two structures were subjected to a
harmonic excitation at their resonance frequencies, as shown in Fig.4.9a. Subse-
quently, the SSDI control was performed according to Fig.4.9b, and it was found
that the simulation results coincided well with those of the experiment. During
each closing instant, a tiny fluctuation of the piezoelectric voltage on the beam was
observed in the experiment, as can be seen in the magnified image in Fig.4.9b. It

was attributed to the parasitic capacitance. Finally, SSDET control was conducted
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Symbol Value(unit)

L 0.09 H

R 300 2

Cos, Cor 445 nF, 442 nF

wP wF 1398 rad™!, 318.2 rad!

wP WP 140.1 rad=t, 318.6 rad!

Mg, My 135.6 g, 98.7 g

kE kE 2650 Nm~!, 9998 Nm~!

Cs, Ct 0.2584 Nm~ts71, 0.3017 Nm~1ls!
As, At 1.6 x 10* Vm™, 2.1 x 10* Vm™!
g, Oy 72x 1074 NV~ 94 x 1074 NV
Qs, Q¢ 73.9, 103.7

Cs, Gt 6.8 x 1073, 4.8 x 1073

ta,ty 9.3688 x 1075 s, 1.8738 x 107° s
t, 2.9465 x 107 s, 1.8738 x 1075 s

Table 4.2: System characteristics in simulation.

as demonstrated in Fig.4.9¢c. It was found that the voltage of the piezoelements on
beam was consistently stopped around zero at the moment SWj reopened (which
was also when the current was at a maximum) and the voltage of the plate was
consistently enhanced by the initial current during each transfer both in experi-
ment and simulation. Consequently, the control strategy could be confirmed. It
was also found that the damping was better in the simulation than that in the
experiment. The voltages in simulation were larger than in experiment despite a
trend that was similar to that of the experimental data. This was attributed to
the max/min detector detecting a more precise extreme causing the inversion to

occur at a higher voltage in the simulation as opposed to in the experiment.

4.2.3 Stability analysis

The stability of SSDET was confirmed both experimentally and through simula-
tion. In this test, the plate was driven at its first natural frequency and was under
the control of SSDI in the very beginning. The excitation of the beam was contin-
uously increased until unstable control occurred on the plate. Fig.4.10 shows the
damping effect by SSDET beyond SSDI technique. The damping effect (y-axis) is

defined in Eq.4.1.Here, ¢ is the root mean square of the plate displacement.
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0sSDET

damping = —20logy (4.1)

0ssDI

It is clear that the damping effect increased with the beam displacement when
this displacement was not too large. From the point of view of the transferred en-
ergy, it could be easily understood that more external energy was injected into the
controlled structure leading to a higher inverted voltage of the PZT patches on the
plate, and thus to a better damping effect. Nevertheless, as a semi-active vibration
control, SSDET technique might generate instabilities. The damping effect was
unable to increase monotonously when the beam vibrated with high amplitude. It
was observed that the damping effect on the plate became destabilize when the
tip displacement of the beam was larger than 1.8 mm in the experiment, and it
even sharply decreased in simulation. One reason was that the displacement of the
plate became too attenuated and was no longer sinusoidal, especially in simulation,
thus resulting in an erroneous switching timing. Moreover, SSD technique, which
sharply changes the stiffness of the structure, induces the residual modes which

also disturb the max/min detector. This phenomenon could not be simulated by
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employing an SDOF model. In fact, even though the residual mode was not ex-
cited; the displacement of the plate would still be destabilized when its vibration
is low while the transferred energy would remain high as in the classical SSDV

control[7].
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Figure 4.10: The theoretical and experimental damping effect of SSDET beyond
SSDI versus the displacement of the energy-source structure.

In order to reveal the frequency components of the plate displacement, the
displacement of the plate from experiment under SSDI and SSDET control was
transferred to the frequency domain presented in Fig.4.11. The frequency com-
ponent under SSDI was mainly the excited frequency, i.e., the first mode natural
frequency of the plate. When SSDET was conducted, the first mode frequency
of the beam appeared in the plate motion, which signified that the vibration fre-
quency of the energy source structure could also affect the target structure while
energy was being transferred. The experiment showed that the amplitude of this
component was larger when the beam vibration level was higher, thus giving rise

to a 'beating’ phenomenon of the plate displacement.

4.3 Energy transfer in one structure between dif-

ferent modes: Harmonic response

This section aims at experimentally verifying SSDET technique on a cantilever

plate. In this test, the energy is transferred from its first bending mode (source
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Figure 4.11: A spectrum comparison between experimental SSDI and SSDET.

mode) to the first torsion mode (target mode) so as to damp the latter. The
control strategy with threshold setting was applied in experiment for sake of better

damping effect.

4.3.1 Experimental setup

The experiment was carried out on a printed circuit board with one edge clamped
as shown in Figure.4.12 and the schematic experimental setup was illustrated in
Fig.4.13(a). The frequencies of its first bending mode and first torsion mode are
23.7 Hz and 82.5 Hz under open circuit condition. Their mode shapes are shown
in Fig.4.14. As shown in Fig.4.12 and Fig.4.13(a), the plate was clamped on a
rigid support and excited under a two-wave mixing signal by an electromagnet
in order to simultaneously excite the first bending and first torsion mode. Two
groups of piezoelectric elements (PZTs) were bonded on the plate surface close to
the clamped edge as shown in Fig.4.12. The induced charge was also shown in
Fig.4.14. Note that the charge show different polarities between different modes.
Hence, the PZTs of group 1 can only extract the bending mode energy, and the
PZTs of group 2 can only extract the torsion mode energy by connecting the PZTs
of group 2 in parallel. The displacement was measured by two laser sensors at two
points which were symmetric to the static line of the torsion mode. Assuming that

the measured global displacements were u; and us, thus the bending displacement
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Such sensing

us equals to ulTJr“? and torsion displacement u; equals to “5*2 .

method has the same function with the model observer as mentioned in chapter 2.

PZTs group 1

T‘i?\v:k

PZTs group 2
(back of plate)

electromagnet

B

Figure 4.12: A cantilever plate with the bonded PZTs.

A switching control system, which is showed in Fig.4.13(b) was designed by
Matlab/Simulink/dSPACE scheme to control the MOSFET switches. From this
scheme, it could be known that switch SW, will be always closed once u; reachs
to its extremes. However, switch SW, could be closed when two conditions are
met at the same instant. One is u; gets to its extremes. Another one is that the

absolute value Vj is greater than the preset threshold.

4.3.2 Results and discussion

The control effects are shown in Fig.4.15. The threshold is set to 5V in the exper-
iment. The experiment was carried out as following steps. At first, the structure
was excited under both bending and torsion mode without any control. And then,
SSDI control was conducted on the torsion mode from 5 seconds to 10 seconds,
which damped the torsion motion. During this time range, the bending mode
kept its amplitude since no operation was acted on it. From 10 seconds to 17 sec-
onds, SSDET control was conducted, and it caused obvious damping to the torsion
mode. The source mode was also suppressed because its energy was extracted and

transfered during this period.
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Figure 4.13: A schematic diagram of the experiment. (a) The experimental setup.
(b) The switching control scheme.

The details of the displacements and voltages under different control stage are
shown in Fig.4.17. A slight coupling effect could be observed from global displace-
ment in Fig.4.17(a) and in the piezoelectric voltage of torsion mode. Such voltage
waveform represented a clear SSDI waveform under SSDI operation in Fig.4.17(b).
Fig.4.17(c) detailed the waveforms with SSDET control. Thanks to the threshold
setting, the bending mode energy was transfered when the voltage V, was larger
than the predetermined threshold value. Otherwise, only SSDI is conducted on
the torsion mode. Fig.4.16 shows the transfer function under no-control case and
several SSDET with different threshold as well as SSDI control. The bandwidth
range covers the torsion mode (target mode) frequency. Larger threshold would
increase the damping, meanwhile the transfer function curve became not smooth
any more. In fact, the system would lost its stability if the threshold is larger than
a certain value which approximately equals to half of the source voltage amplitude
under open circuit condition. Because the fact of threshold setting is to accumulate

more energy on the source. However, it is inevitable to decrease the transfer times
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(b)

Figure 4.14: Mode shapes of the plate. (a) the first bending mode shape(
fs=23.5Hz) and the electrical charge distribution (b) the first torsion mode(
f:=81.7THz) and the electrical charge distribution.

as we discussed before. If the threshold is set too high, there will be a long time
interval between two switching which images unsteady piezoelectric force exerting
on target. Moreover, the strong energy transfer leads to a great voltage inversion

on the target would excite the residual modes of the structure[80].

4.3.3 Comparison between the experiment results and math-

ematical predictions in frequency domain

This section presented two test patterns in order to exhibit the relationship be-
tween the extract power from the bending mode and the damping of the torsion
mode. The simulation, which was presented in section 3.4, was also carried out
to predict the transfer times and the extracted power from the source. More-
over, the theoretical displacement of torsion mode was calculated by the Eq.(3.41)
which was presented in chapter 3. These predicted values were compared with
the experimental results so as to validate the proposed model. The structural
properties are identified based on the methods introduced in section 3.2.3. The
superscripts E and D stand for the piezoelectric elements being short-circuited and
open-circuited, respectively. The mechanical quality factor (Q,; was obtained from

the half-power bandwidth method. A is the proportionality coefficient between
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voltage and displacement in open circuit, and ( is the structural damping ratio.

The mass, stiffness and damping are those equivalents under modal coordinate.

e Test pattern 1 (Increasing bending vs. damping on torsion)
In this test, the amplitude of the bending mode was continuously increased
from 0 to 1.2 mm by turning up its excitation for the sake of larger source

mode energy. As shown in Figure.4.18(a), the transfer times constantly
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Figure 4.17: Details during different control stage. (a) Without control (b) SSDI
control (¢) SSDET control.

symbol value (unit)

Cos,Cor 116 nF,28.4 nF

B fE 937 Hz81.7 Hz
my, ke, e 30.1g,8213Nm =1, 0.087Nmts!
a, 0y 3.9x 107*NV~137.6 x 104NV ~!
Q,,Q,  103.7,105.7
G, G 6.8 x 1073,4.8 x 1073

Table 4.3: System parameters of the clamped plate.
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equals to double of the torsion mode frequency due to the threshold was
set to zero. It is clear that extracted power increased with the increasing of
the bending mode displacement as shown in Figure.4.18(b). Such increas-
ing power also brought an increasing damping shown in Figure.4.18(c). The
simulation for the extract power and theoretical predictions for the torsion

displacement are in a good agreement with the experimental results.
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Figure 4.19: The comparison between experiment and prediction (Increasing
threshold case). (a) Transfer times per second vs. threshold (b) Extracted power
vs. threshold (c¢) Torsion displacement vs. extracted power.

e Test pattern 2 (Threshold vs. damping on torsion)
In this test, the amplitude of the bending displacement was 1.2 mm all the

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/20111SAL0088/these.pdf
© [K. Li], [2011], INSA de Lyon, tous droits réservés



4.4 Energy transfer in one structure between different modes: Impulse response 111

time, which corresponded to the last point of the test pattern 1. The thresh-
old was tuned from 0 to 6 volts with a step of 0.5 volts. Figure.4.19(a)
showed that the transfer times per second were decreased by increasing the
threshold, and the extracted power could increase up to 50% comparing
with the initial point as plotted in Figure.4.19(b). Eq.(3.41) was employed
to obtain the theoretical torsion displacement which was compared with the
experimental results as shown Figure.4.19(c). It is shown that the theoretical
prediction do not fit the experimental value very well. That is because the
efficiency n changed with different threshold values. It could be observed
from measurement that 7 decreased when the threshold increased. However,
a constant efficiency was used in the theoretical calculation, which explains

such difference.

4.4 Enmnergy transfer in one structure between dif-

ferent modes: Impulse response

Previous SSDET work was usually carried out under the circumstance that both
of the source mode and the target mode are excited under their nature frequency.
This section exhibited the performance of SSDET technique for transient case.
The objective of these tests is to transfer the energy from the bending mode to
the patches bonded on the torsion mode so as to get better damping on torsion.

Three test patterns were implemented as below.
e Impact on torsion mode when structure vibrates under its bending mode,
e Impact on bending mode when structure vibrates under its torsion mode,

e Impact on both bending mode and torsion mode.

4.4.1 Experimental setup

The transient experiment is carried out on the one edge clamped plate as we used
before (shown in Fig.4.12). As listed above, the impact for the first two cases should
occur when structure is vibrating under one nature mode. Thus, it is impossible
to use a force hammer to excite another mode. That is because the excitation has
the influence to the vibrating harmonic, and it can not be guarantied that each
impact occurs at the same phase of the harmonic (that means the same effect to

the harmonic). That makes the results incomparable.
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In order to handle this problem, an excitation system is designed for achieving
an identical excitation under such situation. As shown in Fig.4.20, two electromag-
nets are placed at P1 and P2 under the plate. Meanwhile, two permanent magnets
are placed on the plate corresponds the upper electromagnets. The electromagnets
can be controled in the control system which is designed by simulink. Therefore,
the impact can be generated at a very precise timing which is determined by the
harmonic displacement (e.g., the peak or zero-crossing instants of the harmonic
motion). Such impact would be perfect for impacting the bending when structure
is vibrating under its torsional mode. The impact location is just at the static line
of the torsion mode. So, theoretically, only bending mode can be induced by such
excitation. However, it is hard to impact the torsion mode while keeping none
influence to the bending mode. For impacting both bending and torsion modes,
we still use a force hammer to implement at the point P3.

In this section, It should be pointed out that all displacements and voltages are

normalized to the their maximum values under open circuit case (without control).

P2

®r:

Figure 4.20: An experimental scheme of transient case (top view).

4.4.2 Impulsing torsion motion while the structure vibrates

under its bending mode

In this experiment, the plate is vibrating under its bending mode by the excitation
of the electromagnet under P1 at the very beginning. When the displacement
of the bending mode gets to its equilibrium, a pulse signal is generated by the
control device and used to drive the other electromagnet under P1. Therefore,

both bending and torsion transient response could be excited. The decays of the
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torsional displacement(u;) with SSDI control and SSDET control are compared
with that of open circuit case as shown in Fig.4.21. Evidently, SSDET control
performed a better control compared with SSDI technique. Their voltage are also
plotted in Fig.4.22. The torsion voltage(V;) does not show an obvious enhancement
comparing with that of without control. Due to the transferred energy, V; with
SSDET control showed a much higher amplitude than that in SSDI control thus
leading to better damping. Meanwhile, the displacements and voltages of the
bending mode under different control strategies are also exhibited in Fig.4.23 and
Fig.4.24. Since the bending mode energy was partially extracted, the decay speed
performs faster than that of without control. Fig.4.24b showed the energy transfer
began at 0 second and finished at around 0.25 second. The length of the energy
transfer duration is determined by the preset threshold. If the Vj is less than such
threshold, SSDET control will be stopped.

Without control Without control
0.8 ——SSDI H 0.8 ——SSDET H

0.6f
0.4f

0.2r

Normalized torsion displacement
Normalized torsion displacement

8 : : : : : . : : : : :
-0.1 0 0.1 0.2 0.3 0.4 0.5 -0.1 0 0.1 0.2 0.3 0.4 0.5
Time (s) Time (s)

(a) SSDI control. (b) SSDET control.

Figure 4.21: Torsion displacement as the function of time for the impulse experi-
ment.(Impact on torsion while bending is under harmonic excitation).

4.4.3 Impulsing bending mode while the structure vibrates

under its torsion mode

In this test, the plate is continuously excited by the electromagnet under P1 with
the nature frequency of its torsion mode. When torsion displacement gets to its
maximum, a pulse signal was generated and used to drive the electromagnet un-
der P2 for the sake of inducing its bending mode. Fig.4.25 shows the torsional

displacement after the impact on P2. P2 is on the static line of the torsion mode.
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o
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(a) SSDI control. (b) SSDET control.

Figure 4.22: Torsion voltage as the function of time for the impulse experi-
ment.(Impact on torsion while bending is under harmonic excitation).

Without control Without control
——SSDI 0.81 ——SSDET N
0.61 ]
0.4},

0.2

0.5¢

-0.27

-0.4}
-0.67
-0.8

-0.1 0 0.1 0.2 0.3 0.4 0.5 -0.1 0 0.1 0.2 0.3 0.4 0.5
Time (s) Time (s)

(a) SSDI control. (b) SSDET control.

Normalized bending displacement
o
Normalized bending displacement

Figure 4.23: Bending displacement as the function of time for the impulse experi-
ment.(Impact on torsion while bending is under harmonic excitation).
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(a) SSDI control.
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(b) SSDET control.
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Figure 4.24: Bending voltage as the function of time for the impulse experi-
ment.(Impact on torsion while bending is under harmonic excitation).
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(b) SSDET control.

Figure 4.25: Torsion displacement as the function of time for the impulse experi-
ment.(Impact on bending while torsion is under harmonic excitation).
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Figure 4.26: Torsion voltage as the function of time for the impulse experiment.
(Impact on bending while torsion is under harmonic excitation).
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(a) SSDI control. (b) SSDET control.

Figure 4.27: Bending displacement as the function of time for the impulse experi-
ment. (Impact on bending while torsion is under harmonic excitation).
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Figure 4.28: Bending voltage as the function of time for the impulse experi-
ment.(Impact on bending while torsion is under harmonic excitation).
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Figure 4.29: Torsion displacement as the function of time for the impulse experi-
ment.(Both of bending and torsion mode are impacted by a force hammer).
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(a) SSDI control. (b) SSDET control.

Figure 4.30: Torsion voltage as the function of time for the impulse experi-
ment.(Both of bending and torsion mode are impacted by a force hammer).
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Figure 4.31: Bending displacement as the function of time for the impulse experi-
ment.(Both of bending and torsion mode are impacted by a force hammer).

Theoretically, any excitation on this point would not disturb its torsion displace-
ment. Nevertheless, we find that this line shift a little from where it should be.
From Fig.4.25, both of bending and torsion motion can be observed after the im-
pact though the bending ingredient is very small. It is shown that the torsion mode
motion is attenuated to a very low level in Fig.4.25b during 0-0.6 seconds due to
SSDET control. The torsion voltages are also showed in Fig.4.26. It is evident
that the torsion voltage under SSDET is much larger than that under SSDI control
which leads to the damping effect.
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Figure 4.32: Bending voltage as the function of time for the impulse experi-
ment.(Both of bending and torsion mode are impacted by a force hammer).
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Figure 4.33: The envelope of the torsion displacement with different control strate-
gies.

4.4.4 Impulsing both the bending and torsion mode at the

same time

In this test, a force hammer is used to impact the plate at the point P3 in order
to induce the bending and the torsion mode simultaneously. Compared with the
first two tests, such impulsion is more close to the practical circumstance. The

force signal was also recorded to make sure that each impact had almost the same

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/20111SAL0088/these.pdf
© [K. Li], [2011], INSA de Lyon, tous droits réservés



120 Chapter 4

amplitude. Fig.4.29 to Fig.4.32 show the torsion displacement, torsion voltage,
bending displacement and bending voltage respectively. It can be seen that SSDET
can show much better damping than that of SSDI for the torsion mode motion.
The root mean square (RMS) envelopes of the torsion displacement with dif-
ferent control strategies are plotted in Fig.4.33. Here, the threshold value is nor-
malized to the maximum bending voltage under open circuit condition. From
Fig.4.33, it illustrated that that large threshold (Threshold=0.67) can not always
bring a better control performance. In the enlarge window, it can be noticed that
the decay (when threshold=0.67) is the largest at the very beginning after the im-
pact. However, this control can not last long due to the decrement of the bending
voltage. Hence, SSDET will be stopped once the bending voltage is smaller than
the threshold. Overall, the setting(Threshold=0.34) shows the best performance
which indicates that the threshold configuration gets to a good balance between

transfer duration and extracted power.

4.5 Energy transfer between multi piezoelectric

patches

Sources Target

Co1 Co2 Com-1) Con

swl\ SWZ\ SW(n-lx SWrK R
[ I B

Figure 4.34: SSDET circuit for multi piezoelectric patches.

In the previous experiments, the energy is usually transferred between two
piezoelectric groups. In this section, we present a system with multi piezoelectric
patches. Among these piezoelectric patches, one of them is set as the target motion
need to be damped, the rest are treated as energy sources. Compared with the

enhanced control law (transferring the energy only at a high voltage level), the
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control law for SSDET in multi-patches are similar with traditional control law
which transfers the energy at every extrema of the target. However, the energy
transferring is selective. Only the patch with maximum energy would be connected
into SSDET circuit for transferring.

Fig.4.34 depicts the electrical circuit scheme for SSDET of multi patches. A
switches controller is designed in Simulink/dSPACE system. When the target
reaches to its displacement extrema, the controller calculates the electrical energy
amount stored on each patch which equals to £Co;V;?, where ¢ = 1,2...(n—1). Then,
a timing-pulse signal will be generated to enable the switch which is connected
with the patch with maximum energy. Thus, the energy transfer will occur only
between the target and one patch with maximum energy each time. Comparing
with traditional SSDET, the transfer energy per-time can be enhanced due to the
multi sources; Comparing with SSDET with enhanced control law which decrease
the transfer times, the transfer frequency with such control strategy always equals

to double frequency of target vibration .

4.5.1 Experimental setup

An experiment is established for validating SSDET in multi-patches. The exper-
imental setup is depicted in Fig.4.35. As shown in this figure, three mechanical
motion forms are involved, which are bending mode motion of a steel cantilever
beam and the bending and torsional modes of a one-edge clamped plate. These
structures are excited under their nature frequencies. In the experiment, we set the
torsional mode as the target mode, and the bending mode of the cantilever beam
and that of clamped plate as two energy sources. They are named as source 1 and
source 2 respectively and noted at the superscript. The control law is designed in
simulink environment and built into the dSPACE board. When the torsional mode
gets to its displacement extrema, a comparison will be implemented by the control
system. The source which stored higher electrical energy on corresponding piezo-
electric patches will be connected into SSDET circuit for energy transfer. This
energy at the transferring instant equals to %C’oSVf. The basic system properties
are summarized in Tab.4.35. The capacitance and inductance values are used to
calculate the switching closing duration based on the control law equations. It has
to be mentioned that the resistance is not taken into account since small resistance
has little effect to the period of the LCR oscillator.
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Symbols Values (unit)

Cl. CZ. Cy 289 nF, 116 nF, 28.4 nF
12 f, 222 Hz, 23.7 Hz, 81.7 Hz
L 0.09 H

Table 4.4: System properties in multi-patches SSDET experiment.
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Figure 4.35: Experimental setup for multi-patches.
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Figure 4.36: Experimental results in time domain.

4.5.2 Results and discussion

In order to compare the different control strategies, the experiment is performed
in five stages as shown in Fig.4.36. In this figure, the displacement of the target
(torsional displacement of the plate) and the voltages of the target and two energy
sources are plotted. At first, all controls are shut down. Then, only SSDI control
is conducted on the target (from 2.7s to 4.4s). It can be noticed that the voltage
V, increases compared with that of no-control. From 4.4s to 8.8s, SSDET control
is running. The energy is transferred from the source2 (the bending of the plate)
to the target. Thus, it shows a better damping effect on the target than that of
SSDI control. After that, we did SSDET only from the sourcel (the bending of the
beam) to the target. Due to a higher vibration level of the source2, the damping
performance can be still increased compared with the previous stage. Finally, we
enable SSDET in multi-patches. It can be noticed in voltage signatures that both
two sources are used as energy sources during this stage. However, only one of
them are connected into SSDET circuit at each transferring depending on the its
electrical energy amount. Consequently, the best damping on the target is obtained

due to the largest transferred energy.
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Figure 4.37: Damping during different control stages.
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Fig.4.37 shows the damping effect during the five control stages. The damping
in each control stage is calculated by two means. One is the RMS method intro-
duced in Eq.4.2. Another is used the amplitude of the target motion in frequency
domain. It shows that they nearly same during the first four stages but show a big
difference at the fifth stage (SSDET in multi-patches). That could be explained
that the frequency component of the source can be brought into the target which
has been analyzed in SSDET between structures. And strong energy source can
excited the residual modes of the target as well. Thus, the damping calculated by
RMS value can describe the global control effect more precisely especially when
the transferred energy is large.
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4.6 Conclusion

In this chapter, we focus on demonstrate SSDET technique by experiments. Three
different SSDET experiments are implemented to test this technique. They can
be summarized as follows:

In this chapter, we focus on demonstrating SSDET technique by experiments.
Three different SSDET experiments are implemented to test this technique. They

can be summarized as follows:

e First, SSDET experiment is carried out between two structures: a cantilever
beam and a four edge clamped plate. This case should be a good test bench
for SSDET because there is no mechanical coupling effect between two struc-
tures. In the experiment, we transfer the energy from the 1% bending mode
of the beam (as the source) to the plate (as the target) which is also vibrating
under its 1°* mode (1-1 mode). The results show that SSDET can obviously
increase the damping on the plate comparing with that of SSDI. Moreover,
the experimental results show a good agreement with the time domain simu-
lation. The experiment also reveals that higher vibration level of the source
(which indicates larger transferred energy) can bring better damping on the

target.

e Second, SSDET experiment is done on a one edge clamped plate between
its bending and torsion modes. Due to the motion coupling between the
bending ad torsional mode, the bonded piezoelectric patches are divided into
two groups and distributed at the optimized place in order to extract the
energy from their corresponding mode. The energy transfer path is from the
bending mode (as the source) to the torsional mode (as the target). The re-
sults verify SSDET technique in this circumstance and also the effectiveness
of the threshold settings. The experimental results are compared with that
of mathematical model in frequency domain. The extracted power also com-
pared with that of the numerical simulation for the threshold. It shows that
the experimental results fit well with the analytical predictions. A SSDET
experiment is carried out for attenuate the transient motion as well on this

structure.

e Third, we use SSDET between multi group patches. In this experiment,
three vibration modes of two structures are involved. The target is still
the torsional mode of the one edge clamped plate, but the source could be

alternatively a steel beam or the bending mode of the plate. Only the one
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with higher electrical energy is connected into the circuit as the source at
the transferring instant. With such control strategy, it results in a higher

transferred energy to control the target.

In addition, SSDET stability is discussed in these experiment. It is found that
the frequency component of the source motion appears in the target. When
the source structure vibrates under a high level, this component become
obvious. We also found that the system may lose its stability when the
transferred power is too large. We attribute it to two reasons: (a) The
displacement is no longer a sine wave with drastic damping effect. Thus, the
max,/min detector can not detect the extreme instant correctly. (b) Large

energy transfer also induces residual modes of the structure.
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Bidirectional SSDET: A

preliminary research

In the previous sections, the proposed SSDET technique pumps the me-
chanical energy and transfers it between different structure or modes to
damp one motion. In this technique, the piezoelectric patches can only
extract the energy from corresponding mode and the energy transfer
patch is always from source patches to target patches. However, there
are kinds of connections if multi patches are distributed on the struc-
ture. In this chapter, we introduce four different connections between
two patches and simulate their dynamic behaviors by Matlab/Simulink.
Base on a bending-torsion coupling vibrating structure, we also propose
a bidirectional SSDET method in which every piezoelectric patch can
extract all modes enerqy and the energy transfer path is bidirectional
between two patches. Experimental results demonstrate that the bidirec-
tional SSDET can achieve a best damping on both bending and torsion

motion among all proposed connections.

5.1 A bending-torsion coupling vibration case

The bending-torsion vibrating clamped plate is employed to illustrate the princi-
ples bidirectional SSDET as shown in Fig.5.1. As shown in this figure, there are
two groups of piezoelectric patches bonded on the upper and lower surface of the
clamped plate, and they are not connected together at first. In the scheme, we still
have the energy source mode which is bending mode and the target mode which is

torsion mode. Our goal is to damp the target mode motion by using the bending
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Patch 1

Patch 2

Figure 5.1: A bending torsion coupled vibrating plate.

mode energy as well. It is assumed that the bending mode frequency f, is less
than the torsion mode frequency f;.

Because the induced piezoelectric voltage can be attributed to both bending
and torsion motion, it could not be always enhanced due to the vibration frequency
difference between bending and torsion motion if we only implement simple SSDI
technique. This can be demonstrated in the following sections. Bi-directional
SSDET is developed to solve such problems. That is to keep all voltages being
enhanced though bidirectional energy transfer.

If the bending and the torsion motion can be written as Eq.(5.1), then their
voltages can be defined as V; and V4 in Eq.(5.2) under open circuit condition.!
Where, the subscripts s and ¢ stand for bending mode (source) and torsion mode
(target). From this equation, we know that the voltage can be represented as the
sum of two parts: torsion induced voltage and bending induced voltage. Moreover,
the torsion induced voltage are is always in-phase and the bending induced voltages
are opposite phase. Fig.5.2 shows the displacement and voltage waveforms. No
matter how we connect the two patches, the piezoelectric forces exert on bending

mode Fy and torsion mode F; can be calculated in Eq.(5.3).

us =Agsin(wst + @s)

(5.1)

ug =Agsin(wit + ;)

'Here, we consider the global displacement can be uncoupled as the bending motion and
torsion motion.
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Figure 5.2: Displacement and voltage waveforms when structure vibrates under
bending and torsion modes.

‘/1 _ﬁut + %us
Cy Cy (5.2)
L S '
2 02 t 02 S
F,=a,V; — V
(i =12) (5.3)

F, =y (Vi + Vs)

5.2 Damping behavior comparisons between four

connections with SSDI control

Before we introduced bidirectional SSDET technique, four electrical circuits are

employed to implement the SSDI technique when the structure is vibrating under

its bending and torsion modes.

Matlab/Simulink environment.

Their dynamic behaviors are simulated under
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Figure 5.3: Electrical scheme for two electrically separated SSDI control (Case-A).

5.2.1 Case-A: Each patch is connected into a standalone
SSDI circuit

In this part, the two patches are connected into two SSDI circuits separately as
shown in Fig.5.3. The main control target is the torsion mode (target). The control
law is to close both two switches during one half of the oscillation period of the
LCR circuit when torsional displacement extrema occur.

Fig.5.4 shows the simulation results under such control. These values are nor-
malized to their maximum in this time window. From this figure, we know that
V1 and V5 do not exhibit a periodical waveform. However, we can calculate the
forces which are exerted on bending mode and on torsion mode respectively from
Eq.(5.2). Since the switching is not synchronized with the bending mode motion,
the F (force in bending mode) waveform is irregular and do not always opposite to
the bending mode velocity. However, if we treat Fiig as a stationary random pro-
cess and the integration of this item in time domain fg Fu, dt should be small, it
would have a little damping effect to the bending mode?. The force exerted on the
torsion mode shows a typical SSD waveform. That is the force F} always anti-phase

with the torsional velocity. Therefore, the torsional motion can be reduced.

5.2.2 Case-B: Two patches connected in parallel

The connection in parallel is common used when multi-patches are bonded on the
host structure. Because one electrode of each piezoelectric patch will be inevitably

connected together when their electrodes are exposed and the host structure is

2We consider the poor correlation between F, and #,. Because the switches are on-off syn-
chronously with the torsion peaks but not the bending ones. The damping on bending can be
attributed to the loss during the switching.
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Figure 5.4: Normalized voltages, piezoelectric forces and displacements for two
separate SSDI control (Case-A: simulation results).

conductive. If we connect the rest electrodes together, that makes the electrical
circuit given in Fig.5.5. As shown in this figure, only one inductor is used in the
circuit. The control law is still to close the switch for one-half period of the LCR

circuit at the torsional displacement extrema.

}I R
Figure 5.5: Electrical scheme for the SSDI control with two patches in parallel
(Case-B).

Fig.5.6 shows the waveforms in simulation. Because they are connected in par-
allel, their voltages are always same as shown in the figure. Both their voltages
show a steady SSD waveform in which they are inverted at each extrema of the
torsion displacement. It can be seen that force F§ exerted on the bending is null.
Because the bending induced charge will be canceled all the time if they are con-
nected in parallel. That indicates the bending energy can not be extracted at any
moment. However, this electrical scheme is equivalent to short-circuit condition

for the bending mode. It results a shift of the mechanical transfer function around
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the bending nature frequency. The force F; still shows a typical SSD waveform,

that is the force always has a different direction with the torsional velocity.
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Figure 5.6: Normalized voltages, piezoelectric forces and displacements with SSDI
control of two patches in parallel (Case-B: simulation results).

5.2.3 Case-C: Two patches connected in series

Connecting the two patches in series is another connection type. Fig.5.7 shows its
electrical scheme in which two patches are connected in series with an inductor, a
resistor and a switch. The control law for this circuit is to close the switch at the
torsional displacement extrema as we used in the previous connections.

Fig.5.8 shows the waveform under the simulation. It can be noticed that the
voltages V; and V5 do not show a same waveform which is different from they are
connected in parallel. However, the force F; shows 180 degree delay to displacement
us. Thus, this connection is equivalent to open-circuit condition of the source.
That is to say the bending mode can not be damped at all by such connection.
Being same with the previous two cases, the F; show a steady waveform and always

anti-phase with velocity ;.

5.2.4 Case-D: Two patches with two switches sharing an

inductor

In this part, each patch is connected with a switch and then connected in parallel
with an sharing inductor as shown in Fig.5.9a. Each switch is composed of a couple
transistors (N-MOSFET,P-MOSFET and diode) as shown in Fig.5.9b.> Usually,

3Most of the published SSD techniques adopt this kind of switch in the circuit. Such switch
scheme can prevent the current changing its direction in one switching duration.
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Figure 5.7: Electrical scheme for the SSDI control with two patches in series (Case-

Q).
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Figure 5.8: Normalized voltages, piezoelectric forces and displacements with SSDI
control of two patches in series (Case-C: simulation results).
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A
— — N-type ZX EZ P-type
Vi Va, Vi L
L) R
(a) Electrical circuit (b) switch made with MOSFETS.

Figure 5.9: Electrical scheme for the SSDI control with two patches sharing an
inductor (Case-D).
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Figure 5.10: Normalized voltages, piezoelectric forces and displacements with SSDI
control of two patches sharing one inductor with two switches (Case-D: simulation
results).

we only close one of them at each switching instant. Therefore, the current can
only flow in one direction. Actually, this circuit is identical with that of traditional
SSDET. However, the control law is to simply enable one MOSFET when u,; reaches
to its extrema as mentioned before.

Fig.5.10 shows the waveforms in simulation. It shows that both Vi and V5 will
be inverted at the switching instant if they have the same sign. Otherwise, only
the voltage on one patch whose sign is opposite to that of the coming u,, will be
inverted. Considering only one type MOSFET switch is closed at each transfer,
their voltage must be same when switches are re-open as shown in the figure.
In order to explain this phenomena, two representative switching durations are

selected to show the voltage details in Fig.5.11. These two events occurs when u,
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gets to its maximum. So, only P-type MOSFET is enabled. As shown in Fig.5.11a,
Vi and V5 are positive at the beginning of the switching. When switches are closed
(P-type is enabled), the electrical circuit can be equivalent as in Fig.5.11c. Thus
both V; and V; will be inverted and possess the same voltage after inversion.
Otherwise (V; is positive and V5 is negative as shown in Fig. 5.11b, Vj can be
inverted at first. However, V5 will keep its value due to the diode in the switch
until V; decreases to the same value with it. After this instant, there will be
current flowing through SWs. Namely, (5 is charged and V5 is enhanced. At the
end of the transferring, V; and V5 have the same value since the two patches can

be considered as connecting in parallel.
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Figure 5.11: Voltage waveforms during the transferring and the equivalent circuit
scheme.

After the re-opening of the switches, the voltage on one patch will increase and
the other one must decrease. This can be explained from the Eq.(5.2). The torsion

induced voltage ingredient is identical on both patch 1 and patch 2. However, such
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ingredient induced by bending are opposite between the patch 1 and patch 2. If we
consider the bending induced voltage ingredient is the dominant ingredient (that is
common in a bending-torsion coupled vibration). Therefore, the patch whose two
ingredients have the same sign, its voltage will be enhanced namely its absolute
value (ABSV) increasing. On the contrary, the voltage ABSV on the other patch
will decrease. Such decreasing indicates the electrical energy returns back to the
mechanical energy namely driving the structure.

The simulation results are plotted in Fig.5.10. It can be seen that the force
exerted on bending mode Fy almost always performs an opposite direction with
Us and its waveform is similar with that in BSDS control[17]. Let us consider
a time span between two switchings. As shown in Fig.5.10, the force Fy, ABSV
increases at the beginning after the previous switching . That is to say the ABSV
of (V1 — V3) increases namely the bending energy is extracted and stored on the
patches before the next switching. When the extrema of i; occurs, (V; — V3) drops
to zero. However, the extracted energy from bending mode does not be dissipated
but re-distributed between these two patches. At the end of the switching , V;
equals to V5 and their induced force on torsion F; which equals a(V; + V3) will
against the ;. Since V; and V5, which image the stored energy on the patches,
partially come from the extracted energy from bending mode during this time
span, that is we use the bending energy to damp the torsion mode. This control
strategy would show a better damping on torsion comparing with previous three
schemes. Moreover, it can also reduce the bending mode motion as that in BSDS.
In addition, the waveforms of the voltages are similar with these in SSDET. But
the control law in Case-D is easier to implement

Based on the analysis above, the damping ability on bending and torsion modes
can be summarized in Tab.5.1. In the table, we also show whether there is energy
transfer between two modes. In these techniques, it can be concluded that the more
energy extracted from bending, the better damping can be obtained on torsion

mode.

5.3 Principle of bidirectional SSDET

In this section, we present the principles of bidirectional SSDET especially its
control law. It shows that the bidirectional control law allows a decent control

effect both on the bending mode (source) and torsion mode (target).
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Damping on bending | Damping on torsion | Energy transfer?
Case-A S 2] =9
Case-B 2 3
Case-C ¥ 3 ¥)
Case-D 2 0 2

=2-Not at all; - A little; ©-Good ; @- Very good.

Table 5.1: A comparison of the damping between different electrical schemes.

5.3.1 Idea of bidirectional SSDET

SSDET proposed in previous sections deals with reducing the higher mode motion
in such a bimodal vibration. In this technique, the vibrating modes are divided
as energy source mode and target mode. It also needs two group piezoelectric
patches to extract the energy from these modes respectively. These two groups
of patches are never connected together but transfer their electrical energy by a
sharing inductor for the sake of extracting more energy from target mode. There-
fore, the transferring path is always from the source patches to the target patches.
It should be also pointed out that each group can only extract the energy from
the corresponding mode due to their particular bonding position. However, Such
configuration makes the piezoelectric patches lose its extracted energy ability from
other modes.

In order to retrieve the energy extraction ability from all vibrating modes by
every piezoelectric patches, we propose a new SSDET scheme in which the energy
can transfer in both direction. In this technique, there are still source modes and
target modes. However, each group of patches will not constantly extract the
energy from one mode but all modes. In addition, the control target is set to
be the higher mode motion. However, the damping of lower mode is also got a

farthest consideration.

5.3.2 Control law of the bidirectional SSDET

The bidirectional SSDET circuit is shown in Fig.5.12 which is same with that in
classical SSDET. However, the control law is quite different from that of classical
SSDET. The energy transfer still occurs at the moments of the target displacement
extrema, but the transfer direction is alternatively patch 1 — patch 2 or patch 2
— patch 1 which is determined by the sign relationship between ; and 4. Tab.5.2

shows the transfer direction under four circumstances. It can be briefly concluded
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L)

Figure 5.12: Bidirectional SSDET cir-
cuit.

that the energy will transfer from patch 1 — patch 2 if the u; and u, have the
same sign when u; reaches to its extrema. Otherwise, the transfer direction will be
from patch 2 — patch 1. The transfer direction can be controlled by adjusting the
switching order of two switches. For instance, if the transfer direction is patch 1 —
patch 2, the SW; should be firstly closed and wice versa. Therefore, the transfer
direction is unique at each transferring instant. By doing so, the voltage of one
patch which transfers its energy to another will drop to zero after the transferring.
On the other hand, the patch which receives the transferred energy will increase
its voltage ABSV due to the transferred energy and extract both bending and
torsion energy after the transferring moment until the next switching (because the
s and u; have same sign), that is to say the voltage will still increase before the
next switching. Here, the voltage ABSV increasing between two switching (energy
transfer) is attributed to both the source and target mode motion. The force
induced by this voltage is anti-phase to the velocity of the target, that means we

use the source mode energy to damp the target.

| | g > 0 \ iy < 0 |

u; maximum || Patch 1 — Patch 2 | Patch 2 — Patch 1
up will < 0 first SW; then SW, | first SW, then SW;

u; minimum || Patch 2 — Patch 1 | Patch 1 — Patch 2
uy will > 0 first SW, then SW; | first SW; then SW,

Table 5.2: Direction of the energy transfer in bidirectional SSDET technique.

The control law of directional SSDET can be summarized in Tab. 5.3 which
is an expansion of Tab.5.2. We can see that one circumstance in Tab.5.2 can be

detailed in four cases depending on the signs of V; and V5. In fact, the control can
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still be implemented by two continuous steps. First step is to choose one switch
between SW; or SWjy for t, or t;. This choice is unique and can be determined
from Tab. 5.2 and Tab.5.3. Second step is to close another switch for ¢, or t;). So,
only one switch is closed in one step forming a LCR oscillator. In Tab.5.3, only the
duration for the first switch is listed. The switching duration for the second step
always equals to one half period of the oscillator in second step. Thanks to the
diode in the switch, this time can be set a constant value as long as it is larger than
any of £y or t;. The diode can prevent the current changing its direction. That is
the voltage of the patch which receives the transferred energy, do not decrease its
voltage ABSV in step 2 regardless of the switching duration. The closing duration
can be calculated from Eq.(5.4). Here, 8 = %. Uy is the initial voltage of the
piezoelectric patch which receives the transferred energy at each transfer and ¢
is the initial current in the inductor at the beginning of step 2 4, w, and w, are
the resonant circular frequency of the LCR oscillators in each steps. They can
be calculated from Eq. 5.4. Cy; and Cy, are the capacitance of the patch 1 and
patch 2 respectively. In fact, the ¢, and t; equal to 1/4 and 3/4 period of the

corresponding LCR, oscillator.

1 Wa 1 —iowa

a= arc an(ﬁ), b Wb[arc an(UO_Z,OBL)—i—ﬂ
. (5.4)

/ 1 ; (wa)+ . 1 [arctan( —iowpL )+ 7]

= — |arctan(—-) + 7 = —larctan(———+) +

W B C T, Uo — 1oBL
1 R\’ 1 R\’

If patchl tch2 = — = = =

J patehd = patch2, wa \/LC01 <2L> P \/L002 <2L) 55)

1 R\? 1 R\?
If patch? tehl, wy = (2 = (£
f patch2 = patehl, w \/LC’02 <2L) wo \/LC01 <2L>

With the control law, the voltage of the patch which is chosen as the source
patch in one transfer, drops to zero at the first step. However, the voltage of the
patch which is chosen as the target in one transfer, is not always be inverted during
step2. Tab.5.3 shows the voltage changes in step 2 whether it is inverted or not.
Where, the capital letter I stands for Inverted and NI stands for Not Inverted.

In order to make a clear explanation for Tab.5.3, the case (us > 0 and u; at
its maximum) is selected to show their waveforms around the switching. We plot

waveforms under four possibilities around the switching (energy transfer) moment

4Uy and ig are only used for theoretical calculation. In practice, we never measure these
values since the precise duration of step 2 is not necessary.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/20111SAL0088/these.pdf
© [K. Li], [2011], INSA de Lyon, tous droits réservés



140

.......
—_—
———
~~a
~~~o

.....

Displacement/VVoltage (any unit)

-—
~
~~
~
-~

Time (s)
(a) Pos-Pos
4
—V, |
................. .

T v,
g u |
S
° A —
o o >
E ”~
s
g 4
C
[} 1
£ | ]
2 S— —
x ==y
Qo
2
a

Time (s)

(c) Neg-Pos

Displacement/Voltage (any unit)

Displacement/Voltage (any unit)

Chapter 5

e~ —
-

~——
~~~~~
------

~——
~~~~~~

Time (s)

(b) Pos-Neg

——

Time (s)

(d) Neg-Neg

Figure 5.13: Waveforms of displacements and voltages under case 1, > 0 and u;

at its maximum.
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s > 0 s < 0
v Vi Positive | Negative | Positive | Negative
2
u; maximum | Positive | ¢,, V51 t;, Vol te, Vi1 | t,, V1 NI
@y will <0 | Negative | to, VaNI | £, VaNI | ¢, Vi1 | ¢, V; NI
uy minimum | Positive | ¢, ViNI | ¢, Vi1 | ¢, Vo NI | t,, Vo NI
wwill >0 | Negative | to, VINIL | to, Vi1 | t, VoI | to, VoI

141

Table 5.3: Bidirectional SSDET control law.

in Fig.5.13. These possibilities are determined by the signs relationship between
Vi and V5. The caption Neg-Pos means that V) is negative V5 is positive at the
transfer instant. And the rest use the same expression form. The Pos and Neg are
short for positive and negative respectively. The energy transfer in these figures
occurs at the moment that @, > 0 and u; at its maximum. As introduced in
Tab.5.2, the transfer direction in these cases is patch 1 — patch 2.

Thus, V; must drop to zero at the end of step 1. The choice of the switch closing
time between ¢, or ¢, is to make the current direction at the end of step 1 same with
that in step 2. That is the transferred energy from patch 1 will enhance V5 in the
step 2. In step 2, the V; would be inverted or not which depends on its sign (positive
or negative). Considering both events @5 > 0 and w,; at its maximum (i, will > 0)
leads to V5 decrease. If V5 is positive at the transfer moment as shown in Fig.5.13a
and Fig.5.13c, it should be inverted to negative in order to keep the amplitude of
V5 increasing in the next (0 T;/2) time range.” Otherwise(V; is negative), Vs will
not be inverted but still increase its amplitude in negative like charging a capacitor
as shown in Fig.5.13b and Fig.5.13d. The operation for making the V5 inverted or
not is to close the N-type or P-type MOSFET of the switch. In this way, the V5 can
keep a higher value and its amplitude could be enhanced before the next transfer.
It indicates a larger force can be induced by patch 2 to damp both bending and
torsion modes before next switching. At the same time, V; will increase from zero
until the next switching as shown in these figures.

Meanwhile, we can also explain why we do not transfer the energy from patch
2 — patch 1 under such circumstance (is > 0 and u; at its maximum). That is
because if so, V5 will drop to zero at the end of step 1. V; has to be negative
at the end of step 2 in order to damp the torsion mode in the coming (0 7;/2).
However, the bending motion drives V; increasing meanwhile the torsion mode

does the opposite. So, the voltage amplitude in this case must be less than that

5Because V5 is negative after inversion. Decreasing Vo means increasing its amplitude.
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Figure 5.14: Normalized voltages, piezoelectric forces and displacements with SSDI
control of two patches sharing one inductor with two switches (simulation results).

in the case which energy is transferred from patch 1 — patch 2. Moreover, the
induced force by the V; will excite the bending mode since the force has the same
sign with the bending velocity.

Fig.5.14 shows the simulation results. Besides the switching duration, V; and V;
increase in most cases. It means the energy can only extracted from the structure
but not return them back. The force Fy drops but not to zero at each switching
due to the transferred energy. Moreover, it seems like F is synchronized with
us because the u, is taken into account in the control law. So the damping on
bending mode can be much better than that in CASE-D. That is also to say that

the damping on torsion can also be improved due to the more transferred energy.

5.4 Experimental validation

In this section, an experiment is carried out on an one-edge clamped plate to verify
the bidirectional SSDET technique. Meanwhile, some other experiments (CASE B

and D) are also implemented in order to compare with the bidirectional SSDET.

5.4.1 Experimental setup

The experimental setup is plotted in Fig.5.15 which is the same structure we used
in chapter 4. Two patches are bonded on the upper and lower surface of the plate.
Since the surface of piezoelectric patches and the structure are both conductive, one
of their electrodes of each patches are connected together. The other electrodes are
directly connected with the switches which on/off states are controlled by dSPACE.

An inductor is connected between the ground and the surface of the plate (one
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electrode of the patches). One electromagnet is placed under the plate near the
free edge as shown in Fig.5.15. The plate is excited under its first bending and
torsional nature modes. The frequencies are 21.3Hz for bending mode and 81.7Hz
for torsion mode.Two laser sensors are used to sense the displacement of two points.
Due to the symmetric relation, the bending mode motion can be expressed as one-
half of their difference value and the bending mode motion equals to one-half of

their sum value.

Patch 1 laser sensor
inductor y
r ‘—E iy \
s~ ¢ magnet '
Patch 2 clamped plate
magnet
(7
/ excitation
=T+
Switches electromagnet
7z ML
dSPACE PC

Figure 5.15: Experimental setup.

5.4.2 Results and Discussions

e No control results: Two patches are open circuit.
In this case, the piezoelectric patches are open circuit. Fig.5.16 shows the
waveforms of the forces, voltages and the displacements. Because the bend-
ing motion is the dominant component in the structure motion, the torsion
component is not obvious in the voltages of each patch. There is a 180 de-
gree phase delay between the Force F, and displacement u, as well as F; and
u;. No damping occurs neither on bending nor torsion under open circuit

condition.

e CASE-B results: Two patches are connected in parallel.
In the experiment, the electrical circuit shown in Fig.5.5 are employed. The
control law is to close the switch simply when displacement wu; reaches to
its extrema. The experimental waveforms shows a good agreement with our

simulation ones. That is the two voltages are always same due to the parallel
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Figure 5.16: Experimental waveforms (Without control).

connect. The force exerted on bending Fj is zero all the time. Only torsion

mode can be damped under this case.
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Figure 5.17: Experimental waveforms (CASE-B).

e CASE-D results: Two patches sharing an inductor with two switches.
The electrical circuit is shown in Fig.5.18 and the experimental results are
shown in Fig.5.18 which is agree with the simulation results. It can be seen
that the voltages V; and V5 are identical after each switching. Compared
with the experiment of CASE-B, it is clear that the force F§ is enhanced
about 100% leading to a better damping on the torsion. The bending mode

motion is also reduced a little due to the extracted energy.

e Bidirectional SSDET results: Two patches sharing an inductor with two
switches.
In bidirectional SSDET control, the circuit is same with that in CASE-D.
However, the switches switch follow the developed control law in Tab.5.3.

The waveforms are plotted in Fig.5.18. It shows that both V/ and V5 increase
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Figure 5.18: Experimental waveforms (CASE-D).

after each switching. That is one major difference with that in CASE-D (if

V1 increases, V, decreases and vice versa.). That is to say both bending and

torsional energy can not be extracted but not return back to the mechanical

system. Therefore, a larger force F, appears on the bending mode and it

almost shows an opposite phase with the us. Due to the greater transferred

energy, the torsion mode can be damped more that that in CASE-D.
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Figure 5.19: Experimental waveforms (CASE-E).

The damping on bending and torsion modes under different control strategies
are plotted in Table.5.4. It shows that both damping and torsion modes motion can
be reduced by the three methods. However, the damping on bending by CASE-B
is attribute to the structure transfer function shift. In CASE-D and bidirectional
SSDET, the force exerted on bending motion Fy almost have a opposite direction
with the velocity. Nevertheless, its amplitude in bidirectional SSDET is higher
than that in CASE-D. That can explain why the bidirectional SSDET performs
better control on bending mode. The better damping on bending mode can also

benefit the control on torsion mode in the two cases. Since the better damping
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on torsion means the more energy is extracted from bending and transferred to

damp the torsion mode. So, we can see that the bidirectional SSDET also shows

the best control effect on torsion among these control methods.

No control Case-B  Case-D Bi-SSDET
Bending mode (dB) 0 0.5 1.1 3.0
Torsion mode (dB) 0 3.4 124 16.8

Table 5.4: Damping comparison between different control strategies.

5.5 Conclusion

In this chapter, a new SSDET technique namely bidirectional SSDET is proposed.

In this technique, we still have the energy source and target mechanical forms . In

traditional SSDET technique, the energy transfer path is always from one patch

group to another. But in bidirectional SSDET, this path can be changed depending

on the situations of host structure motion. The chapter can be concludes in three

parts as follows:

e First, a bending-torsion coupling vibration structure is introduced to illus-

trate our proposed method. We propose four connection possibilities between
the two patches (namely Case-A , B, C and D) and simulate their behav-
iors in Simulink. Simulation waveforms indicate that all these four methods
can show damping on torsion mode but most of them do not have a obvi-
ous damping effect on bending motion. It is found that the energy transfer
in CASE-D is quite similar with that in traditional SSDET. Thanks to the
transferred energy, CASE-D could perform better control on torsion mode

than that in the rest three connections.

Second, we propose the principles of bidirectional SSDET. Compared with
traditional SSDET, the patches in bidirectional SSDET can extract all modes
energy. Its electrical circuit is same with that of CASE-D, but their control
laws are quite different. The control law of bidirectional SSDET is introduced
in details. It can be concluded that the fact of bidirectional SSDET is to
concentrate the energy on one patch at each transferring. The criterion of
the patch selection is up to the signs relationship between u; and . It can
be also noticed that the voltage on the patch which receives the transferred

energy do not be always inverted as in traditional SSDET. Simulation shows
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that both voltages on two patches can be enhanced most of the time. That is
to say can always extract energy from mechanical system but seldom return
them back. It indicates a stronger damping effect than the other cases as we

introduced before.

e Finally, An experiment is carried out on clamped plate which is excited under
its first bending and torsional frequencies simultaneously as we introduced in
the prototype. We verify the methods CASE-B, D and bidirectional SSDET
in the experiment. The experiment waveforms show a good agreement with
those in simulations. The damping comparisons shows that the proposed
bidirectional SSDET can get a best damping both on bending and torsion

mode among three methods.
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Conclusion and perspectives

The main achievements of this thesis was the development and implementation of
synchronized switch damping with energy transfer technique to reduce structural
vibration. The distinguishing feature of this technique was that we used the energy
which was pumped from vibrating structure or vibrating modes to damp another
specific vibrating form.

In the first chapter, a comprehensive review of four representative piezoelec-
tric shunt damping techniques was given. Among these methods (Resistive shunt
damping, L-R resonant shunt damping, capacitive shunt damping and switched
shunt damping), switched shunt damping techniques grew rapidly due to its low-
power consumption, miniaturization and broadband control ability. The SSDET
technique developed in this work is mainly based on one switched shunt damping
technique e.g. Synchronized switch damping technique.

In chapter 2, a detailed review of synchronized switch damping technique was
presented. By employing the classical mathematical model of piezo-coupled struc-
ture, we introduced three representative SSD techniques: SSDS, SSDI and SSDV
which had been well studied in the past decade. We concluded the characteris-
tics of these basic SSD treatments. (1) The switching occurs at the displacement
extrema; (2) Piezoelectric elements converted mechanical energy into electrical en-
ergy all the time and finally dissipated it as heat. (3) The piezo-induced force
always resisted the structure motion. The energy analysis revealed that the damp-
ing performance of SSD technique particularly depended on the piezoelectric volt-
age. SSDV could get a best damping between these methods due to the external
energy, but that also brought the potential instability. SSDI can show a decent
damping effect while keep unconditional stable. The multi-mode control abilities
of SSD techniques were also summarized. We sorted these attempts into three
catalogs. (1) Original SSD bandwidth control. The control law for single mode
was directly applied to control the multi-mode control. (2) Mode distinguishing

based bandwidth control. This control used numerical filter or modal observer to
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distinguish the structure vibration mode for determining the switching instant. (3)
Time window based bandwidth control. A time window was adopted to estimate
the next switching instant. The power consumption was a critical issue in SSD
technique. Some self-powered SSD techniques were introduced. Due to the smart
circuit designs, these systems can feed themselves by using the extracted mechan-
ical energy from the host structure. As a full review chapter, the BSD techniques
were also concluded at the end although they are not exactly synchronized with
displacement.

Chapter 3 brought the conception of synchronized switch damping with energy
transfer. The goal of this technique was to damping target( could be one vibrating
structure or one vibrating mode) by using energy which came from energy source
(another vibrating structure or modes). At the beginning, we gave SSDET circuit
and proposed its control law in detail. We divided the operation in two steps.
One is to extract energy from source. The other is to transfer it for enhancing
the voltage on source. The voltage waveforms during the energy transfer were
exhibited in order to show how we transferred energy between source and target
and why the damping on target can be improved. The mathematical models for
SSDET were built by state-space representation in time domain and by Fourier
transfer in frequency domain. Time domain simulation validated the effectiveness
of the proposed control method and showed SSDET can get better damping then
SSDI technique. The frequency domain simulations revealed the extracted power
of the source was crucial to the damping on the target. At last, an enhanced control
law was developed based on the threshold setting on source voltage. Numerical
simulation results showed that applying an appropriate threshold can elevate the
extracted power of source.

Chapter 4 experimentally verified SSDET by three test patterns. The exper-
imental test bench was introduced at first. A SSDET experiment between two
structures was implemented. Results showed that we successfully increased the
damping of a four edge clamped plate by transferring the energy from a cantilever
beam. The stability problems were discussed as well based on the results. Next,
SSDET was carried out in one structure. The objective is to reduce torsion mode
vibration by using the bending mode energy. The control for both harmonic and
transient response were taken into account. The results demonstrates the effec-
tiveness of SSDET in this case. The threshold setting was also be verified in this
test. However, the piezoelectric elements should be distributed at the carefully
selected position in this test. Finally, a SSDET experiment between multi patches

was presented. In this scheme, we proposed a maximum energy based control law
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in which only the source with maximum electrical energy could be connected into
the SSDET circuit for energy transfer. Experimental results showed that more
displacement suppression can be achieved by employing this scheme.

Chapter 5 developed a bidirectional SSDET technique. At first, we introduced a
bending-torsion coupled vibrating structure with two piezoelectric patches bonded.
We connected these two patches in four different patterns and simulated their
electrical and dynamic behaviors in matlab/simulink. Based on the simulation
results, the damping effects were estimated. The issue whether there is energy
transfer between two modes in each method was also discussed. Then, bidirectional
SSDET was presented. In this technique, there were still energy source motion and
target motion. However, The piezoelectric elements in bidirectional SSDET can
extract all modes energy from host structure but not extract only one mode energy
as them did in traditional SSDET. The main idea of bidirectional SSDET is to
concentrate the electrical energy on one patch at each switching. The bidirectional
SSDET control law showed that the energy transfer path was bidirectional between
two patches depending on the velocities of two modes. Experiments showed that
bidirectional SSDET had multimode control ability that can achieve best damping
among the proposed connections both on source and target mode.

Future work would focus on three aspects. (1) Since the control performance
of SSDET technique depended on the extracted power of source. However, the
system could lose its stability if the extracted power is too large. It is necessary
to develop a more stable control law to avoid instability. (2) In current SSDET,
we used energy from lower frequency motion (source) to damping the motion with
higher frequency (target). In future SSDET), the target and source could exchange
their roles. That means we can also use the energy from higher frequency motion to
damp the lower frequency motion. (3) A significant issue for semi-passive control
is the energy consumption. The ultimate goal for such a semi-passive control
should be self-powered system. In this research, we still use dASPACE device to
achieve the control. The future work can aim at developing a self-powered SSDET
technique. One main difficulty is to on/off different switches with proper duration
(The switching time of step 1 is changeable due to the voltage signs relationship).
A practical method is to use the extreme low-power micro-controller to implement
such operations. The power consumption of newly developed micro controller can
be less than 500 nanowatt. Thus, it is possible to use partial extracted energy from
source to power up this system. For instant, the extracted power in the experiment
of chapter 4 have been reached to 0.2 milliwatt that is 400 times larger than the

power need for extreme low power micro controller.
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Chapitre 1 : Introduction

générale

Les vibrations mécaniques indésirables ont tendance a détériorer le fonctionnement
de la plupart des équipements. Cela peut se traduire par une fatigue prématurée
des matériaux, une diminution des performances du systeme ou encore une aug-
mentation du niveau de bruit acoustique. La structure peut, plus particulierement,
étre endommagée en raison de grandes amplitudes de vibration lorsque les excita-
tions se situent a des fréquences proches des fréquences propres du systeme. De
grandes catastrophes tels que des écroulements de pont ou des crashs aériens sont
arrivées a cause de problemes de vibration. Le controle de ces vibrations est donc
actuellement une préoccupation majeure des ingénieurs en mécanique.

Parmi les méthodes de controle de vibration, nous pouvons distinguer les
méthodes passives, actives, semi-passives et semi-actives. De maniere générale,
les controles passifs sont toujours stables car il n’y a pas de contre-réaction ex-
terne directement exercée sur la structure a amortir. Ces méthodes sont sou-
vent encombrantes et dépendantes des variations environnementales. A 1'opposé,
les controles actifs peuvent atteindre des performances robustes dans des grandes
plages de fréquence mais consomment beaucoup d’énergie. De plus, des problemes
d’instabilité peuvent apparaitre. Les méthodes semi-passives et semi-actives es-
sayent de tirer profit des avantages des deux méthodes précédentes et sont actuelle-
ment des sujets de recherche tres intenses dans le domaine du controle de vibration.

De nos jours, les matériaux intelligents sont de plus en plus utilisés en tant
que capteur ou actionneur dans les systemes de controle de vibration et plus par-
ticulierement les matériaux piézoélectriques. Une technique classique consiste a
connecter un circuit électrique ayant une impédance optimisée aux bornes des élé-
ments piézoélectriques qui sont collés ou incorporés dans la structure a amortir. Un
effet amortissant certain peut ainsi étre observé lorsque la structure vibre autour

de sa fréquence de résonance. Fondées sur ces bases, des techniques semi-passives
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appelées en anglais Synchronized Switch Damping (S.S.D.) ont ainsi vu le jour et
se sont développées. Les travaux sur ce theme couvrent beaucoup d’aspects tels
que les principes, les lois de controle, les bandes passantes ainsi que quelques appli-
cations. Cependant, la plupart de ces recherches utilise un seul groupe d’éléments
piézoélectriques dans le systeme de controle. Dans cette these, plusieurs groupes
d’éléments sont collés sur la structure sans étre définitivement connectés entre eux
électriquement. Avec ce type de configuration, nous proposons un nouveau con-
trole appelé Synchronized Switch Damping with Energy Transfer (S.S.D.E.T.). Un
transfert d’énergie entre les groupes d’éléments piézoélectriques est ainsi effectué
dans le but d’augmenter 'amortissement d’une structure ou d'un mode particulier
en utilisant les autres structures ou modes.

Le manuscrit de these est organisé comme suit. Le chapitre 2 est une revue
détaillée des techniques S.S.D. publiées. Le chapitre 3 présente les principes aussi
bien que les lois de commande des techniques S.S.D.E.T. Des modeles mathéma-
tiques temporel et fréquentiel sont alors établis et des simulations numériques sous
I'environnement Matlab/Simulink démontrent la faisabilité. Une loi de commande
basée sur un seuil de tension est aussi abordée dans ce chapitre. Le chapitre 4
concerne la validation expérimentale. Trois types d’expérience ont été réalisés afin
de montrer que le S.S.D.E.T. peut étre appliqué entre différentes structures ou
entre différents modes au sein d'une méme structure. Les résultats expérimen-
taux montrent également que cette technique est aussi efficace pour les réponses
purement harmoniques que pour des phases transitoires lors d'une perturbation
en impulsion. Le chapitre 5 introduit les recherches préliminaires concernant le
S.S.D.E.T. bidirectionnel. Un exemple impliquant deux éléments piézoélectriques
couplés a deux modes est pris en compte. Différentes connections entre les élé-
ments sont illustrées et le comportement dynamique de ’ensemble est étudié a
I’aide de simulations. Ainsi, nous avons prouvé que le S.S.D.E.T. bidirectionnel
permet d’améliorer I’amortissement. Des résultats expérimentaux comparent les
différentes lois de controle et vont dans ce sens. Pour finir, le dernier chapitre

apporte les conclusions et les perspectives de ces travaux de these.
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Chapitre 2 : Etat de ’art des
techniques d’amortissement par

commutation synchronisée

(S.S.D.)

Parmi les méthodes de controle de vibration semi-passives et semi-actives, les
techniques d’amortissement par commutation synchronisée (S.S.D.) ont montrés
qu’elles étaient tres efficaces. Comparées aux méthodes passives, le systeme de
commande est robuste vis-a-vis des changements de propriétés dynamiques de la
structure hote soumise a des perturbations environnementales. FElles sont égale-
ment compactes et légeres, ce qui est approprié a des structures restreintes en
poids ou en taille. Si ’on compare ces méthodes aux techniques purement actives,
le S.S.D. est plus simple a implémenter et consomme moins d’énergie. Il peut méme
étre auto-alimenté. Dans ces techniques, un interrupteur en série avec 1’élément
piézoélectrique, alternativement ouvert et fermé, permet d’obtenir une tension qui
exerce toujours une force opposée a la vitesse de la structure. Cela se traduit donc
par une dissipation d’énergie et un amortissement. En raison de ces avantages, ces
techniques ont connu un essor important ces dernieres années. Dans ce chapitre,
nous établissons un état de I’art des techniques d’amortissement par commutation
synchronisée.

D’abord, nous redonnons le modele classique pour les structures couplées a des
éléments piézoélectriques. Historiquement, les techniques S.S.D. sont issues des
méthodes de controle de vibrations a raideur variable. Trois techniques représen-
tatives (S.S.D.S., S.S.D.I. et S.S.D.V.) sont décrites sur le principe et avec leurs
formes d’ondes correspondantes. Leurs points communs sont les suivants : (a) les
commutations ont toujours lieu sur des extrema de déplacement ; (b) la tension

aux bornes de 'élément piézoélectrique augmente (en valeur absolue) la plupart
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du temps et reviens a zéro (S.S.D.S.) ou est inversée (S.S.D.I. ou S.S5.D.V.) seule-
ment durant la fermeture de l'interrupteur. Cela indique que I’énergie mécanique
est convertie en énergie électrique et finalement dissipée en chaleur dans le circuit.
L’énergie électrique ne peut donc pas étre re-convertie en énergie mécanique. (c)
Le signe de la tension aux bornes de 1’élément piézoélectrique V' est toujours le
meéme que celui de la vitesse et donc la force exercée par I’élément piézoélectrique
—aV admet un signe opposé a la vitesse. Les techniques S.S.D.S. et S.S.D.V. sont
de bonnes candidates en ce qui concerne le recyclage d’énergie car 1’énergie utilisée
pour le controle est extraite de la structure hote. Cependant la technique S.S.D.V.
peut devenir instable car une partie de ’énergie provient d’une source externe de
tension. Afin de contourner ce probleme, une technique S.S.D.V. sur une source
variable de tension a été proposée. Ainsi, la force est automatiquement ajustée en
fonction de 'amplitude du déplacement de la structure a amortir.

Ensuite, nous introduisons une analyse énergétique pour les techniques S.S.D.
précédentes. Cela montre que le pouvoir amortissant de chaque technique est parti-
culierement lié a I’amplitude de tension sur les éléments piézoélectriques. Générale-
ment, une grande amplitude de tension donne un meilleur amortissement sur la
structure hote. En tant que pouvoir amortissant, les techniques sont ainsi classées
comme suit : S.S.D.S. < S.S.D.I. < S.S.D.V. Mais le classement d’un point de
vue consommation énergétique est le suivant S.S.D.S. = S.S.D.I. < S.5.D.V. Les
fonctions de transfert sont aussi détaillées dans ce chapitre.

A la suite de cette partie, nous étudions les controles large bande et multi-
modaux utilisant des techniques S.S.D. qui ont été développées ces cing dernieres
années. Les modeles mathématiques des méthodes multimodales sont générale-
ment construits a partir de coordonnées modales. Les chercheurs établissent aussi
des modeles par des méthodes a éléments finis. La différence principale entre les
controles de mode unique et les controles multimodaux réside dans le choix de
I'instant de commutation. Nous avons choisi de les regrouper en trois grandes
parties. (a) Les méthodes avec un controle classique. Dans ces méthodes, les lois
de commande sont identiques a celles des méthodes monomodales et, en effet, ce
type de controle fonctionne pour excitation large-bande expérimentalement mais
n’est pas du tout optimal. (b) Les méthodes basées sur une distinction des modes.
Dans ces méthodes, les modes intéressants sont détectés a partir de signaux de
mesure afin de déterminer les instant de commutation. (c) Les méthodes basées
sur des fenétres temporelles. Les instants de commutation sont déterminés a 1’aide
de prédictions statistiques qui sont obtenues a partir de mesures contenues dans

une fenétre de temps fixée.
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Enfin, deux méthodes particulieres sont décrites : les techniques auto-alimentées
et les techniques non-synchronisées (B.S.D.). Dans les travaux exposés précédem-
ment, les commutations sont couramment controlées par des systemes a base de
D.S.P. et donc I’énergie utilisée pour la commande des interrupteurs est grande.
Des circuits spécialisés a partir d’éléments électroniques simples ont permis de
montrer que les commutations pouvaient étre pilotées sans aucune alimentation
extérieure, 'énergie requise étant prise directement sur la structure mécanique
a amortir. Des évolutions ont été également réalisées afin d’obtenir un pouvoir
amortissant multimodal. Les techniques B.S.D., quant a elles, n’ont pas besoin de
détecter les extrema de déplacement et la commande est ainsi plus aisée a implé-
menter. Ces techniques qui ne sont en effet pas des techniques synchronisées sur le
déplacement, utilisent tout de méme le méme circuit électrique que les méthodes
S.S.D. Nous verrons dans le chapitre suivant que ces techniques ont un point com-
mun avec les travaux de cette these concernant I'amortissement par commutation

synchronisée avec transfert d’énergie.
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Chapitre 3 : Principes généraux
de ’amortissement par
commutation synchronisée avec

transfert d’énergie.

Dans ce chapitre, nous proposons une nouvelle déclinaison des techniques S.S.D ap-
pelée amortissement par commutation synchronisée avec transfert d’énergie (S.S.D.E.T.).
Dans cette méthode de commande, ’énergie de vibration est transférée entre les
éléments piézoélectriques dans le but d’obtenir un effet amortissant. Trois points
importants sont ainsi détaillés.

Premierement, nous introduisons le but du S.S.D.E.T. Celui-ci est d’amortir
le mouvement d’une vibration (cible) en utilisant 1’énergie mécanique d’une autre
vibration (source). Une caractéristique nouvelle est donc que la source d’énergie
n’est plus une source artificielle mais une autre structure vibrante ou une autre
mode de vibration. Un schéma électrique est donc proposé afin de réaliser cet
échange. Dans ce circuit, une inductance est utilisée pour stocker de I'énergie de
maniere intermédiaire entre la source et la cible. La loi de commande correspon-
dante comporte deux phases : stockage de I'énergie mécanique provenant de la
source dans l'inductance et transfert de celle-ci vers I’élément piézoélectrique qui
controle la vibration cible. Les formes d’onde durant le transfert sont détaillées,
quatre possibilités peuvent apparaitre en fonction des signes des tensions de la
source et de la cible.

Deuxiemement, des modeles mathématiques sont construits dans les domaines
temporels et fréquentiels. Dans cette partie, nous introduisons comment identi-
fier les parametres du modele dans le cas d’une structure couplée a des éléments
piézoélectriques. Dans le cadre de la modélisation temporelle, une représenta-

tion d’état est adoptée afin de décrire le comportement du systeme lors de ces
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différentes phases de fonctionnement. Des simulations numériques ont été implé-
mentées a 'aide de Matlab/Simulink pour les techniques S.S.D.E.T. et S.S.D.I.
Comparé au S.S.D.I.; le S.S.D.E.T. peut augmenter I’amortissement de la struc-
ture cible a travers une meilleure inversion de la tension. De plus, la structure
source est aussi amortie car une énergie mécanique est extraite. Une étude dans
le domaine fréquentiel a permis d’obtenir des équations décrivant ’amortissement
lorsque la structure est excitée a la fréquence de résonance. Une équation est
dérivée a partir de calculs statistiques et permet d’obtenir la relation entre la puis-
sance extraite de la source et l'effet amortissant sur la cible. Cela permet égale-
ment d’examiner quantitativement l'effet des différents parametres sur l'efficacité
de 'amortissement.

Troisiemement, une amélioration des lois de commande est proposée en se bas-
ant sur le modele développé. Une augmentation de la puissance extraite, et donc
de 'amortissement de la cible, peut étre réalisée simplement a partir d’un seuil de
tension sur la source. Cette augmentation de puissance extraite est ainsi opérée
en diminuant le nombre de transfert. En comparant avec la loi de commande orig-
inale, des simulations numériques ont montré que ce nouveau controle améliore
sensiblement 'efficacité lorsque le rapport des fréquences entre la source et la cible

est grand.
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Chapitre 4 : Essais
expérimentaux et discussions
autour de amortissement par
commutation synchronisée avec

transfert d’énergie.

Dans ce chapitre, des essais expérimentaux sont présentés afin de prouver I'efficacité
des techniques S.S.D.E.T. Trois différentes expériences ont ainsi été mises en place
pour tester ces techniques.

Le premier banc expérimental est constitué de deux structures mécaniques :
une poutre encastrée a son extrémité et une plaque encastrée sur les quatre cotés.
Ce type de systeme est intéressant car il n’y a aucun couplage mécanique direct
entre les deux structures. La vibration source est le premier mode de flexion de
la poutre et la vibration cible est la plaque qui vibre a son premier mode (mode
1-1). Les résultats montrent que le S.S.D.E.T. peut augmenter considérablement
I’amortissement de la plaque par rapport au S.S.D.I. De plus, les résultats ex-
périmentaux sont en bon accord avec les simulations temporelles. Ainsi, plus la
vibration de la poutre est importante (ce qui indique une grande puissance trans-
férée), plus 'amortissement de la plaque est bon.

La deuxieme expérience porte sur les premiers modes de flexion et de torsion
d’une plaque encastrée sur un seul coté. En raison des couplages entre les deux
modes, les éléments piézoélectriques sont divisés en deux groupes et placés de
maniere a obtenir un couplage maximum pour chaque mode. La source d’énergie
correspond au mode de flexion et la cible est le mode de torsion. Les résultats
montrent que le S.S.D.E.T. est efficace également dans ces circonstances et de plus

I'effet du seuil sur la tension de la source est vérifié. Les résultas expérimentaux
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sont comparés avec ceux du modele mathématique dans le domaine fréquentiel.
La puissance extraite est également comparée avec les résultats de simulation pour
I'effet du seuil. Les prédictions théoriques sont cohérentes a la vue de ces résultats.
Des essais ont de plus été réalisés pour tester les techniques S.S.D.E.T. lors des
transitoires suite a un choc sur la plaque.

Le troisieme test a été mené pour montrer que le S.S.D.E.T. pouvait étre util-
isé pour des systemes contenant plus de deux groupes d’éléments piézoélectriques.
Ainsi, trois modes de vibration sont considérés a partir de deux structures mé-
caniques. La cible est le mode de torsion de la plaque encastrée sur un coté, et
la source peut étre une poutre en acier ou le mode torsion de cette méme plaque.
Le choix entre les deux sources est fait sur la base d’'une comparaison entre les
énergies électriques des deux sources au moment du transfert d’énergie. Avec ce
type de stratégie, nous avons montré qu'une plus grande puissance pouvait étre
transférée et donc qu’un meilleur amortissement de la cible était obtenu.

De plus, la stabilité des techniques S.S.D.E.T. est discutée lors de ces expéri-
ences. Il a été montré que la fréquence de vibration de la source se retrouvait
dans le déplacement de la cible. Cette composante est d’autant plus grande que
I’amplitude de la source est importante. Nous avons aussi mis en évidence que
le systeme pouvait perdre sa stabilité lorsque la puissance transférée était trop
importante. Cela peut étre expliqué par deux raisons : (a) le déplacement n’est
plus sinusoidal lorsque I’amortissement est tres grand, le détecteur d’extrema ne
peut donc plus détecter correctement les instants de commutation. (b) En raison
de la forme non sinusoidale de la tension, la force correspondante peut exciter des

modes résiduels dans la structure.
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Chapitre 5 : S.S.D.E.T.
bidirectionnel : une recherche

préliminaire

Les techniques S.S.D.E.T. que nous avons détaillé dans les chapitres précédents ont
deux caractéristiques. (1) La tension aux bornes d'un groupe d’éléments piézoélec-
triques est toujours sinusoidale en circuit ouvert méme si la structure hote est en
excitation bimodale. Cela indique qu’un élément ne peut extraire de I’énergie mé-
canique qu’a partir d'un mode de vibration. (2) La source est toujours un groupe
d’élément et la cible en est un autre.

Dans ce chapitre, nous proposons une technique S.S.D.E.T. bidirectionnelle qui
possede des caractéristiques différentes sur ces deux points. Un groupe d’éléments
piézoélectriques peut extraire de 1’énergie de plusieurs modes et n’est plus défini
de maniere permanente comme étant une source ou une cible. Afin de la comparer
avec les méthodes traditionnelles, nous étudierons quatre circuits classiques SSD
qui sont les suivants: (1) Cas A : Les groupes d’éléments sont connectés de maniere
isolée a un circuit S.S.D.I. (2) Cas B : Les groupes d’éléments sont connectés en
parallele puis a un circuit S.S.D.I. (3) Cas C : Les groupes d’éléments sont connectés
en série puis a un circuit S.S.D.I. (4) Cas D : Les groupes d’éléments ont chacun
leur interrupteur mais sont connectés a la méme inductance.

Le chapitre est ainsi organisé de la maniere suivante. Premierement, une struc-
ture mécanique vibrante mettant en IJuvre deux modes (flexion et torsion) est
introduite afin d’illustrer nos propos. Nous proposons les quatre possibilités de
connexion entre deux groupes d’éléments (cas A, B, C et D) et simulons leurs com-
portements sous Matlab/Simulink. Les résultats indiquent que toutes les méthodes
permettent d’obtenir un amortissement sur le mode de torsion mais la plupart
d’entre elles n'ont pas d’effet substantiel sur le mode de flexion. De plus, des

similitudes peuvent étre établies entre les méthodes S.S.D.E.T. et le Cas D. En

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/pluz?cation/201 1ISAL0088/these.pdf
© [K. Li], [2011], INSA de Lyon, tous droits réservés



176 French part

raison d’'un transfert d’énergie entre les deux groupes d’éléments (via I'inductance
partagée) un plus grand amortissement est atteint par rapport aux trois autres
cas.

Deuxiemement, nous introduisons les principes de base du S.S.D.E.T. bidi-
rectionnel. Les groupes d’éléments piézoélectriques sont connectés électriquement
comme le cas D mais le controle des interrupteurs est tres différent. Les lois de
controle du S.S.D.E.T. bidirectionnel sont détaillées dans le manuscrit. Le but est
de concentrer toute I’énergie électrique sur un seul groupe d’éléments apres chaque
commutation. Le critere de sélection du groupe se fait a partir des signes du dé-
placement du mode cible et de la vitesse du mode source. Nous pouvons également
remarquer que la tension sur le groupe d’éléments qui recoit 'énergie transférée
n’est pas forcément inversée comme dans le cas du S.S.D.E.T. classique. Des sim-
ulations montrent que les tensions sur les deux groupes d’éléments augmentent
en valeur absolue la plupart du temps, c’est-a-dire que I'énergie est extraite du
systeme mécanique et plus rarement envoyée vers celui-ci. Cela a pour effet un
meilleur pouvoir amortissant que les autres cas introduits précédemment.

Finalement, un test expérimental a été mené sur une poutre encastrée ex-
citée simultanément sur deux modes de flexion et de torsion. Les cas B, D et le
S.S.D.E.T. bidirectionnel ont été testés et les formes d’ondes sont cohérentes avec
les simulations. Les comparaisons montrent que le S.S.D.E.T. bidirectionnel peut
engendrer un meilleur amortissement sur la cible ainsi que sur la source parmi les

trois méthodes testées.
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