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Abstract

The last discoveries and technology advances in understamgl materials and in computation
have contributed in the proliferation of the so-called smamaterials with a wide applications
scope. This thesis enrolls in the frame of piezoelectric aetors rather than pure material
considerations. We aim to enhance their models' libraries iorder to ease their integration
in complex systems design. These models should take into @met as more as possible the
nonlinear e ects (such as hysteresis) while remaining easy handle. For this purpose we
make a link between materials specialists and the eld of emgers. We rstly analyze the
constitutive equations of piezoelectricity with respectd operating conditions. This allows
us to deduce a rst analog model. This is then translated intdoond graph. The obtained
models are translated in block-diagrams. The establishedadels in this step di er from
those proposed by commercial package in such a way that thegtter integrate the dynamic
nature of the actuator independently of the other parts of tk structure. In fact we proposed
two types of models. The rst one only takes into account the rst resonance mode while
the second one takes into account two resonances. Theregftge suggested models taking
into account nonlinearities and hysteresis. The Preisachpproach was adopted for static
hysteresis. Then we adapted Voigt approach in order to accaiufor dynamic hysteresis.
The two approaches were then merged in order to have a comgehodel.

Key words

Piezoelectricity, Magnetostriction, Lumped-parameterapproach, Nonlinearities, Hysteresis,
User oriented models, Complex and smart systems

Résumé

Les récentes découvertes et avancées technologiques dansompréhension des matériaux
ainsi que l'essor des outils informatiques d'aide au calcoht contribué a la prolifération
de matériaux intelligents avec un champ d'applications ti® large. Cette thése s'inscrit
dans le contexte d'utilisation des actionneurs piézoélemues plutdt qu'une vision purement
matériau. Le but est d'enrichir les bibliotheques de modeadede ces types d'actionneurs an
de faciliter leur prise en compte dans les phases de conceptiles systemes complexes les in-
tégrant. Le cahier des charges est que ces modeles incluentlus possible les non-linéarités
tout en restant aisés d'utilisation. Pour atteindre ces olgctifs, nous proposons de faire
un pont entre le domaine des experts des matériaux et celui tegénieur en suivant une
méthodologie claire. Dans un premier temps nous passons emue les approches existantes
dans la littérature ainsi que les solutions o ertes par cedins logiciels commerciaux. Une
analyse des équations constitutives de la piézoélectrieinssociées aux conditions de fonc-
tionnement de l'actionneur nous permet d'en déduire un preier modele analogique. Ce
dernier est ensuite traduit en bond graph pour en déduire desodeles blocs-diagramme. En
plus de cet e ort de formalisation, ces premiers modeéles sistthguent de ceux proposés par
les logiciels commerciaux en prenant mieux en compte la dyn&ue propre a l'actionneur.
Nous proposons deux types de modéles. L'un rend uniqguemepimpte du premier mode
de résonance alors que le second rend compte de deux modestdenance. Ensuite nous




proposons des modeéles prenant en compte les non-linéaritdsapproche de Preisach pour
la modélisation de I'hystérésis statique et I'approche deoyt dans le cas dynamique. Ces
deux approches sont ensuite fusionnées dans le but d'avoir mnodele plus complet.

Mots clés

Piézoélectricité, Magnétostriction, Approche des paranres concentrés, Non-linéarités, Hys-
térésis, Modeles utilisateur, Systemes complexes et itignts
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Chapter 1

General Introduction

1.1 Introduction

1.1.1 Materials play role in development

Most periods of technological development have been linkéal changes in the use of mate-
rials: the stone, bronze and iron ages. Some are availableneoercially but most of them
can only be found in research laboratories![7]. The last d®eries and technology advances
in materials science and in computation have contributed ithe proliferation of so-called
smart or intelligent, active, adaptive, or functional mateials [16]. Smart materials can sig-
ni cantly change their mechanical properties (such as shap sti ness and viscosity), their
thermal, optical or electromagnetic properties, in a predable or controllable manner in re-
sponse to their environment [8]. However, in this thesis wegecially deal with electro-active
materials (piezoelectric and magnetostrictive).

The emergence of such materials made it possible to recomsidctuation and sensing
functions thanks to their interesting principle of electranechanical energy conversion. De-
vices made of these materials are useful in many advanced adnplex mechanical structures
design and their machining process. Their application scepncludes all elds [17]. This re-
quires the participation of scientists and engineers fromwerse elds, mechanical, electrical,
control, computing, etc.

1.1.2 Context
1.1.2.1 Problem specic to drilling

Assembling is a process that may require drilling thousandsf holes. This is the case in
aeronautics at the assembly of the fuselage and the wings aothers parts. The holes are
speci ed as to be of diameter much smaller than the depthh: < 0:2. The main di culty
with such a process is about shattering and evacuating theipls. There are many risks with
this. Some are illustrated in Figure_1l. The drilling tool ould be stuck or broken in the
hole.

The rst and classical solution consists of stripping cyck Its main drawback concerns
time consuming and poor nish.

Therefore, smart solutions were proposed. The typical onermsists ofgun drill (Figure
[1.2). Gun drill cutting edges form thin, curled chips that ae carried away from the bore by




2 1. General Introduction

Figure 1.1: Problems with deep drilling [EADS corporation]

high pressure lubricant. The o -center design of the cuttig edges creates pressure within
the bore that is carried by pads behind the drill tip. The codnt that ushes the chips also
lubricates these pads, which burnish the surface and dewelthe ne nish for which deep
hole gun drilling is known [1, 2].

Figure 1.2: Gun drill bit [1, 2]

Although gun drills eliminate stripping phases and allow toobtain excellent surface,
they set low manufacturing rates because of their unique eelg Moreover, they require a
high pressure source and still exhibit chip digging problesndespite this pressure. Moreover,
in some case such as embedded systems, it is not possible stainthe pressure source.

Therefore, researchers and manufacturers introduced véiion drilling. Micro-vibrations
are generated and transmitted either to the workpiece eiting¢o the drill bit. One of the rst
techniques in vibration drilling is based on self-maintaied systems as shown in Figurie~1.3.
This technic takes bene ts from a cutting process instabily by introduction of controlled
low sti ness suspension in the tool-holder [3].

Inherent changes in real cutting forces (depending on thedbwear for example) can be
dramatic and eventually stop the resonance. Therefore, am¢he user changes the cutting
parameters, the excitation system has to be reconsider.

The drawbacks of this technique are therefore its lack of rabtness and its non-adaptability.
Hence an alternative could consist of replacing the self@ting system by an electro-active
actuator. This o ers a controllable solution since the gerrated vibrations are electrically
driven.




Figure 1.3: Self-exciting vibration drilling operation [[3/4]

1.1.2.2 Machining in general

Cutting process in general is very sensitive to changes inrpaneters and imbalances. These
are the origin of chatter, the most undesirable phenomenon cutting process. Chatter e ects
include undesirable noise, poor surface nish of the sampleeduced dimensional accuracy
and reduced machine tool life [18]. Several techniques amsokvn for enhancing dynamic
stiness and stability for chatter-resistance. In [19] (Mhimizing vibration tendencies in
machining), the four widely used and most universal approhes are enumerated: the use
of anisotropic bars with speci cally assigned orientatios of the sti ness axes, the use of
Young's modulus and/or high damping materials, the use of [gg@ive dynamic vibration
absorbers (DVA) and the use ofactive vibration control means . The last technique
requires vibration sensors and actuators generating foscéhat oppose the de ections of the
tool during the vibratory process.

For this purpose, conceptual studies performed at INSM (s€&ossary) validated that the
best solutions are o ered by intelligent materials such asigzoelectric and magnetostrictive.
Other studies also revealed the interest of rheological d@mng substances.

1.1.3 An enthusiasm but lots of obstacles

The interesting properties of smart materials are recogred in all elds. During these
last years, the techniques evolve from the step of laborates concepts and experiences to
industrial applications. Everyone is enthusiastic but las of obstacles do not ease their usage.

As a matter of fact, the complex phenomena taking place intchese materials are under
investigation for years. However, the existing literatureshows that researchers mostly care
about meticulous description of the phenomena in atomistior nano scales. One can refer
to [20, 24, 22].

The di usion of the science-based knowledge for technologl realizations was largely
ignored up to recently. There is a gap between materials sp&sts and engineers who are
supposed to be the nal users of devices made of such matesi@Figure[1.4).

However users need at their disposal simple tools to handleese devices and integrate
them into systems. The availability of models could be of ga¢ aid in design. Indeed, they
allow dimensioning, simulation of interaction between thelevice and the others parts of the
system, not to say optimization of the system [23].




4 1. General Introduction

Figure 1.4: Gap to be lled between materials scientists andngineers

For example, in the case of vibration drilling, the availabity of e cient models would
allow simulation in order to check the actuator choice, to esure its capability to generate
the vibration with good accuracy upon taking into account tle whole machining process. In
addition, some possible resonances could be easily avoided

Moreover, these models help for knowledge capitalizatiotdowever they should be ap-
propriate to the context and established in accessible foatisms for the user.

As a matter of fact, models construction implies many choise the approach, the tools
and details level. Especially in the case of smart materialswlti-physics tools are required.

1.1.4 User oriented modeling

The lack of models concerns many scientists and industrisis. In this vein, piezoelectric
and magnetostrictive materials models are more than morediuded in engineering software.

1.1.4.1 Finite Elements Analysis (FEA) codes

For a realistic and detailed study of physical systems invahg partial di erential equations,
a numerical method must be used to solve the problem [24]. Higrelement methods are
often found to be the most appropriate.

As recalled in [25], the pioneers of FEA application to piestectric materials and struc-
tures are Lloyd and RedWood|[26], Holland [27], Tiersten [P8Eerniess [[29], Allik and
Hugues [30]. Since then many improvements have be yielded.

Nowadays, many commercial FEA packages include piezoet&ctcoupling. Many codes
have been implemented in ANSYS [31]. One can also refer to tiverk of Kamlah and al.
In [32] they implemented in a public domain non-linear mulpurpose nite element code PSU
(For more information see the web page http://www.isd.unistuttgart.de /arbeitsgruppen/psu-
www/index.html) of the constitutive law.

The e ectiveness of FEA approach is well accepted. HowevétEA models are positioned
at a high level of details in design process. In order to illtratte our statement, let us consider
the V cycle generally used in mechatronic design (Figure}.5

By contrast, we are concerned with the upper part of the desigcycle. This part is
di cult because at this level, decisions are made in an endinment where few elements are
de ned. Therein, high level details are not useful.

Moreover, FEA models require high computation e ort and thg are not usable for real
time control design. One single simulation could take hout® be computed.




Figure 1.5: Position of software with respect to required dails level

These are the reasons for not using FEA approaches, when ofldw level of details are
necessary.

1.1.4.2 Lumped-parameters approach

Lumped-parameters modeling consists in developing elecal and mechanical components
that are analogous to the concerned system under certain abtions.

More generally, a lumped-parameters approach consists alsamptions and approxima-
tions which minimize computation e orts while achieving god accuracy as long as the as-
sumptions made are satis ed. This makes it possible to simatke the response of the system,
quantify the in uence of design parameters and make trades between them.

Many lumped-parameters system models exist that have praled satisfaction. For ex-
ample the reader can refer ta [33, 34, 35] where lumped-pareters approaches were applied
to uids systems.

Thereafter, these approaches have been extended to pieeotic systems|[36, 37]. One
can also refer to other works_[38, 39, 40,|41,/42].

All those e orts are formalized in user friendly way. Thus, ae nds commercial pack-
ages such as 20-Sim [6] and LabAmesim [5] including piezotie modulus for mechatronic
design.

In our case, we adopt this philosophy while bringing some impvements in comparison
with existing models.

1.1.4.3 LMS Imagine.Lab AMESIim suite

LMS Imagine.Lab AMESIm o ers a complete 1D simulation suiteto model and analyze
multi-domain, intelligent systems and predict their multidisciplinary performance[5].

To create a system simulation model, all the user has to do, i¢ to use the various ded-
icated tools to access the required pre-de ned component®ii validated libraries covering
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di erent physical domains. LMS Imagine.Lab AMESim can workwith a variety of libraries
in order to create a physics-based system model [5].

One nds in the electromechanical library of Lab AMESiIim, moels of piezoelectric ac-
tuator (Figure [.6): EMPAO1l, EMPAO2, EMPAO3, EMPAO1A, EMPAO02A, EMPAO3A,
EMPA1l, EMPA12, EMPA13 etc. They dier from each other only n the variables as-
sociated with each port. Some of the models use input dispanents whereas the others use
input velocities. Input displacements make the model moreobust for stabilizing runs.

Figure 1.6: Lab AMESIim integrated linear piezo actuator [5]

However, the integrated models are based on linear descrgst accepted by IEEE Stan-
dard on piezoelectricity [[43]. This is in contrast with norihear and complex phenomena
observed in electro-active materials. In addition to be ligar, the proposed models are static.
LMS Lab AMESIm suggests to include in the load, the e ectivenertia of the device, con-
sidered as to be ms/3, where ms is the mass of the device (Figlir.7). However, in such a
way the openness of the model is lost.

Figure 1.7: Lab AMESim: solution for including dynamic asp&s (5]

1.1.4.4 Controllab 20-Sim suite

20-sim fully supports graphical modeling, allowing to degh and analyze dynamic systems
in a intuitive and user friendly way, without compromising pwer. 20-sim supports the use




of components. This allows the user to enter models as in anggmeering sketch: by choosing
components from the library and connecting them [6].

The modeling principle is the similar to Lab AMESIim. However20-Sim allows to easily
modify the constitutive equations of the elements.

In 20-Sim there are piezoelectric elements such @MABender and CMAStretcher lo-
cated in the foldsLibrary/ Iconic Diagrams/ Electric/ Actuators and Library/ Iconic Dia-
grams/ Mechanical/ Translation/ Actuators : Figure[1.8.

Figure 1.8: 20-Sim piezo elements and modi able equatior&) [

The integrated models in 20-Sim are also based on only linedescriptions.

1.2 Thesis contribution

After the analysis of smart materials domain, we came up witthe necessity to continue the
task of formalizing models until the eld maturity. Nevertheless, the need for user oriented
models should not omit e ciency and scienti ¢ rigor.

All these motivate our work. Our objective is to take part in the improvement process
of electro-active devices' models libraries. These modetsist include as well as possible the
materials nonlinearities while remaining understandablen the nal user point of view.

To achieve our goal we make a link between the developmentsméterials specialists
and engineering eld [44]. We follow a traditional and cleamethodology (Figure[1.9).

Prior to all, we retranslate the existing models in our langage, using bond graph and
block diagram formalisms. This task in compulsory since itsutcome should be the basis
for our developments.

Moreover, we should emphasize on the fact that the performeegbrk should not be limited
to formalization. It is only the nal outcome. As one could renark in this report, great care
has been taken for nonlinearities modeling.
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Figure 1.9: Classical Methodology and method adopted

Following are the contents of this report.

Chapter[2 gives a short review of smart materials and devicels purpose is to facilitate
the reading to non-experts. Many de nitions and examples adpplications are given. Then
a comparison between technologies is given.

Chapter [3 recalls the basis of piezoelectric devices. Theechniques and experiments
for piezo-bars characterization are presented. Thereaftare go for static formalization.

In chapter[4 we deal essentially with modeling and use of p@bar devices in dynam-
ics. We adopt lumped-parameter approach. This allows us toegdict the rst vibration
mode. Thereafter, we suggest a distributed parameters mdde order to depict the second
mode. The results are compared to existing approaches angpermental measurements are
performed to validate the models.

Then chapter[5 presents the main contribution of this thesign comparison to existing
commercial packages. Piezoelectric nonlinearities areadyzed and taken into account. We
rstly distinguish static and dynamic operating cases. Prisach and Voigt approach are used.
Then we combine them to obtain a complete model.

In chapter[@ we show the outcome of our proposal models. Forigtpurpose, examples of
our challenging applications are given. We show how the progal models could be integrated
into mechatronic systems. Then an extension is made for magostrictive bar devices.

Finally we summarize the achieved work and propose perspiees.

This report is both in English and French.25% of the content is translated in French at
the beginning of each chapter.




1.3 Introduction en langue francaise

1.3.1 Le role des matériaux dans le développement

Tout développement technologique ou presque est associ&ednement de nouveaux matéri-
aux: l'age de la pierre, du bronze, du fer etc. On trouve souvieces derniers sur le marche
alors que d'autres sont encore au stade de recherche en laboire [7]. Récemment, les dé-
couvertes et avancées technologigues dans l'appréhengies matériaux ainsi que l'essor des
outils informatiques d'aide au calcul ont contribué a la prifération de matériaux quali és
d'intelligents, d'actifs, d'adaptatifs, de fonctionnels etc [16]. Ils peuvent se dé nir comme des
matériaux capables de modi er leurs propriétés intrinséges ou extrinseques (mécaniques,
thermiques, optiques ou électromagnétiques) d'une mangeplus ou moins contrdlable en
réponse aux variations de leurs environnements [8]. Le chauiapplication de ces matériaux
est assez large voire total [17]. Cela implique scienti gaeet ingénieurs de divers domaines:
mécanique, électrique, automatique, informatique etc. Tefois, dans le cadre de notre thése
nous nous limiterons aux matériaux €électrostrictifs (piéxelectriques et magnétostrictifs).

L'avénement des matériaux électrostrictifs a permis de repser les fonctions d'actuation
et mesure grace a leur intéressant principe de conversioratomécanique de I'énergie. Les
composants faits a base de ces matieres sont prisés dans leception des structures com-
plexes et avancées ainsi que dans les processus de fabdnatCela nécessite le concours des
scienti ques et ingénieurs de divers horizons.

1.3.2 Contexte

L'assemblage est un processus qui peut nécessiter le peecdg milliers de trous. C'est le
cas dans l'aéronautique lors de la jonction du fuselage auxtees parties de l'avion. Ces
trous sont de diamétres beaucoup plus faibles que la profondedr. ~ 1. La principale
di culté d'un tel processus est la fragmentation et I'évaclation des copeaux. Les risques liés
a cela sont illustrés en Figur@_1l1. L'outil peut se retrouvecoincé ou cassé dans le trou.

Les premieres solutions consistaient en des cycles de débages avec comme principal
inconvénient un manque a gagner en temps et en état de surface

D'autres solutions ont été alors proposées . En l'occurenda technique de percage au
foret 3=4 (Figure [1.2). L'outil est congu de telle facon a ce que les cegux soient évacuées
a l'aide d'un systeme de pression. Ceci élimine les cyclesd#bourrage et améliore I'état de
surface [1, 2].

L'inconvénient majeur de cette approche est la nécessitéud' systeme de pression. Une
autre alternative a été d'injecter des micro-vibrations sba I'outil, soit a la piéce. Celles-ci
aident alors a l'obtention de copeaux ns. Les premiers sy&@mnes du genre étaient purement
mécaniques. Leur inconvénient est que lorsqu'on change sibfement les conditions de
coupes, il faut changer le systéme de vibration.

Dans cette situation, les matériaux électro-actifs sont $emeilleurs candidats en ce sens
gu'ils sont plus exibles et contrélables.

Par ailleurs, de facon générale, le processus d'usinagetess sensible aux changements
des parametres de coupe et aux déséquilibres a l'origine deuiements. Ces derniers sont
les plus problématiques dans le processus de coupe. Leurst® indésirables incluent no-
tamment le bruit, le mauvais état de surface, la médiocre peision et ils réduisent aussi la
durée de vie des outils [18]. Plusieurs techniques dont gtetcitées dans/ [19] (Minimizing
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vibration tendencies in machining), sont utilisées pour a#&liorer la rigidité dynamique et la
stabilité du processus: utilisation de barres anisotropesaxes spéci ques de rigidité, agisse-
ment sur du module d'Young ou utilisation des matériaux a faramortissement, utilisation
d'amortisseurs dynamiques mais passifs de vibrations etiligation des moyens de contrdle
actif des vibrations.

Cette derniere requiert des capteurs et des générateurs dbrations en contre sens du
bruit. Certains utilisent alors des matériaux piézoélectques, magnétostrictifs ou des uides
rhéologiques. lls ont fait leur preuve.

1.3.3 Un enthousiasme, mais plein d'obstacles

L'intérét des matériaux intelligents est reconnu par tous.On passe progressivement des
études de concept en laboratoires aux implémentations instdelles. L'on est enthousiaste
mais confronté a certains obstacles ne facilitant pas I'lisation de ces matériaux.

En e et, les phénomeéenes complexes dont ces matériaux sonhgelement le siege, font
l'objet de plusieurs études ces trois derniéres décennie€ependant, I'état de I'art nous
montre que le plus important e ort est plutdt fourni dans la description minutieuse de ces
phénomeénes a l'échelle atomique ou nanométrique. La questide transfert des connais-
sances scienti ques pour des réalisations technologiquesst pas su samment posée. Ce
qui explique le fossé entre les spécialistes des matériaixes ingénieurs utilisateurs de
composants faits de ces matériaux ( gure—1.4).

Il est pourtant d'une grande importance que l'utilisateur @gspose de moyens simples pour
manipuler ces actionneurs et les intégrer dans des systembBans ce contexte la disposition
de modeles peut constituer un véritable outil d'aide a la caeption en permettant par
exemple de simuler son fonctionnement en interaction aveeslautres éléments du systeme,
d'optimiser le systeme|[23]. Mieux, ces modeles particigeaussi a la capitalisation des
connaissances. Mais faudra-t-il que ces modéles collent antexte et sous les formes les
plus accessibles a l'utilisateur.

1.3.4 Modélisation orienté utilisateur

Dans ce contexte, certains logiciels proposent des modéd&ctionneurs piézoélectriques.

Parmi eux les logiciels d'Analyse par Eléments Finis. Méme &es outils sont tres utiles
dans le dimensionnement de systeme, ils interviennent péita un niveau plus avancé de la
conception. La FigureLb illustre trés bien nos propos. Enuys ces outils ne peuvent pas
étre utilisés pour I'élaboration des boucles de contrle @le commande temps réel.

Dans notre cas, nous nous situons sur la partie haute du cyclBans ce sens, d'autres
éditeurs de logiciels de simulation tels que 20-Sim [6] ethAmesim [5] par exemple intégrent
des modules d'actionneurs piézoélectriques aux bibliothges de modeéles. Pour 20-Sim nous
trouvons les composant€MABender et CMAStretcher répertoriés dans les dossietsbrary/
Iconic Diagrams/ Electric/ Actuators , Library/ Iconic Diagrams/ Mechanical/ Translation/
Actuators. Dans le cas de LabAmesim nous trouvons des composants dansbduleMecha-
tronic.

Cependant ces modéles sont basiques et limités aux lois dmportements linéaires voire
statigues (LabAmesim) admises par le standard IEEE sur la @zoélectricité [[43]. Or, les
matériaux électro-actifs sont le siege de phénomeénes noréaires complexes.
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1.3.5 Contribution de la these

Les e orts de formalisation doivent se poursuivre jusqu'a aturité du domaine. Toutefois le
besoin de modeles simples d'utilisation ne devrait pas onret la nécessité d'e cacité et de
rigueur scienti que.

Cette thése s'inscrit dans cette optique. Nous visons a akmter ces bibliothéques de
modéles de composants électro-actifs. Ces modeles doivanture le plus possible les non-
linéarités de ces matériaux mais aussi ils doivent étre flas de compréhension par l'ingénieur.
Pour atteindre ces objectifs nous proposons de faire un posttre le domaine des experts
des matériaux et celui de l'ingénieur_[44] en suivant une ni&dologie classique mais claire
(Figure [1.9).

Toutefois la tache de formalisation ne représente qu'une @ du travail réalisé dans
cette these. Comme le montre le contenu de ce rapport, la maje partie porte sur la
modélisation. Car, si les phénomenes complexes sont ma#g par les experts en matériaux,
leur modeélisation reste d'actualité. Il n'existe pas aujoul'hui pour ces actionneurs, un
modele complet faisant I'unanimité des communautés sciéques. Nous apportons des
améliorations, surtout en ce qui concerne la modélisatiored'hystérésis.

Dans le chapitre[2 nous proposons un apercu du monde des miatigx et composants
intelligents. Tout d'abord, cela permettra aux non-spécisstes de se familiariser au vocabu-
laire du domaine. Plusieurs exemples d'applications sonissi présentés. Ensuite ce chapitre
permet de montrer les challenges relatifs a l'utilisation&bs actionneurs intelligents.

Dans le chapitre[B nous rappelons les équations basiques a@iEzoélectricité ainsi que
les techniques usuelles pour la caractérisation de ces nmetéx.

Dans le chapitre 4 nous traitons essentiellement des aspediynamiques. Nous adoptons
les méthodes de masse concentrée et de distribution des pagtres. Les résultats obtenus
sont comparés aux mesures experimentales ainsi qu'aux gax existants.

En continuité, dans le chapitrd’b, nous proposons des modefgenant en compte les non-
linéarités. L'approche de Preisach pour la modélisation d@ystérésis statique et I'approche
de Voigt dans le cas dynamique. Ces deux approches sont etesfiisionnées dans le but
d'avoir un modéle plus complet.

Dans le chapitrd ® nous montrons la valeur ajoutée de notreatrail. Des cas d'applications
sont ainsi présentés. Mieux, a travers ce chapitre nous vigoa montrer comment les modeles
proposés s'articulent avec les autres éléments d'un syse&mlobal. Ensuite une adaptation
au cas des actionneurs magnetostrictifs est proposée.

En n nous concluons et proposons des perspectives.

Ce rapport est écrit en anglais. Mais chaque chapitre est tgsé en francais dans une
proportion d'environ 25%du texte. Les gures et certaines équations ne sont pas répeés.
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Chapter 2

Generalities on smart materials/devices
and applications

2.1 Reésumeé du chapitre en Francais

Le quali catif intelligent est couramment associé a tous matériaux ayant une capacitéra
négligeable a convertir de I'énergie d'une forme a une autsans pour autant se distinguer des
matériaux traditionnels. Cependant les scienti ques s'amrdent sur le fait qu'il n'existe pas
de dé nition claire [45,(46]. Nous donnons dans cette seatin apercu d'une terminologie
assez large.

Pour Z.L. Wang and al [47], les matériaux qui physiquement athimiquement sont sensi-
bles a la température, la pression, le champ électromagrytte, les ondes optiques, la valeur
du pH de leur environnement, sont quali és dematériaux fonctionnelspuis qu'ils peuvent
étre utilisés pour assurer des fonctions biologiques, chidmes ou mécaniques. lls sont plus
intéressants s'ils sont maitrisables. Ailleurs, ces mémesatériaux sont appelésmatériaux
actifs en raison de leur capacité a réecupérer des informations derl@environnement et a y
apporter des changements. Par antagonisme aux passifs, nestériaux actifs stockent, con-
vertissent ou manipulent de I'énergie comme par exemple lemtériaux piézoélectrigues. On
les quali e d'adaptatifs du fait qu'ils activent leurs fonctions selon I'état de I'emironnement.
Lorsqu'ils peuvent étre associés a la construction d'unergtture on parle dematériaux struc-
turels. La consolidation de ces capacités dans un méme matériau @& lui un matériau
intelligent, parce que l'on y retrouve certaines caractéristiques déntelligence des systemes
naturels. Selon George Akhras |[8] les matériaux intelligesnont des capacités intrinseéques
et extrinséques, a d'une part répondre aux stimuli et modi ations de I'environnement et,
d'autre part, a activer leurs fonctions conformément a cehangements.

Dans Smart Materials Bulletin of September 2002n rapporte que I'on peut subdiviser
les matériaux intelligents en deux catégories. Le premierggipe concerne les matériaux qui,
en réponse aux stimuli, changent de forme a une entrée, capend une déformation. lls
sont utilisés dans la conception des structures complexésa deuxiéme catégorie concerne les
matériaux qui répondent en modi ant leurs propriétés tells que la conductivité, la viscosité
etc.

Parmi les matériaux intelligents, nous pouvons citer les nériaux piézoélectriques, les
matériaux magnétostrictifs, les alliages a mémoire de foenles uides rhéologiques, les
matériaux chromogéniques, les matériaux halo-chromiqydss polymeéres sensibles au pH
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etc.

Les matériaux intelligents sont pour la plupart polyvalens. L'intégration de ces disposi-
tifs dans les aéronefs permettrait I'autocontrdle de leurperformances et la réduction des
maintenances préventives. Ce qui diminuerait alors le terapd'indisponibilité des appareils.

Les matériaux intelligents sont aussi utilisés dans le suigles infrastructures. lls permet-
tent d'augmenter la sécurité pendant leur durée de vie en fmissant des alertes concernant
d'éventuels problemes structurels. En outre, ils permett¢ de réduire les coe cients de
sécurité généralement utilisés en conception, ce qui rédi@ colt de vie de ces structures.

Par ailleurs il existe d'autres matériaux utilisés dans Ifidustrie textile. Alors que les
fonctions d'isolation thermique des vétements peuvent &rtraditionnellement assurées par
du textile épais a faible densité, ils a ectent la liberté denouvement et génerent un inconfort
physiologique. L'avénement des textiles capables de géirgelligemment I'énergie thermique
ore alors de nouvelles perspectives. lls s'utilisent dank fabrication des combinaisons
spatiales, des gants, des gants de planche a neige, des sétements, pour divers sports
améliorant ainsi le confort|[9].

En qui concerne le processus d'usinage qui nous intéresselies, il est généralement
I'objet de vibrations pouvant a ecter la qualité requise duproduit nal. On peut alors utiliser
des matériaux actifs pour amortir ces vibrations. Toutefai, plutét que de chercher a amortir
ces vibrations, on peut les mettre a prot si elles sont coniées. Elles peuvent intervenir
positivement dans la formation et I'évacuation des copeayg]. L'utilisation des actionneurs
intelligents o re alors des moyens exibles de générationedvibrations, contrairement au
systeme auto-entretenu en Figure_11.3.

L'avenement des matériaux intelligents suscite donc un ¢ain engouement dans les com-
munautés scienti ques, industrielles et universitaires aht I'équipe INSM dans laquelle s'est
déroulée la présente thése.

2.1.1 Piézoélectricité

La découverte de la piézoélectricité est généralement alttnée aux freres Curie méme si on
doit sa premiére observation a René Just Hauy. Ce phénomémecaractérise par le fait qu'un
matériau initialement neutre, se polarise sous l'action dhe pression mécanique. Inverse-
ment, il se déforme sous l'action d'un champ électrique. Lgsemiéres études théoriques et
expérimentales de I'e et direct sont cependant dues aux frés Curie en 1880. L'e et inverse
guant-a-lui a été véri é par Gabriel Lippmann en 1881.

Certains matériaux piézoélectriques possedent des praiés pyroélectriques. Parmi ces
derniers, il y en a qui sont ferroélectriques, selon leur skse cristallographique. La compo-
sition chimique ainsi que I'état thermique du matériau in Llencent aussi ces propriétés. La
température au-dela de laquelle le matériau perd toute prapté piézoélectrique est appelée
température de Curie

D'un point de vue macroscopique, la piézoélectricité estriteraction entre des grandeurs
électriques et mécaniques auxquelles on doit ajouter I'inence thermique. Dans le cas ou
cette derniere est négligée, on obtient la Figufe 2.9.

Les matériaux piézoélectriques sur le marché sont en géndedts de céramiques. Mais
les fabricants communiquent trés peu a ce sujet. Toutefoien sait que les céramiques les
plus utilisées sont a base de zirconate et de titanate de plbrjiL2].

Les piézo-céramiques sont obtenues par cuisson (élabamatsous haute température)
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suivie d'abrasion. Il en résulte des plaquettes (appelédancks) de l'ordre de100a 300m .
Ensuite, on crée des électrodes en utilisant une mince coedliargent.

Un stack contient une multitude de dipdéles électriques ongés aléatoirement. Un pro-
cessus d'alignement sous fort champ électrique est alorsegsaire a température de Curie.
Les stacks sont ensuite associés a n d'obtenir des dimemsamportantes ( gure [Z.11).

2.1.2 Magnétostriction

Les matériaux magnétostrictifs sont sous in uence d'un clmp magnétique. Mais a l'inverse
de la piézoélectricité inverse (déformation proportiontie au champ électrique), dans le cas
de la magnétostriction, la déformation est proportionnedl au carré du champ magnétique
appligué. La découverte de I'e et magnétostrictif est due dames Joules en 1842. L'e et
inverse est appelé e et de Villary.
Comme dans le cas des piézoélectriques, les matériaux magstéictifs nécessitent une

phase d'homogénéisation de l'orientation des micro-domas. Le plus commercialisé est
TERFENOL-D.

2.1.3 Autres matériaux et phénomenes

Les alliages a mémoire de forme se déforment a faible tempéra. Mais exposés a une
température élevée, ils retrouvent leur forme initiale. Omlistingue deux types d'alliages a
mémoire de forme. Ceux pouvant revenir & leur forme initialeniquement par réchau ement
(1 sens de mémoire) et ceux qui peuvent aussi se déformer pafraidissement (2 sens de
mémaoire).

Quand aux substances chromogéniques, elles changement delexir en réponse aux
changements électriques, optiques ou thermiques de leurlieni. Elles sont utilisées dans
I'automobile, I'architecture, les aéronefs, et les écramba chage.

Parmi les autres matériaux intelligents on peut citer les ggmeres sensibles au pH. On
peut aussi citer les matériaux halochromiques qui changede couleur selon le pH. Par
ailleurs les uides rhéologiques modi ent leur viscositéorsqu'on leur applique un champ
électrique ou magnétique. De ce fait, ils pourraient étre s dans la conception des systémes
d'amortissement.

2.1.4 Choix de matériaux

Plusieurs aspects doivent étre pris en compte lors du choiy thpe de matériaux. La fonction

a assurer (stocker ou convertir de I'énergie), le type d'érgge utilisé... Matériaux structurels
ou pas. La contrblabilité constitue aussi un critére de chai Par rapport a ces critéeres, les
matériaux piézoélectriques et magnétostrictifs apparaent plus adéquats dans le cas de nos
applications.

Par ailleurs nous pouvons utiliser la notion d'énergie volnigue comme critere complé-
mentaire de choix. Par dé nition, il s'agit de I'énergie diponible dans les parties utiles du
composants|[48]. Elle est homogéne a une pression.

L'énergie volumique d'un actionneur électrostatique est'environ Wes = 4:10tJ=m3.
Pour les actionneurs électromagnétiques, on peut atteir@liWe, = 4:1J=m3. Pour les
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actionneurs hydrauliques on atteint facilementV,, = 4:10’J=m3. Pour les actionneurs pié-
zoélectriques, c'est de l'ordre d&V,; = 3;8:10°'J=m?>. Pour les actionneurs magnétostrictifs,
Wiy = 7:1073=m?,

Un autre critere, non négligeable, est la fréquence maxireal de déplacement. Ce
critére combiné avec I'énergie volumique donne la densit@ guissanceP = W f. Par
rapport a cette derniere, les actionneurs piézoélectriguet magnétostrictifs I'emportent sur
les actionneurs électriques classiques.

D'autres critéres tels que la abilité, la durabilité, la fragilité devraient étre par la suite
intégrés.
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The objective of this chapter is to outline the wide panel ofreart materials. While
remaining general, we shall stress on the particularities each of them and their processing.
We shall also highlight their potential applications and gsecially show up in which way
devices and systems made of these materials could be a goddradtive to the classical
and common devices/systems. However, we shall begin by digng the huge number of
adjectives that usually accompany the term material.

2.2 Discussion on terminologies

The concept of intelligent materials is of rather recent ogin [49]. It is usual in popular
language to associate the terrsmart with materials that allow the conversion of one form
of energy into another in useful quantities. Following thidogic, several types of materials
would be included in the category of smart materials even tlhigh they do not present
any particularity in comparison to traditional materials. Such a de nition does not make
consensus. The dierentiation becomes even less clear whanliterature, one frequently
meets many adjectives associated to materials. Thus, apdrom the term smart we also
meet the wordsadvanced, active, functional, adaptive, structural, ..interchangeably used.
And, all authors seem to agree that there is no clear de nitio of these terms|[45] 46].
However in such a eld that is wide ranging and stile developg [7], it is important to dwell
on the terminologies.

Literally, functional materials are materials which own certain properties seiw speci ed
application needs. Z.L. Wang and al. de ned functional matéals as materials of which the
physical and chemical properties are sensitive to a changethe environment such as tem-
perature, pressure, electric eld, magnetic eld, opticalwavelength, adsorbed gas molecules
and the pH value [47]. However one should emphasize the nadgsthat this sensitivity
be usable to achieve speci ¢ biological, chemical or mecheal functions. They can sense
and response, through functions directly built into their nicrostructure, to environmental
stimulus in a predetermined fashion, and go back to their aginal state when the stimulus
is removed, not according to usual laws of physics or mechesy but rather optimized to-
wards a given goal dictated by the application_[50]. Therefe these materials arouse more
interest if their stated native properties are controllabé. Some even qualify these materials
as multi-functional because of their ability of coupling factions.

Elsewhere, these materials are calledctive because of their capacity to take action
or e ectuate change in a system. They stock, convert or hangllenergies by antagonism to
'‘passive’ materials. This aptitude makes it possible to ushem as actuators, sensors or both.
Their presence in certain systems modi es compulsory the ect of the other components of
these systems like for example piezoelectric materials thactivate a damping function in
presence of vibrations in their environment.

So, these materials could have several functions that theygtavate with respect to their
environment state, where would the termadaptive probably come from. In this sense, V.
K. Wadhawan and al. who cited [[51] and [52], noticed in_[53] #t the concerned materials
can be de ned as materials with an ability to respond in a prelesigned useful and e cient
manner to changing environmental conditions, including anchanges in their own condition.
This contrast with ‘dumb’ materials which are preprocessednd/or designed to o er only a
limited set of responses to external stimuli

On the other hand, a material is callecstructural if it has an ability to withstand external
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forces and therefore it can be integrated in the constructioof structures. The notion of
structure here is very wide including mechanical, chemicahd biological forces. This allows
therefore to include the above cited materials in the categp of structural materials as
soon as their functions in a system involve forces. This catery of materials include also
traditional materials which are used in mechanical or civistructures such as steels, cooper,
and bricks.

However the target materials present peculiar propertiesnicomparison to traditional
materials. They areadvancedbecause they represent advances over the traditional maieds
that have been used for years. In this way, they refer to all mematerials and modi cations
to existing materials to obtain superior performance in oner more characteristics that are
critical for the application under consideration.

The consolidation of these abilities in certain materialselad to qualify them smart, be-
cause one found in them certain characteristics of naturaystems intelligence. Indeed the
materials involved in natural systems have the capabilityd sense their environment, process
this data, and respond. We found a satisfying de nition give by G. Akhras [8] according to
who smart/intelligent materials are materials that have intrinsic and extrinsic apabilities,
rst to respond to stimuli and environment changes and, secal, to activate their functions
according to these changes. But Vinod K. Wadhawan and al. erhasized on the adaptability
which must be the main characteristic of smart materials [43

Nevertheless, we should not fail to mention other opinionscaording to which the sup-
posed smart materials are not actually smart. For, S. Hurletus and al. [54], the materials
can all be used to design and develop structures that can bdled smart. However, the ma-
terials themselves are not smart. E. Flint and al. outright aying that in order to be smart
these materials have to have a way of 'deciding’ how to reacbtthe sensed environment
[7], whereas this is currently only achieved by control hawdre and algorithms. Therefore,
"Smartness" should refer to the exploitation of these matéils properties to better serve a
design function than would be possible through conventiohatructural design. Accordingly,
the term smart should refer to the integration of actuatorssensors in structural components,
and the usage of some kind of control unit or enhanced signabpgessing with a material or
structural component. The goal of this integration would behe creation of a material system
having enhanced structural performance, but without addig too much mass or consuming
too much power.

However, we accept the de nition of G. Akhras (see above) baase in spite of the clari -
cation brought by S. Hurlebaus and al. or E. Flint and al., theso called smart materials can
inherit the smartness from what they allow to achieve in comgrison to traditional materials.

In Smart Materials Bulletin of September 200ghey report the ideas of Frost and Sullivan
Joseph Constance who divided smart materials into two grosp The rst group comprises
materials which, upon application of a stimulus, they respal with a change in shape or in
length of the material. Input is always transformed into stain, used to introduce motion or
dynamics into a system. They are the most widely used in the sign of smart structures.
They could be integrated into a mechanical host structure,ugh as an airplane wing or
automotive suspension system. The second family of smart tadals, includes materials
that respond to stimuli and a change occurring in a property fothose materials. Such a
property may be electrical conductivity or viscosity. Thee are less frequently integrated
into mechanical structures. Instead, researchers use them design complex modules, for
example clutches, fasteners, valves or various switchesdaim sensing systems. Although
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materials in this group do not produce strain when an exterdatimulus is applied to them,

they are sometimes also referred to as actuator systems. Exales of these include the
electro-rheological (ER) and magneto-rheological (MR) uds and smart hydrogels, which
respond with an increase in viscosity upon application of agexternal electrical or magnetic
eld.

A smart system is composed of sensing, processing, actugtifeedback, self-diagnosing
and self-recovering subsystems. It uses the functional prerties of advanced materials to
achieve high performances with capabilities of recognitipdiscrimination, and adjusti cation
in response to a change of its environment _|47].

There exists a huge number of smart materials. New ones conte to be discovered or
synthesized thanks to advances in science so that we can nategan entire list of them.
However we should enumerate the most known: piezoelectricatarials, magnetostrictive
materials, shape-memory alloys, rheological uids, chroogenic materials, halochromic ma-
terials, ph-sensitive polymers...

2.3 The world of smart materials

The British O ce of Science and Technology Foresight Prograame (seel[55]) expects an in-
creasing range of smart materials applications and the undig@ng science in this area. They
guesses that smart materials must solve engineering pratle with up to now unachiev-
able e ciency, and provide an opportunity for new wealth crating products. Current and
potential applications of smart materials are widely presged and illustrated in [56].

2.3.1 Smart materials in Aerospace and transport in general

Smart materials are most of them versatile. Some can be used $ensing their environment
and generating data for the health and usage monitoring syasnhs. The integration of such
smart devices in aircrafts could allow the self-monitoringf their performance to a high level
and could considerably reduce preventive maintenance oc@nces. This would obviously
limit the aircrafts out of service duration.

E.M. Flint and al. well summarize the potential use of smart raterials especially in
small satellites but their conclusions also apply to everyype of transport means. Ini[7],
they showed through Figurd_Z]1 these applications where tlsenart materials are expected
to provide reduced weight, to allow new functionalities ando provide performance that are
hitherto met with extremely costly passive structures.

2.3.2 Smart materials in Civil Engineering

In the same way, smart materials are used in monitoring civitructures. They can enhance
the safety during the life of the infrastructures since theycan provide early warning of
structural problems at a stage where minor repairs should jpnove durability. Moreover
because they would allow reduced safety factors in initialedign, this would impact the
life costs of such structures by reducing upfront construicin costs. Nowadays because of
the continuous diminution of land space in cities, it is no leger a fashion but a necessity
to develop underground infrastructures. This is even a bnaiteaser because underground
structures require huge resources for construction and mé&nance, and any collapse could
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Figure 2.1: Potential applications of smart materials to saple satellite [7]

be detrimental to the nation in terms of economy, lives and pperties. Y.W. Yang and al.
in [57] demonstrated the feasibility of using smart materia in monitoring of rocks. They
showed the assets of bre optic and piezo-transducers in $uapplications in comparison to
conventional devices like vibration wire strain gauges anelectrical strain gauges. Figure
2.2 drawn from [8] presents an example of smart bridge.

Figure 2.2: Schematic example of a smart bridge [8]
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2.3.3 Smart materials in medicine and health in general

Smart materials applications concern also human and animeakll being. In [9], the authors
deal with the required thermal insulation of clothing systens for the human's body. Tradi-
tionally, the improvement of clothes insulation functionsgoes by the use of high thickness
and low density textiles because of their lots of air gaps. Wever their major inconvenient
is their greater weight that a ects the freedom of movement fothe wearer and generates
physiological uncomfort.

The advent of smart textiles able to handle heat energy thugpens a novel era. They act
as temperature regulators allowing to use them for active gaents. Figure[2.3 shows the
example of Phase Change Materials (PCMs) which regulate t@mrature through a phase
change solid-liquid. They could potentially apply to spacsuits and gloves, snowboard gloves,
underwear, ice climbing and underwear for cycling and runmg, footwear, etc. They would
then ensure better comfort for human in their rest or in theiractivities [2]. Furthermore ,
smart materials present great interest for clinical and hyignic applications. They could be
potentially used in surgical apparel, patient bedding matgals, bandages and products to
regulate patient temperatures in intensive care units [58]

Figure 2.3: Schematic representation of phase change maés behaviour [9]

Other smart materials are used in osteosynthesis, a surdigaocedure that stabilizes and
joins the ends of fractured bones by mechanical devices. ligbre(2.4, shape-memory alloys
(in red) are utilized.

Figure 2.4: Smart osteosynthesis (From:Courtesy Forschggzentrum Julcih, Germany)
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2.3.4 The place of our laboratory

The event of smart materials draws the interest of several gonunities: scientists, indus-
trialists and academics. The INSM (see Glossary) team of LSI(see Glossary) is not a
reference in smart materials studying. However, it develgpan axle in smart structures in
collaboration with many industries and organisms, espediaEADS Group and CETIM. The
favourite topics of this axle concern machining and aircrtd, for which innovative concepts
are proposed, tested and validated by researchers of the t@aA real interest in the use of
smart materials is observed. This raises the need of ready-tise models of devices made of
such materials.

2.4 Examples of smart materials

2.4.1 Piezoelectric materials

The term piezoelectricity comes from Greek "Piézein" for "gessure electricity”. Its discovery
is generally associated to Curie brothers. However, accord to Michel Brissaud, the rst
qualitative observation of the phenomenon is due to René Judauy, a French mineralogist,
in 1817 [59]. The theory and experimental study of the phenanon is then undertaken by
the brothers Pierre and Jacques Curie in 1880 who realizedatha quartz crystal (SiO,)
initially neuter becomes polarized when subjected to mechigal pressure. One year later,
Gabriel Lippmann predicted the converse e ect which had beeproven later. The converse
e ect is called "electrostriction". Nowadays there exist loth natural and synthetic piezo-
materials.

Microscopically, the piezoelectric phenomenon is mainlyud to the presence of positive
and negative electric charges in the material and secondlye non-symmetry of those charges
[60]. In the absence of external mechanical and electricablisitations on the material,
the positive charges and negative charges centers of grgvainincide ( gures[2.5 and 2.6).
Then, if a mechanical force is applied to the material, one naemark that in gure 2.5]the
gravity centers remain combined because of the symmetry. Qhe contrary, in gure
the gravity centers separate and polarize the material bease the charges distribution was
not symmetric.

Figure 2.5: Material with symmetry center Figure 2.6: Material without symmetry center

Some piezoelectric materials exhibit pyroelectric e ecte. their polarization can be mod-
i ed by radiations. Pyroelectric materials include a categry of materials called ferroelectric.
They own an internal polarization which varies with the extenal electric eld. So, as one
could imagine it, materials properties depend on their cryallographical class.

In addition, materials properties vary with their chemicalcompositions and their thermal
state. B. Ja e and al. performed in[10] a study on an alloy oP bZr; and P bTiO; for which
they depicted in Figure[2.8 the phase diagram.




23

Figure 2.7: Crystallographic classi cation

Figure 2.8: Alloy PbZr; - PbTiO; [10]

As one can remark, there is a temperature up to which the mateat looses its piezo-
electricity. This temperature is calledCurie's temperature It depends on the alloy ingredi-
ents rates. Concerning theP bZr;-P bTiO; (PZT) alloy, the curie's temperature goes from
240 C to 475 C. There also exist a temperature down to which the material twses its
piezo-properties. However, this temperature does not perg any concern in comparison to
curie's temperature. This could explain the absence of reémces on it.

Elsewhere, we should look at the phenomena in macroscopipaint of view, notably in
terms of physical interactions. In piezoelectric materialelectrical and mechanical quantities
interact. To this we may add the contribution of pyroelectrcity if the materials are exposed
to their sensitive radiations. This is well claried in [59]in Figure 2.9 whereT is the
constraint tensor ©; 1), S the deformation tensor ; 1), E the electric eld tensor (3;1) and
D the electric induction tensor @3;1). Here the pyro-e ect is assumed to be negligible.
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Figure 2.9: Physical explanation of piezoelectricity

Elaboration process

Commercial piezoelectric materials are in general made @ramics. Ceramics are inorganic
nonmetallic materials with obligatory a crystalline struc¢ure. There is wide panel of ceramics
but the materials suppliers are too disinclined to give theicomposition. There is a hard
competition in the market. However, the most important pienelectric ceramics are based
on the oxide mixed crystals system lead zirconate and leadanate [12].

So, as all ceramics, piezo-ceramics are obtained through ang process: elaboration
under high-temperature [12]. Ceramics' elaboration pross is well described in [61] (pg.47-
325). The rst step for piezo-ceramics's elaboration is alu alloy PZT powder obtention:
the raw materials are mixed in their solid-state at about 850C; the solute particles t
into the space between solvent particles. This step leads #osolid-state solution. Next, the
solid solution is mixed with a sociable and sintered at highemperature though under the
melting point. Then another step (conditioning) allows to dtain wafers with dimension on
the order of a few centimeters with two sides and thickness the range of100to 300m .
Then, according to their thickness, wafers can be assembledorder to form what one call
stack in technical language!/[62]. Then electrodes are created dretstacks faces by painting
on them a thin silver layer.

A stack is composed of multitude crystals containing dipoge Up to this time, the
dipoles are randomly oriented. The row material in that forms not su ciently piezoelectric.
Consequently, the process requires an important step of paj during which the dipoles are
oriented with respect to one another. The poling step can takplace at ambient temperature
(soft ceramics) or at high temperature (hard ceramics). A sbng electric eld is thereby
applied 2 3kV=mm) leading thus in combination with the temperature e ect, to the
free motions of the dipoles. The poling process is generaferformed in silicone oil in
order to avoid air breakdown phenomenon. The dipoles thewmet align along the electric
eld direction. This direction corresponds to the so-callé Poling axis of the piezo-stack.
The temperature is then quickly reduced and the electric el is removed. Thereafter, the
material dipoles are aligned and then the piezoelectricitis enhanced. It should be noticed
that not all the domains become exactly aligned, some of theothains only partially align
and some are not aligned at all (Figuré_2,10). This could leadto a phenomenon called
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creep.

Figure 2.10: Poling process

The stacks are then joined with others in order to obtain imprant dimensions (Figure
[Z.11). They are mechanically in series and electrically inrapallel.

Figure 2.11: Multi-layers piezoelectric device

One reason for preferring a multi-layers device to a one-kydevice of the same dimension
could be related to the total elongation of the device. Indeg the junction of several stacks
allows theoretically to increase the piezoelectric coe ent. Another reason could be related
to the poling process. Above, we noticed that abol# 3kV=mmis required to pole a wafer
of 300m thickness. Therefore, for a tube oB0O0O0OOm (for example) or more the poling
process would require a high voltage.

2.4.2 Magnetostrictive materials

Magnetostrictive materials are similar to piezoelectric @terials in terms of macroscopical
behaviour, except the fact that instead of an electric eldmagnetostrictive materials involve
a magnetic eld. Hence, one can de ne magnetostrictive e éas a reversible exchange of
energy form mechanical form to magnetic form. Magnetosttion is the change in shape
occurring in some materials submitted to an external magniet eld.

Magnetostrictive e ect was discovered more earlier than pzo-e ect. It is a discovery of
James Joules in 1842. Magnetostrictive e ect is thereforemetimes called Joule e ect. The
converse e ect is called Villary e ect who veri ed it.

Microscopically, magnetostrictive materials contain maggtic micro-domains which tend
to align themselves to the external magnetic eld; they rotee and this rotation causes
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internal strains in the material [63]. A region constitutedof micro-magnetic domains of the
same orientation is called\Veiss Region(Figure 2.12).

Figure 2.12: Weiss region in magnetostrictive material

But not all the regions have naturally the same orientation.A step of homogenization
is therefore necessary at high temperature. Magnetostrigé materials elaboration process
is similar to that of piezoelectric materials. And, as said l@ove concerning piezo-materials,
magneto-materials' properties also depend on their chemalcconstitution and they also pos-
sess Curie temperature up to which they loose those propedi

The most commercialized magneto-material is TERFENOL-D. fie name comes from
Terbium (TER), iron (FE) and Naval Ordinance Labs (NOL) and Dysprosium (-D). The
material has rst been developed by the Navy.

2.4.3 Shape-memory alloys

They are thermo-responsive materials that remember theirepmetry. Such materials can
be plastically deformed at some relatively low temperaturand, upon exposure to some
relatively higher temperature recover their original shap (Figure[2.IB). This behavior is due
to a martensitic-austenic phase transition and, at low temgrature, to martensitic twinning
[11].

Figure 2.13: Thermomechanical behaviour of Shape Memoryléys [11]
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One distinguishes two kinds of shape-memory phenomenon: teraals that can memory
their shape only upon heating (one-way shape-memory) and teaals that can also undergo
a change in shape upon recooling (two-way shape-memory). i$tkind of materials is so
called ordinary shape-memory alloys or temperature driveshape memory (TSM) alloys.
These properties are made possible through a solid state glkachange that is molecular
rearrangement which is due to temperature change. A tempeuse change of only 10°C is
su cient to initiate this phase change. The two phases whicloccur in shape-memory alloys
are martensite and austenite.

Some of the main advantages of shape memory alloys includeeithbio-compatibility.
They have diverse Fields of Application. However, they areelatively expensive to manu-
facture and machine compared to other materials such as dteed aluminum.

2.4.4 Chromogenic materials

Chromogenic substances change color in response to electaptical or thermal changes.
Chromogenic materials are used especially in automotiverchitectural, aircraft, and infor-
mation display. In automotive eld, electrochromic materals, which reversely change their
optical properties in response to an electric eld, involven dynamic antiglare automotive
mirrors. In aerospace, there is an interest in developingsars and windows that can control
glare for pilots and passengers. The topic of chromogenich®ology and market is amply
exposed inl[64].

Figure[Z.14 shows an example for thermochromic materials. W&h the teacup is empty
or if the content is cold, the teacup is dark. On the other handt becomes bright when lled
with hot content. In sum, thermochromic materials get theircolor changed at a determined
temperature.

Figure 2.14: Thermochromic material (from.[12])

2.45 Other smart materials

We can enumerate ph-sensitive polymers which respond to aacige in their surrounding
medium ph by swelling or collapsing. This is due to the presee of certain functional
groups (acidic or basic groups) in the polymer chain. Theseaterials are being extensively
used in controlled drug delivery systems and biomimetics.

We can also cite halochromic materials which behave as pHas#ive ones but instead
of changing their dimensions they change their color accang to the pH of the medium.
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These substances are very useful in environments where pHaebes occur frequently, or
places where pH changes are extreme.

Elsewhere some uids vary their viscosity when applied to ettric eld (electro-rheological
uid) or magnetic eld (magneto-rheological uid). This fe ature permits to use these uids
in advanced damping systems.

Fibre optics respond to a change in transmitted light. This ltzange could be in intensity,
phase, frequency, polarization, wavelength or mode. Theyeahighly sensitive, can detect
minuscule variations.

The list of smart materials is in expansion; it is impossibléo cite them exhaustively.

2.5 Choice criteria

Many criteria should be considered in order to choose a dewic One could base on the
function to achieve: stock or convert energy. The type of ergy handled and the reversibility
of the phenomenon could also be important. The X-Mechanic&onversions are strongly
appreciated especially in industrial applications. Piezomagneto, shape-memory and X-
rheological materials are in these conditions the best caddtes.

Another qualifying parameter could be the possibility for he material to serve as struc-
tural component. E ort transmission with contact is valued Piezo and magneto materials
have the exceptional capability to bear high e orts with vey small strains.

Moreover the controllability constitutes an important criterion of choice. Devices con-
trollable via electrical quantities are preferred.

All those requirements are listed in the types of our appli¢eons. Consequently piezo
and magneto devices correspond better to our needs than dms made of the other smart
materials. Their phenomena are reversible making it pos$gbto use them both as actuators
and sensors.

In next section we compare classical electro-devices anézo or magneto devices.

2.5.1 Piezo and magneto actuators Vs classical hydro and ele ctro
actuators

The ratio energy/dimensions (energy density) is a fundaméal criterion for the comparison
between actuators. We have studied and used these concepthe past during a project on
mechatronics deployment in a renowned company |65].

By de nition, the energy density is the disposal energy in th useful area of the device
and it is identi ed to a pressure [48]. Let us compare then et&ostatic, electromagnetic,
hydraulic, piezo and magneto actuators basing on [48].

The maximal energy density of electrostatic actuators i8Ves = 4:101J=mq. Concerning
electromagnetic actuators, one can readWey, = 4:10°J=m3.

For hydraulic actuators one reaches easiW, = 4:10'J=m?. Piezo-bar actuators can bear
up to 38Mar. This corresponds to an energy density o, = 3;8:10’J=m*. Magneto-bar
actuators bear easily70ar corresponding toWpg = 7:10°J=m?3.

The energy density gives an idea on the range of force that aetaator can develop.
In static applications this criterion could be su cient. For example in applications where
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one is concerned with clamping forces (high force and smalblume change), magneto-
actuators are the best choice instead of hydraulic actuateiand piezo-actuators. Then come
electromagnetic actuators.

In the energy density criterion, one only considers the uséfarea of the device. However,
the total sizes of the devices and their casing are paramedenot to be neglected. In this
sense, piezo actuators constitute the best option.

On the other hand, if one is interested in the displacement stead of the clamping force,
hydraulic and electromagnetic actuators would take the adwntage. Piezo and magneto
actuators are only capable of micro-displacements.

Another criterion, not negligible, which complete the abo energy density criterion, is
the maximal frequencyf of the displacements. This is important in dynamical appliations
since one is concerned with the response rapidity of the dei This criterion combined with
energy density lead to de ne the power densitP = W f.

The maximal frequency for electrostatic actuators i§es = 10°Hz, leading to Pes
4:10'W att=m3. With electromagnetic actuators, one has., = 10°Hz, leading to Pey, =
4:10'W att=m3. Hydraulic actuators allow to reachf, = 10?Hz, leading to P, = 4:1¢°
Watt=m?3. Piezo actuators allow easilyf , = 10*Hz, leading to P, = 3;8:10"'W att=m?3.
And magneto actuators allow easilyf ng = 10°Hz, leading to Pes = 7:10"°W att=m?.

Accordingly, piezo and magneto actuators o er the best optins.

One could consider other criteria such as reliability, dutglity or shelf life, fragility.
However the eld of smart materials is not mature yet. We stil are in lack of su cient
statistical data.

Finally we should notice that the bene ts of the materials aen come though at the cost
of increased design complexity and requirements for additial signal conditioning, power
ampli cation and controller hardware subsystems [7]. Thisncrease in complexity has been
described by Hiroaki Yanagida as thepaghetti syndrome

2.5.2 Piezoelectric actuators Vs and magnetostrictive act uators

CEDRAT Technologies S.A, a supplier of smart technologiespnducted a comparative study
of piezoelectric and magnetostrictive actuators [66]. Aocdingly, the choice between these
two technologies could be based on many criteria. It could kelated to their sizes, their

physical output quantities or their driving techniques. Tdle[2Z.1, provides an overview of
such a comparison.
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Criteria Piezoelectric Magnetostrictive

Size Small Very large

Physical quantities

Unloaded-device displacementug ) 1000-1400 ppm > 1600 ppm
Blocked-device forceKy) Very large Less important
Elastic energy Ee = “FT:FD) Important Less important
Output energy/mass unit Very large Small

Dynamic strain at resonance 1600-2000 ppm 3000-4000 ppm
Driving techniques

Control Voltage or Charge Electric current
Frequency Wide range Small frequencies

Table 2.1: Piezoelectric Vs Magnetostrictive Actuators

2.6 Conclusion and challenges

Advanced materials reduce weight, eliminate sound, re eamnore light, dampen vibration
and handle more heat. They lead to smart structures and systes which will de nitively
enhance our quality of life[8]. Piezo and magneto devicespnmess the more in relation to
their high power density. Moreover the whole system weightna volume can be lighted by
coupling functions such as structural support and vibratio control.

Due to its nature, the eld of smart structures depends on irgr-disciplinary research
since numerous disciplines (e.g. material science, apglimechanics, control theory, etc.)
are involved in the design of a smart structure system solatn.

First of all, understanding and controlling their compositon and microstructure must be
ultimate objectives of research in this eld. It is crucial b the production of good smart
materials.

Another challenge is to model short-term micro-scale matet behavior through the meso-
scale and macro-scale behavior into long-term structuraystem performance. The availabil-
ity of models will then allow to take up an additional challeige concerning the method of
their application, the durability in repeated use.
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Chapter 3

Basis, characterization of piezo-bar
devices, trade rules

3.1 Résumé du chapitre en Francais

L'objectif premier de ce chapitre est de présenter les éqimis de base de la piézoélectricité.
Ensuite nous procéderons a la caractérisation fréquentgetle deux actionneurs an d'en
déduire certains parametres. En n nous présenterons un cd®pplication en statique.

L'équation [3.1 acceptée par la norme IEEE-ANSIS [43] conste le point départ des
développements sur les dispositifs piézoélectriques.

S = sF :T+[d':E

D = [d:T+ "T E 3.1)

st est le tenseur de exibilité. L'exposantE dans sF signie que le tenseur est a
champ électrique constant. "7 est le tenseur de permittivité. L'exposantT dans "'
signi e que le tenseur est a contrainte constantgd] est le tenseur des coe cients piézoélec-
triques. L'exposantt fait référence a l'opération de transposition des matrices

On remarque que les coe cients électriques dépendent desnditions aux limites mé-
caniques. Et inversement les coe cients mécaniques dépemd des conditions électriques.
lls dépendent aussi de I'axe de polarisation et de la strugimicrostructure (Conf. Annexes
[A). Ces équations peuvent étre simpli ées selon le mode ¢ [59].

Dans notre cas, nous utilisons le mode barreau. Les matérxasont des céramiques de la
classe cristallographiquel. mm. Ainsi nous retiendrons I'Equation suivante.

S; = 553:1_3 + d33:E3
D; = d33:T3+ "%—S:Eg

Par la suite on dé nit le coe cient de couplage électromécaigue comme suit.

d
S33- 33

(3.2)

Dans la section[3.8, nous choisissons une procédure de daresation. Toutefois, le
lecteur pourrait se référer aux documents [67, 168,169, 70]] Idur d'autres détails.

En Figure [3.2, sont présentés les types d'actionneurs usdis: des barreaux a section
rectangulaire ou circulaire. Il a été véri é que le type de s#ion n'in uence pas les résultats
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[59]. Le plus important est que la longueur soit 5 a 10 fois sépeur aux dimensions latérales.
SoitL, et respectivement la longueur, la section et la masse volumau

Nous choisissons de faire la caractérisation sur un actie@ur non-contraint c'est-a-dire
libre a ses deux extrémités. Nous l'excitons avec une tensisinusoidale. Il en résulte une
propagation d'onde progressive longitudinale a travers learreau.

En appliquant le principe fondamental de la dynamique et laol de conservation des
charges électriques, par transformations des équationwiént:

2 0 L 13

_ 1 4 2.@tan 2 A5
Zer = 5ot k2 @— " (3.4)

e e ZVE
k? = —:Q:cot —:E (3.5a)
2°F0 2°F0
. Ccl:L
£3= (1 ekZ): (35b)
1
st = 3.5¢
3 q(l k2) (2f 0:L)° (3:5¢)
1 (9>
= 3.5e
M= G0z (97 (0 (359
A

k3, = TTA (3.5f)

_ fo £ (f )
=3 1+ 0 tan TP (3.50)

1

sE = —— 3.5h
1 &2fr0:a)2 (35
dar = K3ish"is (3.50)

Plus loin en sectionf”34 deux cas pratiques sont présentésn Eigure [3.3, nous avons
le montage générique pour la caractérisation fréquenceellDans notre cas, notre dispositif
expérimental est composé d'un multimétre, d'un générateute fonctions a balayage fréquen-
ciel, d'un shunt de précision et d'une carte d'acquisition & signaux (Voir Annexes B). Les
éléments piézoélectriques utilisés sont le HPSt 1000/35/20 de Piezomechanikl [71] et le
P-885.90 de Physik Instrumente [62].

Dans un premier temps on mesure la capacité a basse fréquedeel'actionneur non-
contraint. Ensuite, on réalise le montage (Figure—3.4) équalent a la Figure[35. On mesure
les tensionsVgeg et Vs respectivement a la sortie du générateur de fonction et awolnes
de la résistance de précisioRs.

L'impédance électriqgue est alors donnée par I'équatidn_B.6_es tracés dimpédances
(Figures[3.6 et{3.V) nous permettent de relever les premisréréquences de résonanég et
d'anti-résonancef 2.

_ (Merc Vs) Rs

Z
El Ve

(3.6)
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Ces trois mesures nous permettent de calculer les paramétide I'actionneur selon les
expression$_3]5.

Les limites de cette démarche sont liées aux cartes d'acqtiis utilisées. Leurs fréquences
d'échantillonage sont limitées a 140 kHz. Pour y remedier grourrait utiliser des analyseurs
d'impédances que I'on peut trouver sur le marché.

Dans la section’36, nous passons des parameétres physiques Cients de rigidité et
de permittivité) a des parameétres macroscopigues que nouspalons parametres ingénieur
(Equations[3.7 et[3.8): raideur et capacité. La raideur dépd des conditions électriques et
la capacité dépend des conditions mécaniques. Ces paramgtvarient entre deux positions
extrémes comme nous le montrons dans le tableaul3.3.

K= (3.7)

C= — (3.8)

Nous pouvons déplorer lI'absence de ces précisions dans emdes techniques des four-
nisseurs de ces actionneurs. Mais en comparant nos calculeurs données et suite a une
enquéte teéléphonique au pres des techniciens de Piezomadh&n France, nous concluons
que par défaut, les fournisseurs donnent la raideur de l'ashneur en circuit ouvert et sa
capacité a vide.

Dans la sectiori 3.6]1 nous traitons des cas d'utilisation e@égime statique. Dans la section
[3.6.2 nous proposons des régles de choix d'un actionneur.s@egles sont dictées par des
considérations tres pratiques. Le choix se fait selon le dépement nominal désiré, la charge
nominale a supporter, I'e ort de blockage ainsi que la frégnce de résonance d'actionneur
non-contraint.
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The content of this chapter is useful in the sense that it rsly recalls the main basis
of piezoelectricity. It is a compulsory starting point of ay study. In this vain, we discuss
the general assumptions under which the basic equations amid. Moreover we present a
simple and prompt way to characterize any piezo-bar devicend determine what we name
engineer's parameters. A comparison can then be done betweabe determined parameters
and those provided by devices'suppliers. Finally, staticae case of a piezo-bar device is
presented. This is important for ideational studies in degn process. The background in
structures dimensioning shows that as often as not, this tktakes place in static.

3.2 Preliminaries

Woldemar Voigt, a German physicist, introduced in 1910 theeansorial notion to describe
piezoelectric behaviour of some crystals under the assungst neglecting temperature in u-
ence. Accordingly, piezoelectricity involves two couplesf variables: mechanical onegT; S)
(Stress, Strain) and electrical one¢E; D) (Electric eld, Electric induction).

The widely accepted mathematical description basing on thassumption of linearity is
the one given by IEEE-ANSIS Standards [43] in Equation3.9:

S sE T +[d':E
D = [d:T+ " E (3.9)

sE is a 6x6 symmetrical matrix called mechanical matrix of exbility. The superscript
E in sF indicates that either the electrical eld is zero or it is a castant. "T is a 3x3
symmetrical matrix called electrical permittivity of the material. The superscriptT in "T
indicates that either the stress is zero or it is a constantd] is a 3x6 matrix named matrix
of piezoelectric coe cients. The superscript refers to matrix transposition.

In Equation 3.9, the choice of(E; T) as independent variables instead diD; S) is mo-
tivated by the device controlling techniques. Indeed, siecwe are mainly dealing with ac-
tuating function, (E; T) are the stimuli and (D; S) are the outputs. However, in literature,
one justi es the choice according to frequency domain [72}Vhen the device is used near its
anti-resonance frequency, the good independent variablesoice is(D; S). If it is used near
the resonance frequency, the good choice would (@& T).

Equation[3.9 could be written in three other manners as one @l notice it in literature.
This leads to four de nitions of piezoelectric coe cients. However the most important is
that a piezoelectric coe cient links mechanical quantities to electrical ones. In all this report
d refers to the piezoelectric coe cient.

Development of Equatiori 3.D depends on the device pollingisx Conventionally one sets
the polling axis to be z-axis.

Moreover, operating modes are de ned with respect to the dee polling axis, its geom-
etry and boundaries conditions|[59].

General applications deal with bar operating mode (Figurie.2) since it allows important
displacements.

In this case one hasD; = D,=0 D360,E;=E»,=0 E360,T;=T,=0 T360,
S1,$,,5360.

Piezo-bar devices could be of rectangular cross-sectiooowulers, or tubes. However, one
could verify that according to the equations of transition fom cartesian base to cylindrical,
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Figure 3.1: Standard axis nomenclature

Figure 3.2: Piezo-bar devices particularities

the physical tensors do not change. Therefore the theory amedsults for rectangular section
elements are also valid for circular cross-section elemgrnd vice-versa.

Equation[3.9 reduction depends not only on the operating medout also on the physical
matrix structures. The matrix structures depend in their turn on the concerned material's
crystallographic system. We invite readers to look at Annees[A where we recall some
crystallographic systems and their corresponding matrixit could therefore be noticed that
not all kinds of piezo-materials are interesting for bar opating mode. As a matter of
fact, the choice of a particular crystallographic system pzo-material should depend on the
application goal and the operating modes. Examples of intesting crystallographic systems
for bar operating mode include hexagon&@mm, hexagonalé, monoclinic2 and orthorhombic

2mm.
The devices we deal with in our studies and applications, aseWas general industrial
piezo-devi(‘zes, crystallize in hexagonéhgn system for which one has:
st, s, s55 0 0 O
11 12 13
s5, s5, s, 0 0 O
s&; s5; 5, 0 0 O
SE 13 13 33
0O 0 0 s 0 O
0O 0 0 0 sf O

0 0 0,0 0 s
"1—1 0 0
nT - 4 O ||']|-'l O 5
nT

0 0 "z
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0O O O O ds O 3
[d=4 0 0 0 ds 0O 0°
d31 d3; dsz O 0 O
Thanks to the so-evolved elaboration process of piezo-dexj we can consider the above
physical coe cients as constants. Indeed a piezo-bar dewds a stacking up of thin elements
from 100to 300m .
In bar operating mode Equatior’3.D are reduced as follows:

Sl = 5%3:1_3 + d31E3
82 = SESZTg + d31E3
83 = SESZTg + d33E3 (310)
D3 = d33:T3 + II-:I>)—3E3

However, since in actuation applications, the lateral faseare not functional (they are
free of deformation) the two rst lines of equation[3.10 can & omitted. In this case, the
basic reduced equations governing the piezoelectricity the device are:

Ss
D3

553:1_3 + d33:E3
d33:T3 + "%—S:Eg

(3.11)

Thereby, in theory only three coe cients are neededlss, "1; and s§;. From these three
coe cients another one is deducted. It is the electromechacal coupling coe cient denoted
k. It is the main parameter which express the coupling charaet of piezoelectric materials.
It indicates the aptitude of a piezoelectric material to covert reciprocally the elastic energy
to electric energy. Its expression varies from one operagirmode to another.

Let us consider the elementary energy of a piezoelectric reatal subjected toT and E
in Equation [3.12

U =[T]" [S]+[E]" [D] (3.12)
According to Equation[3.11 it comes:
U= T3:(S§3 T3 + d33 E 3) + E3:(d33 T3 + "33 E 3) (313)
Then
U= S:ESZTg T3 + d33:(T3 E 3+ E3 T3) + "33:E3 E 3 (314)
And
U = s5:Ts T3+ d33: (TsiE3) + "33 E3 E 3 (3.15)
Finally
1 1
U= EZSESZ(Tg)Z + d33:T3:E3 + é:"33:(E3)2 (316)
Or
U= Upye +2Uc + Ug (3.17)

whereUye = %:553:(T3)2 denotes the pure mechanical energyg = %:"53:(E3)2 the pure

electrical energy, andJc = %:d33:T3:E3 the electromechanical coupling energy.
The electromechanical coupling coe cient is de ned as theatio of coupling energy and
. . . - U
driving energy: k = Vi
Thus
_ d33

E .nT
S33- 33
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3.3 Piezo-material and piezo-device characterization ap-
proaches

Methods for piezoelectric materials characterization angidely reported in literature |67, 68]
and in academic laboratories so be it easy or not, expensive mot, e cient or simply
approximative. One could also refer to IEEE Standarc [69] opiezoelectric measurements.
Practice aspects and required setup are reported in [70, E8]d exposed in many web sites.
However, depending on the disposal means, one improves tleewaacy of the measurements.

Characterization procedures are generally based on resnoa measurements. Thanks to
piezoelectric material versatility, unique electrical masurements allows to determine both
mechanical and electrical coe cients and vice-versa. In th current report we use electrical
measurements.

Although these procedures are widely accessible for anorgus public, we cannot over-
look the minimum comprehension of their philosophy.

Firstly we should note that electrical coe cients depend onmechanical conditions and
mechanical coe cients depend on electrical conditions. Heever the measurements under a
given condition allow to deduct all the other parameters.

Let us consider a piezoelectric bar in Figure_3.2. We denote the bar's length, its
cross-sectional area and its mass density.

We study the propagation of a longitudinal wave within the ba (see [59]). The study is
yielded for free device i.e. the two bases of the bar are frasglation[3.19). This mechanical
condition is simply realized.

T3(X1;X2;0) = T3(X1;X2;L) =0 (3.19)

Moreover, the lateral dimensions are so smaller than the Igitudinal dimension so that
the physical quantities are independent ok, and X5.

We excite the piezo-device with an harmonic electric voltagi.e. an harmonic electric
eld. This results in the propagation of a traveling longitudinal wave in the bar.

The mechanical equilibrium states:

@us _ @F
@ @x

where uz denotes the displacement of the considered point. Under tlassumption of
small deformations &€ 10 2 [73]), one has:

(3.20)

S3= — 3.21
T (3.21)
A non validity of small deformation assumption would lead tavhat one calls nonlinearities
of deformation (di erent from nonlinearities of constitutive law) |[74]. In this case one would
have:

(3.22)
This assumption is valid since piezoelectric devices arebgect to micro/nano scale dis-

placements. Table[ 3]l drawn from piezoelectric devices mdacturers data sheets could
provide a quick appreciation of commercialized piezo-dees.
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Ref Length (mm) | Maximal displacement (mm) | Corresponding deformation Po]
P-882.10| 9 0.008 09 101
P-882.30| 13.5 0.013 0:96 101!
P-882.50| 18 0.018 10 !
P-885.90| 36 0.038 1.06 101
P-010.80| 107 0.120 112 101

Table 3.1: General deformation of piezo-bars

We can see that small deformation assumption is valid for adif them.
Elsewhere the electrical conservation law states:

@R it

— =0 D3 = Dog:exp 3.23

@x ) Ds3= Do:exp (3.23)
Therefore the electric charges collected at one electrodea

q= Do:: exp"
And the electric current is:
- @q_ il- - jlt
| = @t j''D o:: exp (3.24)

t is the time variable.
Equation[3.11 combined with Equatiori3.20 an@3.23 lead to:

@us _ 1 _@Us
@1 (1 k?)s5; @%

The coecient s, = (1  k?)s§; corresponds to the exibility coe cient at constant
electric induction. It comes:
@us _ 1 @us

@ () @%
1

q
Equation [3.26 is the classical known bar-vibration equatioin mechanics.vg; = -3

S 33

(3.25)

(3.26)

denotes the wave propagation speed.
Solutions of this equation yield:

Us(Xz;t) = (Azexp ! 3%+ Ay exp 3%3): exp" (3.27)
where 3 is the wave number: |
37 5

V3
The constantsA; and A, are determined with respect to boundaries conditions (Eqtian
[3.19). It comes:
VE3:d33:D0

uz(xs;t) = T sin( 3:X3z) tan

I'L il
—— :cos( 3X3) exp" (3.28)
2V33
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Elsewhere:

E,= &V (3.29)

T @y

whereV denotes the electrical potential. It comes:

2 0 13

tan 5 _
V = A 41 kE@— = -AS5;jID o exp" (3.30)
- . 33. ~ D

where V denotes the potential di erence between the two electrodesience, the elec-
trical impedance of the stack is:

2 0 13

IlL

fan =

Vv L 2D
Zg = = - 419 K2:@___“= A5 3.31
E I it @ k3l LL ( )

o D
vz,

Expressior 3.3l reveals resonance and anti-resonancedezgies {° andf 0). The super-
script O refers to the mechanical boundaries conditionrg(0) = Ts(L) = 0). Theoretically the
resonance frequency corresponds #x, = 0 and the anti-resonance frequency corresponds
to Zg; = 1 . However in practice, the impedance only reaches local mmim and maximum
respectively at these frequencies. A quality facto®,, should therefore be attributed to
the piezo-bar device. Another factor relative to electridadissipations is called losses angle

=tan( ). It is determined at low frequencies.

The expression:

oL (1 KL

Ce 3

(3.32)

corresponds to the free-device capacitance 2it? i.e. it can be measured agf 2. However,
in practice it could be dicult to measure the capacitance at2f2. Common equipments
enable capacitance measurements for some hertz to about {@&0) kilo hertz.

Recalling power series development (—5"1;M ' laround 0, it comes that at low frequency
one measures

Ci= 3 - ¢ (3.33)

C? corresponds to the free-device capacitance at low frequgnc
Hence:

tan %
41 k2@ v A5 (3.34)
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According to literature [59,/70, 13], one can deduce:

fo fo
2 _.0r. _r
k 2'f§'COt kT (3.35a)
) cl:L
3= T o ek2): (3.35h)
1
SE, = 3.35¢c
% q(1 k2) (2f 0:L)? ( )
1 (92
= 3.35e
M =20zt (o7 (o) (8:35¢)
A
k3, = T A (3.35f)
_ fo £ (fd 9
A= 1+ o tan — 5 (3.350)
1
= __— 3.35h
t &2f,0:a)2 ( )

whereZ, denotes the impedance at resonance.

In practice, in order to ensure the admitted assumptions, # measurements should be
performed on piezo-bars of which the length is 5 10 times higher than the lateral
dimensions.

3.4 Experiments on samples: practical aspects

One usually nd in literature generic setup for determiningthe frequencies of minimum
and maximum impedance of piezo-bar samples and their copesding magnitude. It is
illustrated in Figure 3.3 drawn from [13].

First, the switch is set to position 1 (piezo line). Then, theoscillator frequency is varied
until the multi-meter indicates a particular value (minimum or maximum). The correspond-
ing frequencies and meter indications are noticed. Next, ¢hswitch is set to position 2. The
calibrated resistor is adjust in order to obtain the previoa noticed meter indication for the
same frequency. This is the impedance magnitude at this freency.

This setup could require a precision from the experimentehat general human does not
have. Moreover this procedure is manual and that being so, Itecomes quickly useless if
one wants to plot the impedance. Automated acquisition andrelysis tools are therefore
required.

It is possible in certain conditions to realize a circuit forautomatic impedance analy-
sis. For this purpose we need a multi-meter, a function gersgor with frequency sweeping
command, a precision shunt resistance, and acquisition darwith associated monitoring
software. Figure[3.4 gives the references of the equipmehat we use for experiments per-
formed on HPSt 1000/35-25/80 a piezo-bar element supplied/ lPiezomechanik |[71]. See
AnnexesB.
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Figure 3.3: Piezo-bar characterization principle [13]

The multi-meter is used for capacitance, resistance and iadtance measuring. The
measurements are performed with the unloaded-devic&;(0) = T3(L) = 0). Measures are
noticed in Table[3.2.

Measurement frequencyf | Capacity C; (F ) | Inductance L; (mH) | Resistance
100 Hz 2.135 1185.200 Unstable value
120 Hz 2.131 824.200 Unstable value
1 kHz 2.100 11.801 Unstable value
10 kHz 2.541 0.108 Unstable value

Table 3.2: Electrical characteristics of the free-piezoedice

One can remark that the values measured depend all on the mutheter signal frequency
as predicted byZg, in Equation [3.31. The table gives us an idea dE? which should be
the global minimum of the free-device capacitance with respt to excitation frequency.
According to the table C2 < 2:100F .

Elsewhere the piezo-device is not purely capacitive. It pents some inductance and
resistance varying with the frequency but also on the time.

Next, setup in Figure[3.4 is realized in order to plot the impagance of the piezo-device
with respect to frequency.

The setup is equivalent to the scheme in Figuie 3.5

By means of the function generator GFG), a 3V sinusoidal signal with slow sweeping
frequency from0:1Hz to 2500(Hz is generating. The measurement of the shunt resistance
voltage allows to analyze the response of the piezo-bar inrmes of current. The shunt
resistance is of high precision and non-inductive. The adgition cards allow to continuously
measure the voltages and Labview [75] software determinemtnuously their magnitudes
and frequencies. In this con guration, it comes:

Ze = (Verc  Vs) Rs (3.36)
Vs

Figure[3.6 depicts the experimental resonance curve obtathfor the HPSt 1000/35-25/80

(a multi-layers device).
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Figure 3.4: Frequencies measurements setup

Figure 3.5: Frequencies measurements circuit

We then get:

fO ' 1218MHz
f2 ' 14235z

By means of a calliper and a digital weighing machine we measu = 5:1 10 “m?,
L =0:072m and M =0:26(kg. So =7:084 1C°kg:m 3.
Then we deduct according to Equation 3.35:

k' 055 (3.37a)
st,' 48694m %N ? (3.37h)

At 2f 2 =28470Hz we measure an impedance 6f68dB and deduct
CY' 1:84F (3.38)

And then
g _  Ceol
33 &1 k?):
dss = kZsE:"1.=0:06mV L (3.39b)

=26 10 4Cm v ! (3.39a)
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Figure 3.6: Electrical impedance evolution of HPSt 100/325/80

We should notice that the above suggested setup for the desicharacterizing shows its
limit when the devices resonances frequencies are high. histcase high sampling frequency
is required from the acquisition cards. Unfortunately thes cards are generally limited around
14kHz. For accurate analysis, in practice, it is recommended to sgle above 10 times the
maximal signal measured frequency [75]. However, for sirapbbservation of resonances,
we remark that Shanon's theorem is satisfying. Accordinglyat these frequency, at best
one can measure signal ofGkHz. Another limitation is observed when the magnitudes
of minimum and maximum impedances greatly di er. In this cas it is necessary that the
analog measuring channelsQH 1 and CH 2) automatically adapt their resistances. However
classical analog acquisition cards have xed channels r&sinces.

Figure [3.7 gives an example of measurements performed on aakndevice P-885.90
(a multi-layers device) supplied by Physik Instrumentel [6Rwith the same setup shown in
Figure[3.4. One can remark that the resonance frequency istmoundly depicted while the
anti-resonance frequency is.

Figure 3.7: Electrical impedance evolution of P-885.90

All those di culties encountered with the manual and the sugyested automatic setups
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(Figures[3.3 and 3.4) are sorted out by embedded electrongugpments. Precision impedance
analyzers are nowadays commercialized. They can automatiy adapt the analog inputs
resistances and their sampling frequency can reach hundseblega Hertz. However, we do
not have at our disposal such an instrument.

3.5 Constitution Vs Engineer parameters

The parameters in Equation’3.10 and"3:35 could be namednstitution parameters They
are required when ordering custom-tailored device from p@eelectric manufacturers. By
contrast, in trading there is another technical language. df example, in data sheets supplied
by piezo-devices distributors, one deals with the devicei siess instead of the constitutive
material exibility coe cient. The parameters used in trad ing could be namedengineer
parameters Constitution parameters and engineer parameters are lisd by the device
dimensions and density.

No matter with the superscripts and subscripts, a exibility s (constitution parameter)
allows to de ne a stinessK (engineer parameter) as follows:

K=— 3.40
s:L ( )
where is the device cross-sectional area andthe device dimension in the same direction

ass.
A dielectricity " (constitution parameter) allows to deduct a capacitanceC (engineer
parameter) as follows:

= - (3.41)

Concerning piezoelectricity coe cientd, it can be assimilated to an electromechanical or
mechanic-electrical capacitance because it links an elecal charge to a mechanical force or
a displacement to an electrical force (voltage).

In bar operating mode, one is especially interested in thergitudinal behaviour of the
piezo-device. However, not all the parameters used in Equat [3.10 and[3.3b step in this
longitudinal movements. s;1, Si13, d3; and by the way ks; all step in Poisson's e ect: lateral
striction orthogonal to the polling axis. However this e et is so smaller that a classical
assembly set takes them into account (Figuie 3.8). Moreovitican constitute cooling channel
for the piezo-device.

Figure 3.8: Assembly set of aboul to 5m for not considering Poisson's e ect

Therefore we only needss, das, "33, Kaa...
As we noticed it in above sections, the electric charactetiss of the piezo-device depend
on its mechanical boundaries conditions. Conversely, theethanical characteristics depend
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on the electrical conditions. For each of them one remarks dnextremal con gurations. We
sum up these con gurations in Tabld_3]3.

Device capacitance Device sti ness
Free-device Opened-electrodes
Maximal capacitance Maximal sti ness
Upper extreme
o
Cs = = KP = o
Blocked-device Short-circuit-electrodes
Minimal capacitance Minimal sti ness
Lower extreme
ws .
CS = i KE = L
Intermediary values Between the two extremeg Between the two extremes
cCi<C<cC/ KE<K<K D

Table 3.3: Piezo-bar extremal con gurations

According to experimental results in Section 314, for the H&t 1000/35-25/80 device we
have:

Kr=16516Nm ! (3.42a)
K

KD = 17’12 (3.42b)

Cl =1:84F (3.42¢)

C3=Ce(l k3 (3.42d)

These should be compared to the data sheets provided by thevae distributor (Table
3.4).

After a comparison of experimental values and data sheetsewould conclude that the
supplier Piezomechanik has speci ed in the data sheets thpened-circuit sti ness and the
blocked-device capacitance. This was not clear initially.

We then decide to perform other experiments on the P-885.9@vce (Physik Instru-
mente). Table[3% compares experimental results to the supy data.

According to Table[3.5 it seems that Physik Instrumente spd&y in their data the shorted
electrodes device sti ness and the free-device capacitapcontrary to Piezomechanik. We
check the information beside a technic representative of ik Instrumente in France.
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Concerned characteristid

Experiments

Data sheets

f0=12180Hz f, =12000Hz
Resonant frequency ! : r

(Free device resonance)
Anti-resonant frequency fa = 1423.5HZ :

(Free device anti-resonance
Mechanics KE=165:16N m 1! K =250Nm !

KP=211Nm ?

C, =1:84F C=1:3F
Electrical CS=1:27F

(At about 3 V) (At 1000 V)
Piezoelectric d=0:06mVv ! 0:.08to 0:105mV 1

Table 3.4: HPSt 1000/35-25/80 (Piezomechanik): ExperiménVs Data sheets

Concerned characteristid

Experiments

Data sheets

f 9 = 35000Hz f, =40000Hz 20%
Resonant frequency r : r

(Free device resonance)
Anti-resonant frequency fa = 46500z

(Free device anti-resonance
Mechanics KE=322228Nm 1 K=25Nm !

KD =62:445Nm 1

C, =3:12F C=3:1F 20%
Electrical CS=1:61F

(At about 3 V) (At 100 V)
Piezoelectric d=021mv ! 0:32mv 1 20%

Table 3.5: P-885.90 (Physik Instrumente): Experiments Vs &ta sheets

The comparison highlights a lack of clearness in the data se provided by piezo-device

suppliers. Is there any standard on parameters that shouldebgiven in data sheets?

Elsewhere, one can remark di erences between the experirt@nk P, C3 and the sup-
pliers data K, C. Why this? Which of the experimental values or the supplierslata are
the most realistic? Analysis of suppliers data, shows thathey always specify a margin
( 10 209 for the blocked-device capacitance. By contrast, they dooh specify a margin
for the opened-circuit device stiness. Would this mean thiathey are con dent in their
speci ed opened-circuit sti ness and less in the measure@pgacitance? So why do we nd
nearly the same capacitance but a di erent sti ness?

Answers could be found in the theory we followed in our approh. According to that,
we set:

5 = Gy

553 = 13%2

This supposed that the anti-resonant point could be assinaited to an opened-electrodes
con guration and the resonant point assimilated to shortecelectrodes con guration. This
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would be exact if the device's impedance were really in nitat anti-resonance and zero at
resonance. However one can remark in Figure 3.6 that the ingsece is in fact nite at anti-
resonance and di erent from zero at resonance. Thereforeettopened-electrodes sti ness
deducted for HPSt 1000/35-25/80 (Tablé=3]4) is in fact at bilower than the actual opened-
circuit sti ness and the shorted electrodes sti ness dedued for P-885.90 (Table[33b) is a
bit higher than the actual device short-circuit sti ness.

Concerning the capacitance, it is technically impossibleotensure good accuracy for its
measurement. This could explain why the supplier specify aargin for the capacitance but
not for the sti ness.

The last observation concerns the piezoelectric coe cient As one can deduct it from
the comparison between the experimental values and the suigps data, the piezoelectric
coe cient varies with respect to the applied voltage (Tabld3.4 and Table 3.5). The suppliers
generally give the value at nominal voltage.

3.6 Trade rule for rapid choice of a piezo-device

It is useful to have a formalized trade-rule that can be usedf quick piezo-device choice
upstream from piezo-using-systems design cycle. In thisage of design, decision are made
despite lack of speci cation|[65, 76]. For that reason one @lol content themselves with basic

model around a nominal operating point. Calculi could be p&srmed in statics.

3.6.1 Static basic model

From now on, we only deal with piezo-bar devices in Figufe 3.25ince then, we can con-
scientiously omit the subscripts and superscripts used inggation [3.11 without no risk of
confusion. So, we shall simply write:

S=sT+dE (3.43a)
D=dT+"E (3.43b)

The lower face k3 = 0) is supposed to clamped and we are interested in the displazent
of the upper face X3 = L). In static one has:

@ @
where u denotes the longitudinal displacement of the upper face. lharmonics the
condition [3.44 implies that the frequency must be too smalléhan the resonant frequency

of the device.
In this condition we have:

(3.44)

Z L yA L Z L
S(Xg)ng =S T(X3)dX3 +d E(Xg)ng (3453)
VAR 2z 0 Z Z
Ddx.dx, = d T(x3= L)dxdx, + " E(x3= L)dx;dx, (3.45b)
X3=L X3=L X3=L

T, E, S and D can only depend orxz. Therefore it comes

D(xa= L) =dT (xg= L)+ "E (xg= L) (3.46)
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g= D(x3 = L) is the electric charges collected on tiﬂg electrodeé,= T(x3 = L) the
force applied on the upper facey(xz = L) V(x3=0)= OL E (x3)dx3z whereV represents
the potential of the face. We could x without lost of generaty V(x3 = L) = V and
V(x3=0)=0.
According to Equation[3.44 the quantity T is constant. Then it comes:
u = SbF+dv
q = dF+ =V
s Is the short-circuit &ti ness K, and T is the free-device capacitanc€e.

(3.47)

By making the ratio dzcﬁ one nds the above de ned electromechanical coupling

coe cient K.
u = gZ+dv
q d:F + C.:V
One could also use the opened electrodes sti néé$ and the blocked-device capacitance
cs.

(3.48)

C. =1k 3.49
Kn =@ K)KQ (3:49)
where:
2.
k? = d éK’“ (3.50a)
e
2.k D
K 2= dC':KSm (3.50D)
1 +62k 2 P 1+ 4k 2
k? = (3.50¢)

2k 2

We denotek a pseudo coupling coe cient obtained directly from supplies data.

A piezo-bar can be used as an actuator or as a sensor. In thet caise the device converts
an electric energy in order to act mechanically on a structerwhereas in sensing case, the
device converts a mechanical energy into electrical energit is also possible to use the
device simultaneously as actuator or sensor. Regardlesg tton gurations, one distinguishes
an electrical port (Ep) and two mechanical ports Mp; and Mp,). The subscripts1 and 2
refer respectively to the two faces of the piezo-bar. Howev@ our case we clamp the lower
face. So it remains only one mechanical poM p.

Any physical port is constituted of two energy variables: a@neralized e ort variable and
a generalized displacement variable. Hence, a notion of sality emerges too.

In actuating mode, one can control the piezo-bar either by \tage or by electric charge.
However, the second option is di cult to realize because ofipzo-devices small capacities.
They hardly bear thousandth of coulombs whereas they easisupport hundreds of volts.
This explains the common adoption of voltage control. Thefere, the voltage (electric e ort)
is imposed at the electrical port of the device; in responst)e device imposes the charge
(electric displacement). Concerning the mechanical portjsually, the structure imposes
the force (mechanical e ort) to the piezo-bar which in its tun imposes to the structure a
displacement. However, the inverse case exists.

In sensing mode there is no longer question of electrical tah but rather electrical
information acquisition. The device senses the force or thiisplacement and accordingly
gives a voltage as output.




50 3. Basis, characterization of piezo-bar devices, trade rul es

3.6.2 Methodology

Assuming that for a given mechatronic system design one Hstperformed a benchmark and
decided to use a piezo-bar device for actuating purpose. Trexjuirements and speci cations
should provide:

1. The nominal displacement in the formuyom = 4 (ug +sin(2 f omt + 1)), where ugc
denotes the desired displacement crete-to-crete ampliteduy refers to mean of the
signal divided by u, f,om denotes the nominal operating frequency

2. The load to displaceF qaq at unem and the blocked-forceFgoeked (U = 0)
3. The desired resonance frequendy

From these speci cations we can directly calculate the need stiness K. It is calcu-
lated forug =1

Km — I:Blocked (3.51)
Ucc

Then we should choose the driving voltag®,om = VT (ug +sin(2 f ,omt+ )) and the
device capacitanceC,. For this purpose we can base on the potential energy stockedo
the capacitor. This energy in ideal case equals the energyesked in the a spring of sti ness

Km:
1 1
é:Km:ufms = E:ce:vrﬁqs =5 (3.52)

where the subscriptrms means root mean square. One has:

U (L2

Urms -

0 2 2
v Vee (1+2u)
rms 2|~' é
So:
CeV2, = (3.53)

The unique Equation[3.58 does not allow to make a decision. Agast a second equation
or choice function is necessary.
Elsewhere due to electrical losses anglen( ), the required power to drive the piezo-
device is:
Power=2 tan( ):fnom:CeVi3s (3.54)

Equation[3.54 may help in the voltage generator choice.
OnceV,ns Is xed, we can determine the nominal piezoelectric constam:

Urms Ucc
d= = = 3.55
Vims Vee ( )

Next, one has to choose the device's dimensionsthe bar length, a the lateral dimension.
For some of the above equations validity and the device stdiby, it is recommended:

L=5to10a (3.56)
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Moreover one has to choose between circular or rectangulaezn-bar or tubular piezo-
bar. The architecture choice is rather open-minded.
Lastly one has to determine the constitutive parameters

_ Cellb

(3.57h)

is the device cross-section function @t

3.7 Conclusion

Through this chapter, we saw that anyone could easily charrize a piezo-bar device; the
measurements principle is almost common. However di ereréquipments are utilizable.
Elsewhere, two experimental cases (HPSt 1000/35-25/80 ami885.90) were compared to
information given by the devices distributors in their datasheets. This allows us to emphasize
on the device parameters variability with respect to the bondaries mechanical and electrical
conditions.

The exposed theory were based on simplifying assumptionsiaeth should be checked in
the next chapters.
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Chapter 4

Modeling of piezo-bar actuators
dynamics

4.1 Reésumé du chapitre en Francais

Dans ce chapitre ne traitons essentiellement que de I'ughition des piézoelectriques en régime
dynamique.

L'approche de Butterworth-Van Dyke admise par le standardBEE [43] et illustrée par
la Figure[4.1, vise a modéliser le comportement électriquéud actionneur piézoélectrique.
C. représente la capacité électrique de I'actionneur &,-R,-L, la partie mécanique. Cette
approche est valide autour d'une résonance mais ne prend mascompte d'autres modes en
ajoutant des branches mécaniques supplémentaire.

Cependant, d'une facon plus générale, un actionneur piétarique comporte non seule-
ment un port électrique (comme dans le cas de Butterworth-VaDyke) mais aussi deux
ports mécaniques.

C'est dans cette logique que le modele de Mason est présemntéir( Figure [4.2). |l est
construit a partir de I'étude de la propagation d'une onde prgressive le long d'un barreau.
Pour ce faire, on considere les équations4.1.

83 = S@ID§3:T3 + d33:E3
Sg = &4
D = C((IM'T +"1E
3 3313+ "33tB3 4.1
@3 = 0) Ds= Doexp"
éus - @3
@t @x

Ces derniéres permettent d'établir I'équation de propagatn [4.8, ouA; et A, sont des
constantes qui dépendent des conditions aux limites.

u(xs;t) = (Apzexp ! #*3+ Aycexpg #*2):exp" (4.2)

Dans un premier temps nous supposons que l'actionneur esté» une table. Dans ce
cas un seul port mécanique est a considérer. Ce qui nous pdroiebtenir I'équation Z.3|.

— 1 k2 fan( sL)  Fi .
uL - 1 kztan( L3L)' aL Km + dV
3
— 1 k2 tan ( 3L).d.F + C V (43)
q 1 kztan( L3L) 3L UL e-
3
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On obtient alors le modele de Mason de la Figufe 4.5.

Le premier inconvénient de ce développement mathématiquest qu'il ne prédit les dif-
férentes résonances a des intervalles réguliers comme lentm@ola Figure [4.6, ce qui est
en contradiction avec les observations e ectuées sur le HPB)00/35-25/80 en Figure[4.l7.
Précisons que les expériences et simulations ont été ré@adis sur |'actionneur non-contraint.
Le montage expérimental est celui décrit dans la section B.4a génération du signal est
faite directement par le générateur de fonction a une fréquee d'échantillonnage de 2 MHz.
L'acquisition quant a elle est faite a une fréquence d'échidlonnage de 120 kHz.

Le second inconvénient vient du fait que ce modele aura toujs besoin de connaitre a
l'avance la fréquence d'excitation, ce qui n'est pas pratigg pour une modele de contréle de
commande.

Ces constats nous ont poussés a utiliser I'approche des "ganétres concentrés". Cette
derniére a été utilisée par [39, 40, 41].

Le schéma analogique correspondant est donné par la Figlrt&¥ Ce dernier est alors
traduit en bond graph, puis sera completé par les éléments artissants.

Ainsi, ce premier modele permet de n‘avoir que le premier medle vibration. A n d'avoir
les modes suivants, nous adoptons la méthode de "distribati des parametres" a l'instar de
[41,77]. Cette méthode est semblable aux méthodes d'ana&ysmar éléments nis. Cependant,
plutét que d'avoir une distribution réguliere de la masse al distribution dans notre cas est
calculée en accord avec les observations expérimentalen. eket, une distribution réguliere
de la masse entrainerait une apparition de résonances a natealles réguliers, ce que nous
avions déja remis en cause.

L'application au piézoélectrique nous a permis d'obtenirvpir Figure [4.19) une réponse
fréquentielle "collant" au mieux aux expériences.

Ensuite, nous avons proposé une prise en compte des systedeprécharge dynamique
(Figures[4.20[4.211 ef'4.22). Nous avons ensuite étudié kience de la précharge du piézo
sur la dynamique de la structure. Nous faisons varier la prigarge a l'aide de clinquants.
La Figure [4.2% montre la variation de l'impédance du piézoetionneur en fonction de la
précharge. Nous pouvons remarquer qu'elle n'in uence pas fréquence de résonance mais
plutét l'intensité de celle-ci. En fait, plus la précharge agmente, plus la résonance est aigue.
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In this chapter we shall deal essentially with modeling andse of piezo-bar devices in
dynamics. In a rst step, we shall begin by the con guration n which the device is xed to
a support. Thereby the device will be considered as a two pertleviceEp and Mp as in
Section[3.6.1l. Next we shall treat the general case in whiche device has three port&p,
Mp, and Mp,.

4.2 Piezo-device dynamics phenomenological models: an
overview

In literature one nds various approaches for piezo-devicgdynamics analysis. Some of them
are interested either in electric behaviour or in mechanitdehaviour while others deal with
electromechanical response.

Butterworth-Van Dyke approach in Figure[4.1 aims to depict he electric behaviour of
any piezo-device.

Figure 4.1: Butterworth-Van Dyke model

CS represents the blocked-device capacitance. The stockedergy in this capacitance
is not converted into mechanical energy but rather stockedhto an electrostatic form. The
branch C,-R,-L, represents the mechanical part. This approach as well as nyaathers
suppose the piezo-device parameters to be independent @ginency. As mentioned in [78]
in reference tol[43], this model is valid near the resonanaeduency and only if the device's
vibration modes are isolated from each other. However in thmase of several close vibration
modes, one could connect in parallel additional branch&,,-Ry,-L [79].

In the case that one needs to depict the piezo-device electrechanical character, it is
mandatory to consider mechanical terminal (s).

Any electromechanical equivalent model is based on Masoajgproach. It consists in ap-
plying traditional electromechanical analogies with the @zoelectric equations and Newton's
laws of motion [80]. Any other analogical models are improweents of Mason's approach
[40,/81], as developed in the Section bellow.

4.3 Mason modeling principle

Mason's approach consists in transforming the constitutesequations and the device bound-
aries limits in order to obtain a six-pole device shown in Fige[4.2 [59].
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Figure 4.2: Mason modeling principle

In this gure, u denotes the velocity of the concerned face ariddenotes the electric
current. We recall that in harmonics one has:

u = jlu
| = jlq

In the case of clamped device we have:

ug = O
ua = U
F/_\ = F|_

whereu, denotes the displacement of the upper face.
Therefore the Mason model is simpli ed as shown in Figufe 4.3

Figure 4.3: Mason modeling when one face is xed

The matrix relations of Figure[4.3 is:

FL=2Zyu + Zyl (4.4a)
V = Zu| u + Z|| (44b)

4.4 Basic dynamics equations
Basic laws for narrow description of piezo-bar devices isetone in Equation’4.b.

S3
D3

SESZTg + d33:E3

d33:T3 + "-§3:E3 (45)
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As noticed in the previous Chapter, the choice dfE; T) as independent variable instead
of (D; S) is motivated by the type of the device control. Indeed, sincere are mainly dealing
with actuating function, (E;T) are the stimuli and (D; S) are the response.

It is su cient in static or quasi-static functioning. However, in dynamics, it should be
completed with Newton motion laws as follows:

S3 = 553:1-3 + da3iEs
- Qu

3 = OgiTa+ "g5iEs
@_% = O ) D3 - Do:exﬁ!t (4.6)
& =0 ) QB — d33 . @F
@x @x "l @x

@us - @3

@t @x

T3 is no longer constant along the bar.
Afterwards in this chapter we conscientiously omit the supscripts as well as the sub-
scripts. Further indications will be provided only when it B necessary to avoid any confusion.

4.5 Continuous mass approach

4.5.1 Assumption of continuous mass distribution

The multi-layers piezoelectric device is considered as aeobulk element with continuous
and homogeneous mass distribution (Figufe4.4).

Figure 4.4: Mason modeling when one face is xed

4.5.2 Wave propagation

Because of the electromechanical coupling character, a dmnation of wave propagation in
elastic solids|[82, &3, 84] with dielectricity and piezoedtricity laws is necessary to determine
mathematical dynamic model of the piezo-bar device [85].
From Equation [4.6 one get$ 417 describing the propagation lifiear longitudinal wave
[86] in the piezo-solid.
@u _ 1 @u

@ s5(1 k) @%

(4.7)

Let us denote:
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Sincesi; (1 k?) = s, the expressionﬁ corresponds to the wave propagation
33
speed at constant induction (55).

> 1
Vg = o)
Solution of Equation[4.T takes the form:
u(xs;t) = (Azexp | 3+ Ayiexp 3%):exp™ (4.8)

where! denotes the angular frequency of the wave and; the wave number:
!

3 \D
V33

Constants A; and A, depend on electromechanical boundaries conditions. To raim
general as inl[59] one could set:

TO;t)=To (4.9a)
T(Lit)y=T, (4.9b)

However, we assume that the bar is clamped at its lower faceo #e can set:

uO;t)=0 (4.10a)
T(Lit)=T, (4.10b)
In this last case, it comes:
A,= A1) u(xzt)= A; exp! 3% expg 3% :exp" (4.11)
Conventionally one hasl[87]:
@u
S = —
@x
@V
E = —
@x
whereV denotes the electrical potential. One gets:
@u @V
—=sT d— 4.12a
@x @x ( )
@V
D=dT "— 4.12b
@x ( )
Then: 1 Qu d
u
T(x;t) = —:D
HO% s @ ex

k2= &£ P = (1 k®s corresponds to the material exibility at constant electric

"s

induction.
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So: .
exp' . d
T(x;t) = s(liﬁkZ) 2] 3:Ajicos( 3:x3) Do (4.13)
)
1 d s(1  k?)
= — D, =/ 17 4.14
Az 2 scos(sl) "% expt ot (4.14)
SinceDg:exp't = D.
sin ( 3X3) 2 d
)= ———— ; —: 4.15
Uxai) = — TS S KT+ 5D (4.15)
Therefore the displacement(L;t) = u,(t) of the upper face yields:
_ sin(sl) 2y. d
UL(t) = 3COS( 3L) S(l k )T|_ + - :D
This leads to:
2\-
u(t) = tan( L3L) s_K)L ST+ d:,,l_' ::D (4.16)
3 .

where denotes the device's cross-sectional area.

One can recognize:

Km = g the short-circuit device sti ness andC, = T the unloaded device capacity as
de ned in Section[3

g= D is the electric charges collected at the electrode atd = T, the force applied
on the upper face.

Then: . L 1K
u ()= 20 (3L3 ) F - ) 4 dzcﬂe 4.17)

Elsewhere, if we consider that the electric potential of théower face is our reference
(V(0;t) =0), one can verify that:

tan( sL) 1 q >tan( sL)
vit)s ———dFf, ——+-— 1 k"——= 4.18
® oL CTN 1 K)Ce aL (4-18)
whereV is the electric potential of the upper face.
Finally:
_ 1 K tan(sk) F
u = T 2 le_). oL K. d:v
3
_ 1 K tan( sL). .
q = 1 e fL) L dF GV
3
We should notice that in Chapter[3, we setE = + %’ instead of E = %’. This

explain the negative sign orV in Equation [4.19. This is only convention matter. However
in order to avoid sign handling we shall adopt the rst expresion. This does not weaken
our developments.

— 1 k? Jfan( sl) F .
uL - 1 kztan( 3L) * aL Km + dV

st (4.19)

_ 1 k2 tan( 3L).q. .
q - 1 kztan( 3L0) 3L dl:L + CeV
3L
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4.5.3 Application to Mason's model
From Equation [4.19 we get:

FL = o (3L3L):1Kmk2:uL %:q (4.20a)
V = %ZUL + ﬁ:q (4.20Db)

We then deduct:
FL = an (3L3L):1Kmk2:ju!i %JI— (4.21a)
V= %ﬁi + le)cej:— (4.21b)

Therefore

26 = fan (3L3L) i (1K : k?) (4.222)
Z, = ﬁ (4.22b)
Ly = Jl(ld% (4.22¢)

One recognizes in these equatior®S = (1  k?)C, and KD = 1'“;2 de ned in Chapter
[3 respectively as the blocked-device capacitance and theeopd electrode sti ness. Mason
approach leads to the analogical model in Figuie 4.5.

Figure 4.5: Analogical interpretation associated to Masoapproach

Through a virtual transformer element, this analogical inerpretation reveals the con-
verting function of a piezo-device. It converts an electrad input into mechanical output
and vice-versa. In addition the analogical interpretationis distinguishable from ordinary
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electrical circuit. As a matter of fact, one can remark the gpearance of a negative capacity
in the scheme. This g;\n present computation troubles [88].

Since 3= V'—D =1 sD, one canremark that the mechanical portimpedanc2 involves
both the sti ness and the inertia (through ).

According to this model, the device frequency response witkspect to an input voltage
is depicted in Figure[4.6. The simulation has been performagsing HPSt 1000/35-25/80
piezo-device characteristics (Chaptdr 3).

Figure 4.6: Frequency responses to an input voltage

The rst limit of the continuous mass approach is that it predcts regular intervals reso-
nances as we showed in Figufe 4.6. This contrasts with obsgiens on the HPSt 1000/35-
25/80 in Figure[4.7.

The experiments were performed with the unloaded devic& (0) = T(L) = 0), with the
same setup presented in Sectidn 8.4. The excitation was ditly provided by the function
generator with 2 MHz sampling rate. The measurements werenf@med at 120 kHz sampling
rate.

As one can remark, the experimental result and the theoreat developments do not
match after the rst resonant point. This could be due to the @sumption of bulk and

Figure 4.7: Electric impedance: Model vs Experiments
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homogenous element which could be not valid.

Elsewhere, one can notice a second drawback of the approastsaon as one care about
it is question of practice; it is always necessary to know indaance the frequency's value.
Therefore, in addition to the two physical ports, this apprach involves a third input: the
frequency value. This constitutes a lack of autonomous of éhmodel.

Lumped-mass approach allows to remedy this drawback [39,]41n literature, this ap-
proach is also calledvlason Lumped Circuit [40]. The approach consists in supposing at
the beginning that only the rst resonant frequency is needg This leads to one analogical
element (stack) with respect to Mason principle. Then upon grameters distribution on
two stacks we obtain the second resonant frequency and by thay the rst anti-resonant
frequency. Following the same methodology one can repro@uthe third, the fourth... dy-
namics modes. The obtained models could therefore be calledonance modeldecause
they are more realistic around the resonant frequencies.

4.6 Lumped-mass approach

Many lumped-parameter system models exist that have prowd satisfaction. For example
the reader could refer tol[33, 34, 35] where lumped-parameteapproaches were applied to
uids systems.

Thereafter, these approaches have been extended to piezdraylic systems|[36, 37, 42].
One could also refer to other works [38, 39,140, 41].

More generally, lumped-parameters modeling consists inwdoping electrical and me-
chanical components that are analogous to the concerned t&ms under certain conditions.

Lumped parameters approaches consist of assumptions angagximations which min-
imize computation e orts while achieving good accuracy a®hg as the assumptions made
are satis ed. This makes it possible to simulate the respoasf the system and quantify the
importance and tradeo s between several design parametge2].

4.6.1 Device clamped at its low face

We consider a device clamped at one face, and we assume thdyane rst vibration mode
is required. In this case, the lumped mass approach is illuated in Figure[4.10.

Accordingly, the piezo-bar is split into two parts. The rst one is massless and conserves
piezoelectric properties. On the other hand the second paig inertial (mass m) but does
not present any piezoelectric property. Therefore Equatio4.6 can be simpli ed as follows:

S sT+ dE
B = dT+"E
Fsm = mm 8x2 Part2 (4.23b)

8 x 2 Partl (4.23a)

Hence, the physical variable$, D, T and E can be considered as constant iRart1 and
upon integration onx one gets:

u. = % + d:Vv
q = dF+C.V
F = FL mue (4.24b)

(4.24a)
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Figure 4.8: Lumped mass principle: case of clamped device

Or simply:
u = w + dVv
m

d:(F. mme )+ CoV

O
I

Let us note:
12 = K_m
e -

I ¢ is the natural frequency of the model.

o = ! 2U|_
Then Equation[4.25 yields:
1 F
u. = — “L g
1 ? m

1
1

| 2
dF.+ 1 (1 kz);—2 CeV
*S

o
I

2

(21N

(4.25a)
(4.25b)

(4.26)

(4.27a)

(4.27b)

The massm is called e ective or e cacy mass. It is determined by assunmg that the

4.6.2 General case: 3-ports model

More generally, the piezo-bar actuator operates between dwstructures (Figure[4.9). One
distinguishes an electric port Ep) and two mechanical ports Mp; and Mp,). Their variables
are respectively ¥, g), (Fy, uy) and (F,, up).

Figure 410 depicts the lumped mass approach in this case.
Equation [4.23 becomes:

U, U FlKi’r:”l + d:Vv
q d:(F; mey)+ ColV
Fi R m(ely + Uy)

natural frequency of the model equals the rst natural freqancy of the clamped piezo-device.

(4.28)
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Figure 4.9: General con guration of a piezo-actuator

Figure 4.10: Lumped mass principle: general case

An analogical interpretation of this case could correspontd Figure [4.11.

In literature, authors are used to model the electromecharal energy conversion in a
piezo-device by a virtual transformer/[77, 41, 89, 59]. Hower, piezoelectric devices are
versatile, they can be used as sensor, actuator, voltage isfiormer, vibrations dampers, etc.
However, it is di cult to establish one model ensuring all those functions. Ini[41], the authors
dealt with transformers whereas in/[89], the authors dealtith damping function.They all
chose to model these functions by a virtual transformer.

In our approach we adopt a virtual gyrator in order to highlidit the actuating function
of the device. Thereafter, instead ofi, , | (velocity and current), we shall useu, and g
(displacement and charge).

Moreover we should notice that the inductances in Figuife 4llicorrespond to mechanical
masses. In common models in literature, these elements da appear because either the
authors work in static or they consider the mass as an elemeektern to the piezo-device.
Here, we integrate the device inner moving mass in the modeédause we deal with the
device dynamics independently of the external structure. Ais approach was introduced by
Van Dyke (Figure[4.1) and recommended by the IEEE Standard £71987 on Piezoelectricity
[43].

The massm is determined by assuming that the natural frequency of the adel equals
the rst natural frequency of the unloaded piezo-deviceH; = F, = 0). One can verify that
the natural frequency of the model in Figuré 4.11 equal%n“T.
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Figure 4.11: Proposal analogical model of a piezo-bar actaa

In addition, we showed in ChaptefB:
s
2K

1 KOM

2Km
M

Accordingly:
Km = 2Km

oA (4.29)
2

Then, we adopt energy exchange formalism, namely bond grappproach. Bond graph
modeling allows to dissect an energetic system and therebgtter understand its elementary
functions. Bond graph modeling can be used both for linear dmonlinear phenomena.
Constructed in 20-Sim 4.C program, Figure& 4.12 shows the assated bond graph to system

in Figure [4.11.

Figure 4.12: Proposal bond graph model of piezo-bar actuatdadeal case

Equations describing the elements of the proposal bond gfapre di erent from ordinary
bond graph equations. As a matter of fact, instead of geneiztd velocity we use generalized
displacements because displacement variables make the mloohore robust for stabilizing
runs [5]. Table[4.1 lists the di erences between our propdsapproach and ordinary bond
graph. 20-Sim allows users to customize the bonds equations

As discussed in/[90] and well mentioned in the previous ch&pton piezo-device charac-
terization, a mechanical quality factorQy is associated to the piezo-device as well as a factor
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Concerned Di erences

Ordinary (Classical)

Proposal model

bond graph particularities
. . E ort: p.e E ort: p.e
Physical variables Flow: p.f Displacement: p.f
E ort Source Se p-e= _effgrt p-€= effort o
flow = p:f displacement= p:f
Flux Source Sf p:f = flgw' p:f = dl_splécement
effort .= p:e effort = pe
a— P a— pif
Element C P-e= = P-e= "% :
s remark here no integral
pf = &2 p:f = —P=2
Element | | remark Here double integral
pe=r pf pe=r &L
remark here one derivation
Element R or or R
p:f = Be p:f = 2
remark here one integral
i ple=n p2f plle=n p2f
Element GY-n p2.e=n plLf p2.e=n plLf
i plle= n p2e plie=n p2e
Element TF-n p2f = n plLf p2f = n plLf

One-Junction

direct(p:e =0
equal(collect(p.f))
X = rst(p.f)

direct(p:e =0
equal(collect(p.f))
Bx = rst(p.f)

Zero-Junction

direct(p:f)=0
equal(collect(p.e))
eort = rst(p.e)

direct(p:f) =0
equal(collect(p.e))
eort = rst(p.e)

Table 4.1: Particularities of the proposal bond graph

relative to electric losses angle = tan( ) (generally determined at relative low frequencies).
Therefore resistors Re, Ry,) should be associated to each capacitor in Figure 4112.
For ceramics capacitors, hardly exceeds0:03 at 50Hz. One can set:

P
R = M
" Q2 1o ¢ (4.30)
Re = 27 < &
In Chapter [3, we saw that:
!
Oy = 1 (f9)*
"T 2 (f)zCl (19?7 (19)?
whereZ, denotes the device impedance at resonance.
However in literature, it is also common to de neQy, as:
!
Qu=—"= (4.31)
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wheref, and f, are frequencies for which:
P3
JZe( =] Ze(t 2) j= 7] Zei(Mr) ] (4.32)

The model with damping elements corresponds to Figufe 4113.

Figure 4.13: Damped model

The proposal model reveals an algebraic loop due R, non preferred causality. An
algebraic loop in a model is a loop consisting of elements khaut memory like functions.
To calculate the variables in this loop, the variable valuethemselves are needed. A good
explanation is given in 20-Sim web-help [91]. 20-sim is alie solve many algebraic loops
at equation level like the one we have in our model. Though, ¢hoccurrence of unbreakable
loops can not always be prevented. The occurrence of algabriaops may lead to an increase
of simulation time, or even stop simulation when iterationdils. This time consuming can
particularly be remarkable in Matlab-Simulink when is trarslated the model into block-
diagram.

20-Sim suggests in_[91], some solutions to this problem:

1. Algebraic Loops occur when the order of calculations iskatrary. When an algebraic
loop occurs in an equation model or in a set of equation modey®u may change the
order of calculation by rewriting the equations. The calcaition order in bond graph
models can be changed by introducing hand-de ned causality

2. Introduce parasitic energy storage elements (e.g. a stnalass, a small capacitor etc.)
to break an algebraic loop. These elements introduce howeviarge poles in the state
equations, which might increase the simulation time consdably.

3. Delete elements in the algebraic loop which are not relewaor the model's simulation
output (e.g. small dampers, very sti springs etc.). Care sbuld however be taken,
since correct deletions are not always possible and requaensiderable modeling skill
and intuition.

4. Combine dual elements. Sometimes elements of the sameetygan be combined by
adding the parameter values (e.g. combining a mass m1 and asean2 to a mass ml
+ m2). This will in most cases decrease the amount of algebcaioops.
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Figure 4.14: Current @) frequency response with respect to voltage

However in our case there is no serious problem in this algalr loop. Comparison
between experiments and the proposal lumped-mass modelttwR. = 5:5 , Q = 50) is
depicted in Figure[4.14.

As predicted above, only the rst dynamics mode can be appronated if the lumped-
mass approach is applied to one stack. The observed di erenat low frequencies could be
explained by incertitude in data acquisition.

In order to improve the approach and cover the second dynarsienode, we should add
a second stack and distribute the parameters.

4.6.3 Distributed parameters approach

Piezo-bar devices have many close and non-regular resorefrequencies. However one-stack
(one-layer) lumped mass approach allows to depict only thast resonance (Figuré 4.14).

Moreover, continuous mass approach presented in the frameMason's model, does not
depict so well the dynamics of all piezo-bar device contratp what one could expect.

Researchers [41, 77] therefore adopt an approach that we rethDistributed parameters
approach It rises from piezo-devices elaboration. Indeed, by comsttion a piezo-device is
made of several stacks mechanically in series but electtlgan parallel. So the piezo-bar is
subdivided into n distributed elements as shown in the Figure_4.15.

Figure 4.15: Multi-layers piezoelectric device

Following their methodologies, the authors systematicalldistributed the e ective mass in
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equal proportion on then layers. However, in this way, the models would predict resances
at regular intervals contrary to experimental observatios.

We assume elementg; 2; 3; ::;; n from the bottom to the top to be of the massm;. They
are mechanically in series and electrically in parallel. Ea element represents a module and
the methodology used above applies again to each module wilte following particularities:
considering two neighbors modules(lower) andi +1 (upper) we have:

Parameters One stack modeling Multi-lay_ers approach
Stack Ni

Sti ness K Ki = nK
Capacitance C C = %
Piezoelectricity | d d=¢

: Re Rie = Re
Damplng Rm Rim = P]ZRm
Mass m m;?
Voltage \Y Vi=pgh 1=V
Current I = 1, =

Table 4.2: Distributed parameters approach

The mass distribution shall be determined later.

4.6.3.1 Case of two resonances modeling

Without lost of generality, we deal with the casen = 2. The multi-layers piezoelectric device
is now considered as made of two stacks (Figure 4.16).

Figure 4.16: Mason modeling when one face is xed

By applying the lumped mass approach, in terms of bond graphenobtain Figure[4.1V

CGlue represents the glue used to assemble the two stacks. Since skacks are supposed
to be tted to each others, the glue is considered as an in nély rigid spring: Kgjue ' 1
In practice, we setK gue = 20GN:m !

In signal formalism the model corresponds to Figufe 4]18.

The determination of the mass of each module depends on resonce analysis. Let us set
m; the mass of stack 1 (lower stack) anth, that of the stack 2 (upper stack). We assume
lvhw=2f, and!,, =2f , respectively the rst and second resonant frequencies z.
One can verify that the resonant frequencies are solution$ Bquation [4.33.

Ky 12(mi+my) 12mmy+2K,(mg+my) =0 (4.33)
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Figure 4.17: 2-stacks modeling approach

Figure 4.18: 2-stacks modeling approach

We already know: ]

2Km
rl M

Therefore:

| O

my = %, (4.34a)
m; = %, (4.34b)

f.1 andf,, can be experimentally determined. In our case, from the HP3000/35-25/80
characterization we have:

12180Hz
32000Hz

frl

fr2
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Comparison between experiments and 2-stacks approach ipdéed in Figure[4.19. The
result is satisfying. Our approach allows to remedy to therhitations of continuous mass
approach.

Figure 4.19: Current @) frequency response with respect to voltage

However, we observe errors in the magnitude prediction. Thicould be due to our
assumption considering the interfaces between the layeras simple and linear sti ness.
Actually, these interfaces are not simple glues and the mafacturers do not provide more
information about that. One could dwell on this aspect in futire work.

One could follow the same methodology with three (3) or mord¢asks. However the high
is the number of stacks modeling, the di culty will be the determination of the corresponding
massean(i). Moreover, as in FEA models, the increasing of the elementsmber does not
guarantee the convergence of the solution or more accuratsult. One therefore has to nd
the best tradeo .

4.7 Piezo-device's dynamic enhancement

Industrial piezo-devices are made of brittle ceramics. Thetolerate extension lesser than
compression. It is therefore recommended to pre-loa® ) the device by means of elastic
discs (or sometimes springs) of sti nesk, and a system of vis-screw before using it so that
the device is initially compressed. Moreover, an additiohanass (M,) can be used.

Correct value of pre-load grants a longer lifetime for piezactuator. Experimental studies
had been performed both by materials scientists [92] and p@device manufacturers [62, 71].
The authors of [92] reported that literature showed di ereh values for the optimum pre-
load ranging from20%to 50% of the maximum force that the device can generate. However
manufacturers usually recommends values arourid% of the maximum force |[62] 71].

The pre-loading elements integration in the model depends ¢he physical con guration.
For example let us consider the assembly in Figute 4120 reald for experiments.

Table [4.3 provides the parts list of the setup in Figuré_4.20.

Accordingly, the lower face of the piezo-device is clamped the item 3. This corresponds
to a ux source combined with an in nite sti ness K assemby - 1IN practice we setk assembly =
20GN:m *. The item 2 is the main pre-loading element of sti nes& ,. The elements 1 and
4 should be regarded as additional madd ,.

Its equivalent in bond graph is given in Figuré_4.21.




72

4. Modeling of piezo-bar actuators dynamics

Figure 4.20: Test bed

Parts Names Role Quantities
nl Contact piece Receives an eventual workpiece 1
n2 Compressive piece  Pre-loads the piezo-device 1
n3 Fixation piece To be clamped on a table 1
n4 Wedge Allows an assembly-set 1
n5 Piezo-bar actuator 1
no6 Linear ball bearing Lows friction movements 1
nv Screws For tightening 6
n8g Screws For tightening 6

Table 4.3: Parts list of the mechanism in Figur€4.20

Figure 4.21: Equivalent bond graph of the setup
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One can notice the introduction of a parasitic an energy stage elementKP arasitic
(the small capacitor i.e. a high sti ness) in accordance wht [91]. It aims to break algebraic
loop appearance due to the additional mass. The pre-load ualP is introduced inMpl.

We have: K, = 7:6N: m 1P ' 300N, M, = 0:48(Kg. We take KParasitic =
10GN:m 1.

In block-diagram modeling approach one would obtain Figuié.22.

Figure 4.22: Equivalent block-diagrams of the setup

Both models in Figure§4.21 an@4.22 allow to analyze the dyméc of the whole system.
For this purpose, one could depict the step response of thesssm. In order to obtain good
results, one should be careful about numerical method. Indrire[4.Z8 we present simulation

using Backward Euler Integration method|[93, 94].

Figure 4.23: One-stack model simulation with Backward Eute

According to the simulation, the whole system natural fregency is about2642Hz. For
5V, the steady value of the displacement i8:4 m . They predict an overshoot of the current

to be about 1A.
Figure [6.19 is realized for measurements. FFT analysis ofelexperimental data shows

that the system frequency resonance is abo@50Mz. This is quite similar to simulation
prediction.
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Figure 4.24: Instrumentation for experimental measuremésn

4.7.1 Inuence of prestress on the structure dynamics

In this Section, we study the in uence of pre-load value on th structure dynamics. The

physical system is the same as in Figufe_4]20. The pre-loadcisanged by varying to the

assembly set between item2 and iteml. The electrical setup equivalent to Figure[3.5.

Therefrom, we depict in Figurd_4.25 the variation of the piezxdevice impedance with respect
to pre-load value. Accordingly, the pre-load value has notrg impact on the resonance
occurrence. Its unique in uence concerns the resonance @@y which increases when the
pre-load increases.

Figure 4.25: Analysis of pre-load in uence

4.8 Conclusion

This chapter mostly based on piezo-materials constitutivéaws given by IEEE Standard
[43]. We highlighted that developments basing only on thessguations do not well depict
the device dynamics contrary to what one could expect. Impving approaches were then
suggested and tested. Elsewhere we saw that it is also neaegdo choose the best simu-
lation method. However we did not dwell on nonlinear e ectsUsing the nonlinear domain
could allow the generation of important strains and force€9f] while being responsible of
nonproportional losses, saturation, excessive heatingydithereby damage the device [V4].
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Chapter 5

Modeling nonlinearities in piezo-devices

5.1 Reésumé du chapitre en Francais

Dans les chapitres précédents, nous nous sommes limités &gxations linéaires données
par le standard IEEE [43]. Ce qui nous a permis d'établir desadeles valables autour d'un
point de fonctionnement.

Dans le présent chapitre, nous prenons en compte les noréhmités au nombre de trois
selon|[95]: les non-linéarités dans le gain, le phénoménewdge (d a un alignement graduel
des dipdles), et I'hystérésis.

Ces non-linéarités sont analysées et expliquées en détail fes spécialistes de matériaux.
Mais ces descriptions sont le plus souvent di ciles a utilisr.

Dans la sectiori5.2]1, nous nous intéressons a la caractéyige tension-déplacement. En
régime statique, le courant électrique ne présente que pelintérét. Pour une meilleure
analyse, les autres parties du systeme sont sollicitées dadeurs domaines linéaires. Les
parametres de I'élément piézoélectrique sont ceux détermés au chapitre[B. la Figuré 5]2
donne le pro | d'excitation. Le montage expérimental est dai décrit en Figure[6.19. Nous
nous intéressons ici au front montant de la tension.

Les résultats expérimentaux révelent de faibles non-linégi@s expliquables par une vari-
ation du coe cient piézoélectrique d. Pour cela on pourrait utiliser le développement de
Taylor d'ordres supérieursi[97, 74]. Mais l'introduction d I'Equation [5.11 dans les logiciels
de simulation utilisés fait apparaitre des perturbations mmériques.

Nous nous sommes orientés donc vers d'autres lois d'évabuti En particulier, nous
proposons l'utilisation d'une loi de comportement sigmom. C'est un classique dans la
modélisation de certains phénoménes naturels. Pour celagus appliquons I'équation de
Verhulst-Pearl a 'actionneur piézoélectrique.

Analytiquement, il su rait de connaitre le déplacement maxmal, la pente a l'origine et
le point d'in exion pour déterminer les paramétres requisMais on ne dispose pas toujours
de mesures balayant entierement la plage de tension.

Nous procédons alors par optimisation numérique. Ce qui n@wlonne les paramétres
dans la Table[5.1.

Le modele est validé par les Figurds 5.4 ef'5.5. Toutefois ta@ns spécialistes trouvent
cette approche trop rigide. Le lecteur intéressé peut corgr[98] a cet e et.

Richards [99] introduit alors un parametreb de relaxation de forme. Mais son approche
peut rapidement devenir instable a cause de la fonction psance.
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Colin P.D. Birch dans [100] suggeére alors une alternative ¢lation [5.22). Par contre,
cette derniére équation n'est plus analytiquement intégkde. Il faut passer par des méthodes
numeériques parfois colteuses et nécessitant de lourds sahg, ce dont ne disposent pas les
logiciels de simulation classiques.

Nous retenons par la suite le premier modéle (Equatidn 5116)I reste applicable en
dynamique moyennant une détermination de, , et . Pour ce faire, nous relevons les
réponses indicielles du systéme pour di érentes valeurs tigchelon del0 20%de la plage
de tension applicable.

Ensuite dans la sectioif 5]3, nous traitons de I'hystérésisn phénomeéne fréquent dans de
nombreux domaines. La réponse du systeme n'est plus détemée par l'unique entrée, mais
aussi par I'évolution histoirique de cette derniere.

On distingue I'hystérésis statique liée & un phénoméne de méire, et I'hystérésis dy-
namique qui est plutét due a un déphasage entre l'entrée et $artie.

Nous optons pour le modele de Preisach pour la modélisatioe thystérésis statique
[101,/102| 103, 104].

Il consiste en I'Equation[5.2B ot*(; ;V (t)) est 'opérateur élémentaire de Preisach et

(; ) la fonction de distribution. et décrivent le triangle de Preisach (Figur&518).

Par symmétrie dans la boucle principale, on peut poser:

)= 03 )
Ainsi on a:
)= )Q)
Nous adoptons ensuite la fonction de distribution de Lorent
ae bx
(x)= (1 + ce bx)2
(1+ ce ™)
Sur le front montant, on a:
Zyy Z
u(vV) = ur(V) = (; )GV (t)d d (5.1)
Vs Vs
Et sur le front descendant, on a:
zZ, Z
u(v) = up (V) = ¢ )GV (t)d d (5.2)
V(1) V(1)
Par intégration sur le front montant:
ur(V) = ug+ 8> D(c2 1) V) 1

PP(c2 1)%(ct+ e )(ctedVs)

(5.3)
v Vs . (c+e?)(1+ce PVs)
+ c+ eV c+ e Log (o) (or e %)
Et sur le front descendant:
up(V) = Us* 5 1)2(1+§ebV)(c+ebVS): 1t et (5.4)

(c+ eV )(2+cePVs)

V Vs -
+ 1+céY c+ e Log (o) (o 7)
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Ensuite grace a une programmation adéquate, nous reproduis les boucles principale
et mineures (Figure 5.D).

Contrairement a I'nystérésis statique, I'hystérésis dymaique est liée a la fréquence d'excita-
tion.

A n de tenir compte de la dépendance fréquencielle, un mo@étlynamique de Preisach
a été introduit [105,/106, 107, 108]. 2~ dépend de la vitesse d'excitation. Mais il est
pratiguement di cile de trouver les bons paramétres de Preach.

Nous optons alors pour une analogie entre les matériaux vagtastiques et les piézoélec-
triques [96]. Les modeles les plus usuels sont ceux de MakweelKelvin Voigt (Figure
5.13).

A l'instar de plusieurs auteurs, nous appliquerons le priifge de Voigt au gyrateur, grace
a I'équivalenceK () é 0 é Mais notre approche se distingue quelque peu des leurs qui
consistent essentiellement a un agencement des diversassamités.

En e et, nous avions déja abordé la non-linéarité du gain danla Sectiorn 5.2.

En ce qui concerne la viscoélasticité, on pose:

\V/ p

u= —
L= R

(5.5)

Pour la détermination deR, et de p nous nous basons sur l'aire de la boucle d'hystéresis.
De nombreuses études montrent que les pertes d'énergie salns importantes aux fréquences
moyennes. Elles le sont moins en basses fréquences et absemthautes fréquences.

Une série d'expériences de 1 a 400 Hz nous a permis de caldele€énergies dissipées en
fonction de la frequence pour ensuite détermind®, et p. Nous trouvonsR, = 10300 and
p=1:043

a n d'améliorer le modéle, nous avons ensuite construit un eaéle hybride composé d'un
étage Preisach suivi d'un étage de Voigt.

Cette combinaison Preisach-Voigt nous a permis de mieux méier le phénoméne d'hystéré-
sis. Toutefois certaines imperfections persistent encaa basses fréquences. Par contre, elles
ne sont plus signi catives a partir d'une certaine fréquere
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In the previous chapters, we assumed the linearity of pieZeetric materials according
to [43]. This allows to establish simpli ed but e cient models in restricted functioning
domain. However, for years, scientists and specialists comnities have well mentioned
that piezoelectric materials and devices could present tmgnonlinearities because of their
anisotropy and depending on their micro constitution.

One distinguishes three non-linear e ects in a piezo-dee¢96]: the rst one is the non-
linear gain which is physically explained by the voltage/foce dependency of the material
parameters. This e ect could be responsible of saturationh@nomena.

The second e ect is the creep (non linear or not) which is thergdual expansion of
the material subject to a step input voltage. This is physicly explained by the gradual
alignment of the dipoles of the material. However, convergee is achieved over a much lager
period of time than the time constant of any practical contrb system [96]. Therefore we
shall not dwell on this aspect in our works.

The third non-linear e ect concerns the hysteresis more cqnex than simple losses phe-
nomena.

As mentioned in [96], all these non-linearities in piezoelgic materials are well analyzed
but mostly in the framework of the fundamental physics of crstals and thermodynamics
and these descriptions are extremely di cult to handle. Moeover the phenomena dier
from static to dynamic.

Contrary to Chapter [3 where we used resonance methods to cheterize the piezo-
devices, we shall use direct methods in order to investigatiee device behaviour in regards
to nonlinearities.

5.2 Gain nonlinearities

5.2.1 Static case

We integrate the piezo-bar into a system. Then we apply a knawvoltage and record the
corresponding output. In fact, in statics, the electrical arrent or charge does not present
any interest. Therefore, the unique output is the displaceant u.

The equivalent system is depicted in Figuré 5.1. A driving ftage V is applied to the
actuator. In response it produces a displacementto which the loading system resistsK).

Figure 5.1: Static experimental setup

In order to not hedge the modeling task, the loading system mstibe well known. It
is the same system as shown in Figufe 4]20. In static, it is @galent to a linear spring of
stiness K oaq = 7:6N m 1. Therefore, a starting approach could consist of linear egtions
[109,/70]. In this case we have:
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F
u= —+ dvV 5.6
< (5.6)

whereK,, = 165:165N m ! is the device's short circuited electrode sti ness and =
0:066m:V ! denote respectively the piezo-actuator short-circuitedtiness and its piezo-
electric constant. These parameters were those experimaity determined for the HPSt
1000/35-25/80 in previous chapters.

AssumingF the resistive force, we haveF = K aq:U.
(V)= _toadil gy (5.7)
Km
Then:
d:Knm
uV)= —M— 5.8
( ) Km + KLoad ( )

The applied voltage pro le is depicted in Figurd 5.2

Figure 5.2: Static excitation pro le

The experimental setup is the same as in Figuife 6119. We calesi the displacement
measured with the Keyence optic device(see Annexes). Détatoncerning these equipments
are given in Annexes C.

In order to study the nonlinearity of gain, we shall focus onhte rising part of the voltage.
Let us plot the relation V  u (Figure [5.3).

Small nonlinearities are observed. The experiments matchittv the model prediction
only for low voltages € 150v). As mentioned by many studies|[110, 97], the observed
nonlinearities express the dependency of the piezo-devparameters on the applied voltage:

d 6 Constant

In order to take into account these nonlinearities, an appeaxh could consist of combina-
tion of Taylor developments and thermodynamic laws [97, [7Z4Following this approach the
constitutive laws given by [43] are modi ed:
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Figure 5.3: Linear model compared to experiments

S= s+ ?T T+ d+ §:E+ T E (5.93)
D= d+ E +§:T T+ "+§:E E (5.9b)

where and are called elastostriction coe cients and and electrostriction coe -
cients. Since in static we do not care about the electric clent.

S= s+ E:T T+ d+ §:E+ T E (5.10)

In static we haveu= S:L, F = T: ,V = E:L. Therefore it comes

s:L 'L
u= —+ -——F [F+ d+ —V+—-F V
2 2 2L
One recognizeX , = .
Let us note
_ L
= >3
T2

Then we have:
1
u= —+ F F+(d+ V+ F)V
Km
Upon considering the whole system, sinde = K gaq:U it cOmMes:
1

u= Ko ‘Kioag:U Kigag:u+(d+ :V ‘K Load:U) :V (5.11)
m
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Therefore there are three coe cients to be determined: and . The classical
method for this task is curve tting with respect to experimeital data. The objective
function to be minimized is:

P h i2
u; + ﬁ ‘Kiload:Ui K ioad:Uij (d+ Vi :KLoad:ui):Vi

Ns

(5.12)
whereu;; V; are the measurement dataNs denotes the samples number.

Since we have few parameters to estimate (3 parameters, inist too high), simple meth-
ods could be used. Especially grid discretization method wh consists in subdividing the
continuous search area into discreet areas and then transfong the optimization problem
into an easiest combinatorial problem. However, as shown ja11], this method provides
satisfying solution only for the discreet points. In orderd remedy this weakness, the number
of grid has to be augmented and this leads to time consuming.

Nelder-Mead method can also be used [112]. Obviously, it istnthe best methods in
many mathematicians and computers scientists point of vieyd13,/114]. However Nelder-
Mead simplex algorithm is extensively used in many elds foits rapid convergencel [115].
Moreover, this method is utilized by many software like Matematica [116]. Rightly, we use
Mathematica optimization function NMinimize which is based on Nelder-Mead algorithm.

The minimum research has been yield without any constraintrothe coe cients to be
determined, no matter with the time this operation consumesWe useNs = 3042 points for
the operation.

The global minimum found by NMinimize is hyi, = 0:2689m ? for: = 00017

= 0:0006 and = 0:0021 The computing operation has been performed several
times in order to be con dent in the values. For these valueghe displacement is no longer
real but rather a complex number.

By analyzing the experimental curve and others in literatug and piezo-device suppliers
data sheets, one can remark that they tend towards an exporei form at low driving
voltage. Then it becomes nearly linear after a threshold anthen after another threshold it
saturates.

This behaviour is similar to some vegetal species growth [J0 Some vegetation rate of
growth increases as size increases from low values, reaehesmximum at a point of in exion
and then decreases towards zero at an upper asymptote, softtiiaey look like the central
part of a rotated S [117]. However, we do not nd in literature references applying this to
piezoelectric devices.

The quantity %L; is similar to the growth rate, the displacementu similar to the size and
the voltage V similar to the time. Therefore one could set for any piezo-balevice:

du

— = : A

Y, g(u):u (5.13)
where g(u) equals the relative growth rate which reduces asincreases.

Classically, logistic and improved logistic (Verhulst-Parl, Gompertz-Richards, Colin)
functions are used to handle this kind of problems [98].
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5.2.1.1 Adaptation of Verhulst-Pearl equation

Verhulst-Pearl equation is a immediate improvement of basigrowth equation. Applied to
the piezo-device it would lead to Equation 5.14.

du _

v

where denotes the relative growth rate at very low displacement ah the maximum
reachable displacement.

However, because piezo-device could present o set values,introduce a third parameter
as follows:

w1 Y (5.14)

du u+
— = (u+ 1 5.15
G = ) (5.15)
The task then consists of the estimation of the parameters, and
Analytically, this seems easy. As a mater of fact, accordirtg Equation 515, would

be the maximum reachable displacement. would be the curve slope at very low voltage.
Elsewhere, the curve would present an in exion point for a dplacement equal to= 2
and at this point the slope would equal: = 4.
In this way the problem would be so simple and would consist ireading from experi-
mental gures the above listed geometrical points. Howevehis is not so easy in practice.
An alternative solution therefore consists of curve ttingproblem formulation. For this
purpose, we integrate Equatioi’5.15 in order to obtain andigal function that will be used
for curve tting process. For an unloaded device we have:

ulv) = (5.16)

l+exp V)

where is the value ofV for which the in exion point is theoretically reached. We
therefore have to estimate four parameters with respect toxperimental data. That is,

we have to minimize an objective functiorh(; ; ; ) under large constraints. We judge
that the constraints are large because the unique sure corght on these parameters is the
positiveness ( ; ; >  0).

In the case of loaded device we should take into account thede. It comes:

KLoad:u(V) +
Km 1+exp )

u(v) =
Then:

Km
Km+ Kiag 1+exp V)

u(Vv) = (5.17)

Assuming (V;; u;) the experimental data, the objective function to minimize ields:

P ‘. 2
i i m+ oal vio)
hG;;; )= — AL "NS“eXp ’ (5.18)

The minimum research is performed with the8042points used above. The global mini-
mum found by NMinimize is hy, = 0:1081m 2 for:
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193943m | 704908V | 341m | 0:0022v/ !

Table 5.1: Parameter estimated

The computing operation has been performed several times.
Experiments are compared to the adapted Verhulst-Pearl metlin Figure[5.4.

Figure 5.4. Experiments Vs adapted Verhulst-Pearl model

In order to check the robustness of the model, other experims are performed and
compared to the models prediction in Figuré_5l5:

Figure 5.5: Experiments (Black) Vs adapted Verhulst-Peanmodel (Red)

Although this approach is satisfying, some limitations of ®rhulst-Pearl growth equation
are well-known [98]. It is known to be extremely rigid in thatway the curve upper shape is
dependent on the lower shape. It obliges the in exion pointd be atumax =2. This problem
of rigidity has been treated by several scientists as reped in [98].

5.2.1.2 Other approaches

In order to make growth equation more exible, Richards [999uggested a modi ed equation
consisting in:
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du ub
— = 1 — A
Y u (5.19)

wherebis called the shape constant. A sigmoid form is obtained forb > 0. Under this
condition, an integral of Equation[5.19 is:

u(V)=  l+exp® oV P (5.20)
We could then adapt Equation[5.20 to our need as follows

u(Vv) = (5.21)
(L+exp vV ))

Hence instead of four (4) parameters, we have now to estimate ones (5): ; ; ;; >
0.

Although Richards equation remedies to Verhulst-Pearl fustion limitation, some math-
ematicians and informatics scientists are critical aboutt.i They argue that this approach
generates numerical troubles [100]. Especially in our casdere we have3042 points we
have got these problems.

Colin P.D. Birch in [100] suggested and successfully valiga an improved growth equa-
tion as follows:

du _ u( u)
dv u+ :u
where is also a shape parameter.

Contrary to the above approach, Colin proposal equation camot be integrated in order
to nd an analytical expression ofu. Therefore, the optimization process should concern
g—\t} instead ofu. Since the optimization involves nite di erences to apprximate function
derivative values, robust parameters estimation requires high number of samples. However
experimental setup does not always allow it. Moreover, themipossibility to deduct an
analytical expression ou could be a drawback. Especially in our situation, the piezdevice
will be integrated into another more global and complex systn. For the whole system
design, we shall then have to introduce the piezo-device edion into other software like for
example Matlab-Simulink which are not as powerful as Matheatica or Sigmaplot.

(5.22)

5.2.2 Dynamic case

The sigmoidal structure suggested above for static case (#&ion [5.16), can also be used in
dynamics. However the parameters, , and could vary. For this purpose, similarly to
the authors in [96], a set of steps is applied to the system gented above and the normalized
responses are depicted in Table"5.2. The inconvenient of shapproach is that it requires
measures recovering the solicitation intervald 1000/ in our case). However, because of the
brittleness of piezoelectric devices, one can not a ord afying high step values. Therefore
we limit the steps application to10 20% of the interval.

Using optimization methodswe nd , , and . The values are compared to the static
case in Tabld5.B.

Table[5.4 compares experimental results to the linear modg@h Chapter ) and sigmoidal
model (Section 5.Z11).




86

5. Modeling nonlinearities in piezo-devices

Table 5.2: Step responses normalized by input values

Modes
Static | 193943m | 704908V | 341m 0:0022v 1
Dynamic | 235363m | 778386V | 36:207m | 0:0022/ 1

Table 5.3: Sigmoid modet(V) =

1+exp V)

: Dynamic vs Static

Step value| Experimental d | Linear modeld | Sigmoidal modeld
5V 0:037m:v 1 0:.066m:v 1! 0:020m:v 1
21V 0:052m:v 1 0:.066m:v 1 0:054m:v 1
30V 0:058m:vV ! | 0:.066m:vV 1 0:058m:v 1
40V 0:.062m:v ' | 0.066m:v 1 0:061m:v 1
50V 0:064m:vV ' | 0.066m:V 1 0:.062m:v 1
66V 0:064m:vV ' | 0:.066m:v 1 0:064m:v 1
88V 0:070m:v 1 0:066m:v 1 0:066m:v 1!
106V 0:073m:v 1 0:.066m:v 1! 0:067m:v 1

Table 5.4: Experimental gains compared to models predictio
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5.3 Hysteresis in piezoelectric devices

Hysteresis is common for various branches of science andhtemogy. It is associated with
many physical phenomena such as ferromagnetism, ferroéletty, plasticity and supercon-
duction [118]. Hysteresis is a very complex phenomenon ansl inodeling is still a challenge
for scientists.

There is not a de nite de nition of the term hysteresisand only few works point out its
physical origin in the case of piezo-materials [119]. Hovesvone could agree that hystere-
sis appears when the output is not uniquely determined by thmput, but depends on the
evolution or history of the input [118]. Some scientists digguish in materials two kinds of
hysteretic behaviour: static hysteresis and dynamic hystesis [120, 121]. Static hysteresis is
explained by the ability of the material to memorize informéon about its previous solicita-
tion. Therefore, the larger is its memory, the wider will be e hysteresis loop. On the other
hand, the dynamic hysteresis is mostly due to the incapaltii of the material to respond in
phase with the solicitation.

However we experimentally observed a systematic combinai of the two hysteresis parts
in a piezoelectric device.

5.3.1 Static hysteresis

The same setup used for static nonlinear gain characterizam is used again for static hys-
teresis study. The applied voltage pro le is the same depietl in Figure[5.2.
The static hysteresis loop is depicted in Figure 5.6.

Figure 5.6: Static hysteresis in HPSt 1000/35-25/80

For such a hysteresis handling, Preisach modeling approasthe most common. Preisach
model had been established by the physicist Preisach in 198®1]. This approach is well
exposed by many authors [102, 103, 104].

In continuous domain, Preisach formula is set as follows:

Z Z

u(v(t) = (; )MV (t)dd (5.23)

where V (t) denotes the system input (here the voltage)u(t) its output (the displace-
ment), ~(; ;V (1)) the elementary hysteresis operator (see Figure 5.7)(; ) the distri-
bution function (Preisach function); it can be regarded as anaterial constant.
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Figure 5.7: Elementary hysteresis function

The elementary hysteresis operator can be set as follows:

8
<1 ifVv(@)
~Gavom)= 0 1 V() (5.24)
' if <V (1)<
where = 1lifthe last time V was outside of the boundaries  V(t) , itwas in the
region ofV (t) ;and =1 if the last time V was outside of the boundaries  V(t) ,

it was in the region ofV (t)
Due to saturation phenomena, there existé\ so that A and A. So and

describe a domain called Preisach triangle with vertices A; A), ( A;A) and (A;A)
(Figure [5.8).

Figure 5.8: Preisach Triangle

Assuming the symmetry of the concentric hysteresis loopsn® sets:

;)= 05 )
where >
Therefore one suggests to express the Preisach distributias follows:
)= )Q) (5.25)

In literature, one can meet di erent analytical expressioa of Preisach distribution. Es-
pecially, the most common are Lorentz law, Gaussian law and [aw [122].
Using Lorentz formulation [123], one sets:
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ae bx
X)) = 5.26
09 (1 + ce b¥)? (5.26)
Along the increasing branch, it comes:
Zyy Z
u(VvV) = ur(V) = (; ;v (t)d d (5.27)
Vs Vs

where (us; Vs) refers to the starting point from which the voltage starts toincrease.
Since along this branchv (t) , according to Equation[5.Z4(; ;V (1)) =1. There-
fore

ur(V) = (; )d d (5.28)
Vs Vs
Therefore the increasing rate yields:
2ehV Vv g
du = > (5.29)
dV r  b(c+ eV) (1 + ceV)(c+ ed¥%)
On the other hand, along a decreasing branch one has:
zZ, Z
u(V) = up(V) = G )GV (t)d d (5.30)
V() V()
where (us; Vs) refers to the starting point from which the voltage starts todecrease.
Since along this branchV (t) , according to Equation[5.Z8,7(; ;V (t)) = 1
Therefore
Z, Z
ur(V) = (; )d d (5.31)
V() V()
Therefore the decreasing rate yields:
RV @V %
du_ (5.32)

dV ,  b(c+ V) (1+ ceV)?(c+ &%)

So, the classical Preisach approach would consist in detening the three coe cients a,
b and c. Di erent methods of Preisach model identi cation are repated in literature. One
of them consists in calculating the coe cients only from theincreasing branch of the major
loop [104]. However, due to some experimental conditionspart of this branch, especially
the beginning one, can not be measured. Therefore, in our appch we used the second half
of the increasing branch and the rst half of the decreasingranch.

Upon integrating expressiori’5.29 it comes:

2 +Ve
ur(V) = us+ e 1)2(C+aebv)(c+ews): (2 1) VY g 33
(c+ ebV)(1+ce bvs) ( ' )

\ \
+ c+éV c+ e Log (o) (cr e %)

and on the decreasing branch:
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UD(V) = Ugt (2 1)2(1+?jebV)(c+ebVS): (C2 1) v V% (5 34)
+ 1+céV c+ €™ :log Ei:izv)%:ig

Using curve tting program in Mathematica we obtain:

a = 0:022
0:0045
2:14910 °©

By means of good codes algorithms, this approach allows topiet both major and
minor hysteresis loops. In our case, we used 20-Sim and Mat8imulink codes. The model
is simulated with 20-Sim and depicted in Figur@ 519.

Figure 5.9: Static Preisach Model prediction

Comparison between experiments and the model is given in big 5. 10.

Figure 5.10: Experiments Vs Classical Preisach Approach M)
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The results are satisfying. However, one could improve itntleed, an alternative could
consist of discrete Preisach approach (Equatidn_5]35):

X
u(v (1) = iC i )M V() (5.35)

Therefore Preisach approach consists of many relay conrattin parallel (Figure[5.11).

Figure 5.11: Discrete Classical Preisach Approach

Several computational program such as 20-Sim [6], Lab-Anreg[5] and Matlab-Simulink
[124] integrate modules based on this approach.

Such an approach requires the determination of triplets ( i; i; i) i.e. 3:N parameters.
One of its disadvantage is that it requires a huge amount of pameters and thereby a huge
amount of data.

5.3.2 Dynamic hysteresis

Contrary to static hysteresis, dynamic hysteresis is due tthe incapability of the material
response to be in phase with the input and it is highly dependeon the driving voltage
frequency as shown in Figure 5.12.

Figure 5.12: Dynamic hysteresis loops: sinusoidal input
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5.3.2.1 Dynamic Preisach Approach

In dynamics, the Classical Preisach Approach fails to depithe hysteresis loops because they
are rate-dependent. For example, many experiments as in kig [5.12, show that the hys-
teresis loops tilt when the driving voltage frequency varge Hence, dynamic Preisach models
were proposed to deal with such problems [105, 106, 107,/108he authors introduced a
dependence of -function on input variation rate ‘fj—\t’ [108].

zZ Z

u(v (1) = o S aGv (5.36)
where the time variablet is independent of the corresponding and . ‘fj—\t’ is a function

of the input variation rate which describes the relationsii between the input variation rate
and the hysteresis loop. Its choice is based on experimentidta. Details are given by the
authors of the approach in/[108].

The function is chosen so that a power series development can Is=d and leads to:

Z Z Z Z qv
u(Vv(t)) = o(; M5V (t)dd + ot 1(; )GV (1)dd
(5.37)
Then:
Z Z 4V
u(Vv (1)) = u(t) + o GorGav o ()dd (5.38)

where the term((t) stands for the Classical Preisach Model.

The authors in [108] proposed a numerical implementation rtteod and a process for the
dynamic parameters identi cation.

Although this approach could be satisfying in certain situions, it is dicult to nd a
set of parameters that can match experimental data [96].

5.3.2.2 Analogy with viscoelastic materials

It had been observed and unanimously accepted that piezoetiéc materials behaviour and
viscoelastic/viscoplastic materials behaviour are sinal [96]. There are many viscoelastic
models [110, 97, 125, 95, 126].

The most common are Maxwell and Kelvin-Voigt's models (Fige [5.13). Nevertheless,
the last one is more appropriate to solids, as piezo-bar degs, than Maxwell's model that it
is appropriate to liquids. Maxwell unit is used to model crgee ect in solids. The analogical
model of the Kelvin-Voigt's viscoelastic solid is made witla spring (nonlinear or not) in
parallel to a damper (nonlinear or not).

T.J.YEH and al. [127,/128] suggested to model hysteresis byding step by step nonlinear
Maxwell Voigt units to the electrical and mechanical ports atil obtaining approximatively
the real behavior of the device. This approach provides godxetween models and experi-
ments. However, its drawback is the number of units which mufe associated and thereby
the number of corresponding parameters in order to cover vedange of frequencies.

H. Richter and al. [96] applied Maxwell-Voigt principle to he piezoelectric coe cient
thanks to the equivalenceK ( & () 2. The method consists of a series arrangement of
n Voigt units and a non-linear dashpot (the damper of Maxwell @id).
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Figure 5.13: Maxwell and Voigt hysteresis units

5.3.2.3 Proposal approach

The spring of Voigt unit corresponds to the device gain (theygator in Figure 4.13). And the
damper element stands for the piezoelectric losses di eteinom mechanical and electrical
losses respectively denoteR,, and R.. We consider a nonlinear behaviour.

In previous sections, we experimentally showed that the @eelectric coe cient d varies

with the applied voltage. By analogy with natural growth law (Verhulst-Pearl), we estab-
lished Equation[5.39.

‘ex v )
d(V) = P ; (5.39)
L+exp vV )
where , and are a sigmoid parameters to determine with respect to experents

performed in static. For the HPSt 1000/35-25/80 piezo-dege, we found = 193:943m ,
=704:908V and =0:0022/ 1.
Concerning the piezoelectric losses, Voigt approach catsiin setting:
P
u= Sign(V): V] (5.40)
Rp

whereR, and p are coe cients to be determined with respect to experiments
Consequently, the gyrator di erential equation is:

— exp V)
d(V) (1+ exp (v ))2 (5.41)
U+ gh = Sign(v): &

Taking into account the experimental setup in Figuré 6.19, §uation [5.41 becomes:

_ Km ‘exp v )
W7 e @y 5.42)
U= ; .V |
u+ F& Sign(V): Ro

In this equation, only R, and p are unknown. For their estimation, we suggest to base
on the hysteresis loop areaXnys:) known to be proportional to the energy dissipations.

Series of experiments are performed on the HPSt 1000/35-88/with an input voltage
asV(t) = V(1 + Sin(2 ft =2)), whereVy = 125 Volts and f varies from1Hz to 40(Hz.
For each frequency the hysteresis loop area is computed angpdtted in Figure[5.14.
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Figure 5.14: HPSt 1000/35-25/80: Hysteresis loop area

The modeling task therefore consists in ndingp and R, that provide the best approx-
imation. Sincep 6 1, analytical solving is no longer possible. An e cient algoithm for
numerical solving is therefore required.

For this purpose, we proceed in two steps.

Step 1: Setp =1 and estimate a mean value oR,

Setdy: mean value ofdg,, (in our cased, = 0:66:10 ®m:vV !
Initialize A =0

Ape; Na the table containing experiments frequenciesAge[Nn; 1]) and their correspond-
ing hysteresis loop area in International Units Ane[n; 2])

2. . 2
For k:l;k<n/_\+1;k++;A:A+ V01+8-d2m-Rp-Ahe[k.1] Ahe[k,Z]

42 :(Ane[k;1])* 2:RZ

Find R,m minimizing A. In our case we used Mathematica function NMinimize [116]
and found R, = 118946

Step 2: Determinep and R,

Set a table ofng, elements symmetrical abouRpn,
Set a table ofn, elements symmetrical aboutl

For each couple ofRp; p), and each frequency, solve numerically the di erential equ

p
tion uft] + % = \;—[:] . In our case we used the function NDSolve of Mathematica

Evaluate the area of corresponding hysteresis

Find the couple (Rp; p) which minimizes the di erence between experimental loops'
areas and theoretical ones. In our case, we gep = 10300 and p=1:043

Figure 515 depicts the energy losses predicted by the detened model.

However, at relative low frequencies, both the linear and pposal nonlinear Voigt-based
models fail to predict the piezoelectric dissipations. Byamtrast, the experiments show
(Figure 5.14) that at 1Hz there is a non-negligible hysteresis loop. This is a systetita
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Figure 5.15: Proposal modelR, = 10300 , p=1:043

Figure 5.16: Piezo: HPSt 1000/35-25/80, hysteresis loopnabst invariable under 25Hz

hysteresis at low frequencies. Moreover, we noticed (Figb.16) that this systematic hys-
teresis loop is almost invariable until a threshold frequary (about 25Hz in the case of HPSt
1000/35-25/80).

Since static hysteresis was well model by Preisach approacke therefore suggest to
combine it with Voigt approach in order to obtain a more e cient model.

5.3.3 Proposal mixed Preisach-Voigt approach

Se suggest an hybrid model. It consists of an addition of Psgich model (to account for
invariable hysteresis loop) and Voigt model (to account fodynamic hysteresis loop).
Then, we obtain in Figure[5.1¥ the nal proposal model.
In terms of bond graph formalism, the main change occurs in ¢hgyrator as follows:
parameters real global a, b, ¢,vVsO,, , , , Ry, p;
variables real dp,dgy,, oldin, oldout, speed, sp, sp2ys, us, uint, Vint;
equations
p2.e=(1=dp plLf;
dgyr = ( exp (( pred

oldin = dly(pl:e;0:0); oldout = dly(uint; 0:0); speed= pl:e oldin;
if time == 0 then

Vs=VOus=0;sp=0;sp2=0

end;

if speed >= 0 then

if sp==1 then

1+exp( ( pre))?’
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Figure 5.17: Complete model of a piezo-bar actuator

V s= oldin; us = oldout;, sp=0;
end,;

it — a® . plie+ Vs)
Uint = US+ oo rey(or ) (¢ 1) & 1

(C+ ebpl:e)(1+ ce bvs)

(1r corre)(cre s)

+ c+ ePe ¢+ €V :Log

Vint = uint=dgyr;

else

sp=1;

if sp2==0 then

V s= oldin; us = oldout; sp2 = 1;

end;

uint = us + b?(c? 1)2(1+c?:>bP116)(c+esz): (C2 1) e e
¢ 1ecdme ord¥ iog (TICE)

Vint = uint=dgyr;

end;

dd(p2f ) + o2l = Vi %,

dgyr Rp Rp

The model is compared to experiments in Table3.5.

The combination of Preisach approach and viscoelasticitypproach (Voigt) shows good
tting with experiments. However, some imperfections aretsl noticed as one can remark in
Table 5.5. These imperfections could be due to many factorstaccuracies in our modeling
approach, non-robustness of the models' parameters esttia process, inaccuracies in the
signal acquisition procedure.

However, despite the approximations and simpli cations m@e during the modeling pro-
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Table 5.5: Proposal nonlinear model compared to experiment
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cess, we adopted a rigorous physics-based approach. The emfigctions are more likely due
to non-robustness of the models' parameters estimation press. Indeed, the optimization
algorithm that we suggested and programmed for determininipe parameters, are all based
on least squares methods. However these methods are higldpsstive to estimation errors.
Robust estimation methods are needed for better parametedgtermination.

Moreover, the model is expected to be extendible to high fregncies as shown in Figure
5.18. Simulations in Figurd_5.118 are not supposed to demorae the validity of the model
at high frequencies. They only allow predicting the piezoettric actuator's behavior at high
frequencies. The results are acceptable since they are aené with general observations.
Experiments are not performed beyond00 Hz because of the limits of mechanical pre-
loading elements in Figuré 4.20.

Figure 5.18: Model predictions at relative high frequencse

5.4 Conclusion

Piezoelectric device nonlinearities were analyzed and nedsito account for these aspects were
proposed. To account for nonlinear gain, a sigmoidal modeVérhulst approach) had been
proposed with good agreement between the model and expenmse However we showed
that the corresponding parameters change according opergg modes: static or dynamic.
Then Preisach approaches were tested in order to model hy&sis in systems built with
piezo-devices. We highlighted their limits in the case of @zoelectric materials. Then we
combined them to Kelvin Voigt approach. For the establishethodel's parameters estimation,
we based on the energy lost within one cycle of solicitatio® clear and e cient algorithm
was suggested for. We were rigorous in our methods but we keptmind the necessity for
the proposal models to be easy to integrate in simulation téo
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Chapter 6

Complex systems control

6.1 Reésumé du chapitre en Francais

Comme le montre le tableau 6]1, les livrables de ce travailrdoun ensemble de modéles
paramétriques. Dans ce chapitre, nous montrerons commergscmodeéles sont intégrables
dans une structure et ce qu'on peut en tirer.

Dans la section_ 6.3, nous montrons l'utilisation qui pourra étre faite de la sortie de
courant. En e et, il est parfois di cile de placer dans un mortage des capteurs de déplace-
ment ou d'e ort & cause de lI'encombrement.

Nous considérons un actionneur piézoélectrique dont on plise des modéles. Cependant
il est intégré dans une structure dont les autres parties sbdi ciles a modéliser. Nous mon-
trons dans cette section que lorsque le piézoélectrique petchargé, en excitant l'actionneur
avec une tension sinusoidale a une fréquence arbitraire HRT du signal du courant ( Figure
[6.4) donne la fréquence du signal et la fréquence propre distgyme.

Par ailleurs, en fabrication par enlevement de matiere, la esure et le contréle de la
force de résistance a la coupe permet d'améliorer les opéas. Les vibrations injectées par
I'actionneur piézoélectrique doivent étre réglées en fdion de cette résistance. Mais pour
les mémes raisons évoquées ci-haut, il nous est impossitilaglémenter un capteur d'e ort.
Ce que nous proposons c'est d'alors utiliser I'actionneuopr a la fois générer des vibrations
mais aussi mesurer I'e ort au méme instant.

Mais avant nous présentons les techniques usuelles utilisdes éléments piézoélectriques
pour la mesure de I'e ort. Elles consistent en général a mesu les variables indépendantes
u et g pour en déduireF. C'est le principe utilisé par le fabricant de tables Kistle En plus
ils choisissent un élément in niment rigide. Ce qui permetlars de négligeru' 0.

Dans notre casu n'est pas négligeable car il s'agit d'un actionneur. Mais pw les raisons
évoquées plus haut sa mesure est problématique.

Ce que nous proposons est l'utilisation des variables déplamtesV et | (courant élec-
trique). Pour déterminer g nous intégronsl . Pour éviter les problemes de condition initiale
nous ne prenons que la composante variable de

Les parties critiques du modele d'estimation de I'e ort sonsurlignées dans la Figure
[7.4. Les limitations de cet estimateur sont qu'une petite eeur dans la mesure du courant
entraine une divergence de l'estimée.

En outre, comme nous l'avions noté précédemment, la problétique en usinage vibra-
toire concerne la génération des vibrations avec les bonmasactéristiques (phase, fréquence,
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amplitude). Dans la sectiori6.5]1 nous proposons la commanphr inversion de modeéle, con-
trairement aux méthodes de contrdle par feedback [129, 1381, 132, 133, 134, 135, 136].
Les avantages d'une telle approche sont énumérés dans [13his contrairement aux au-
teurs de [137] qui ont utilisé le GIC (Graphe d'Information @usal), nous restons cohérents
a notre démarche en utilisant les bond graph (Figuie6.115).aLmesure du courant en temps
réel est nécessaire. Le probléme posé plus haut n'est plus gat | sont indépendants.

Nous vérions alors la stabilité de modeéle inversé sans tentcompte du systéeme de
percage. Une étude ultérieure traitera de ce cas. Pour ceréile modéle est ramené a
un systeme a entrée/sortie unique dont la fonction de transft correspond a I'Equation
[6.10. S est I'opérateur de Laplace.

A n de compenser les incertitudes des modéles et des mesuresus devrons ultérieure-
ment concevoir un correcteur.

Dans la sectior 6.6, plutdt que de générer les vibrations, usvoulons les inhiber. Pour
ce faire I'énergie mécanique des vibrations est évacuée avers une circuit électrique qui
peut étre résistif ou contenir des éléments capacitifs ouductifs [138].

Dans ce cas, la résistand®s prévaut sur les non-liéarités du piézoélectrique. La stdibé
du systemeG est véri ée par le critere de Routh-Hurwitz.

On montre que l'amortissement du systeme est proportionnél% [139,.14]. Il est alors
possible de I'améliorer a l'aide d'une capacité négative.ek techniques de construction de
capacité négative sont présentées dans [140].

Enn dans la section[7.2Z.2, nous analysons la possibilitt¢&endre notre approche aux
actionneurs magnétostrictifs.

Le comportement des matériaux magnétostrictifs est semibl@ a celui des piézoélec-
triques. L'Equation décrit en un point du matériau, la Id de comportement.

S = s :T+[d':H

B = [d:T+ T :H (6.1)

ou S est la déformation,T la contrainte, B l'induction magnétique etH le champ mag-
nétique. s est le tenseur de exibilité, le tenseur de perméabilité ed le tenseur piézomag-
nétique.
En 1-D cette équation se réduit aux relation§ 6.2 ou on peut atire les indices et
exposants.
S; = S?SZT3+ d33:H3
B; = d33:T3 + %—SZHg
Une technique de génération du champ magnétique consiste tdiser des bobines par-
courues par un courant électrique. Notons; le ux magnétique total. On obtient:
Toutefois, on utilise de plus en plus des moyens complexesgdmération du champ. De
ce fait, I'étude devra se faire au cas par cas.
Dans cette section nous nous intéresserons uniquement adéation u = f [H].
Bien gue le domaine des actionneurs magnétostrictifs soitim[141, 142, 143, 144, 145,
146,63, 147, 148], nous voulons montrer comment notre apghne peut se transposer.
D'apres les Equation$ 5.33 €t 5.84 (Chapitie 5), 1 0 on peut écrire:

(6.2)

ur(H) On the increasing branch
up (H) On the decreasing branch

u

" (6.3)

EtsiH O, onremplaceH par H.
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up( H) On the increasing branch
ur( H) On the decreasing branch

u

’ (6.4)

Aprés intégration de ces modi cations dans le modele Bond &ph, nous obtenons la
Figure[7.1.

Les parametresa, b et ¢ de la partie de Preisach dépendent de la précharge

Il faudra ultérieurement élaborer une méthode expérimentade détermination des parame-
tres comme dans le cas des piézoélectriques.
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The main objective of this thesis is to make it available for l§ ready-to-use models. In
this vein, the performed study and thereby the established adels should be formalized by
means of common tools and tutorials should be associated teetmodels. Elsewhere practical
bene ts of the proposal models should be demonstrated.

6.2 Models formalization

The outcome of this thesis is the construction of a library afnodels as follows (Tabl€6]1).

Operating modes| Models Parameters
Linear Km, Ce, Gmean
Static Sigmoidal Km, Cey , ,
Hysteretic Km, Ce, Omean, & b, C
Linear 1,2 -stacks Km, Ce, dmean, M, Qm, , T,
. Sigmoidal 1,2 -stacks| Kn,, Ce, M, Qm, , fr2, , ,
Dynamic Hysteretic 1,2 -stacks| K, Ce, M, Qn, ,fr2, , ,
Rp,p,a b c

Table 6.1: Proposal formalized models both in bond graph ardock-diagram

Following is the procedure for the models parametrization.

Rapid device choice

Device purchased

Frequency characterizatior

| Static direct measurements

,a,bc

Dynamic direct measurements

1Rp’p

Model parametrization

kzafl’lifl‘Zafaa Ce,Km,d, Qm; 1M

Figure 6.1: Formalized procedure for parameters determitian
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6.3 Using electric current output

Let us consider a complex structure in which a piezo-bar istegrated. We are interested
in the structure behaviour in the longitudinal direction of the piezo-device. Nevertheless,
the structure size does not ease installation of any sensaligplacement or e ort sensors).
Metallic constraint gauges are often mounted on piezo-de@s. However, these gauges usually
have a delay time in their response (Figure _§6.2).

Figure 6.2: Contrary to piezo-sensors, metallic gauges liatluce a delay in their response

Moreover, even though e cient models of piezo-actuators ha been established, the other
parts of the structure could take time to model. Therefore, lectric current measurements
could be precious for rapid information gathering about thetructure

6.3.1 Dynamic information from electric current output

Let us consider a complex structure with a piezo-bar. The uséas at its disposal models
for the piezo-device but not for the other parts of the struaire.He would like to check the
rst resonant frequency of the system. However, he meets dasles that were enumerated
above. In addition, step excitation could be harmful to the ystem.

We observe and verify that a single, simple and non-harmfukperiment provides this
information. The experiment consists of a sinusoidal voltge excitation. The frequency of
the signal is arbitrary; for examplelHz makes it. The amplitude too, is not so important.
For example2% is su cient. However, it is important that the piezo-device be pre-loaded.

Then the electric current response is measured and its spech depicted. The FFT
reveals the resonant frequency of the system. The induce@@tic current is the sum of two
(2) waves: the frequency of the rst one equals the rst resant frequency of the whole
system and the second one corresponds to the driving voltafyequency. Such a behaviour
is due to the initial pre-load applied to the piezo-device.

As an example, let us reconsider our thesis experimental spt

Figure[6.4 demonstrates the above assessments.

However, in order to measure with good accuracy the resondréquency, a better method
consists of the method exposed in Chaptér 3.
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Figure 6.3: Experimental setup

Figure 6.4: Dynamic information from electric current outpt

6.4 Using the model for vibration drilling

Let us consider the drilling setup in Figurd 6.5.
The corresponding model is represented in Figure 6.6.

A part from the piezoelectric actuator nonlinearities, thesystem's complexity is also due
to the vibration drilling kinematics but also to the law of the cutting resistive force (Cutting
Sti ness).

6.4.1 How complex is the system?

Four elements are coupled in the system shown in Figure 6.61et piezoelectric actuator with
its pre-loading parts, the excitation source, the workpiex and drilling machine and tools
(drilling laws).

6.4.1.1 Piezoelectric actuator with its pre-loading parts

We use the HPSt 1000/35-25/80. For simulation and comparisp we use the static, the
linear dynamic, and the nal proposal models. The parameterof each type of model were
enumerated in Section 6]2. The pre-loading parts were prased in Chapter[4.
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Figure 6.5: Vibrational drilling setup up

Figure 6.6: Vibrational drilling model
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6.4.1.2 Excitation source

The input voltage is rstly design on computer. Then via Natonal Instruments Cards an
analogical form is transmitted to an ampli er RCV 1000/7. The output of the ampli er then
constitutes the input voltage for the piezo-device.

However, assuming that the excitation equipments are used their linear range, only
two parameters are really important in the global system: th excitation magnitudeV,. and
its frequency. Let us denote itfreqosciiation -

Moreover, the simulation are run with the maximal magnitudeV,. = 1000V .

6.4.1.3 The workpiece

The in uence of the workpiece on the system is about the resige force that it opposes
to the drilling operation. One de nes the cutting sti ness K¢uiing Which depends on the
workpiece constitutive materials, the pro le of the hole tobe drilled (drill's diameter and
geometry) but also the drilling kinematics (see bellows).

It is commonly accepted thatFeuting = Kecutting :Neuing » Wherew is a coe cient from 0:8
to 1 [3].

We saw that the piezoelectric subsystem has its own sti nes€pie;o syst Which depends
on electrical conditions.

It has been established the existence of a critical sti neds., of the piezo-system, for
which the vibration drilling process becomes unstable:

_ Kcutting
Ka = 3045 (6.5)

where refers to the damping factor of the piezoelectric subsystem

6.4.1.4 Vibration drilling laws

Cutting and especially drilling were studied by G. Moraru inhis thesis [3]. Accordingly,
vibration drilling kinematics corresponds to Figurd 617.

Figure 6.7: Vibration drilling kinematics [3
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u(t) in uences the generated surface is illustrated in Figure 8. denotes the cutting
surface variable.X 5(t) (x in Figure [6.1) denotes the drilling tool’'s progress.X.(t) denotes
the cutting movement andu(t) the piezo-actuators' vibrations.N is the drill revolution rate
(rev/min) and f its progress per revolution. We denotelgi,s the chips thickness.

Figure 6.8: Cutting surface generation

The drilling laws are then given in Equation[6.5.

8 f:N
Xal(t) = so000.t
% >éc(t) | = Xa(t) u(t)
t 0 =0
(t>0) = max[(t r);Xc(t)] (6.6)
hchips = ( t) ( t I’)
Feutting = Keuting :h\(lzvutting

r denotes a delay of 1 period.
The drill bit intervenes through its diameter and especiajl through its number of edges
z. One de nes the cutting frequency as follows:

N
freqQeut = Z:—

50 (6.7)

Then one de nes the following ratio:

_ freq oscillation
£ = _ AU
e freqeu

We shall see in the following section, how this ration is used

(6.8)
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6.4.2 Chips shattering

hehips depends on the injected piezo-vibration. Therefore, theiis a need for controlling the
vibration amplitude. This justi es the importance of modeling the hysteresis.

hehips depends on the tool’s progress i.e. there is a need for coritiog the progress.
Feuing depends orhenips and the workpiece material. It is therefore necessary to béla to
detect the material changing.

From the model, four (4) outputs provide useful informatiorabout the cutting operation:
Feuting » Xc(t), ( t ) and henips. Since they depend on the piezo-actuator's oscillation,
the hysteresis phenomena could lead to important loss of afitpde. This could a ect the
process e ciency. The availability of a complete model allvs to simulate and make the
necessary decisions.

If Feuting = O (0 ( t r)>X(t))then the drill does not cut the workpiece. Otherwise,
the condition for chips shattering, isthat ( t r) X(t) and the two curvesX.(t) and
( t r) overlap each other as shown in Figure 8.9. In this Figure theriling conditions
correspond to n 2 in Table B.2.

Figure 6.9: Vibration drilling: nonlinear piezo-model

It has been proved that a necessary condition for chips shating is:
freq = 62Z (6.9)

The blue colored regions in Figuré 619 correspond to the ckipOn the other hand, for
the white colored regions, the workpiece is not cut. The exence of such regions mean
that shocks will occur during the cutting process. This is hanful for the nish surface and
also for the tool lifetime. The best drilling settings are tlose allowing to avoid such area
but rather to obtain tangent lines. A better analysis is madegossible by the cutting force
observation.

In Figure [6.10 we suggest to varyeq and keep the other settings as in condition n 1.

Simulation show that a good value can befeq = 0:714 For feq = 0:7, the chips are
shattered but shocks are observed. Fokeq = 0:73, the chips are no longer shattered. This
settings search is made possible thanks to the availabilityf models.

Now we shall compare di erent models. For this purpose, letsuconsider the following
conditions

In the sequel, variables followed byl (Example X 1, 1 ) refer to the nonlinear model.
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Figure 6.10: Best settings search

Conditions | feed rate (mm/rev) | z | N (rev/min) freq | Keuting w
nil 0:145 2 200 07 | 1:3 10°| 0.9
n2 0:1 2 200 07 | 1:3 10°| 0.9
n3 0:1 2 1500 07 | 1:3 10°| 0.9
n4 0:1 2 1500 07 | 1:3 10°] 0.9

Table 6.2: Drilling simulation conditions

Using condition n in Figure €.11] the linear model predictscontinuous cutting (Fcuting
never equals 0). Consequently there the chips would not beadtered. By contrast, the
nonlinear model predicts discontinuous cutting sincécusing Sometimes falls to 0. This
comparison shows how inaccurate models could lead to inappriate decision.

Figure 6.11: Cutting force predictions

Moreover, in Figure[6.1P (where simulation conditions coespond to n 3), apart from
the phase shift between the two models, one can also observerénces in the chips forms.

For the same conditions, we now compare in Figufe 6113, ourgmosal model with the
static model as proposed by LabAmesim |[5]. Variables folled by O (Example X:0, 0 )
refer to the static model. The static model predicts smoothhips contrary to the proposal
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Figure 6.12: Linear Vs Proposal models

model.

Figure 6.13: Static Vs Proposal models

Then in Figure[6.14, we increase the cutting sti ness by chaying the workpiece material
(simulation conditions n 4). In this case the static model predicts non-shattering of the
chips contrary to our proposal model. Moreover, the static odel does not reveal resonant
excitation (contrary to our proposal model) which could be de to critical sti ness (Equation
6.5).

All these could in uence the drilling process. However suchn analysis would not be
possible with a linear model or static model.
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Figure 6.14: Static Vs Proposal models

6.5 Control loop synthesis

6.5.1 Model inversion

One of the stakes in vibrational drilling is about generatig the right piezo-vibrations (in
terms of frequency, amplitude and phase). For this purposéné¢ user should construct the
right command. Methods for complex systems's control are ¢nefore required.

There are numerous methods for complex systems control [J.3More commonly, the
system's outputs are measured or estimated in order to tratke referee command via a syn-
thesized feedback. In this category one could enumerate @tige control [129,/130], state
feedback control [[131] 132], sliding model contral [133, 4]3etc. All provide satisfaction
despite di erent sources of perturbations. These methodsra classi ed as global control
methods. On the other hand, other techniques (named localdeniques) consist of intercon-
nected subparts associated with the di erent parts of the stem. This category includes
nested control loops [135], backstepping control [136] and/erse model control/ [137].

Regarding the approaches we adopted during modeling tasksyerse model control is
more preferred than the others. Indeed, inverse model coatro ers an organized method-
ology using a decomposition of the systems' organs functedity with respect to exchange
energy. It consists in synthesizing the input according tohie desired output pro le. There-
from, the task is to determine the physical reverse functiof the system (piezo). For
this purpose, di erent formalisms could be used, for exam@lGIC (Graphe Informationnel
Causal) [137].

However, in order to remain consistent in our approach, thestblished bond graph
models can be easily reversed as shown in Figlre 6.15. Thequei di culty concerns the
nonlinear equations of the gyrator which could introduce gkbraic variables.

Figure 6.15: Piezo-bar actuator reverse control
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Thereafter, the result can be translated into block-diagmnas as shown in Figuré 6.16.

Figure 6.16: Block-diagram translation of the reverse motley,, =

s (u+ )2:(u+— 1)

6.5.1.1 Stability analysis

In this section, we shall study the proposal command loop inigure [6.17. We consider a
piezo-bar device clamped on one of its faces. In this sectiove shall perform the study with
unloaded device F; = 0). However, further research should include the loading dgsn.
Models for drilling systems were proposed in![3].

Figure 6.17: Proposal command loop

The most sensitive part of the proposal command architectarconcerns the electric cur-
rent loop. Generally, control loops' stability is studied vith linearized models.
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Assuming the exactness of the models and a good accuracy o #turrent sensor the
command loop in Figure[6.17 would correspond to a SISO (sieglnput Single Output)
system.

Therefrom, its transfer function can be determined. One cdali veri ed:

Uobtained - H [S] — Km + RmS

6.10
Uorder 1+K,+ RS+ mS? ( )

where S stands for Laplace's operator.

1+ Ky) >0, Ry > 0andm > 0. Therefore, according to Routh-Hurwitz criterion, the
command loop is stable.

However, in order to balance the eventual modeling errors drthe current sensor impre-
cision, compensator could be designed in further works.

6.5.1.2 Other alternative

In addition to the desired displacement, the suggested rage model requires the electric
current measuring in real time. The main di culty with this ¢ oncerns the lack in measuring
the electric current with good precision. We experimentall veri ed that the reverse model
IS sensitive to inaccuracies of the electric current sensor

Therefore, we suggest an alternative con guration in whiclthe e ect of electric current
is replaced by noises source as shown in Figlire 6.18.

Figure 6.18: New command architecture

This requires the elaboration of a nonlinear systems contler. This will be dealt in
future works.

6.5.1.3 Limits of the approach

Physics-based approach is an interesting approach as lorgy@e needs to understand the
nature of the system and modify or improve its physical beh&ur. However, this could

lead to models for which it could be di cult to estimate the appropriate parameters. More-

over, the corresponding reverse model could become uns&t certain conditions. This

justi es the use of identi cation tools in order to construd another model for control loops

elaboration.
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6.5.2 Using robust identi cation tools

In multi-physical devices modeling, the common approache®nsist of analogical represen-
tation of the physical phenomena as well as we did so in preu® chapters. We obtained
good agreements between the models and the experiments. Bagiven voltage pro le, the
proposal models were able to predict the output displacemien

However, could lead to models for which it could be di cult to estimate the appropriate
parameters. Moreover, the corresponding reverse model wbbbecome unstable in certain
conditions.

All these justify the use of identi cation tools. For this purpose, we shall excite the
system by a Pseudo Random Binary Sequence (PRBS) with smafhplitude ( 10V). This
choice is motivated by two arguments.

The rst and trivial one concerns the fullness (in term of exitation frequencies) of such
a signal in comparison with steps and sinusoidal signals.

The second reason is related to the operating condition oféhconcerned system. We are
dealing with piezo-systems applied to vibrational drillig. As a matter of fact, during the
drilling process, the system is subjected to some random iangis. A PRBS allows therefore
to reproduce such this environment.

6.5.2.1 Least squares estimator limits

Model identi cation and model validation still remain a delcate task [149]. In particular the
system identi cation should deliver not only a relevant nonmal model but also a reliable
estimate of the uncertainty. Usually, the model's paramets estimation is based on least
squares methods. The drawback in these techniques comesririheir high statistical sensi-
bility to large estimator errors named outliers. Two method are generally used. The rst
one consists in simply deleting ( Itering) the in uencing autliers before the tting process.
This is often an e cient approach when expert knowledge asstis this task, ensuring that
the removed information are not relevant. However, becausd its complexity, it could be
di cult to proceed for physical analysis of the systems. Moeover, sometimes, data delation
could lead to losing crucial information, since they oftenmpvide valuable information about
the system's dynamic|[150]. The second method therefore s@ts in treating these outliers,
in order to capture relevant information about the system bleavior they may contain. It
is up to the user to interpret then the identi ed model and cowrlude on the origin of the
system'’s behaviour. Since the underlying error estimatiodistribution presents a heavy talil
[151] by the in uence of these outliers, alternative solutins are brought. The LSAD (Least
Sum Absolute Deviation) techniques leading to LP (Linear Rygramming) minimization
problems with or without contraints proposes a family of robstly convergent algorithm's
based on a smoothed LSAD criterion which seems to be more eerit than the classical least
squares criterion in the case of a noise with Laplacian digiution. Another method uses a
mixed L; L, norm based on the parameterized objective function accordgj the Huber's
M -estimate [152]. A simple physical insight on the main noiseharacteristics provides an
idea on the convenient scaling factor which automatically etermines the balance between
L, and L, contributions of the estimation procedure.

Hence, we use a mixedl; L, criterion, parameterized with a scaling factor, ghting
against outliers.
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6.5.2.2 The L, L estimation criterion

In the general way, we denote in the seque] ( ) = x(t; ) andx, = x (t), for a parameterized
time varying signal. Let us consider a discrete-time SISO stm with input signal u; and
output signal y; described as follows

=G qg'u+H g'ae (6.11)

See [[153] for more details. Herei (q ') and H (g ) are the transfer functions of the
system, respectively fromu to y and eto y . The backward shift operatorg * is de ned by:
U 1= g 'u; . fegis a sequence of random variables identical independenttdisuted (iid)
with mean zero and variances , with a probability density function (pdf), fe. Consider
the general parameterized pseudo-linear models 94t ) , with the parameter vector =
[ 2] 2 R™ and

w()="{() t=1;2:u (6.12)

represents the prediction model output on the base of a datetsf uy;y1;::;; un; YN ii:g. Here
"T(),t=1;2::denote thet th observation vector and

“O=w () (6.13)

the prediction error. Therefore, the prediction error esthation problem is the following
optimization problem

A R

N = argmin o ("+( ) (6.14)

t=1

with respect to the data setZN = fuy;ys; Uy Yn G, Where "\ is the estimator of and
a continuous nonnegative scalar function, i.e. the Huberfsinction, with a xed value of
the scaling factor [149]. More precisely, the norm is

SPLLY.

O S peirs

NI

(6.15)

Here, is chosen to render the estimation more robust than the clasal L, estimate
with respect to the outliers supposed to be present in the datset. The least informative
distribution [152] is de ned by the following probability density function

8 2
< 1 _c AT
p—ez if
o= 2ot o (6.16)
; 912=e itz iy >
Moreover (6.14) may be represented by the condition
X
Ni A =0 (6.17)

t=1

where [ ()= @@ ("¢()) is the gradient of the norm with respect to , called the Huber's

M -estimate function.
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Let us introduce the concept of active/inactive index setslb4]|, namely the subsets of
integer, given a parameter , de ned by

()=ft:j"()j 9 and ()=ft:j%()i> g

These two active/inactive index sets de ne respectively taL, - contribution and L, - con-
tribution of the residuals. Moreover, let us de ne the signunction of the prediction error

o1 () <
s()=. O if j"e( )]
T+l if "()>

Practically, from the data setZN, the robust estimation criterion to be minimized can
be writen as follows

1 X 2 () X . ’s% ()
N 5 +W (sa()" () >

t=1 t=1

Wi ()= ) (6.18)

, Where in the general way, we denote

fo ift2 ()

P43 0 otherwise (6.19)
and
_ fy ift2 ()
P45 0 otherwise (6.20)
6.5.2.3 Choice of scaling factor
The scaling factor is classically chosen to be in th@oise interval i.e. 1.5 2

([154] and others) where is the standard deviation of the prediction errors'y( ) during
the classicallL , estimation procedure. This value is computed from the empeal variance
de ned by

X

2 M=) (6.21)

t=1
Therefore, we denote outliers namely the measurements thatpically exceed two times
the standard deviation, and, above all, with an unpredictale underlying distribution. We
believe it is pertinent to consider that the bigger and more umerous the outliers are, the
more disrupted the real distribution of the estimation erros is deviating therefore from the
gaussian distribution. Consequently it seems to be reasdia to investigate smaller values
of , namely 0:05 2 . The main convergence properties of the estimator have been
detailed in [155].

6.5.2.4 L,-contribution function for the validation

We focus to present a validation tool, named.;-contribution function which jointly the
estimation criterion, lead to determine the convenient mogls. This validation tool is de ned

by
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X . -
jse( )i (6.22)
t2 ()

1

N N

, where N () characterizes the behaviour of the ratio between the predicn errors
treated in the L; framework in the inactive index setN ().

In [155], we used the approximation of theign function [156] to write the gradient and

the Hessian of the estimation criterion. Here, from{6.22)in the same vein, we use the

following approximation by
1 e K"t()

St(): 1+e 2K()

, with K a real su ciently large.

Remark: the outliers in the data set emphasize the large level of thestamation errors,
therefore, the terme 2<"t() is zero and has no e ect on the variation of the value g&;( )j,
since this value is always one. However, the quantity of thergdiction errors greater than
the scaling factor becoming more important, theardinal of the inactive index set increases.
Therefore, the e ect of outliers is present in thet ;-contribution function. The term e 2K :()
is not zero only when these values are small.

Concretely, theL ;-contribution function becomes

1 X 1 e 2K"t()

HCUTN,  TvenO
t

(6.23)

In the validation phase, this function presents a lot of mimhas leading the user to choose
the convenient models.

6.5.2.5 Experiments

Figure[6.19 is realized for measurement¥ , denotes the sti ness of Element 2 in Fi¢.4.20.
M, is the mass of Elements 1 and 4. The prestress is set3000N. The gauge constraints
are used for measuring the displacement of Element 1.

Figure 6.19: Instrumentation for experimental measuremés

Details on the measuring instruments are available in the Arexes.

Figure [6.20 shows the excitation input signal. This signakia pseudo random binary
sequence (PRBS) with alength. = 21° 1andlevel 10V su ciently exciting and persisting
[157]. The sampling period iSs = 100 s . For the identi cation process we us&000samples.
In Figure[6.21, the response to this excitation presents atlof large values, sometimes larger
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than 10 and 10. These large samples certainly implie the prediction errsrin the least
squares estimation, as we shall see in the the sequel.

Figure 6.20: Excitation input signal: PRBS

Figure 6.21: Output signal of Piezoelectric.

The distribution of the prediction errors of a estimated modl in the classical least squares,
is strongly disturbed and (see Figuré 6.22). This non-triwal distribution is zero between 2
and +2 and presents two distributions around 3 and +3. These results show rstly, the
necessity to use a parameterized robust estimation criten with a scaling factor and sec-
ondly, to choose this parameter and reinforce the robustresf the least squares estimation.

6.5.3 Robust Estimation/Validation phases

Since the piezoelectric ceramic system is not a linear exjpeental device, the adopted models
are the classical Output Error (OE) pseudo-linear models adready explained, given by

_ 4B(@"

M():yr=q mut'*'e[

, Whered is the pure plant time delay andF (g !) is a monic polynomial. In our casal = 1
meaning the time delay of the sample and hold in the discrit@#ion. The parameter vector
IS h it

= by, founf,
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Figure 6.22: Case oL, estimation

The observations vector in this model is given by
TO)=[U 2t o o2 ()i Bone ()]

The range of scaling factor i90:05 2 where the empirical variance™y = 2 is
classically computed from the least-squares estimationes [6.21)). The estimation criterion
to be minimized is given by [6.I8) withN = 5000. The variations of ng and ng are
respectively7 ng 14and4 ng 15

The L ;-contribution function, we experimented di erent values 6K . We chooseK =15
since great values do not improve signi cantly the approximtion. Fig/6.23 and Fig.6.24 show
respectively the estimation criterion and thel ;-contribution function w.r.t. ng. In a rst
step, an estimation campaign has led to derive the rst conveent modelsng = 9. In
Figle.23 the chosen minimum value ofi: leading to this rst convenient model is 12 with
the scaling factor = 0:0625 = 0:2255 The frequency response of this model is given in
Fig[6.2Z5 compared to the spectral estimation of the piezasitric. The model presents a good
fit = 82:5% in the frequency range]0; 50Hz] used for the control. We recall that the t

is de ned by fit =100 1 'g ;’E where ¥, y, y are respectively the vector of prediction
model output, the vector of system output and the mean of outt data.

The L;-contribution function yields 97:48% con rming the importance of outliers in
the distribution of the prediction errors. The second modek given by the L-contribution
function at ng = 12. In Figure [6.24, this model is obtain atng = 12 with a scaling factor

=0:0875 =0:2619 The L;-contribution is 96:06%and the fit = 87:2% in the frequency
range [0; 50(Hz]. Its frequency response is shown in Figufe 6]26. For these aets, the
dimension of the parameter vector is respectively = ng + ng =21 and n = 24.

In order to provide a reference caseFigure [6.27 shows the identi ed model and their
spectral estimate obtained by a classical least squaresissition. The great sensitivity w.r.t.
large estimation errors is clearly illustrated.

6.5.3.1 Remarks

Contrary to physics-based approach, identi cation approeh provide a black-box in which
one cannot di erentiate each element of the system. The oltaed model do not correspond
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Figure 6.23:L, L, estimation criterion w.r.t ng at ng =9 when =0:0625.
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Figure 6.24: L ,-contribution function w.r.t ng at ng =12 when =0:0875.
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Figure 6.25: ng =12, ng =9 and =0:0625 =0:2255

to the unique piezo-device. It is the model of the whole syste(piezo-actuator + mechanism
+ constraint gauge).

Therefore, this approach should be used at the end of the dgsiprocess, after the system
assembly.
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OE model: nB=12 nF=12
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Figure 6.26:ng =12, ng =12 and =0:0875 =0:2619

OE model: nB=12 nF=12, L2 estimation
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Figure 6.27:ng =12 andng =12

6.6 Using the models for vibration damping

The versatility of piezo-devices makes it possible their age for di erent applications. In this
section, instead of using the piezo-device for vibration geration, the objective is to inhibit
these vibrations. For this purpose, common technique costs in draining the vibration
energy through an electric loadZg shunted to the piezo-device electrical pori [89]. There is
no longer a voltage source but rather a ow source. Let us cadsr resistor Rs shunted to
the electric port.

We assume that the piezo-device is clamped on its mechanigart Mp,. Then, the
unique considered mechanical port is1p;. Figure[6.28 is the damping function scheme.

In this con guration, the energy absorbing capability ofRg prevails the intrinsic non-
linearities, hysteresis and losses of the piezo-device. eféfore, one could sort the transfer
function of the open-loop system as follows.

uy[S] &S] = m CeRs(1 k?)S+1
F.[S] " Km (CeRsS+1)+ ms?2(CeiRs (1 k2) S +1)

Sincel> 1 k?> 0, and all the other coe cients are also positive, one could véy that
according to Routh-Hurwitz the systemG is stable.

(6.24)
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Figure 6.28: Piezo-bar usage for vibration damping

q__
As in [14] let us set! ; = KT”‘ the rst resonant frequency of the piezo-device, and

Qr(1 k?»S+1
17(QrS+1)+ 2(Qr (I K9 S+1)
It had been shown in|[139, 14], that the maximum achievable dging is proportional
to % which increases when the electromechanical coe cient is gmented. Therefore, one

places a negative capacitandg; in parallel to the piezoelectric transducer [158, 159] (Rige
[6.29).

G[S] = (6.25)

Figure 6.29: Negative capacitance for electromechanicalupling coe cient enhancement
[14]

The synthesis of a negative capacitance consists of an aetigircuit that could become
unstable [140, 14].

Moreover, Hagood and Von Flotow [160] showed that a suitabtoice of and inductance
in series with the resistorRg could signi cantly yield the damping e ect of the piezo-devce
[138].

6.7 Conclusion

We showed the outcome of our proposal models. Therefore, eydes of our challenging
applications were given. However, our objective in this clpger was to expose how the
proposal models could be integrated in mechatronic system#&loreover, we saw that the
clear adopted approach can be transposed to other smart aators modeling. As an example
we dealt with magnetostrictive bar device.




124 6. Complex systems control




125

Chapter 7

General conclusion and perspectives

7.1 Synthesis

Electroactive actuators o er many advantages. They can beobust and reliable but provided
a good control.

In this thesis, we expected a clear methodology and user free models of piezoelectric
actuators. This work has been widely motivated.

For this purpose, we reviewed existing approaches and diemt commercial packages
such as ANSYS, Lab AMESIim and 20-Sim. Finite Elements Analisso ered by ANSYS
was found not suitable. The high level of detail which is prapsed does not correspond to
upstream design . The tools o ered by Lab AMESIm and 20-Sim were found intereig
but very simplistic because they do not take into account nofinearities.

To achieve our goal, it was rst necessary to re-formalize esting linear models in static
and in dynamic. For this purpose we adopted lumped-parameteapproach in reference to
several concluding research.

We analyze the constitutive equations of piezoelectricityith respect to operating con-
ditions. This allows us to deduce a rst analog model. This ishen translated into bond
graph. The bond graph modeling o ers several advantages. it a trend in industries but it
also provides a better view of the physical behaviour in enggers's language. The obtained
models are translated in block-diagrams. As a matter of facthe control part of the system
involves signals rather than energy and it is not necessarisubject to physical principles.

The established models in this step di er from those propodeby AMESIm or 20-Sim.
Indeed we better integrate the dynamic nature of the actuatoindependently of the other
parts of the structure. In fact we proposed two types of model The rst one only takes into
account the rst resonance mode while the second one takesaraccount two resonances.

Thereafter, in chapter[5, we suggested models taking into @mwnt nonlinearities and
hysteresis. The Preisach approach was adopted for staticdtgresis. Then we adapted Voigt
approach in order to account for dynamic hysteresis. The twapproaches were then merged
in order to have a complete model.

The proposal models have been confronted with experimentedsults. We have been
satis ed. However we are convinced that improvements can beade later.
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7.2 Perspectives

7.2.1 Electric current output for load estimation

We consider the following drilling context in Figure[6.5. Ogr of the greatest di culties
in regulating metal cutting processes is that these processare inherently nonlinear and
vary signi cantly under normal operating conditions [161] Elsewhere, one showed that
force control is an e ective means of improving the quality ad productivity of machining
operations. This becomes problematic in the case of sandwsamples. To detect change in
the sample material, one way could consist of drilling foreestimation. It would be interesting
to use simultaneously the single piezo-device both to geats the micro-vibration and sense
the resistive force.

Figure 7.1: Piezoelectricity principle

According to Figure[7.1 (the arrows directions are importat), there are two couples of
independent variables: ¥, F) and (u, g). The indication of one couple allows to deduct the
second one and vice-versa. Hence, sirf€éeand V are independent, in order to estimatd-,
the normal way is to measure theu and q.

Instrumentation industries use this principle; for examp@ Kistler Inc [162]. However, in
generally, the sensor is made of piezo-material with highgidity (compared to other piezo-
materials). So the piezo hardly deformsu/= 0) and thereby, the branchF () u can be
neglected.F would therefore be simply proportional to the electric chaye.

@ @

Figure 7.2: Standard use of piezo-device for force sensimgnitely rigid device

In the case of piezo-actuators, the rigidity is not as so higtheir are supposed to generate
vibrations). Therefore the branchF ()  uis no longer negligible. Consequently is needed.
However, for the reasons we enumerated at the beginning ofdfsection, it could be di cult
to install a displacement sensor. Moreover, electric chag sensors are not common.
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Figure 7.3: Challenging piezo-force sensing: actuator asdnsor at the same time

So, we studied the feasibility to use a current sensor (insté of charge sensor) and a
voltage sensor (instead of displacement sensol. and | are dependent variables.

BranchesV =) uandl| =) qare both critical. The rst one is the main place of piezo-
device nonlinearities; whence e cient models are requiredThe second one rises numerical
questions because it is about integration without feedbackThis imposes to have a perfect
alternative current. Otherwise, any o set in the current leads to diverging integration. In
order to limit numerical problems, the leak of current in thepiezo-device should be as lower
as possible and the current sensor as perfect as possible.

Theoretically, the task will consist in inverting the mode$ (Figure [Z.4) suggested in
previous chapters.

Figure 7.4: Nonlinear estimator ofu and F

The highlighted blocks in Figure[ 7.4 are the critical elemes of the estimator. Indeed,
small errors inl or imperfection in the electric port model would introduce nacceptable
errors in the force and the displacement estimation.

In the case that the model is correct, an incertitude ofl = 0:0000001coulombs implies
an error of IN. Therefore, in order to obtain a precision olN in the force estimation, the
current sensor should have a precision @f:f:d . Wheref denotes the excitation frequency.

Conversely, if the current sensor's precision is (in amperes), then the proposal force
estimator would be e cient for frequencies higher than,—-.

Consequently load estimation using current measurementqeires high precision di cult
to obtain with standard current sensors. Therefore, furtheworks should analyze the cost
bene t of this solution.
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7.2.2 Adaptability of our approach to magnetostrictive dev ices

As already introduced in Chaptef 2, magnetostrictive e ects a reversible exchange of energy
form mechanical form to magnetic form. Magnetostrictive mizrials get deformed under
magnetic eld. Conversely an applied force on them, modi ethe magnetic properties of their
close area. Assuming a set point inside the material, the vaty accepted local behavioral
law in the case of pre-loaded bar-device is Equation 7.5.

S; = SE3ZT3+ d33:H3
B; = d33:T3+ gs:Hg

where S stands for the strain, T the constraint, B the magnetic induction andH the
magnetic eld. s is the exibility tensor, the permeability tensor, d the piezomagnetic
tensor.

If there is no risk of ambiguity, the superscripts and subsigts could be hidden.

Under careful considerations, the approach adopted for pgieelectric actuators modeling
could be applied to magnetostrictive case. For example, lets consider a magneto-bar
actuator clamped at one of its faces. Using lumped mass appob, similarly to Chapter[4,
a linear dynamics of magnetostrictive device could be set &dlows:

(7.1)

u = E M4 diH

KH
L = d(F mme)+ ::H

(7.2)

whereK " denotes the device sti ness at constant magnetic eld. is the device's length,
m its e cacy mass. stands for the bar section. | corresponds to the magnetic ux per
unit of length.

There are many techniques for the magnetic eld generationln the case of an electric
generation, for example by means of coils (Figute 7.5), if emotes ; the total magnetic
ux, the electric potential yields:

V=" (7.3)

Figure 7.5: Fair case of magnetic eld generation

This is a fair situation. In general case, systems for magneteld generation are very
complex. Therefore, they are studied on a case by case basiewever, from magnetostric-
tive actuators users' point of view, the most important is tle relationship between the
displacement and the magnetic eld:u = f[H]. This relation is a ected by the mechanical
stress.
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Contrary to piezoelectric materials, one observes more cplax nonlinearities in mag-
netostrictive materials. As shown in Figurd 2.12, commeiali magnetostrictive alloys show
ferromagnetic or ferrimagnetic behaviour which is a ectedby mechanical prestress [145].
Their micro magneto-domains are oriented in a way that the sain is always positive what-
ever is the sign of the magnetic eld.

Figure 7.6: Strain vs magnetic eld [15]

The knowledge branch of magnetostrictive materials has welvolved and one nds many
recent publications in literature [141) 142, 143, 144, 14546, 63, 147, 148].

However, our modeling approach could be adapted to the cadenagnetostrictive devices.

Indeed, forH O the right hand parts of the curves in Figurd_ 76 are a lot sinmalr to
piezo-devices. In order to obtain the left hand parts, onlyhte Preisach contribution should
be modi ed.

According to Equation[5.38 and 5.34 (Chaptell5) iH 0 we could set:

ur(H) On the increasing branch
up(H) On the decreasing branch

u

. (7.4)

On the other hand, ifH 0 Equation[7.4 applies to the absolute value dfi i.e. H. It
comes:

up( H) On the increasing branch
ur( H) On the decreasing branch

u

’ (7.5)

One should notice that according to Figuré_7]6 wheid < O the increasing branch
becomes the decreasing branch and vice versa.

After integrating these modi cations in bond graph model wewere able to depict mag-
netostrictive behaviour as shown in Figuré—717.

The parametersa, b and c of the Preisach part strongly vary with the prestress valué®.
Regarding the simulation results, the proposal model is datying. Thereafter, further works
should elaborate a method for experimental determinationfdhe model parameters basing
on the proposal architecture.

Another task will consist in determining the relationship ketween the magnetic eld and
the electric current. As we noticed it above, this task shodlbe performed on a case by case
basis.
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Figure 7.7: Piezo-model adapted for magnetostrictive achtor: random parameters

7.2.3 Other perspectives

In chapter[@ we showed the outcome of our proposal models. Weegented some challenging
applications. We showed how the proposal models could beagrated into mechatronic
systems.

We showed the easiness to inverse the proposal models in otdeelaborate control and
command loops. However, we especially highlighted the didties associated with these
reverse model in practice.

Indeed, the proposal estimators associated to the reversedels should be made robust.
We saw that they were sensitive to inaccuracies of the eleictrcurrent sensor. Moreover,
further research should deal with recti ers elaboration.

Furthermore, we saw that a piezoelectric material could héaip and lose its proper-
ties [163]. Our proposal hysteresis model could later be dst estimate in real time the
temperature of the actuator in order to make good decision.

Moreover, other approaches for nonlinearities modelingduas dry friction and Rayleigh
laws can be investigated.
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7.3 Conclusion en langue francaise

Les actionneurs électro-actifs ont de nhombreux atouts esilpeuvent étre robustes et ables
mais a la condition d'une bonne maitrise.

De cette these, nous attendions une méthodologie claire e¢esdmodeéles préts-a-utiliser
d'actionneurs piézoélectriques. Nos motivations ont ét&glicitées dans l'introduction générale.

Pour ce faire nous avons procédé a une revue des approchestanxies dans la litérature
ainsi que les solutions o ertes par certains logiciels tetgie ANSYS, Lab AMESim et 20-Sim.
Nous avons écarté les analyses éléments nis utilisées d&NSYS parce qu'elles se situent
a niveau de détails trés élevé ne correspondant pas adanception amont . Les outils
proposés par Lab AMESIm et 20-Sim ont été trouvés intéresgammais tres simplistes car ils
ne prennent pas en compte les non-linéarités.

Il nous a été d'abord nécessaire de reformaliser les modéilesaires existants, en statique
et en dynamique. Pour ce faire nous avons adopté l'approchesdparameétres concentrés a
I'instar de beaucoup d'autres travaux.

Nous commencons par I'analyse des équations constitutivtesla piézoélectricité associees
aux conditions de fonctionnement de l'actionneur. Ce qui ms permet d'en déduire un
premier modeéle analogique. Ce dernier est ensuite traduih dond graph. La modélisation
bond graph nous o re plusieurs avantages. Non seulement tilisation du bond graph est
une tendance industrielle, mais aussi elle nous donne uneevéclatée de la physique du
matériau mais avec des parametres dans un langage ingénietielle nous renseigne mieux
sur l'in uence de chacun de ces parametres sur la réponse dectionneur. Les modéles
bond graph obtenus peuvent étre directement utilisés dana tonception pour en faire des
simulations mais on doit aussi en déduire les modeles blatagramme. Car, s'il est plus
adéquat de modéliser un systeme meécatronique en termes dmdi énergétiques entre les
di érents organes ou éléments, la partie contrdle du systarmmet en jeu des signaux plutot
que de I'énergie et elle n'est pas nécessairement soumise @ncipes physiques.

En plus de cet e ort de formalisation, ces premiers modélesig nous avons établis se
distinguent de ceux proposés par AMESIim ou 20-Sim. En e et,ous avons mieux pris
en compte la dynamique propre a l'actionneur. Nous avons grosé deux types de modeles.
L'un rend uniguement compte du premier mode de résonance @aue le second rend compte
de deux modes de résonance.

Ensuite, dans le chapitré’b, nous avons proposé des modelenpnt en compte les non-
linéarités. L'approche de Preisach pour la modélisation d@ystérésis statique et I'approche
de Voigt dans le cas dynamique. Ces deux approches ont ensiété fusionnées dans le but
d'avoir un model plus complet.

Tous les modeles proposés ont été confrontés aux résultatpé&imentaux. Nous en avons
été satisfaits mais nous estimons que des améliorations pent étre apportées ultérieure-
ment.

Dans le chapitre .6 nous avons montre la valeur ajoutée de netiravail en présentant nos
cas d'applications. Nous avons aussi montré comment les nétes proposés s'articulent avec
les autres éléments d'un systéme plus complexe.

Nous avons montré gu'il est simple d'inverser nos modelesare d'élaborer la commande
de 'actionneur piézoélectrique ou de s'en servir comme ¢apr de force en méme temps qu'il
assure son role d'actionnement.

Cependant, nous avons surtout mis en évidence les di cultdges a ces inversions dans
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la pratique. Ce qui ouvre la voie a des travaux ultérieurs.

En e et les estimateurs proposés par l'inversion des modsleloivent étre robustu és.
Nous avons vu qu'ils étaient sensibles aux imprécisions dapteur de courant. De méme,
nous devrons ultérieurement concevoir des correcteurs @dgs a ces modeles inversés.

Par ailleurs, nous avions vu qu'un matériau piézoélectrigupouvait chau er jusqu'a per-
dre ses propriétés. Les modeéles d'hystérésis proposés panirultérieurement étre mis a
prot pour estimer en temps réel la température de I'actionaur.
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Appendix A

Piezoelectric materials tensors In
crystallographic systems

A.1 Hexagonal system

Flexibility coe cients o | Dielectric coe cients
Sty Sy, Sz O
S, Su Sz O
Sis S;3 Sz O
0 0 0 s
0O 0 O O sg
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1

g w
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Hexagonal6 leads to the same equation as Hexagon@inm.

On the other hand, piezo-materials crystalizing in hexagah 6, 62m and 622 do not
present any interest for bar operating mode. The coupling enacter of piezoelectric device
had disappeared.
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A.2 Monoclinic system

Flexibility coe cients Dielectric coe cients
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0 0 O sf s O (1)2 (2)2 ot
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Classes| Piezoelectric coe cients Reduced equations
for bar operating mode

3 E
0 0 O dy dis 0 |3 gl gslgsi 253
2 [d=4 0 0 O dy ds 05 2 b1E3 + s33Ts

S Oa3Es + SE,T
iy Opp ez O O dgg |3 3~ oB37%m3
31 32 33 36 a D3 33E3 + d33T3
2 3 — oF
dy dp ds O O dy |3 3 D B
m [d] = 40y dyp dpg O O § _ ES S
0 0 0 dy cs 0 |3 2 = Smls
34 35 . D3 = ll33E3
A.3 Orthorhombic system
Flexibility coe cients o | Dielectric coe cients
s; S, S; 0 0 O
SEZ sgz sgs 0 0 O 2 T 0 0 3
f = f S13 S23 Ss3 O 0 O WT =4 g T 05
0 0 0 s 0 O o &1
0 0 0 0 s& 0 33
0 0 0 0 O st
Classes| Piezoelectric coe cients Reduced equations
for bar operating mode
2 3 = E
000ds 0 O 3 21 - 2@3?
222 [d=40 0 0 0 dys 0O 5 82 _ SET?’
000 0 O0d > 2T
36 o Dy = "LEs
0 0 0 0 dy0°|3 S = GuBs+t syl
2nm |[[d]=4 0 0 O du O 05 > = d31E3+sé3T‘°’
Gy dp dg 0 0 0 |3 38 = OnEstsals
31 32 33 . D3 — "33E3+ d33T3

A.4 Cubic system

Piezo-materials crystalizing in cubic system do not prese@any interest for bar operating
mode.
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Flexibility coe cients o | Dielectric coe cients
s, S, S, 0 0 O
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Classes Piezoelectric coe cients Reduced equations
for bar operating mode
2 3 = of
000ds 0O 0 |3 21 e
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0 00 O O dy : — m
D3 - 33E3

A.5 Other crystallographic systems

We consciously choose to not recall Trigonal, Tetragonal dnTriclinic systems. Readers

could refer to [59].
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Appendix B

Piezo-bar characterization procedures

In this annexe we describe the procedure for piezo-bar devicharacterization. As we noticed
it in the report, the results obtained by this procedure can vide a estimation of the device
parameters.

B.1 The piezo-device

The theory used to determine the parameters supposes a barnfodevice. Therefore, the
piezo-device must be at least ve @5) times more longer than its lateral dimensions. The
section can be rectangular or circular.

Figure B.1: Bar assumption condition

B.2 Resonance characterization

B.2.1 Experiments equipment

A precision shunt. Its resistance must be as lower as possilih order to not a ect the
piezo-device impedance, and as higher as possible in ordefimit the electric current
consumption Q:1 to 100 ).

A multi-meter with high frequency excitation signal, more han ten kilo hertz (>
10KHz) if possible.
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A functions generator with an option for automatic frequeng sweep.
A scope.

A channels turntable. This can be easily design by the user.

A signal acquisition system, for example National Instrum#s devices.

Some cables, coaxial cables are advised.

However, one could use impedance analyzers.

B.2.2 Experimental setup

Realize the equivalent setup in Figuré Bl2. Before conneatj the piezo-device to the func-

Figure B.2: Electrical circuit for resonant frequencies nasurements

tions generator, it is strongly advised to set the generatoand check the settings on the
scope.
So:

Set the generator to sinusoidal signal.
Choose an amplitude 8V enough).
Set frequency sweeping mode (from some Hz to some tens KHz).

Connect the generator output channel to the scope and checkat you obtain the
expected signal before you pass to the following step.

If the scope con rms you the correct signal pro le, then conect the generator out-
put channel to the positive electrode of the piezo-device. oBnect the piezo negative
electrode to one of the shunt terminal. Connect the last termal of the shunt to the
circuit zero node.Then you obtain two channeld/,, and Vo, as illustrated in gure
B.2.
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ConnectV,, and Vo to the signals acquisition system.

Perform some series of measurementgeries for example) and store the measurements
in les for subsequent processing. Do not forget to store thiegequencies.

B.2.3 Data processing

The piezo-bar impedance is given by:

ZEI — (Vln Vi)/ut) RShunt (B.l)
Out

Depict the impedance graph

Read the rst resonancef,q, the rst anti-resonancef ,, the second resonancg ,
Read the impedanceZ, at rst resonance

Measure the capacitance€? at 2f ,

Measure the electrical losses angleat 50Hz

Measure the device maskl and deduct its density

Calculate:

f f
2 T In
ke = 2T, cot 2T,
T Cc:L
33 1 Kk2):
E 1
Sz3 = 2 01 2
SICHDE
dsz = k2:55;3:" 33 |
o, - 1 (f)?
" 2 (fr1)Z:C2 (fa)?  (Fra)?
= tan()
||T:
Ce = —3E
Ke =
m sEiL

where stands for the device section area and for its length.
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Appendix C

Instrumentation and Measuring

C.1 Equipment

1 accelerometer, ref DYTRAN 3225F1

Sensitivity: 10 mV/G

Range F.S. for 5volts out: 50Qy
Frequency response, 10% 1.6 to 10,000 Hz
Resonant frequency: 40 kHz

Linearity: 2% F.S max

1 laser displacement sensor, ref LK-G82

1 Function Generator, ref PM 5132

Resolution: 0:2m

Measuring range:80 15mm

Mounting mode: di used re ection
Linearity: 0:05%o0f F.S (F.S= 15mm)
Sampling period: 20=50=100=200=500=1000s
Sensitivity: multiple

Waveforms: Sine, Square, Pulse, Triangle
Frequency: 0.1 Hz - 2.0 MHz

Frequency accuracy:2%

Output voltage: 0 30V

Output Impedance: 50 Ohm

Sweep Modes: continuous, Linear, Single
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C. Instrumentation and Measuring

1 Current transducer, ref LA 25-NP/SP11

Measuring range: 1:5A

Accuracy: 0:5%at 1A

Linearity: 0:2%

Current o set:  0:15mA

Response time:ls

Frequency bandwidth ( 1db): DC to 150 kHz

NI CDAQ-9172 support, Input: NI-9215 and NI-9233, Output: N-9263

Analog channels: 4 for each card
Simultaneous sampling

Output resolution: 16-bit

Input resolution: 24-bit

Sampling rate: 50-120 kHz
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C.2 Pre-loading system
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MODELISATION DES ACTIONNEURS PIEZOELECTRIQUES POUR LE CONTROLE
DES SYSTEMES COMPLEXES

RESUME : Les récentes découvertes et avancées technologiques dans la compréhension des
matériaux ainsi que l'essor des outils informatiques d'aide au calcul ont contribué a la
prolifération de matériaux intelligents avec un champ d’applications tres large. Cette thése
s'inscrit dans le contexte d'utilisation des actionneurs piézoélectriques plutdt qu’'une vision
purement matériau. Le but est d'enrichir les bibliotheques de modeles de ces types
d’actionneurs afin de faciliter leur prise en compte dans les phases de conception des systéemes
complexes les intégrant. Le cahier des charges est que ces modéles incluent le plus possible
les non-linéarités tout en restant aisés d’utilisation. Pour atteindre ces objectifs, nous proposons
de faire un pont entre le domaine des experts des matériaux et celui de I'ingénieur en suivant
une méthodologie claire. Dans un premier temps nous passons en revue les approches
existantes dans la littérature ainsi que les solutions offertes par certains logiciels commerciaux.
Une analyse des équations constitutives de la piézoélectricité associées aux conditions de
fonctionnement de I'actionneur nous permet d’en déduire un premier modeéle analogique. Ce
dernier est ensuite traduit en bond graph pour en déduire des modéles blocs-diagramme. En
plus de cet effort de formalisation, ces premiers modéles se distinguent de ceux proposés par
les logiciels commerciaux en prenant mieux en compte la dynamique propre a l'actionneur.
Nous proposons deux types de modeles. L'un rend uniqguement compte du premier mode de
résonance alors que le second rend compte de deux modes de résonance. Ensuite nous
proposons des modéles prenant en compte les non-linéarités : I'approche de Preisach pour la
modélisation de I'hystérésis statique et I'approche de Voigt dans le cas dynamique. Ces deux
approches sont ensuite fusionnées dans le but d’avoir un model plus complet.

Mots clés : Piézoélectricité, Magnétostriction, Approche des paramétres concentrés, Non-
linéarités, Hystérésis, Modeles utilisateur, Systémes complexes et intelligents.

PIEZOELECTRIC ACTUATORS MODELING FOR COMPLEX SYSTEM S CONTROL

ABSTRACT: The last discoveries and technology advances in understanding materials and in
computation have contributed in the proliferation of the so-called smart materials with a wide
applications scope. This thesis enrolls in the frame of piezoelectric actuators rather than pure
material considerations. We aim to enhance their models’ libraries in order to ease their
integration in complex systems design. These models should take into account as more as
possible the nonlinear effects (such as hysteresis) while remaining easy to handle. For this
purpose we make a link between materials specialists and the field of engineers. We firstly
analyze the constitutive equations of piezoelectricity with respect to operating conditions. This
allows us to deduce a first analog model. This is then translated into bond graph. The obtained
models are translated in block-diagrams. The established models in this step differ from those
proposed by commercial package in such a way that they better integrate the dynamic nature of
the actuator independently of the other parts of the structure. In fact we proposed two types of
models. The first one only takes into account the first resonance mode while the second one
takes into account two resonances. Thereafter, we suggested models taking into account
nonlinearities and hysteresis. The Preisach approach was adopted for static hysteresis. Then
we adapted Voigt approach in order to account for dynamic hysteresis. The two approaches
were then merged in order to have a complete model.

Keywords : Piezoelectricity, Magnetostriction, Lumped-parameters approach, Nonlinearities,
Hysteresis, User oriented models, Complex and smart systems.
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