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Chapter 1

Introduction and context

Tﬁe aim of this chapter is to remind the context of my research and the scientific themes carried
0

ut so far. This includes my PhD works (2003 - 2006) and my post-PhD works (2006 onwards)
all effectuated at the department of Automatic Control and MicroMechatronic Systems (AS2M)
of FEMTO-ST Institute. After presenting the context, a brief presentation of the PhD works is
first given. Then, we give an overview of the post-PhD research works. This encompasses the
supervised works, the transfer of the research results to teaching and the works within (external)

collaborative context.
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1.1 Context: precise and high dynamics positioning

Recise positioning deals with the positioning that requires micrometric or submicrometric
P accuracy. Actuated miniaturized systems, microsystems or even MEMSEl are considered
as the best candidates to perform precise positioning if the travel distances are not large |[1].
They can provide very high resolution of positioning (the range of nanometer is possible) and
thus very high accuracy if controlled. Furthermore, since the sizes of the system are reduced,
the energy consumption is lessened. Finally, the price of the operation and of the positioner
systems could be much less than if we used classically sized positioning systems. When em-
ploying all these miniaturized systems, the task is called micropositioning or nanopositioning
according to the resolution and to the accuracy played into role. The rest of this thesis deals
with precise positioning in this spirit.

The applications of precise positioning (micropositioning or nanopositioning) are numer-
ous, among which the following are widely studied or are emerging.

Medical surgery applications

An emerging medical application is the
microrobot vein laser surgery [218][C55][C46][C45]. An endo-
scopic element is brought inside the human
body to drop laser fibers and cameras from
the external. At the extremity of the endo-
scope are placed actuated microstructures or
microrobots which permit to precisely reflect
and orient the laser beams towards the cells
to be treated. The capability of the posi-
tioners to perform precise and fast orienta-
tion of the laser beams is fundamental in this
application in order to avoid the destruction
of alive cells and to avoid side effects from

Figure 1.1: A precisely guided microrobot for

ophthalmic surgery (ETH Zurich, Switzer- the SULgery. 'Ar%other SUIgery a.pphc:%tlon (?f
land) precise positioning consists in inserting mi-

crorobots in the eye for ophthalmic surgery
9H12|, for instance to enable sutureless and

precise ophthalmic procedures which require a precise movement of the microrobots, see

Fig. [[1]

Microscopes and surfaces scanning

In scanning probe microscopes (SPM) which includes atomic force microscopes, scanning
tunnelling microscopes, electronic force microscopes,..., a tip is used to raster scan over a

IMEMS: MicroElectroMechanical Systems.



surface to be sampled . A data is created from each discrete point of the raster
scan. For instance, in atomic force microscopes, the data corresponds to the deflection of
the tip caused by atomic level attraction forces between this and the surface. These attrac-
tion forces become important when the distance between the tip and the surface is small.
Thus the set of data after the scanning pro-
vides a map of the scanned surface at micro-
metric or nanometric level. The scan rate
depends on the bandwidth of the actuator
and on its control. Piezoelectric actuators
with tubular structure (piezotube scanners or
PTS) are widely employed to precisely po-
sition the tip during the scanning. These
last years, the development of additional po-
sitioners to increase the performances of the
scanning has been raising. These position-
ers serve as complementary scanners to the
piezotubes scanners and bring more preci-
sion, more resolution, more range or more Figure 1.2: An atomic force microscopy with
scan rate [19128]. Fig.pictures an exam- integrated positioner and a MEMS nanoposi-
ple of commercial AFM collaborating with a tioner (University of Newcastle, Australia).
third precise MEMS positioner that holds the

surface sample :

commercial AFM MEMS nanopositioner

Data storage

The development of ultra-high storage
densities devices based on MEMS precise po-
sitioners is raising these last years. The
principle is taken from scanning probe mi-
croscopes (SPM): nanometer sharp tips are
employed to interrogate matter down to the
atomic scale [29/37]. The presence or the
absence of indentation on the matter (in gen-
eral thin polymer films) indicates the logical
state (one or zero). Each tip is actuated indi-
vidually to create or to verify the indentation
making the writing or reading possible. One
Figure 1.3: A MEMS based data storage of the particu.lari.ty of these novt.el data stor-
(IBM Zurich, Switzerland). age technologies is that all the tips are fixed

in a single scanner and can be moved in par-
allel which permit to maintain competitive
data rates relative to the classical data storage devices. Their main feature is the high storage
density offered. Fig. pictures a MEMS based data storage where the scan table, moved
along axis x and axis y by the magnets and voicecoils, precisely positions a set of tips on

scan table voicecoil magnet



storage medium for the reading or writing .

Micromanipulation and microassembly

Micromanipulation deals with the precise manipulation of small objects, and microassembly
deals with their precise assembly to produce more complex small structures. Microrobots and
actuated precise positioners and manipulators are widely employed to execute the tasks in order
to benefit from their high resolution [38-42][J29]|. There are several usages of micromanipula-
tion and microassembly. One of the emerging is the precise assembly of optical components to
obtain optical benches 51} [p3][C21]. In Fig. [1.4}a is pictured an example of assembled
optical bench . The bench is composed of a rail in which are placed holders of lenses.
The challenge consisted in inserting and guid-
ing the holders in the rail and then perform- _rail lens holder
ing a very precise positioning to maintain a
well defined distance between them. Plac-
ing the lenses in the holders poses an addi-
tional challenge. After packaging, this opti-
cal bench has been used for gas characteri-
zation by spectrometry . Fig. b de-
picts the smallest cow assembled in the world.
Called "Maghi'P] the micro-cow has been de-
veloped by microassembly task at the AS2M
department and was prized "micron d’or"
during the 2008 Micronora congress held in
Besancon . Micromanipulation has also
been extensively employed to manipulate and
to characterize biological cells [54-57|. Since
more than a decade, we also assist to the emergence of nanomanipulation, where the sizes of
the manipulated objects downscale and where the resolution and accuracy required are more
sever than in micromanipulation [58].

Figure 1.4: An assembled optical bench
(AS2M department Besangon, France and
ARRI Institute/UTA Arlington, TX USA).

A common characteristic of precise positioning based on miniaturized systems is that,
generally, high bandwidth can be achieved. In fact, due to the small sizes of the systems,
the inertia is weak and thus the capability of the structure to move quickly is increased. This
large bandwidth is congruent with the requirement of many of the targeted applications such as
laser surgery applications, high cadence microassembly and micromanipulation, data-storage...

The department of Automatic control and MicroMechatronics Systems (AS2M) of FEMTO-
ST Institute deals with the development of precise positioning systems (microactuators, actu-
ated microsystems, and microrobots) since 1995. The main targeted applications of these sys-
tems have been being multiple: micromanipulation and characterization of biological cells, mi-
cromanipulation and characterization of artificial objects (nonbiological objects), microassem-

2Maghi: MicroAssembly with Gripper Handling (in english), Micro-AssemblaGe d’HerbIvores (in french)
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bly of artificial objects such as optical components, measurement and characterization of forces
at the microscale, and since a couple of years the precise laser phonomicrosurgery. Though,
micromanipulation and microassembly of artificial objects are particularly the principal core.
These developments and these applications have been carried out within different national,
european and international projects and collaborations and made the department well ranked
in the field at the international level. When I arrived at the AS2M departmen‘ﬂ in november
2003 as a PhD student with a ministerial scholarship grant, I was given the opportunity to de-
sign, develop and control novel microassembly stations capable of automatic or semi-automatic
manipulation or assembly of small objects. The subject, very exciting and multidisciplinar,
was part of an european project dealing with the development of modular microfactories, a
new concept of factories of the future with reconfigurability property and for the production of
micro-products at low cost. The PhD works comprised the design and development of a piezo-
electric microrobot, its modeling and control, and the automation of the whole microassembly
station based on this microrobot.

1.2 Piezoelectric materials based positioning systems

The design and development of miniaturized systems for precise and high dynamics posi-
tioning are very different from the design and development of classically sized positioning
systems like robots, arms, conveyors. For these latters, the actuators used (DC motors,
pneumatic actuators, magnetic actuators,...) are composed of several subcomponents such
as stator, rotor, movable parts, and of other elements that permit to attach them (screws,
nuts,...). These actuators are afterwards integrated with other mechanical components and
hinges to transform the movement from rotation into translation (or conversely), to amplify
the strokes or the torques, to transmit them, or to increase/decrease the speed. At the end,
the positioning systems are made up of many components. For miniaturized precise posi-
tioning systems, such method of design and development will not work. First, as the sizes
downscale, it is difficult or even impossible to fabricate the subcomponents. Second, assem-
blying too many small subcomponents is a very challenging task. Finally, the mechanical
plays and backlashes found in the assembled subcomponents as well as the frictions between
them are not favourable for the obtention of high resolution of positioning. New methods
of design and of development have therefore been raised by engineers and researchers. The
main idea is that, instead of using several assembled components (actuators and articula-
tions), one employs smart materials and deformable structures. These materials and struc-
tures react and generate motion and torques subjected to external excitation like electrical
voltages and fields, magnetic fields, temperature,... The most used in precise positioning com-
prise: thermally and electrothermally movable or deformable structures, shape memory and
magnetic shape memory alloys, electroactive and magnetoactive polymers, magnetostrictive
materials, electrostatically driven structures, and last but not least piezoelectric materials.

3 At this time, the AS2M department name was LAB (Laboratoire d’Automatique de Besancon). The actual
name (AS2M) was given in january 2008 when the department becomes a department of FEMTO-ST Institute.
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By wusing them, the set of subcompo-
nents are replaced by one bulk material
| which can perform the same functionali-
: ties. To show the principle, Fig. de-
| picts the replacement of a polyarticulated

arm by a bulk smart material. Both
DC motors smart systems can provide a displacement at
ol their extremities. =~ With the smart ma-

(a) b}
a terial, the absence of mechanical plays,

of clearances and of friction makes possi-
ble a positioning with a very high resolu-
tion.

Figure 1.5: Replacement of a classical pol-
varticulated arm by a bulk smart material.

Piezoelectric materials are very well recognized in the development of precise and high
dynamics positioning systems. This recognition is thanks to the high resolution (up to nano-
metric level), the high bandwidth (tens of kiloHertz) and the high stiffness that many of them
can offer. These properties render them well adapted to high resolution and high speed ac-
tuation. Furthermore, the fact that their excitation is electrical eases their integration and
utilization. Finally, they can be used as sensors or as actuators and thus opens their range of
applications broader. At the AS2M department, piezoelectric materials, mainly lead-zirconate-
titanate (PZT) ceramics, are extensively employed to develop microgrippers for microassembly
and micromanipulation aims. PZT piezoceramics exhibit a large stiffness and a high coupling
factor and are widely available in commerces at low costs. These piezoelectric microgrippers
are most of the time made up of two piezoelectric cantilevers with rectangular section which,
when driven by independent voltages, are able to pick, transport and place or to assemble
small objects with a very high positioning resolution. The development and the utilization of
these microgrippers raised several PhD thesis works and patents from the AS2M department

[59766@ Fig. a, b, ¢, d and e depict different versions of the developed microgrippers at
the department and Fig. [L.6}f, g and h some examples of their utilization to manipulate or to
assemble small gears.

The works reported in this thesis deal with the design and development of piezoelectric can-
tilevered structures systems, their modeling, control and signal estimation. The systems are
devoted to precise and high dynamics positioning. The development comprises microgrippers,
more complex structured systems (for example: with more degrees of freedom) or more perfor-
mant systems (for example with higher range). It is shown that simple piezoelectric cantilever
structures can be exploited to develop dexterous and highly performant systems with other
capabilities than simple bending. We will also demonstrate that control theory tools (model-
ing, robustness, control, estimation,...) bring additional possibilities, or are even necessary, to
reach these targets. In the control side, an important aim is that the controllers should satisfy
the severe performances required in precise and high dynamics positioning (settling time less
than tens of milliseconds, no-overshoot and no-vibrations from the actuators during the tasks,

“The references do not include my works as they will be cited as contribution in the rest of the thesis.
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micrometric accuracy) with a worry about their simplicity to match with real-time implemen-
tation and with the actual available real-times machines (limited in computing powers and
mermories).

“6664 SUND - 81

g Laboratoire d’Automatique de Besangon

ii; Laboratoire d’Automatique de Besangon - 2002 (C)

Figure 1.6: Piezoelectric microgrippers developed at the AS2M department. (a): the first
version of piezoelectric microgripper at the AS2M department 60]. (b) and (c): a 4-DOF
microgripper on chip [61}(62]. (d): a hybrid thermopiezoelectric microgripper [PT1|[J14]. (e):
a microgripper with optimized sensing and actuation capability [64/66]. (£)[C11], (g) [61],
and (h) [63]: utilization of the microgrippers for micromanipulation or microassembly tasks.

1.3 Challenges posed in precise and high dynamics positioning
with piezoelectric systems

Piezoelectric cantilevers based positioning systems possess very high resolution, high band-
width and high stiffness and are relatively easy to develop. However they exhibit strong
nonlinearities which are the hysteresis and the creep, and are typified by badly damped vi-
brations. Furthermore they are very sensitive to the environment (temperature, surrounding
vibrations). The nonlinearities lead to a loss of performances (mainly the final precision) of the
micromanipulation and microassembly tasks and the vibrations strongly compromise their sta-
bility. In a closed-loop scheme, both the nonlinearities and the vibrations affect the stability if
not well accounted for. These properties should definitely be considered by control techniques
to reach the performances required in micromanipulation and microassembly tasks. Addition-
ally to these properties, other characteristics that are found in microsystems and miniaturized
systems in general also pose challenges. They are all quickly reminded below.
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Hysteresis phenomenon

The hysteresis in piezoelectric systems are

10 I a nonlinear phenomenon in which forth and
N R S back displacement paths are different |70} 71
and thus cause an important positioning er-
ror. To characterize the hysteresis, a sine
driving voltage signal with a fixed frequency
is applied to the piezoelectric actuator. Then
the output displacement is recorded. The
amplitude of the hysteresis % x 100% (see
‘ Fig. is therefore calculated from the
2w W w input-output map |B4|. The hysteresis in
piezoelectric systems are known to be rate-

Figure 1.7: Example of hysteresis obtained dependent (or dynamic): the shape of the

from a piezoelectric cantilevered actuator hysteresis varies according to the frequency or
[BCH). to the rate of the driving voltage signal. This

renders the dynamic control of the piezoelec-
tric positioning systems more complex. Fig. depicts an example of hysteresis of a piezoelec-
tric cantilever structured actuator |[BC5|. The amplitude of the hysteresis is of 14600’2% = 25%
which is very important.

_ displacement [pm]

[ T T a— 3
voltage [V]

Creep phenomenon

The creep phenomenon is defined as the progressive time-dependent inelastic deformation
of a material under constant load and temperature. The shape of the creep and the dura-
tion of the creep stages depend strongly on the stress and temperature values |[72][B4|. In
an analogous way, the creep in piezoelectric materials is defined as the drift in deformation
after applying a constant electric field, the evaluation being made at constant temperature.

The creep, similarly to the hysteresis, is due

displacement [pm] to a complex phenomenon inside the mate-

- - | rial. It depends on the internal structure and

oreep properties of the material such as the do-

20"5 \ mains walls, impurities and vacancies. The

ik creep is more important when the temper-

| | __ final value ature is high. Furthermore, the creep due

if without creep . . . . .

to an electrical excitation is more important

s | ) , than that the creep due to a mechanical stress
[ {] transient part . . . . .

| (oscillating) in piezoelectric materials. The observation of

oy : : : ' the creep is made by applying a step voltage

a 0y 0 g 400 5°°time6f’s? to the piezoelectric system. The phenomenon

is taken as the low rate drift that occurs just

Figure 1.8: Example of creep in a piezoelectric after the transient part, see Fig. The set-

cantilever [J7]. tling time of the transient part is very quick

and does not exceed hundreds of milliseconds

10
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while the settling time of the drift can be many hours. As an example, Fig. depicts the
step response of a piezoelectric cantilevered actuator with 20mm x 2mm x 0.3mm sizes and
based on lead zirconate titanate (PZT) and copper materials. The response has been recorded
for a long period. The settling time of the transient part is calculated as about 82ms whilst
the drift is still evoluting even after 10min of observation [J7|.

Badly damped vibrations

Precise positioning systems based on
displacement [pm] | | ‘ ‘ piezoelectric cantilever actuators evidently
exhibit lightly damped vibrations. This is
due to the cantilever structure itself and to
“I ﬂ ] the high Q-factor of the materials [73][B4].

These vibrations inevitably affect the micro-
‘ ] manipulation and microassembly tasks. If
the overshoots are too high, the manipulated
0 i objects or the actuators can be destroyed.
s | Furthemore, even if the piezoelectric system
possesses a high bandwidth, the settling time
is high due to the lightly damped vibrations.
Finally, the stability of the tasks itself is
compromised. Fig. depicts the step re-
sponse (transient part) of the same piezoelec-
tric cantilevered actuator than for the creep
in Fig. This figure corresponds to the transient part before the creep starts. A quick
identification shows that the actuator exhibits a damping ratio of & = 0.01 at the natural
frequency of 4713rad/s [J7].

L L L L L
0 10 20 30 40 50

% 70
time [ms]

Figure 1.9: Step response (the transient part)
of a piezoelectric actuator |J7].

High noise-to-signal ratio

The ranges of the useful signalsﬂ involved in precise positioning systems are weak and the
accuracy required in the tasks are severe (micrometric or submicrometric). Any noise intro-
duced by the sensors or caused by the environment (thermal noise, mechanical vibrations,...)
will drown the signals |74} 76||[BC7|. It results in a high noise-to-signal ratio that conditions
the success of the micromanipulation or microassembly tasks.

High sensivity to environmental disturbances

As the sizes of the matter downscale, forces imperceptible at the classical sizes become
predominant face to volume forces (weights). Called surface forces, they include the electro-
static force, the van der Waals forces and the capillary force [77-79]. When the sizes of the
manipulated objects or of the positioning systems are too small, these forces inevitably affect

SRange of useful signals: range of positioning or range of force.
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the tasks. Last, miniaturized positioning systems are very sensitive to the environmental con-
ditions like the temperature or surrounding vibrations . A small amount of temperature
variation that is classically irrelevant can greatly impact the precision of miniaturized systems.

Difficulty to sense and to measure

When working with small sized systems, a characteristic is the difficulty to sense. Thus,
camera and microscopes are often utilized to follow the micromanipulation and microassembly
tasks. Meanwhile, this is not always realisable if the space available for the visualisation
is restricted. Finally, measuring the movement and the forces in precise and high dynamics
positioning systems is still limited nowadays. As we will discuss in Chapter ] and in Chapter [5]
sensors that have the required performances to track these signals are bulky, not integrable
and very expensive (examples: optical sensors with triangulation principle) whilst sensors that
are embeddable are not convenient for certain applications due to their limited performances
(limited ranges and precision).

1.4 PhD works (2003 - 2006)

1.4.1 Context and results

My PhD works were carried out at the AS2M department between november 2003 and novem-
ber 2006. They dealt with the design, development and control of a microassembly station
and were under the guidance of Philippe Lutz and Yassine Haddab. The works are part of an
european project (EUPASS project) that aimed to develop reconfigurable microfactories .
The microfactories are miniaturized factories capable of producing miniaturized products at
low costs.

One of the important outcomes of the
PhD works was the development of new mi-
crorobots (called TRING-module) capable of
performing very precise angular and linear
motions (2-DOF) [BC1]|[J3]|C5][C4]|C2], see
Fig. [[.I0] Based on the stick-slip motion
principle and on piezoelectric actuators, one
TRING-module can move with a step be-
tween 70nm and 200nm. Its linear velocity
can be in excess of 2mm/s and the angular
velocity is about 1 round per 18s. When
working in sub-step, the resolution of the
Figure 1.10: A TRING-module: a very high movement is nanometric (better than 10nm).
resolute 2-DOF microrobot with angular and Additionally to the very high resolution, an-
linear motion capabilities. other advantage from the TRING-modules is

the very high range: several tens of centime-

end-effector the TRING-module microrobot support

ters are possible.
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The PhD works also include the development of a whole station based on one or several
TRING-modules [C3]|[C1], and the modeling and control of all the modules within the station.
A novel control technique for stepper microrobots has been proposed [BC1|[J1|[C8][C6|. Called
voltage/frequency proportional control, the technique encompasses the existing ones and is
more general. A main advantage of this technique is that the two modes of movement, i.e.
the step-by-step motion for the coarse positioning and the substep for the fine positioning,
are automatically switched by the controller. We have also demonstrated that the Lyapunov
stability is guaranteed by the novel control technique for any stick-slip microrobot. Finally,
another principal result of the PhD works is the modeling and control of piezoelectric cantilevers
used as active end-effector for the microrobots [J2|[C10|[C9|[C7|]. My works regarding the
piezoelectric cantilevered structures with rectangular sections started with this result.

1.4.2 PhD general information

Table summarizes the administrative information relative to my PhD and to its defensy.

lightgray GENERAL INFORMATION

Staring date November 3, 2003

Date of defensy | November 30, 2006

University University of Franche-Comté (UFC) at Besangon
Laboratory Automatic Control and MicroMechatronic Systems (AS2M),
FEMTO-ST Institute CNRS UMR6174 / UFC / ENSMM / UTBM
Speciality Control Systems
Title Développement et commande modulaire d’une station de microassemblage
lightgray COMMITTEE MEMBERS
Reviewers - Henri BOURLES, Full Professor CNAM Paris France
- Hervé-Tannegy REDARCE, Full Professor INSA Lyon France
Examiners - Jean-Marc BREGUET, Director of Group EPFL Lausanne Switzerland

- Nicolas CHAILLET, Full Professor UFC Besancon France
- Francgois PIERROT, Director of Research LIRMM Montpellier France
- Stéphane REGNIER, Full Professor UPMC Paris France

Advisors - Philippe LuTz, Full Professor UFC Besancon France
- Yassine HADDAB, Associate Professor ENSMM Besangon France

lightgray HIGHLIGHTS

Ministerial scholarship award

UFC best PhD thesis finalist

IEEE ICARCV-2006 best paper award finalist (4 papers selected among 580 papers)

Table 1.1: Information summary regarding my PhD works.

17



1.4.3 Publications related to the PhD works

The list of publications related to the PhD works are listed in Appendix [Bland are clarified by
the " (related to my PhD works)" statement. They include one bookﬁ7 one book chapter, three
journals, ten international conferences or workshops papers and four national and regional
workshops.

1.5 Post-PhD works (2006 onwards)

1.5.1 Fundamental themes

My works since 2006 can be splitted into three fundamental themes: 1) the design and the
development of piezoelectric based precise and high dynamics positioning systems, 2) their
control, 3) and the study of measurement techniques for them.

Design and development of piezoelectric systems

This theme is related to the design and development of precise and high dynamics position-
ing systems based on piezoelectric materials. Cantilever structures with rectangular section
are principally the basis. It is shown that these simple structures of piezoelectric actuators
can be utilized to yield more complex or more performant systems. For examples, they have
been employed for the design of a new high range and high resolution hybrid actuator (see
Section [2.3), of a high rate scanner in phonosurgery (see Section 2.4), or of cartesian MEMS
with three DOF capabilities (see Section . Finally, control theory tools (interval techniques
and modeling) have also been proposed to make design of these systems with guaranteed per-
formances.

Control of piezoelectric systems

The objective of this theme is the control of piezoelectric based positioning systems. Both
open-loop (feedforward) and closed-loop (feedback) schemes are studied. Feedforward scheme
have been proposed to satisfy the lack of convenient sensors. In feedback scheme, robustness
face to the disturbances and to the model uncertainties and simplicity of the controllers (low
orders) are the main criteria for the synthesis. In both schemes, modeling the behavior of
the piezoelectric systems constitutes an important part and success of the controllers synthe-
sis. The properties previously listed, in particular the nonlinearities, the vibrations, and the
sensitivity to the environment (manipulated objects, ambient temperature), are conveniently
considered in the modeling and in the controllers synthesis.

Measurement techniques

The main limitation to utilize feedback control techniques in the studied piezoelectric sys-
tems is the actual lack of embeddable and performant sensors. Regarding the feedforward

SIn fact the PhD itself has been published by the Editions Universitaires Européennes as a book later on.
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techniques, the main limitation is the lack of robustness relative to models uncertainties and
relative to external disturbances. Thus, we also studied the development of measurement
techniques devoted to piezoelectric systems. Self-sensing measurement techniques are among
them. We also show that combining control theory tools (observers) with the existing or de-
veloped instruments can help to go further in the measurement capabilities. Observers are
very interesting complementary tools for the existing sensing technologies to execute measure-
ment during micromanipulation and microassembly tasks and for precise and high dynamics
positioning in general.

1.5.2 Applications

Fig. summarizes the links betweeen the context, the fundamental themes and the ap-
plications of my works. Precise and high dynamics positioning is the principal context and
motivation. The three fundamental themes are to reach the objectives in this context. The
applications are mainly the micromanipulation and microassembly tasks as well as the phono-
surgery by microrobots. These applications are all treated at the AS2M department since
many years. My contribution to them is related to the piezoelectric materials based systems
to execute the tasks.

p
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Figure 1.11: Links between the context and motivation, fundamental themes and applications.
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1.5.3 Supervised works

Since 2006, I was advisor or co-advisor of six post-doc fellows, four PhD students and MSc,
BSc or Engineers students. Table presents the repartition of their works according to the
theme. The numbers of months consecrated to each theme are approximative. M, is the total
number of months of recruitment. There are 85 months of post-doc fellowships, 144 months
for PhD fellowships, and 58 months for internships.

lightgray PosT-DOC

| FELLOW OR STUDENT Design Control Measurem. | Total (M) |

Omar AL JANAIDEH 0 3.5 3.5 7

Vincent CHALVET 6 3 0 9

Ton Pengwang EAKKACHAI 12 0 0 12

Ioan Alexandru IVAN 0 0 6 6

Alex BIENAIME 12 0 0 12

Juan Antonio ESCARENO 0 15 0 15

Ioan Alexandru IVAN 9.6 2.4 12 24

yellow Total (months) yellow 39.6 | yellow 23.9 | yellow 21.5 | yellow = 85
’ lightgray PHD

Yasser AL HAMIDI 0 36 0 36

Didace HABINEZA 3.6 32.4 0 36

Sergio LESCANO 27 9 0 36

Sofiane KHADRAOUI 5.4 30.6 0 36

yellow Total (months) yellow 36 yellow 108 | yellow 0 yellow = 144
] lightgray INTERNSHIPS (MSc, BSc, ENGENEERS)

Fadwa HOUSSALI 5 0 0 )

Vincent TRENCHANT 0 3.5 3.5 7

Erwann DUPONT 3.5 3.5 0 7

Ismaél Ahmed ISMAEL 5 0 0 )

Yasser AL HAMIDI 0 2 0 2

Adiasa ADIASA 5 0 0 5

Quentin ASSAILLY 5 0 0 )

Mohamed Lamine BERRANDJIA | O 0 2 2

Paul Michaél MOORE 1 0 1 2

Qihong ZHOU 0 2 0 2

Kamel NCIR 3 0 3 3

Elodie HAVET 6 0 0 6

Mamadou Cissé DIOUF 0 4 0 4

yellow Total (months) yellow 33.5 | yellow 15 yellow 9.5 yellow = 58

Table 1.2: Effective months and themes for the advised fellowships and internships.
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Finally, Figure [[.12}a is a sector view of the above repartition, the total months number
being 287. As we can see, the control theme presents the highest volume of investigation (in
excess of 51%). Figure b summarizes the repartition of the themes according if they were
affected to post-doc, PhD or internships. We can conclude that design is equitably affected to
the three types of fellowships, control is principally affected to PhD students and measurement
theme has been mostly carried out by post-doc and internships.

10 (b) H Post-doc

mPhD
100 Internship

(design 109.1 months)

’ —_— —
design control measurement

Figure 1.12: General repartition (in months number) of the supervised works.

1.5.4 Projects and fundings

Table lists the past and the ongoing projects that I have coordinated or to which T have
contributed. Complementary information on these projects are also given in Appendix [A:2.4]
and in Appendix[A.2.5] Regarding the coordinated projects, the amount of fundings and grants
given to the department are also displayed in the table. The total amount in these coordinated
projects is 827k€. There are one european (uPADS) and two national coordinated projects
(C-MUMS and MYMESYS), one of which is a young investigator award. Self-funding means
that there is no allowance. This case concerns a PhD student (Yasser Al Hamidi) and an
internship (Mohamed Lamine Berrandjia) came with their own fundings.

In order to have an idea of the investigated theme in each project, the number of months
effectuated by the all supervised fellowships without distinction (post-doc, PhD and intern-
ships) has also been put in the table. They are indicated by mg (number of months devoted
to the design theme), m. (for the control theme) and m,, (for the measurement theme). The
total months number of supervised works in each project is: Mot = mq+me+mpy,. It is worth
to notice that other concerns like equipments costs are not assessed and are not considered in
the themes repartition.
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lightgray DURATION (IN MONTHS) OF FELLOWSHIPS FOR EACH PROJECT.

PROJECT /FUNDING Design Control Measurem.| Total
(maq) (me) (mm) (Miot)
COORDINATED PROJECTS AND FUNDINGS
uPADS (2008-2010, 171k€) 9.6 24 12 24
ANR C-MUMS (2012-2016, 177k€) 3.6 324 0 36
ANR MYMESYS (2012-2014, 300k€) | 23 6.5 9.5 39
UFC post-doc fellowship (2014, 21k€) | 0 3.5 3.5 7
UFC post-doc fellowship (2013, 27k€) | 9 0 0 9
BQR UFC (20122013, 16k€) 5 0 0 5
CGD funding (2009-2012, 90k€) 5.4 30.6 0 36
BQR ENSMM (2010-2011, 14k€) 4 0 0 4
BQR UFC (2010-2011, 5k€) 0 0 0 0
OSEO-ANVAR (2007, 6k€) 0 4 0 4
self-funding 0 40 0 40
CONTRIBUTED PROJECTS
JRALP (2012-2015) 135 125 0 56
NET4M (2011-2014) 0 0 0 0
MIM-HAC (2012-2014) 0 15 0 15
NANOROL (2008-2012) 0 0 0 0
Maturation Bourgogne-FC (2012) 0 0 0 0
MicroFactory-2 (2010-2012) 0 0 0 0
MicroFactory (2007-2009) 6 0 0 6
ellow Total months for all fellow- | yellow ellow ellow
Zhips §109.1 }1746.9 yellow 31| 287

Table 1.3: List of projects

and supervised works for each project.

Based on this repartition, a synthesis diagram is given in Figure [[.I3] The diagram per-
mits to quickly see the notable effort consecrated on design during the uRALP project. This
project consists in developing parallel microrobots devoted to orient laser beams for phonomi-
crosurgery. The high challenge raised by this development (severe performances, very compact
sizes, novel microfabrication technologies) had made this task require more energy and time.
The national ANR MYMESYS project also exhibits a non-negligeable months number conse-
crated to design. Finally, notable efforts have been given to the control theme within three
projects which correspond to PhD fundings.
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Figure 1.13: General repartition that links projects with supervised works (in months).

1.5.5 From research to teaching

Teaching

I teach CONTROL SYSTEMS, ROBOTICS and MICROMECHATRONICS at the University of
Franche-Comté at Besancon. My courses are principally for junior undegrad studentsﬂ on
Electrical Engineering (EEA: Electrotechnique, Electronique, Automatique), for professional
bacheIOIﬂ and for postgrad students in preparation of their master’s degree on Mechatronics.
Complementary information on teaching are given in Appendix [A3]

CONTROL SYSTEMS modules include continous and digital linear systems (modeling and
control), Kalman filtering, state-space modeling and control, and multivariable robust con-
trol (Hy and its derivatives). For Bachelor students, the objectives are to provide sufficient
knowledges to face the modeling and the controllers synthesis in industrial and industrialized
processes. After graduation, they will be able to characterize and to model these systems
and to synthesize and to tune classical controllers (PID, bang-bang, ...). For Master students,

"Junior undegrad students: 3"¢ in the preparation of the bachelor, Licence 3°™¢ année.
8Professional bachelor: Licence Professionnelle
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advanced notions of control theory are given such that they can be able to go further on the
modeling and controllers synthesis and thus to face complex processes (aerospace, medical, ...).
For instance, the consideration of the uncertainties and of the noise is given in depth during
these advanced courses. The courses given to Master students also permit to progressively
enter on the PhD program for those who think to pursue in this direction. Still in this spirit,
I give courses on modeling and feedforward control of hysteresis, creep and badly damped vi-
brations with applications to piezoelectric systems. The objective here is to propose "exotic"
control techniques and to transfer the research to teaching.

Transfer of research to teaching

Connection between the research results and the teaching: an essential point to
which I attach a great importance is the transfer of research to teaching. I always endeavor
to connect the teaching for Master students with research in general or with the research car-
ried out at the department of AS2M. Many exercices, projects or tutorials examples during
the CONTROL SYSTEMS modules and the MICROMECHATRONICS module are based on the
research results. They comprise the feedforward control of nonlinearities and of vibrations, the
robust H, control of hysteretic systems,...

Importance of videos: during the lectures on ROBOTICS or on CONTROL SYSTEMS, it is
important to show exciting videos of controlled complex systems. Most of the time, I take these
videos during international conferences (IEEE ICRA, IEEE IROS, ACC...), from the internet
or from the AS2M department. The videos are presented at the beginning of the modules and
greatly influence the motivation of the students and their interest to the fields. They show the
variety of applications and are complementary to the benchmarks that the students will see
during the labs.

Development of labs based on research: these last years, we have duplicated exper-
imental setups used in research works to create similar benchmarks for teaching labs. They
are principally based on piezoelectric cantilever actuators and piezotubes scanners. They are
devoted, but not limited, to: 1) introduction to nonlinearities and vibrations in piezoelectric
systems, 2) modeling and feedforward control of hysteresis, creep and vibrations, 3) robust Ho,
control, 4) and self-sensing measurement techniques in piezoelectricity. Self-sensing which will
be presented in Section consists in employing the piezoelectric actuators as sensors at the
same time via the direct and the converse piezoelectric effects. It is evident that the students
in micromechatronics should have seen such novel and very integrated technologies of sensing.

Invited lectures

When I was visitor at the University of Texas at Arlington (UTA) in USA in november
2011, T have been given the opportunity to give a one hour lecture to BSc, MSc and PhD
students of the department of Electrical Engineering. 1 therefore gave an introduction to
the modeling, the identification and the feedforward control of hysteresis in smart materials
based actuated systems. The lecture was tought in a way that, after some preliminaries and
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definitions, the students follow an illustrative example (Prandtl-Ishlinskii technique applied to
piezoelectric materials) from the initial hysteresis characterization to its final control. The title
of the lecture was: " Hysteresis modeling, identification and feedforward control for piezoelectric
based Microsystems and microrobots".

1.5.6 Collaborative context

Besides the collaborative projects to which I participate or I coordinate, below are listed re-
searchers with whom I have direct and active collaborations (technical, visiting, organization
of sessions and focused sections, ...):

— Prof. S.0. Reza MOHEIMANI, University of Newcastle, LCDN and CDSC, Newcastle Aus-
tralia

— Prof. Gloria WIENS, University of Florida in Gainesville, FL. USA

— Prof. Dan PopA, University of Texas at Arlington, TX USA

— Prof. John T. WEN, Rensselaer Polytechnic Institute, NY USA

— Prof. Hamid PARSAEI, Texas A&M University at Qatar, Doha Qatar

— Dr Andrew J. FLEMING, University of Newcastle, Precision Mechatronics Lab and CDSC,
Newcastle Australia

— Dr Mohammad Al JANAIDEH, University of Jordan, Amman Jordan

— Dr Qingsong XU, University of Macau, Macau

— Dr. Yuenkuan YONG, University of Newcastle, LCDN and CDSC, Newcastle Australia

— Prof. Xiaobo TAN, University of Michigan, Ann Arbor, MI USA

— Prof. Juan Antonio ESCARENO, Polytechnic Superior Institute on Aerospace (IPSA), Paris
France

The above list is not exhaustive if we consider co-authoring point of view. Furthermore,
the list does not include partners with whom future projects are expected.

Regarding the industrial context, the AS2M department is in strong collaboration with the
PERCIPIO-ROBOTCS company |[82|. This company, located in Besancon, is specialized in
the precise and high cadence positioning with robotic tools. I have been involved in a project
to reach this objective where my contribution deals with the control of piezoelectric devices.

1.6 Timeline of the research since 2006

Figure presents a timeline of the research since 2006. The figure presents the major
projects, with in parenthesis my contributions, and the scientific subjects dealt. Temporally,
the works carried out are in a continual evolution. We started with simple piezoelectric mul-
timorph, i.e. monovariable systems. Their modeling and control have been extensively in-
vestigated and led to important results recognized at the international level. Over the time,
the need of convenient measurement techniques to make feedback control architecture possible
led us to also investigate in this direction. In parallel, the feedforward control architecture
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has been investigated as alternative way to enhance the performances when there is a lack of
sensors. The different contributions have been being gradually extended to multivariable due
to the raise of multi- DOF piezoelectric systems. Finally, these last years, we have started
to investigate on even more miniaturized, highly performant, higly dexterous and low costs
piezoelectric MEMS.

multi-DOF piezoelectric systems (multivariable)
.
-~ B

1-DOF piezoelectric systems (monovariable)

robust control, optimal control

interval techniques with control

theory for controllers synthesis
interval techniques with control theory

for systems design

feedforward control

measurement techniques (self-sensing, instrumentation)

towards miniaturization
with microfabrication technologies)

A .
2006 2007 2008 2009 2010 2011 2012 2013 2014
pUSINE 1 nUSINE 2
(design and control) (design and control)

europ EUPASS
(design and control)

NANOROL
(control)

maturation
measurement)

MIM-HAC
(control)

intnal NET4M

(control)
microassembly and micromanipulation applications
europ nRALP
(piezoelectric microrobotics for
laser phonosurgery application phonomicrosurgery)

Figure 1.14: Timeline of the research since 2006.
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1.7 Organization of this thesis

The remainder of this thesis provides a synthesis of my works on precise and high dynam-
ics positioning systems based on piezoelectric materials. The organization of the thesis is as
follows. Chapter [2] is devoted to the design, the development and the modeling aspects. In
Chapter [3| the different feedback control techniques for these systems and studied so far are
presented. Chapter [] deals with their feedforward control. Finally, all investigated measure-
ment development and techniques are presented in Chapter [

In Chapter [6] after providing the conclusions, I will give the perspectives. The details of

my Curriculum Vite are in Appendix [A] and the list of my publications in Appendix [Bl All
along the thesis, the citations related to my works are referred to this list (example [J1]).
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Chapter 2

Design, development and modeling

18 chapter deals with the design and development of piezoelectric positioning systems and
T?heir modeling. A particular attention is given to piezoelectric actuators that have cantilever
structure with rectangular section. They are the basis of the development of more performant
or more complex systems. For that, the chapter is splitted into three classes. The first class
deals with cantilever structured only piezoelectric systems and are given in Section. and
Section. [2.3.  In the second class, we present more complex structured systems. This will
be in Section. and Section. |2.5. The last class deals with o new methodology to design
piezoelectric systems. The methodology is based on interval techniques and will be presented in

in Section. [2.4.
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2.1 Introduction

Piezoelectric cantilever structure with rectangular section is one the most used structures in
piezoelectrically actuated systems. They can be employed to realize devices for various appli-

cations such as microgrippers [59}(67; |83 86|[PTL|[J14][C11], switches [87{39], micro-valves
, micro-air-vehicles [91H95], tips in atomic force microscopes , or orientable platforms

[07} [100].

support

(a)

Figure 2.1: Principle of a piezoelectric micro-

gripper.

It is worth to notice that in cantilever structure, there are also the piezoelectric tube scan-
ners (piezotubes) which have circular section. They are widely employed in scanning probe
microscopy applications. Finally, piezostacks are made of the superposition of several elements
piled up. Contrary to piezoelectric cantilevers with rectangular section and to piezotubes which
both can bend, piezostacks only expand/contract. We will alternately employ the terms mul-
timorph, multilayered, or piezoelectric cantilever in the remainder to state the same meaning:

piezoelectric
cantilevered
actuators =

With regards to piezoelectric microgrippers
which are extensively employed to execute
micromanipulation and microassembly tasks,
there are often two piezoelectric actuators,
By driving the bend-
ings of the two actuators, it is possible
to perform a pick-transport and place of
o small objects with a very high resolution
5 as figured in Figure 2:1}b.
cantilever actuators are independent, one
of them can be driven to perform the
positioning while the other one to main-
tain the object with a desired manipulation

see Figure [2.I}a.

manipulated
object [PRCANNY
! (b)

force.

piezoelectric cantilever actuators with rectangular section.
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The first part of this chapter is devoted to the modeling of multimorph actuators which
are widely used in piezoelectric positioning systems. The relation between the bending (dis-
placement) of the actuator, the driving voltage, any external force and the thermal excitation
is derived. This will be in Section. 2.2l These multimorph actuators have high resolution
and high bandwidth but limited in range. Thus, in Section. we present a novel hybrid
thermopiezoelectric actuator which typifies a high range of displacement. Section. and
Sectiomn. are devoted to the development of more complex structured piezoelectric systems,
though based on cantilevers. Finally, we present in Section. a design methodology with
guaranteed performances for piezoelectric systems, based on interval tools. An illustrative ex-
ample is given, it concerns the design of piezoelectric cantilever actuators. The methodology
can be applied to other kinds of systems, actuated or non-actuated.

2.2 Multimorph piezoelectric cantilevers as basic actuators

After having presented the principle of bending of multimorph actuators, we present the Ballas
linear model. This model is general and widely employed when the applied electrical field is
relatively weak. However, this does not account for the hysteresis and the creep which are
notable when the electrical field applied to the actuator becomes higher than 15% of the
maximal strength [101]. We therefore propose an extension that comprises in a single model
the nonlinearities and the dynamics. Furthermore, the proposed extension also accounts for
the thermal effect and for the external force applied. This extended model will be extensively
employed in the rest of the thesis: modeling of newer hybrid thermopiezoelectric systems,
feedback control, feedforward control, measurement techniques.

2.2.1 Principles

Consider Fig. a which presents a piezoelectric cantilever (multimorph or multilayered ac-
tuator) that has a rectangular section and which contains n layers. At least one of the layer is
piezoelectric (piezolayer). The nonpiezolayers are called passive layers. Each piezolayer has its
poling direction in the vertical axis (z axis). Let h; be the thickness of the i*? layer (i = 1...n)
and Z be the distance between the neutral axis and the bottom surface of the cantilever.

u z P
A Tayer 0 VISR R B 20 20 R 2% DU 2 20 SR DU NN 0 SR AN SR IR UM
n-1 layer hp_1 (5(.%’) F
x
z
2nd layer ha
1st layer h1

(b)

. (a)

z axis

Figure 2.2: A piezoelectric cantilever.
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When an electrical field is applied to each of the piezolayers thanks to the voltage wu,
they contract or expand along the z-axis thanks to the ds; coefﬁcientE]. Due to the interfaces
connection between all the layers, these contractions or expansions will result in a deflection  of
the whole cantilever Fig.[2.2}b. This bending is much larger than the contraction or expansion
which is therefore the advantage of cantilever structure. Commonly utilized actuators are the
unimorph and the bimorph. Unimorph has two layers in which one is piezoelectric and the
other one passive. In bimorph, both the two layers are piezoelectric. Section. gives more
details on them.

2.2.2 Ballas linear modeling

The linear modeling of multimorph piezoelectric cantilevers has raised several studies. The
models which are utilizable in a wide range of applications are physical, i.e. they are versus
the geometrical parameters of the cantilever and the physical properties of the materials. Their
derivation is based on the linear model of a parallelepiped piezoelectric material described in
the IEEE/ANSI Standards on Piezoelectricity [102]. Many of the works deal with bilayered
or trilayered structures [103}/108|. For n-layerss cantilevers, DeVoe and Pisano [109| derived
a model of the deflection at the tip versus the applied voltage by employing the Timoschenko’s
bimetallic beam theory. Later on, Weinberg proposed an alternate fashion to derive a model

[110] with similar performances. Finally, in [73|, Ballas published the generalized model of
multimorph piezoelectric cantilevers. The model, which will be reminded below, is said gener-
alized because of the following properties.

— The model is valuable for any n number of layers.

— The model describes all possible outputs (deflection, bending angle, volume displacement,
charge appearing on the electrodes surfaces) versus all possible input excitations (bending mo-
ment, force, pressure load, electrical voltage).

— The outputs (deflection, bending angle, volume displacement, charge appearing on the elec-
trodes surfaces) are formulated at any point x along the longitudinal axis of cantilever. For
example, the deflection §(z) is formulated at the distance x from the clamp as pictured in
Fig. 2.2}b.

— Both the static behavior and the harmonic behavior of the multimorph are given. In the
harmonic behavior, the responses of the cantilever subjected to harmonic excitations are de-
scribed. The resonant frequencies of the piezoelectric cantilever are also formulated.

Reconsider the clamped-free n-layerss cantilever of Fig. Taking the voltage u and the
force F' at the tip as excitations, the deflection §(z) of the actuator at a distance = from the
clamp is:

5(2) = dy(a)u + 5,(2)F (2.1)

!The d3; coefficient permits to obtain a displacement along the local axis-1 (roughly = axis) when applying
an electrical field along the local axis-3 (roughly z axis).
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where d,(x) is called piezoelectric coefficient of the cantilever and sp(z) its mechanical
compliance. They are given as:

m ’LEZOL x 2
{ bl ="me () (2.2)
@) =& 3(5) - (8)]
with
Mpiezo = % Z:l :icllilél [2§h1 - th 2_:1 hj + h?
- ” (2.3)

n 7 i—1
Czézsﬁ)_[ghi<z—2h]‘> (Z—Zhj>+h?
=1 "L j=1 j=1

in which d31; is the transversal piezoelectric coefficient of the it" material and s11, its
longitudinal compliance. If the material is passive, we have: d31; = 0. In the equations, Z is

n 5 n i
w w
22 s 2 hy
i=1 °11,4 i=1 °11,4 j=1

the distance between the neutral axis and the bottom surface: z = —

The deflection § at the tip is easily calculated from the above model by using = = L.

The model in Eq. (2.1 is static. Ballas completed this with the resonant frequency at the
mode m. The m?" resonant frequency of the clamped-free n-layers piezoelectric cantilever of

Fig. is:
_ (knL) |C
fm = o2 \| 7 (2.4)

where 1 = "¢ = > pih;w is the total mass related to the actuator’s length, m, is the mass
i=1
of the whole cantilever and p; is the density of the i'® layer. The multiplication (kL) is given
in Table

m 1 2 3 4 )
kmL | 1.8751 | 4.6941 | 7.8548 | 10.9955 | 14.137

Table 2.1: Numerical values of (k,,L) for the m" mode.

Appendix. [C] reports more description on the Ballas model. In order to have a single
dynamic model that encompasses the static behavior in Eq. and the dynamic behavior
of the cantilever, a knowledge on the damping ratio of each mode is required. However, there
is no analytical formulation of these damping ratios. In general they are characterized by
experiments. Having them, transfer functions or state-space representation of the behavior of
the multimorph can be yielded.

33



2.2.3 Extension to nonlinear modeling

The Ballas model is general and has been employed in various applications such as design,
control and measurement. However this model is linear and cannot track the hysteresis and
creep nonlinearities that typify piezoelectric actuators. In this section, we will extend the
model in order to account for these nonlinearities. In addition, we will also include the effect
of the temperature. The extension proposed here is successively described and published in
[B4][J9][J7][J2][C13]. Many models have been proposed or employed to track the hysteresis
and the creep in piezoelectric actuators. In fact, we aim to give here a general structure of
nonlinear model. This general structure will be extensively employed in the rest of the thesis
and its refinement will be presented over it.

Inspired from the Ballas linear model in Eq. (2.1)), let us assume that the electrical contri-
bution and the mechanical contribution are additive. Thus, the general form of the nonlinear
dynamical model of the piezoelectric cantilever depicted in Fig. is [B4]:

3(s) = Tg (u(s),s)) + Tg (F(s), ) (2.5)

where

— s is the LAPLACE variable,

— I'} is a dynamical nonlinear operator that encompasses the hysteresis, the creep and the
dynamics of the piezoelectric cantilever,

— and I‘g is a dynamical nonlinear operator related to the mechanical contribution. In
small deformation, this operator comes back to a linear term as described in Eq. . For
large deformation, it can be plastic (with hysteresis) or hyperelastic (nonlinear elastic) accord-
ing to the materials that compose the cantilever. In this thesis, we assume that the mechanical
contribution is linear. Almost all experimented multimorph piezoelectric actuators at the de-
partment exhibit such property.

Let us now focus on the operator

) transient I'Y (u(s), s)) that encompasses the piezoelec-
B e i tric hysteresis, creep and dynamics. If we

apply a step input voltage u to the actu-
ator, we obtain the output displacement §
as roughly pictured in Fig. An experi-
mental example of the step response is given
in Fig. From this response, the de-

final value flection (t) can be interpreted as the sum-
without drift mation of the deflection between ¢t = 0 to
the end of the transient part that we denote

timi] Otransient(t) and the drift evolution that we

denote Ocreep(t). The drift is the creep it-
Figure 2.3: A step response of a multimorph self. As the drift starts after the transient
piezoelectric actuator. part which has a settling time #,, the output
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5(t) is: 6(t) = 5transient(t) + 6creep(t - tr‘)-
However the transient part is very quick (¢, < 200ms in many cases) and is highly negligible
face to the constant time of the creep (several tens of minutes, or even in excess a hour).
Therefore, we can set ¢, = 0. Considering this additivity of the creep within I'Yj (u(s), s) and
the linearity of the mechanical co1r1t1ribution|§]7 Eq. becomes:

d(s) =Tq(u(s),s)) + Cereep (u(s),s) + sp,D(s)F(s) (2.6)

where

— I'q (u(s),s) is a nonlinear dynamical operator that contains the hysteresis and the dy-
namics. This is often called rate-dependent or dynamical hysteresis,

— Cereep (u(s), s) is a nonlinear dynamical operator that represents the creep,

— 8p is the compliance of the cantilever as already seen in the Ballas model,

— and D(s) is the dynamics in the mechanical contribution. It corresponds to the dynam-
ics of the mechanical structure. Because the static gain of the mechanical contribution is sy,
d(s) is normalized: D(s =0) = 1.

Let us now introduce the thermal effect when there is a temperature variation 7" applied
to the multimorph actuator. Similarly to the mechanical and electrical contribution which
are additive, we can assume that the same property also applies for the thermal contribu-
tion |B4|[J9|[C13]. Consider a general case where the related thermomechanical behavior is
nonlinear. Therefore, the model in Eq. becomes:

3(s) =Tq(u(s),s)) + Cereep (u(s),s) + sp,D(s)F(s) + T'rp (T'(s), s) (2.7)

where I'rp (T'(s), s) is the thermal contribution. It is nonlinear and dynamical.

Assuming that the Hammersteinﬂ scheme applies for I'rp (T'(s),s) and for 'y (u(s),s))
[B4], the final general model is yielded:

0(s) =Tq(u(s)) D(s) + Cereep (u(s), 8) + spD(s)F(s) + I'r (T'(s)) Dr(s) (2.8)

where Dr(s) (such that Dr(s = 0) = 1) is the thermomechanical dynamics and I'z (7'(s))
is the nonlinear thermomechanical gain, I" (u(s)) is a rate-independent or statical hysteresis
and D(s) is the dynamics of the structure. As we can observe, the mechanical contribution
and the piezoelectric contribution have the same dynamics [59]|B4|[J2|. In the thesis, we may
sometimes use the rate-dependent hysteresis instead of this rate-independent term. In such
situation, we re-use I'y (u(s), s)) instead of T'y (u(s)) D(s).

Regarding the thermomechanical contribution, the proposed formulation is general. A par-
ticular case of this is the model derived by Smits and Choi [104]. They derived a linear

2The mechanical contribution can still be reset as nonlinear if required.
3Hammerstein scheme: see Appendix.
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thermomechanical contribution for bilayered cantilevered actuator.

The proposed general model Eq. is very useful and will be the basis of many works in
the rest of this thesis: design, modeling, feedback control, feedforward control, measurement
and observers. The nonlinear operators I' (u(s)), Cereep (u(s), s) and I'p (T'(s)) are still general
and superficial. Their refinement will be presented over the thesis according to the need. The
rate dependent hysteresis model I'y (u(s), s) and the rate-independent hysteresis I" (u(s)) will
be treated in Section. and Section. £.3] The creep model Cereep (u(s), s) will be treated
in Section. [£.2] and the thermal contribution 'y (T'(s)) will be discussed in Section.

2.3 Hybrid thermopiezoelectric actuator

Comparatively to other types of actuators like thermal ones, the displacements obtained from
piezoelectric actuators are weak. Thermal actuators present larger range of displacements but
exhibit lower resolution, lower accuracy and lower bandwidth [1][J9|. This low accuracy is due
to their high sensitivity to the thermal noise and to the varying ambient temperature. One
of the most employed designs in thermal actuation is the thermal bimorph cantilever princi-
ple, which is made up of two different metallic layers [2; 4; |112; |113]. When submitted to a
temperature variation, the difference in thermal expansions of the two layers will result in a
bending of the cantilever.

In applications that use piezoelectric actuators and systems, the thermal effect has been
considered as unwanted disturbances [80; 114} [115][C13|[C12]. This is due to the fact that
many of the piezoelectric systems are highly sensitive to the environment and result in an
inaccuracy in the tasks to be executed. In this section, instead of considering the thermal
effect as bad side, we propose to exploit and to combine this with the piezoelectric effect. The
deal is to create a hybrid thermopiezoelectric actuator and to benefit from the high resolution
and high bandwidth of the piezoelectric actuation and from the high range of the thermal
actuation. In fact, hybridization of piezoelectricity with other types of actuation has already
been investigated with success: with magnetic effect [116[[C26], with electrostatic actuation
|C55]|C46] (ongoing works with promising results).

First we present the principle of the novel hybrid thermopiezoelectric actuator, which has

been patented in [PT1|. Then, we present its modeling by combining the model Eq. (2.8]) with
the thermal network theory, more detailed in [J9||C19].
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2.3.1 Principle
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Figure 2.4: (a) Unimorph piezoelectric can-
tilever. (b) Piezoelectric actuation. (¢) Ther-
mal actuation.

The principal actuator is a unimorph piezo-
electric cantilever which is made up of one
PZT-layer (lead zirconnate titanate piezo-
ceramic) and one passive layer (copper)
(Fig. 2.4la). When an electrical voltage is
applied, the PZT-layer expands/contracts re-
sulting in a bending ¢ of the whole cantilever
(Fig. 2.4/b). Furthermore, when a temper-
ature variation is applied, the two layers ex-
pands/contracts at different amounts because
of their different thermal expansion coeffi-
cients. A bending is also obtained (Fig. [2.4
c¢). The hybrid thermopiezoelectric actuator
utilizes both the voltage and the temperature
variation as driving inputs.

To generate the temperature variation, a Peltier module, also called Thermo-Electric-Cooler
device (TEC-device), is proposed. It transforms an electrical current into a heat flux and

therefore a temperature change at its surface.

Its main advantage is the ease of control:

electrical signal is employed to heat or to cool. By generating either positive or negative
current, we can obtain a bending (displacement) of the actuator in the positive or in the
negative direction. Fig.[2.5}a pictures the CAD drawing of the novel hybrid thermopiezoelectric
actuator and Fig. 2.5} b pictures the fabricated prototype. The piezoelectric cantilever is glued
on the upper face (called heat face) of the TEC-device. The lower face (called cooling face) of
this latter device is embedded on a cooling block used for the heat evacuation.

Peltier mofllﬂe piezoelectric
(TEC-device) cantilever

cooling block

(a)

Figure 2.5: Hybrid thermopiezoelectric actuator.
prototype.
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2.3.2 Modeling

Interesting applications of a model of the hybrid thermopiezoelectric actuator include the op-
timization of its structure for better performances and the controllers synthesis. This latter
subject is treated in Section. We present in this part the modeling of the novel actuator.

General model

The actuator has two driving inputs: the voltage w and the temperature variation 7.
Without losing the generality, let us consider that there is no external force applied. The
general model of the actuator, taken from Eq. (2.8)), is therefore:

6(s) =T (u(s)) D(5) + Cereep (u(s), 8) + ' (T(s)) Dr(s) (2.9)

Since the piezoelectric part I' (u(s)) D(s) + Cereep (u(s), s) are extensively treated in Chap-
ter. [3] and Chapter. we only deal here with the modeling of the thermal contribution
Lr (T(s)) Dr(s).

Let Tyco be the temperature at the interface between the actuator and the TEC-device,
i.e. the temperature at the clamped end z = 0 of the cantilever. This corresponds to the
temperature applied by the device to the actuator. It has been shown that the thermal gradient
within the actuator is weak [J9||C19|. Thus, the temperature in the whole cantilever denoted
with T' can be considered uniform, except nearby the interface with the TEC-device. Having
said that, we now need to express the relation between the excitation temperature Ty, and
the actuator temperature 7. This is a thermal modeling. In addition, we need to know the
relation between the driving electrical current ¢ applied to the TEC-device and the resulting
temperature Tyc0, which is an electrothermal modeling. Fig. depicts the scheme of the
hybrid thermopiezoelectric actuator with the TEC-device. The new inputs of the system are
the current ¢ and the voltage u. The thermal model that links T;. and T is strongly dependent
on the thermal flux exchanged with the surrounding environment: the cooling block and the air.
This thermal modeling can be rapidly a te-
dious task if the mechanical shapes and struc- T

acto

tures and the connection between them are 2T EC-devicd > T
not standard. In addition, the modeling com- :|
plexity is increased if the interconnected sys- itz

.. piezoelectric
tems are non-homogeneous. Deriving the actuator

model with heat equations and laws would U
therefore be fastidious in this case |117]. An-
other fashion to observe the thermal behav-
ior of the actuator is to employ finite element
methods |L18|. These methods can rapidly
provide a solution (numerically) for any given
input. However they cannot provide an ana-
lytical model that can be exploited for instance in control design. A last and very interesting
fashion to yield thermal models is the thermal network. Thermal network is a relatively simple

L gl

\4

hybrid thermopiezoelectric actuator

Figure 2.6: Scheme of the hybrid thermopiezo-
electric actuator with the TEC-device.
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but powerful tool for describing thermal and interconnected systems [119]. We will use this
to track the thermal behavior between T,., and T. In addition, the electrothermal behavior
between the applied current 7 and the actuation temperature T, can also be tackled by ther-
mal network.

Thermal network dynamic modeling

Thermal network modeling is based on the analogy between thermal and electrical models
|L19]. It is a simple and an efficient way to model several interconnected subsystems. A
heat flow @ is equivalent to an electrical current, a temperature difference to a voltage, and a
thermal resistance to an electrical resistance. From this, the thermal behavior of the cooling
block and of the unimorph actuator which is composed of two layers can be schemated with
an equivalent electrical circuit called thermal network. Regarding the TEC-device, Selliger et
al. |120] proposed a related thermal network. This is composed of a flow source and a Joule
effect which are both function of the electrical current ¢. Connecting the elementary networks
of the different components (cooling block and its support, TEC-device, unimorph piezoelec-
tric cantilever), the thermal network of the hybrid thermopiezoelectric actuator is depicted in
Fig. In the figure, the different parameters are defined below.

For the cooling block:

_ 2 _ 2
R’US " hairPsLs? Rvsf - hair(bsas_sp)
_ _Lg _ L. _ psCpsSsLs
R, = 525, Re=yp, Ci="5"— (2.10)
Rvsva

RUS//‘f - (Rvs+R1)f)

where kg is the thermal conductivity, Cj is heat capacity and p; is the density of aluminum.
Ss = asbs is the section and Ps = 2 (as + bs) is the perimeter of the block and hg;, is the heat
transfer coefficient. The dimensions are defined in Fig. 2.5}a. @, is the heat flow that traverses
the thin film between the TEC-device and the cooling block.

For the TEC-device: Py = oT¢i is the flow source, Py, = %z’? is the Joule effect and
Ry, = é is a thermal resistance term. o is the Peltier coefficient, k, is the device thermal
conductivity, R, is the internal electrical resistance of the TEC-device, T, and T}, are the tem-
perature values of the two respective faces, and ). and @ are the heat flows at the cooler
face and actuator face respectively.

For the unimorph actuator: we have

_ L _ L _ 2
Rpzt = T Spor RBop = by Tl = 5P
— 2 __ Pn ChpeopSnpL
Rya2 = 5 G o ppthppztsztLa Cnp = SREPobenp (211)
h 175 -t 2
Rval//2 = (szcil_,_ﬁ;l;)) Cact = szt + Cnp

where k,.; and ky, are the thermal conductivities, Cpp.; and C),, the heat capacities, pp.;
and py, the densities of piezoelectric material and of the passive material respectively. On
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the other hand, Sp.; = e,.:! and S,, = eyl are the sections of the piezolayer and the passive
layer respectively. Finally, P, = 2 (I 4+ €) and Sqet = Spat + Snp = el are the perimeter and
cross-section of the actuator. The thickness of the piezolayer is given by ep.; and that of the
passive layer by e;,. The total thickness is e = e,.; + epp. [ and L are the width and the
length of the actuator.

T,
R, U R, /fU @ P R valﬁ R va1//2ﬁ
R R_00| R | G R
T, - sf - T, I_, T, ’ acto T Tocu
Cs== CS - PJ /2 CT) CD PJ /2 ==Cact T Cact

P -

L . > N 7 \ . >
Myt v g
cooling block TEC-device piezoelectric layer and passive layer
and heat insulator (support) (Peltier module) (unimorph piezoelectric cantilever)

Figure 2.7: Thermal network of the whole hybrid thermopiezoelectric actuator.

Applying Kirchhoff laws to the network of Fig. 2.7 we obtain four governing equations
that provide the evolution of the temperature T versus the applied input control current i.

Regarding the thermomechanical relation I'r (T'(s)), it is shown that a polynomial expression
Npt

is precise enough for this actuator: I'r (T(s)) = 3. a;(T(s))?, where a; are parameters iden-

tified by least square optimization and n,; is thé dlegree of the polynomial. Concerning the
thermomechanical dynamic part Dr(s) in Eq. (2.9), it is not easy to characterize and to iden-
tify. Also it is very rapid compared with the electrothermal dynamics described by the four
govering equations. Thus, Dr(s) can be neglected (Dr(s) =1, Vs) in the model. Accounting
these different remarks, we yield the whole model of the hybrid thermopiezoelectric actuator:
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with, for the first equation
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for the second equation
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and for the fourth equation
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2.3.3 Other leads to represent the behavior of hybrid actuators

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

More and more studies focus on the hybridization of two or several types of actuation to develop
more and more performant miniaturized positioners.
gained from the combination of the different actuation types and which would not be possible
if they were used individually. If the number of interconnected structures and the number
of energy types for the actuation increase, the modeling may also increase in complexity.

Their advantage is the performances



An efficient way to tackle interconnected and multi-energy systems is the Bond-Graph tool

[121]. This is an energetic approach to represent these systems in a graphical way and
has been widely used for modeling, inverse design, structural analysis, or controller design
in mechatronic systems |[122-131]. Yet, this approach has been employed to represent the
behavior of piezoelectric tube scanners |132]. The application of Bond-Graph to more complex
and multi-energy miniaturized systems like hybrid precise positioners will bring simplicity in
the representation of their behaviors, to perform structural analysis, or to synthesize controllers.

2.3.4 Acknowledgments

The works carried out here were during the postdoctoral fellowship of Dr. loan Alexandru
Ivan without whom these results would not be possible.

2.4 Parallel kinematic piezoelectric microrobot for laser pho-
nomicrosurgery

In this section, we exploit the simple structure of piezoelectric cantilevers to develop a complex
positioning system devoted to a medical application.

2.4.1 Context

Within the p-RALP project [6], the redesign of the laser phonosurgery - i.e. surgery of the vo-
cal folds with laser treatment (nowadays performed with the Da Vinci robot [133])- is aimed in
order to create an advanced augmented and ergonomic microsurgical system through research
and development of real-time cancer tissue imaging, surgeon-machine interfaces, assistive tele-
operation, intelligent (cognitive) safety systems, and augmented-reality. The research and
development encompasse new endoscopic tools and precision microrobotic end effectors which
will allow relocating the laser actuator closer to the surgical site. The outcomes of the project
will be improved quality, safety, and effectiveness in laser phonomicrosurgery, enabling total
tumor removal with minimal damage to healthy tissue. Technologically, the principle of the sys-
tem to be developed is represented in Fig. A flexible endoscopy with laser fibers drops the
laser beam from the external to in front of the larynx tissue (Fig. [2.8}a). A microrobot placed
at the extremity of the endoscopy precisely orients the laser beam towards the vocal folds to
be treated (Fig. b). The endoscopy brings wirings and fibers for powering the microrobots,
for the cameras that permit to see the surgery tasks and for the laser beams. The project
rassembles several research institutes, universities and hospitals over Europe: TI'T Genva Italy,
FEMTO-ST institute and University of Franche-Comté (UFC) at Besancon France, Leibniz
Universitdt Hannover (LUH) Germany, University Hospital of Besangon (UHB) France and
Universita degli Studi di Genova (UNIGE) Italy. The contribution of the AS2M department
of FEMTO-ST institute is double: 1) the development and the control of the microrobot for
the laser orientation, 2) and the visual servoing control and the (semi)automation of the laser
phonomicrosurgery. My involvement is related to the first contribution.
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Figure 2.8: Objective of the y-RALP project .

2.4.2 A high resolution, high bandwidth, and high range 2-DOF microrobot

Laser surgery is a delicate task that requires high safety. Different exchanges between the
medical doctors and the partners of the u-RALP project lead to the conclusion that for the
phonomicrosurgery aimed, the microrobot that will be employed to precisely orient the laser
beams should meet at least the following performances.

— A minimum number of two degrees of freedom (2-DOF) is required: orientation about
two axes.

— For an ergonomic point of view and due to the space constraint, the maximal dimensions
allowed for the microrobot is 10mm x 10mm x 10mm.

— The resolution of the laser scanning at the surface of the larynx tissue should be better
than 100pm. Since the microrobot is placed at 20mm distance from the tissue, the resolution
required from the microrobot is better than 5mrad (0.28°).

— To cover the surfaces to be treated, the required minimal scanning angle from the micro-
robot is £13° for each angle 6; and 6s.

— Finally, to ensure a high safety of the laser treatment and a convenient time of scanning,
the specified minimal bandwidth of the microrobot is of 200H z.

The development of miniaturized structures with 2-DOF angular motions capabilities have
raised many research. Their expected end-uses include projectors, imaging technologies like
optical coherence tomography (OCT) and scanning in medical applications. Sometimes called
microscanners, different actuation principles have been investigated for them: electrostatic

[134}{137], magnetic [138], electrothermal , and piezoelectric ;.
A more thorough state of the art on MEMS scanners has been submitted and is under review
These realised technologies permitted to attain high range (mostly the electrostatic and the
electrothermal based scanners) or high bandwidth (mostly piezoelectric based scanners) at
a very miniaturized volume, but not both performances simultaneously and thus cannot be

4" A review on MEMS scanners: Eakkachai Ton Pengwang, Kanty Rabenorosoa, Micky Rakotondrabe, Nico-
las Andreff, "Scanning micromirror platform based on MEMS technology for medical applications", submitted
at IEEE Journal of MEMS, under review since june 2014.
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employed for the phonomicrosurgery [IT6|. The challenge posed in the development of the
microrobot here is that all performances must be satisfied in order to ensure the requirements
of the phonomicrosurgery: high range, high bandwidth high resolution and compact sizes.

To reach the sever specifications, we have proposed a smart combination of five technologies
[WT14]:

1) employing a set of piezoelectric cantilever actuators to generate high resolution and high
bandwidth movements,

2) exploiting the levers principle to amplify the movements of the actuators and thus to
generate a high range of displacements,

3) utilizing the parallel kinematic scheme to get a compact size of the structure and to
maintain the high bandwidth from the actuators,

4) adapting the agile-eye kinematics to transform the linear motions of the actuators into
2-DOF angular motion. The agile-eye kinematics, developed by Gosselin et al. [147H149],
has been developed for classically sized systems and different versions of structures have been
realised. The objective of this kinematics is to create several angular motions (tilt and ball-
joint) in a compact version and to permit a high speed scanning. These two advantages of the
kinematics are very well suited to our need,

5) and finally applying the SCM (smart composites microstructures) technology to fabri-
cate the whole structure. The SCM technology [150; [L51] is a technology of fabrication of
small structures developed at Harvard (Robert J. Wood) for the fabrication of bio-inspired and
flying microrobots. It consists in piezoelectric materials to actuate, carbon fibers to rigidify
and polyethylene terephthalate (PET) polymers to create joints in the miniaturized structures.
An advantage of the technology is the relatively ease of fabrication: the structure is first mi-
cromachined in planar, and then folded to get the final 3-DOF shape.

The proposed design is composed of two parts:

The upper part is composed of an orientable platform for the laser beams reflection, one
fixed leg attached to the basis (support) and two movable legs (Fig. [2.9}a). This orientable
platform is an adaptation of the agile-eye kinematics. The orientation of the platform about
the axis u or about the axis v is obtained thanks to the vertical movement of the two legs.
To avoid the blocking of the mechanism, different ball joints have been added in the upper part.

The lower part is composed of two actuated arms (Fig. b). The vertical movement at
the extremity of each arm is employed to actuate the upper part. Each arm is composed of three
redundant piezoelectric cantilever actuators. In addition, a lever-mechanism is introduced in
the structure to amplify the actuators movements. Therefore, for each arm, the final vertical
motion transmitted to the leg is a superposition of the amplified movements from the three
actuators.
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Figure 2.9: Principle of the yPIBOT. (a): CAD-design. (b): the upper part (c): the lower
part.

Fig. 2.I0}a figures the CAD-design of the proposed high resolution, high range and high
bandwidth 2-DOF piezoelectric microrobot, called uPIBOT. Fig. 2.10}b shows the different
elements of the lower parts: the piezoelectric cantilevers actuators, the levers and the support.
Fig. C shows the arms (piezoelectric actuator - lever base). The assembled lower part is
shown in Fig. 2-I0}d whilst the upper part is shown in Fig. 2.10}e.

The kinematics and the performances of the developed microrobot are unique. Sergio
Lescano, who is the advised PhD student working on this novel development, expects to
found a company devoted to the development of high performances scanners. The expected
applications are wider than the medical domain. The submission of a patent is now under
preparation and a maturation-project is expected to be launched in 2015 in order to prepare
the company creation.
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Figure 2.10: The pPIBOT. (a): CAD-design. (b): the components of the lower part. (c): the
arms of the lower parts. (d): the lower part. (e): the unfolded upper part.

2.4.3 A macro version of the robot

For the following reasons, we decided to develop a larger version of the 2-DOF microrobot:

- to duplicate the novel kinematics in large sizes for a more visual effect,
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- to study the modeling and the control of the novel kinematics,
- and to further create a benchmark for teaching labs.

Ten times larger than the yPIBOT, the macro version is based on piezoelectric stack
actuators which possess high stiffness and high actuation forces. Based on aluminum material,
the structure of the robot was machined with electro discharge technique. Fig. pictures
the fabricated robot. Preliminary experimental characterization demonstrates the efficiency of
the kinematics and the efficiency of the amplification mechanism.

orientable
platform

emplacement
of
piezostack
actuators

Figure 2.11: The macro version of the yPIBOT.

2.4.4 Perspectives

A kinematic model of the microrobot has been developed in |[C45|. Combined with the interval
analysis, the kinematic model permitted to estimate the error of orientation at the platform
versus the eventual error quantified in the arms and in the joints due to the microfabrication
limitatiorﬂ Due to the intention to file a patent and to create a company, several developed
studies relative to the novel microrobot have not been published nor submitted. With regards
to the control, we have proposed a technique based on the standard H,, method. We show
that this technique can reduce the lightly damped vibrations of the structure caused by the
piezoelectric cantilever actuators, permits to reach an accuracy of scanning and to be robust
enough face to unmodeled dynamics of the microrobot.

Another important perspective in designing microrobots is the materials themselves. PZT
piezoelectric materials, utilized in our case, possess lead which is not generally desired in med-

SError quantization via interval tools: submitted at IEEE ICRA conference 2015, S. Lescano, M. Rakoton-
drabe, N. Andreff, "Precision Prediction Using Interval Exponential Mapping of a Parallel Kinematic Smart
Composite Microstructure".
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ical applications. In the uRALP project, it is expected that the microrobot is well sheltered to
avoid the exposure of the lead to the in-vivo environment. Though, studying other piezoelec-
tric materials for the development of the microrobots should also be investigated. Competitive
materials to which we expect to focus are lithium niobate. Commercially available at accessible
prices, they can provide high deformation and high stiffness that can compet those of PZT if
well treated.

2.4.5 Acknowledgments

The development, modeling and control of the microrobot and of its macro version are within
the PhD works of Sergio Lescano and the internships of Erwann Dupont and Ismaél Ahmed
Ismaél. A creation of a company related to these works is expected after the PhD of Sergio.
Fully supported by the AS2M department and by I myself, Sergio is the leader of this company.

2.5 Cartesian piezoelectric microstructure

In the previous section, we show that simple piezoelectric cantilever actuators can be exploited
to develop more complex structures. In this section, we still exploit piezoelectric cantilever ac-
tuators to develop complex positioning systems but with more reduced sizes (towards MEMS).
A cartesian structure from which we expect to have zyz displacements is developed. The
widely available and low costs PZT piezoelectric materials are still used for the actuation. Ad-
ditionally to the challenge posed by the kinematics to be studied in order to have large range
of displacement, another challenge is the fabrication itself. The whole structure, including the
support, should be less than 10mm x 10mm in surface. With such dimensions, microfabrica-
tion (in clear room) technology should be utilized. However, though many microfabrication
processes are usual and well settled in the litterature and at the MIMENTO centerf| of the
FEMTO-ST Institute, but the processes of microfabrication of bulk PZT materials is relatively
new.

2.5.1 Microfabrication of PZT materials

Two fashions exist to fabricate PZT based systems: 1) the systems are fabricated with PZT
bulk materials, 2) and the systems are based on PZT thin films.

PZT bulk materials are commercially available at low prices. They have a high coupling
factor and can offer a high resolution, a high bandwidth and a high stiffness making them well
adapted to actuation. The available thicknesses range between 100um to several hundreds of
micrometers. They are widely utilized to fabricate structures and systems without thinning
their thicknesses. The main fabrication steps are: bonding the PZT bulk with passive materi-
als (nickel, chrome, copper, ...) and dicing with saws. The fabrication is not in clean room. A
main limitation of this technology is the minimal thickness possible which cannot goes under
100pm. The large thicknesses of the actuators are such that high voltages are required to

SMIMENTO is the center of microfabrication of FEMTO-ST Institute. It is one of the six great centers of
technologies in France.

48



obtain a convenient electrical field and thus a convenient displacement. To maximize the dis-
placements, the length of the actuator is often increased resulting in quite bulky devices (tens
of mm long cantilevers). Examples of cantilevers structures based on PZT bulks materials are
the scanners in atomic force microscopes [13-18|, and the microgrippers in micromanipulation
and microassembly [59/167; 83 86|[PT1|[J14][CLL].

In thin films approach, the principle is based on the deposition of thin layers of piezoelectric
materials with thicknesses less than 100nm. The deposition step is repeated until the obten-
tion of the specified and final thickness which does not generally exceed 10um. This approach
enables the fabrication of very small actuators (often much smaller than a mm). In PZT mate-
rials, only PZT sol-gel have been employed |21} 22]. Other than PZT, aluminum nitride (AIN)
piezoelectric material is the most employed [98-100; |143-146|. Because the thicknesses are
very small, high electrical fields are obtained for the same range of driving voltages as in bulk.
Consequently, the fabricated actuators can provide very large displacements (hundreds of um)
with low voltages. Nevertheless, the stiffness obtained with this approach is low making it not
efficient for actuation that requires high torque. Furthermore, the dynamics of the structures
are low (typically less than a kHz).

These two main approaches enable the fabrication of performant actuators but with very
different features [152]. There is therefore an interest to succeed in the fabrication of inter-
mediate structures, called "thick films", in order to benefit from the advantages of both: large
displacements with low voltage, small sizes, high stiffness and high dynamics. The thicknesses
in this intermediate approach range between 10um and about 100um. Fig.[2.12|summarizes the
three approaches where in parenthesis are indicated the main steps of the fabrication processes.
Actually, "thick films" technologies have been realised recently to develop very miniaturized
PZT structures [100} [153-155]. The process of microfabrication, in clean room, is based on
bonding and thinning and was performed at elevated temperature. This high temperature
process may cause a reduction of the mechanical and piezoelectric properties of the PZT. In
the approach we have proposed and we report here, the deal consists in processing "thick
films" PZT at ambiant temperature which therefore limits the reduction of the properties of
the piezoelectric materials. The microfabrication is roughly composed of the following steps:
i) deposition of the PZT bulk on the silicon wafer thanks to gold-bonding and pulverization
technique at low temperature, ii) thinning the PZT bulk with polishing technique, iii) etch-
ing the PZT layer with DRIE STS (deep reactive ion etching - surface technology systems)
technique, iv) and etching the silicon with DRIE technique.
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Figure 2.12: Three approaches for treating PZT materials.

2.5.2 The designed and microfabricated microstructure

Fig. 2.13}a depicts the proposed kinematics of the cartesian microstructure. It is composed
of piezoelectric cantilever actuators and of the movable table which can be actuated along
three directions (zyz axes). The expected range of displacement from the microstructure is
of £20um in-plane and of +£30um out-of-plane. The whole microstructure is fabricated using
the "thick film" process previously presented.

The piezoelectric cantilever actuators are unimorplrﬂ and can bend along two axes: in-plane
and out-of-plane. The second degree of freedom (in-plane) is obtained thanks to a judicious
set of electrodes on the actuator [62]. Eight of the piezoelectric actuators are spread by pair
around the movable table. A spring-like cantilever connects each actuator with the table. The
springs also serve as guide for the xyz movement for the minimization of the cross-couplings
between the axes.

In order to validate first the process of fabrication, we have developed simple structures:
unimorph piezocantilever actuators with different dimensions (length, width and thicknesses).
The results are depicted in Fig. 2.I3}b and the preliminary characterization shows that the
performances predicted by the theoretical model were reachedﬂ Finally, Fig. c depicts a

"Unimorph piezoelectric cantilever actuators: see Appendix

8 A paper has been submitted at the IOP Journal of Micromechanics and Microengineering in August 2014.
A revision has been resubmitted. The paper presents the low-temperature microfabrication technology and the
examples of realization (cantilevers).
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photo of the first fabrication set of the cartesian microstructure. This first set contains many
minor defects as it is from the first trial of the new process. Other fabrications are ongoing
and from which experimental characterization as well as controll will be carried out.

piezoelectric cantilevers piezoelectric
cantjlevers

movable table

electrical  (¢) compliant
contacts structures

Figure 2.13: (a): CAD-design of the cartesian microstructure. (b): fabricated piezoelectric
cantilevers with the "thick film" approach. (c): fabricated cartesian microstructure.

2.5.3 Perspectives

The design of smaller and smaller (towards MEMS) and complex structured PZT bulks based
systems has been started through this work. PZT bulk materials are widely available at low
costs and are good candidates for the development of highly performant actuators. However,
microfabrication of PZT bulks were limited and did not permit to go further on the miniatur-
ization. This technological barrier has been bypassed here which opens many possibilities in
the development of highly performant actuated piezoelectric MEMS with reasonable costs.

2.5.4 Acknowledgments

The works here were carried out within the successive postdoctoral fellowships of Dr. Alex
Bienaimé and Dr. Vincent Chalvet. Investigation on the miniaturization of PZT devices with
sol-gel has also been started within the internships of Adiasa Adiasa and Fadwa Houssali.
Finally parallel works regarding the miniaturization of PZT bulks combined with electrostatic
principle have been carried within the postdoctoral fellowship of Dr. Eakkachai Ton Pengwang.

2.6 Design methodology for piezoelectric cantilever systems us-
ing interval tools

This section proposes a methodology to design actuated piezoelectric microsystems. The tar-
get is to develop the systems from a priori imposed desired performances and can be very
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helpful to design systems for precise and high dynamics positioning.

Generally, there exist two methods to design and to develop piezoelectric systems. In the
first, a sketch of the structure is yielded manually and finite element methods (FEM) are af-
terwards employed to verify its performances and to eventually improve or optimize it before
the fabrication [60; |67} 84191 96H100; {1405 |145} 146} [153H155]|PT1][J10][J9]. This method is
widely used, easy to apply and finely works with both simple and complex structures. If the
structure is simple (for example cantilevers), a comparison between the FEM simulation with
the theoretical model can also be effectuated. However, the method cannot be used for analyt-
ical design where desired performances are imposed a priori and the structure is analytically
designed from them.

In the second method, the deal consists in designing the structures optimally [64-66; 1506}
157]. Based on optimal control theory tools (such as observability and controllability grami-
ans), the method can provide optimal locations of piezoelectric actuators and sensors in a wire
mesh. This method is very interesting and efficient for treillis structures based on piezoelectric
cantilevers.

In our works, we propose to design piezoelectric actuators by using interval tools. Interval
techniques and related arithmetics have been used in several applications in the past, except
for the design of mechanical systems (to our knowledge) as we intend to propose in this work.
The idea of using intervals for calculation was proposed in 1924 by Burkill and in 1931 by
Young. But, interval arithmetics became really popular just after the appearance of the R.E.
Moore’s book in 1966 [158|. This later provided a general method and some formalization of
intervals and related arithmetics. Since, there are several applications of intervals, for examples:

— robotics, see [159/165] and references herein,

— microrobotics [166; [167][C44],

— diagnosis and fault detection, see [L68/{170| and references herein,

— control theory which includes: uncertainties modeling, guaranteed estimation, stability
analysis, performances analysis, controllers synthesis, see Section for the survey.

By employing interval tools to design the piezoelectric actuators and systems, we benefit
from two distinguished advantages:

- it is guaranteed that the designed structure will provide the desired performances if solu-
tions exist. This advantage is inherited from the certification property in interval tools,

- and the method is not limited to piezoelectric cantilever actuators. It is applicable to any
other structures and systems, subjected that the analytical models are available. A more com-
plex model may yield however a more complex calculation.

To do so, two techniques of design are proposed: 1) the performances improvement of

an existing system by redesigning this, 2) and the design of a new system by exploiting the
performances inclusion theorem (PIT) developed in [C28].
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2.6.1 Redesign of piezoelectric actuators

We demonstrate in this section that, by using interval techniques, it is possible to redesign an
existing actuated system in order to obtain a new actuator with better performances and with
more optimized structures, for instance with less dimensions. The method has been published
at [J21]. As illustrative example, we present the redesign of unimorph piezoelectric cantilever
actuators. The target is to calculate the dimensions of a new unimorph such that its output
deflection §; and its first resonant frequency fi4 are higher than those (respectively denoted ¢§
and f1) of an existing unimorph actuator. The additional constraint is that the length L; and
the total thickness lg of the desired actuator are less than the initial one, see Fig.

existing unimorph objective redesigned unimorph
piezoelectric 0qg >0 piezoelectric
layer (hp) - layer {hdp)

X l}}j Jia = f < %}j{g
I~# | Lg <L /s
/L :‘*'/ ho—p F—AL f‘n'/
passive layer (hmp) d < passive layer (hdmp)

(@) (b)

Figure 2.14: Redesign of a unimorph piezoelectric actuator.

The principle is to write the performances objectives based on the model of the desired
actuator and on the model of the initial actuator. Taking the model (static and dynamic mod-
eling) of unimorph piezocantilevers as in Section , the redesign problem can be transcribed
into the following mathematical problem.

Problem: Find hg, and hgy,, such that:

L 2
mpiezo(hdp7hdmp) (Oé) Mo (h h )L2
uw> piezo\!lpy tmp u
2C (hap, hamp) 2C(hp, hinp)

(1.8751)2 C(hdap, hdamp) S (18751)? C(hyp, hmp) (2.17)
27T<L>2 w(pmphdmp + pphdp) - ol w(Pmphmp + Pphp)
a

hdp + hdmp <h

which are equivalent to the following inequalities:

53



mpiezo(hdp7 hdmp) mpiezo(hpa hmp)
a?Chap, hamp) — C(hp, hmp)
ol C(hap, hamp) C(hp, hmp) (2.18)
W(Pmphdmp + pphap) — W(Pmphmp + pphyp)
L h@7+-hdnw <h
where the dimensions are indicated in Fig. 2.13]
Let [0] = [[hap], [hamp]] be a box (vector of intervals) that contains the interval parameters

[hap) and [hgmp) which are the thicknesses that satisfy the inequalities InEq. (2.18]). So, the
problem, when formulated with intervals, consists in finding the suitable values of [0] such

that:

and

©:={0 D |H|) C[Y]} (2.19)
where D is the domain of definition of 6. [H](#) and [Y] are defined as follows:
mpiezo([hdp]7 [hdmp]) . mpiezo(hpu hmp)
QQC([hdp]a [hdmp]) C(hp’ hmp)
0‘40([hdp]7 [hdmp]) . C(hpv hmp) (2.20)
(Pmplhamp) + pplhap)) — (Pmphmp + pphyp)
h — [hdp] - [hdmp]
[0, +0o0]
[Y] =1 [0,+0c0] (2.21)
[0, +00]

The problem of finding the set parame-
ter of [@] that ensures InEq. is a set-
inversion problem and can be solved using
interval techniques. The set-inversion oper-
ation consists to compute the reciprocal im-
age of a compact set called subpaving. For
instance, the set-inversion algorithm SIVIA
(Set Inversion Algorithm Via Interval Anal-
ysis [172]) allows to approximate with
subpavings the set solution © described by
the Problem. (2.19). This algorithm is pre-
sented in Section [D.3] For instance, having
given initial values of [0, 650um] x [0, 650um]
to the set of [0], and having applied the
SIVIA algorithm, we obtain the subpavings
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of Fig. In this, S is the set of [6]

that is guaranteed to satisfy the problem

Problem. and thus the objective in

InEq. (2.18), S5 is the set that is guaranteed

to not satisfy the problem. The set Sy corre-

sponds to uncertain results. In the situation where we can not find a solution S1, it is suggested
to recalculate the problem solution with the following modifications: shift the initial set values,
or/and relaxe the specifications (desired performances) because they may be too severe. Any
thicknesses hgy, and hgpy of the piezoelectric layer and of the passive layer respectively inside
S1 are guaranteed to respect the conditions in InkEq. , and therefore to satisfy the wanted
performances.

2.6.2 Design of piezoelectric actuators with the performances inclusion the-
orem

The previous technique consisted in redesigning an existing actuator with intervals techniques.
Here, we completely design the actuator based on the specified performances. For that, the
performances inclusion theorem [C28|, described in Section is utilized. Without loss of
generality, the illustrative example is the design of a piezoelectric cantilever actuator. The
design methodology has been published in [BCS|.

Consider some desired performances specified in the time domain or in the frequency do-
main. For example, in the time domain, these performances can be stated as: maximal response
time, maximal overshoot and minimal range of displacement. It is generally possible to tran-
scribe these performances into transfer function, in particular interval transfer function [J15].
For instance, let us consider the following second order interval transfer function as an example
of transcription of the specifications:

[bo]
[az] s2 + [a1] s+ 1

[Ga] (s) = (2.22)
where [b,][57] is the desired gain which is based on the desired range of displacement, and
[az] and [aq] are function of the desired dynamics (transient part, overshoot, bandwidth...).

Consider now the model of the to be designed unimorph piezoelectric actuator by using
the Ballas linear model in Section

Gs) = Y8) _ K (2.23)

U(S) (L)282—|—3}7§18+1

Wn

where the static gain K[47] and the natural frequency wy,["%] are dependent on the ge-

ometrical and physical properties of the unimorph. The damping ratio ¢, for lightly damped
oscillating structure, is very low and is only known experimentally.
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If we admit that there is a set of dimensions of the unimorph that can provide the expected
performances transcribed in Eq. (2.22]), thus we can utilize an interval system to represent such
set of unimorph:

K
G(s) = — SQL]%S“
[wn]?

[wn]
where ( is imposed to be point instead of interval for the sake of simplicity. The problem
consists therefore in finding numerically the set of geometrical properties [K] and [wy] of the
set of unimorph that will satisfy the specifications. The performances inclusion theorem is
proposed to formulate the problem:

(2.24)

Problem: Find L, hg, and hg,, such that:

(K ([L]; [Pl [hamp])] < (o]

]
1 P] C [CLQ] G C G 59
[wn([L]v[gp]:[hmp])} - = [ ](5) - [ d] (S) ( . 5)
o) < o]

The term [G] (s) C [G4] (s) means that the performances in the time-domain and in the
frequency domain of [G] (the set of fabricated actuators) will be bounded by the performances
of the specified and desired models [G4]. Once again, the problem is a set inversion problem
and can be solved by using interval techniques to find the set solution of the length [L], the
piezolayer thickness [hy] and the passive layer thickness [h,|. Similarly to the first design
technique, an initial box of [L], [hp] and [hyy| is required here. If there is no solution found,
the same remarks than previously also hold: shift the initial set values or/and relaxe the
specifications (desired performances) because they may be too severe.

2.6.3 Perspectives

Interval techniques were proposed here to design piezoelectric cantilever actuators. Major
advantages of the proposed methodology is the guarantee aspect: if solutions exist, the designed
actuators will satisfy the specified and desired performances. The methodology, which is
applicable to complex structures as long as the models are available, is very interesting to
design systems where both the constraint on dimensions and the specified performances need
to be satisfied. This is the case for miniaturized systems devoted to precise and high dynamics
positioning.

2.6.4 Acknowledgments

The works regarding the interval techniques (design and control) were within the PhD subject
of Sofiane Khadraoui (nowadays researcher at Texas A&M in Qatar).
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2.7 Conclusions and perspectives

This chapter presented a great part of works regarding the modeling, the design and the devel-
opment of piezoelectric systems and actuators carried out. Piezoelectric cantilever structure
is the main basis. We demonstrated that this simple structure could be utilized to develop
performant and complex structured piezoelectric systems. Regarding the modeling, we pre-
sented first the Ballas linear model of piezoelectric cantilevers. Although this model is widely
employed, it is linear and thus can track only small deformation of the piezoelectric actuators.
We extended the model into nonlinear which encompasses the hysteresis and the creep non-
linearities. Furtheremore, the thermal effect has also been introduced in the model. The final
model, presented in Eq. , is extensively exploited over the thesis.

The investigation on the development of smaller and smaller multi-degrees of freedom
(multi-DOF) piezoelectric systems has been started. These multi-DOF systems are highly
saleable in precise positioning that requires high dexterity like microassembly of 3D microstruc-
tures, or laser scanning for medical surgery. As we will see in Section [6] they can also serve
as interesting base for the development of highly sensitive and highly autonomous energy har-
vesters.
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Chapter 3

Feedback control

chapter. [3, we presented the design, development and modeling of piezoelectric systems. In
ﬁhis chapter, we present their feedback control. Without loss of generality, only piezoelectric
cantilevered structures will be treated in order to be consistent with the works carried out. Once
again, interval techniques and related tools are proposed to calculate robust controllers and
present interesting results. In particular, the Performances Inclusions Theorem yet used in
section. are utilized. The main interest is that these techniques combined with classical
control theory can provide low order and robust controllers that are well consistent with the
expectation. Classical robust control techniques based on Hoo are also used to design controllers
for piezoelectric systems. In all of them, the oulputs are both the displacement and the force
signals. Along the presentation, the matter of control of multi-azes piezoelectric systems and
the matter of more complex structures (microgrippers) are discussed. Finally, in the last section
(section. , the control of the novel hybrid thermopiezoelectric actuators and microgripper
will be presented.
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3.1 Introduction

lezoelectric microsystems and actuators are well appreciated for at least their high reso-
P lution, high bandwidth and high stiffness (for PZT bulk). However, they exhibit strong
nonlinearities which are the hysteresis and the creep and most of them are typified by badly
damped oscillation in their response to brusque input command. These latter characteristics
compromise the final performances or even the stability of the microsystems and of the actu-
ators. Furthermore, in many applications of precise positioning, due to the small sizes of the
microsystems, they are very sensitive to any disturbances that would be negligible at classical
scale. Finally, the small amplitudes of the signals and the very high resolution involved in these
applications make a noise to signals ratio relatively high. It is therefore essential to control
the microsystems with a judicious consideration of all these characteristics.

The litterature regarding the closed-loop control of piezoelectric actuators and systems is
dense due to the large variety of these latters. For instance, as variety of systems, there are:
piezoelectric cantilevered systems with bending functioning, piezoelectric stack based systems,
stepper piezoelectric microrobots (inch-worm or stick-slip), piezoelectric sheets for damping
in flexible structures, ultrasonic piezoelectric systems... Many of these systems are modeled
and controlled with more or less consideration of the above mentionned properties and can
share the methods of controllers synthesis or behaviors modeling; whilst other systems (like
ultrasonic systems and stepper microrobots) have very different models and require devoted
control techniques that cannot be applied to other systems. In this thesis, we are in concern
with piezoelectric systems for precise and high dynamics positioning and which are based on
piezoelectric cantilevers with tubular or rectangular section and stacks actuators. Generally
speaking, the litterature can be splitted into the following main works.

Control of piezoelectric tube scanners in microscopy - The works here deal with
the control of piezoelectric tubes (piezotube scanners or PTS) utilized as actuators in scan-
ning probe microscopes (SPM). Vibration due to the high Q-factor of the actuator, hysteresis
and creep nonlinearities are the main challenge to account for during the controllers synthesis.
They highly limit the precision and the throughput speed of the surface scanning [173]. Sev-
eral techniques - dealing with the nonlinearities alone, with the vibrations alone or with both -
have been carried out. High gain and integral control technique{:] [174;1175] are known to well
delete the hysteresis and the creep which occur at low and very low frequencies, however they
exhibit low stability margin at high frequencies. Therefore they cannot be utilized at high rate
scanning. In fact, it is shown [176] that the closed-loop bandwidth that can be achieved by an
integral controller for a PTS is less than 2w, (, where w, and ( are the resonance frequency and

'Integral control techniques include PI, PID, and all other schemes with integral action.
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the damping constant of the PTS respectively. Since the damping constant of PTS is low, usu-
ally in the order of 0.01, the closed-loop bandwidth that can be achieved by using an integral
controller is less than two percent of the first resonance frequency of the PTS |176|. Although,
integral control techniques are widely utilized in commercial SPM because of their simplicity
and ease of implementation [177; [178|. Negative imaginary (NI) damping techniques such
as positive position feedback (PPF) controllers |179;|180], integral resonant controllers (IRC)
|181] and resonant controllers (RC) [182;|183| have also been designed to suppress successfully
the resonant frequencies of PTS. PPF and IRC are known as low pass controllers and then may
suffer from low gain and low phase margins. In counterpart, RC are high pass controllers which
may amplify the noise from the sensors, even if they introduce high gain and phase margins.
Recently, a mixed NI and small-gain approach has been proposed |[184], which was further
extended into mixed NI, passivity and small-gain approach [185]. The technique permitted to
provide a large damping of the first resonant frequency with a sufficient robustness against the
changes in the plant models. Since most of the SPM applications utilize periodic motion (eg.
raster pattern), repetitive control techniques (RC) have also been used |[186} |[I187|. They are
efficient to track periodic reference trajectories and/or to reject periodic disturbances. Finally,
[188H191| use robust control techniques (H, ...) to improve the performances of the PTS
of the SPM. It is worth to notice that feedforward-feedback control schemes have also been
investigated in PTS actuators [191]. In general, a feedback augmented by a feedforward per-
mits to increase the capacity of the closed-loop scheme relative to a feedback only scheme. For
instance, the size of acceptable uncertainties by still maintaining the performances robustness
increases when adding a feedforward to a feedback scheme [192].

Control of piezoelectric stacks based systems - Piezoelectric stacks have been uti-
lized to develop platform and systems that requires large stiffness. Their principles are very
different from piezoelectric cantilevers (PTS or multimorph) since the longitudinal deformation
of the piezoelectric layers (dss coefficient) is used instead of the transversal deformation (ds;).
Although, many control techniques for stacks actuators are exploitable for cantilevers. They
include state-feedback techniques [193], adaptive techniques [194], classical robust control
techniques (Hs) [195] and sliding mode techniques [196; |197].

Control of multimorph piezoelectric based systems - The main works carried out
in this thesis deal with multilayered piezoelectric cantilevers with rectangular structures (that
we simply call piezoelectric cantilevers or multilayered piezoelectric cantilevers or multimorph
piezoelectric cantilevers). Relative to PTS, the bending-to-length ratio (%) is high in these

piezoelectric cantilevers. Approximately, we have up to % = 11%(#% = 6.67[£*] in classical
multimorph whilst % = gg’#fnﬁ = 1.17[£2] in classical PTS when a voltage of 150V is applied.

This high ratio yields larger hysteresis amplitude and creep amplitude in multimorph piezo-
electric cantilevers. Furthermore, the vibrations found in these latters are more important
when compared to the vibrations in piezoelectric stacks. Consequently, unless working at low
electrical field, at low deformation and at slow input command, the nonlinearities and the
vibrations in multimorph piezoelectric cantilevers are very strong and should definitely be con-
sidered in the modeling and in the control. Another essential point in micromanipulation and
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microassembly where these actuators are widely employed is the force control, additionally to
the displacement control. Controlling the force permits to avoid the destruction of the actuator
itself or of the manipulated object. The litterature shows however that many of the control
techniques are partial: only the displacement or only the force is considered. For instance, in
|83], the force control of one piezoelectric actuator of a microgripper has been investigated by
utilizing strain gages sensors for the feedback and a proportional-integral as control scheme.
In [59], the displacement of one unimorph piezoelectric cantilever of a microgripper has been
controlled with a PID first and then with a state-feedback with integral action. In the two
papers [59; [83], the integral action allowed to have a high gain at low frequency and thus to
reduce the effect of the hysteresis and of the creep in the tracking precision. Recently, the
simultaneous control of the force and position in a piezoelectric microgripper has been inves-
tigated [198|. While one actuator was controlled on force with a PID, the other actuator was
controlled on position with a sliding mode scheme.

Comparatively to this litterature, the main direction of the works reported in this thesis
deals with the feedback control of (multimorph) piezoelectric cantilevers. The works focus on
both force and position signals. As we shall describe in the next sections, contrary to the
works in [83] [59] [L198], we propose methodologies that account for the strong hysteresis and
creep nonlinearities and for the badly damped vibration. Furthermore, we also account for the
models uncertainties of the piezoelectric systems. These models uncertainties are due to the
parameters variation during the functioning, to the difficulty to obtain precise measurement
and to the high sensitivity of the systems to the environment in general (see chapter. [1)). Due
to these facts, robust control techniques are the most adapted.

The first part of the works deals with the robust control of piezoelectric cantilever actu-
ators. The works include classical robust techniques (Hy, ...) and exotic robust techniques
(based on interval techniques). Regarding these latters, one of the main theoretical results
we proposed is the Performances Inclusion Theorem (PIT) [C28|. This result is utilizable to
synthesis robust controllers and can also be used for systems design (see chapter. . The
second part of the works deals with the feedforward-feedback combined schemes which are
suggested when the nonlinearities or the vibrations are too strong and thus when the previous
robust techniques are not anymore efficient. The general principle of feedforward-feedback
here consists in reducing first the nonlinearities or the vibrations by feedforward before ap-
plying the feedback control. In the last part of the chapter, we present the case of multi-axes
(or multi-DOF) piezoelectric cantilever actuators. In this case, the cross-couplings between
the axes introduce new difficulty for the control, additionally to the nonlinearities and to the
vibration. Finally, we present the proposed control techniques for hybrid thermopiezoelectric
actuators and for thermopiezoelectric microgrippers.

3.2 Classical robust control

The aim here consists in taking into consideration the hysteresis, the creep, the dynamics and
the environment effect during the modeling and during the controllers synthesis. The proposed
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principle consists in delicately taking a part of these elements as model uncertainties whilst
the other part as external and fictive disturbances. Uncertain and perturbed linear models are
therefore derived which present a major advantage that is the utilization of existing robust
control techniques.

3.2.1 Displacement modeling and control

Consider the scheme in Fig. where C(s) is the position controller to be synthesized and 9,
the reference input.
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Figure 3.1: Schematic of the feedback.

Reconsider the general model in Eq. (2.8]) which accounts for the hysteresis, creep, dynam-
ics, external force and thermal variation:

0(s) =T (u(s)) D(s) + Cereep (u(s), s) + spD(s)F(s) + I'r (T'(s)) Dr(s) (3.1)

where:

— d(s) and u(s) are the output displacement and the driving voltage respectively,

— F(s) and T'(s) are the external force applied to the actuator and the temperature
variation respectively,

— I'(u(s)) is the rate-independant (or static) hysteresis operator,

— Cereep (u(s), s) is the creep operator,

— sp is the compliance coefficient,

— and D(s) and Dp(s) are the dynamics of the structure and the thermomechanical dy-
namics respectively.

Regarding the operator I" (u(s)), let us first approximate the hysteresis as a quadrilateral
(see Fig. [3.2}a). From this quadrilateral, a maximal slope kj; and a minimal slope ky,, among
the four segments can be identified. Then, an uncertain linear model is derived as follows:

T(U) 2 (k+0)u+0, (3.2)

where d, is the offset (positive or negative). For a robust control synthesis case, d, is
directly taken equal to the maximal or the minimal of the offsets possible, the one which has
the highest norm. For instance, in Fig.[3.2}a, 0, corresponds to the positive offset. The statical
gain k and the uncertainty 0 are defined as follows:

k= kJVI;‘km
Unr—fim) < g < Gontkom) (3.3)
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Introducing the quadrilateral approximation described by Eq. (3.2) and Eq. (3.3) into
Eq. (3.1) yields:

i(s) = <1 + i) G(s)u(s) + b(s) (3.4)

where G(s) = kD(s) is the nominal model, and b(s) is an (fictive) external output dis-
turbance which rassembles the creep effect, the elastic effect (due to the force), the thermal
variation effect and the offset of the hysteresis. It is defined by:

b(s) = Cereep (u(s), s) + spD(s)F(s) +I'r (T'(s)) Dr(s) + o (3.5)

The uncertainty of the model has a (input) direct multiplicative structure. Fig. 3.2}b
depicts the new block diagram of the system with the controller to be synthesized. In the
figure, the normalized uncertainty A(s) and the weighting W (s) are defined by:

1<A<1 = |AL<1
and (3.6)
Wa = klﬂz_kkm

o
A(s
slopekM 50 <)_l
Z(/ i [y s G(s) €2~
slope km, (a) (b)

Figure 3.2: (a): the quadrilateral approximation. (b): the equivalent block-diagram.

A synthesis which is able to consider the above uncertainty, the disturbance and some
specifications including the tracking performances of the piezoelectric actuator is the standard
H synthesis. Let us for instance take the following specifications: tracking performances,
command moderation, and disturbance rejection. With regards to the disturbance rejection,
it is possible to express the related specification as a maximal permitted error €,,4, when the
worst case in disturbance by, happens. In this worst case, the creep, the offset, the elastic
part effect and the thermal effect are imposed to be maximal. Their values can be calculated
with maximal inputs e, and/or Fpup and/or Theq(s). All the specifications can be tran-
scribed into the following weightings:

— We(s) for the tracking performances,

— Wy (s) for the command moderation,
— and Wp,(s) for the disturbance rejection.
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It is also worth to remind that the stability condition of a closed-loop in presence of a
direct multiplicative structured uncertainty is |[CSGWal|, <1 < |[TWal <1 , where
S = H% and T = 1 — S are the sensitivity and the complementary sensitivity functions
respectively, [199].

Considering the above weightings for the specifications and the above stability condition,
the block-diagram for the controller synthesis is given by Fig.[3.3}a, which can be rearranged in
order to have the standard scheme in Fig. [3.3}b. In this standard form, the augmented system
P(s) contains the nominal system G(s) and the four weightings. The (weighted) outputs are

( €: €y €A )T and the exogeneous inputs are ( Or by )T.

Ce €u lbw 5 —C€¢
w.is) Wus)| (s b P(s) [t
b
Ol C(s) {1l Gls) OV}

(a) ' (b)

Figure 3.3: (a): block-diagram for the synthesis. (b): the standard scheme.

Applying the standard Hy, problem [199] to the schemes in Fig. yields:

Problem 3.2.1. Find the optimal controller C(s) and the optimal value of v > 0 (called
performances level) such that the closed loop in Fig. b 1s stable and:

1E1 (P(5), C(s)lloo <

where F; (P(s),C(s)) is the lower fractional transformation and gives the following defini-
tion:

ee(s)
o) | =mee.ce () 37)

en(s)

After development and transformation of the above problem into magnitudes inequalities,
we have the following new problem.

Problem 3.2.2. Find the optimal controller C(s) and the optimal value of v > 0 such that:

|CS] < Wiu 0S| < WJWb
CSGl<wy 151 < wawg
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The above problem can be solved by using the DGKPﬂ algorithm which is based on a

state-space formulation [200} [201].

The quadrilateral approximation of a static hysteresis itself has been described in [J2|. The
quadrilateral approximation is a particular and the simplest case of the plurilinear modeling
of a hysteresis [C7]. In [C12], we included in the control synthesis the thermal effect rejection.
These results utilized robust linear control techniques which were invariant. If the hysteresis
is too strong and thus the uncertainties become too large, an LTI robust controller may not
be sufficient and thus a robust adaptive scheme should be employed. This was the aim of the
paper |C54] where we proposed an adaptive backstepping scheme.

3.2.2 Force modeling and control

We focus now the study when the piezoelec-
tric actuator is used in force actuation. This
is the case for the left actuator of the mi-
crogripper in Fig. 2.I}b. If we approximate
the manipulated object’s deformation as a
spring-damper-mass system and if we con-
sider that one of its extremity is in a con-
tact with the actuator whilst the other one
fixed in the space (see Fig. , the equations
that govern the deformation of the piezoelec-
tric actuator (taken from Eq. (2.8))) and the
object deformation when they are in contact
are:

L

support

piezoelectric

/ actuator

manipulated
object

—(Lé

B

’ support

force

Figure 3.4: The force actuator manipulating an
object.

{ 0(s) =T (u(s)) D(s) + Cereep (u(s), s) + 8§f§S)F(S) + 7 (T(s)) Dr(s)

M528(5) = —F — ko (5(5)  Suel))

where:

— Ope 18 the distance between the actuator and the object before contact (at rest),

(3.8)

— and m,, ¢, and k, are the effective mass, the damping ratio and the stiffness of the

object respectively.

DGKF: Doyle, Glover, Khargonekar and Francis.
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Combining the two equations in Eq. (3.8) results in the model that relates the force F, =
—F applied by the actuator to the object with the driving voltage u:

1

Fo(s) = (80 + sp) I' (u(5)) Dr(s) + Cereep (u(s), s) (s0Do(s) + spD(s))

D (s Dy(s
( )+ I (T(65)) oDy oD ~ oD s 57 O0e(5)
3.9

where s, = k:% is the compliance of the object and D,(s) = = is the normalized

1
dynamics of its deformation. The dynamics of the actuation is Dp(s) = Gaton) (solli))is&) 5, D))"

As we can see from the model Eq. , the presence of an object strongly modifies the static
behavior and the dynamics of the piezoelectric cantilever: a new normalized dynamics Dp(s)
is obtained whilst the new (nonlinear) static gain is (s, + s,) I' (u(s)). Similar phenomenon is
classical for macro robotical systems [202]. Here we have shown that this is also valuable for
miniaturized systems.

Having the force model of the piezoelec-
Fo tric actuator, assuming that the force signal
is available (by measurement or by observa-
tion), the deal is now to synthesis a controller
Cr (see Fig. that will ensure some spec-
ifications related to precise and high dynam-
ics positioning. Similarly to the displacement
model, it is possible to introduce an (fictive)
external disturbance which accounts for the
creep part, the thermal part, the distance between the actuator and the object at rest. Re-
garding the static hysteresis I' (u(s)), the quadrilateral approximation can again be employed.
All these elements lead therefore to an uncertain linear model with an external disturbance
and a robust controller can be further synthesized, equivalently to the displacement controller
synthesis. During a micromanipulation or microassembly task, every new manipulated object
leads to new model parameters, because the model strongly depends on the object’s charac-
teristics. A way consists therefore to identify the object’s parameters and manually schedule
the model before synthesizing the controller. Such way may be too heavy if we are face to
several types of objects or if the object characterization itself is complex. Another way con-
sists in knowing a bound of the parameters s,, m, and ¢, if the types of objects are known
in advance, inject this bound in the model Eq. , and afterwards construct additional
uncertainty related to the objects characteristics. However, due to the structure of the model,
the related A-uncertainty is more complex to extract. Finally, a last possibility consists in
employing the characteristics of one object only (silicon for example) in the model Eq. ,
and then synthesizing a robust controller from that model [C9|. If the actual manipulated
object has properties close to these, the stability and even the specified performances will be

For EF

CF (S) U | piezoelectric

system

Figure 3.5: Closed-loop force control.
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still maintained. If these properties are too far, an adaptive control scheme may be the most
convenient. For instance, in [C23], we proposed a self-scheduled Hy, controller that was able
to maintain the specified performances for a wide types of objects.

3.2.3 Displacement and force control of piezoelectric microgrippers

The displacement control and the force control in the previous subsections deal with one
piezoelectric actuator only. When a whole microgripper is working, it is possible to control the
displacement and the force simultanously. Two approaches are possible. The first approach
lies in a single model and a single control for the whole microgripper. For instance a (linear
or nonlinear) state-space representation can be utilized |[C1| with the displacement and the

force rassembled in an output vector ( 0 F, )T and the driving voltages of the two actuators

rassembled in an input vector ( U Up )T, subscript [ being for left cantilever and r for right
cantilever. However, this approach requires a precise knowledge of the objects characteristics
and of the couplings between the object and the two actuators. The modeling in this approach
is therefore complex. The alternative approach is more simple, although less precise. In
this, the two cantilever actuators are modeled independantly and two monovariable models
are obtained. Whilst one actuator is modeled in displacement, the other one is modeled
in force. Consequently, we can apply the previous elementary modeling and robust control of
displacement and of force, as pictured in Fig.[3.6}a. Fig.[3.6}b and -c depict the results obtained
with this approach during a pick-and-place task performed with a piezoelectric microgripper
[C11]. In this, a series of steps are applied as references to each actuator. We can observe good
tracking performances by the two actuators and a convenient rejection of the couplings found
in one actuator due to the movement of the other actuator.
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actuator for the force support actuator for the displacement
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Figure 3.6: (a): force/displacement control of a piezoelectric microgripper. (b): experimental
results |C11].

3.2.4 Multivariable control of multi-axes piezoelectric actuators

The modeling and control techniques so far presented were devoted to momno-axis piezoelectric
systems, mainly piezoelectric cantilever actuators that bend along one axis. Some applications
need however piezoelectric cantilever actuators that can provide displacements along two or
three directions. In scanning probe microscopes for instance, the piezoelectric tube scanners
bend along x and y axis and contract or expand along the z axis. In dexterous micromanip-
ulation and microassembly [J19], 4-DOF piezoelectric microgrippers have been used. Each of
the cantilever of the microgripper can perform a bending along two axes. Two versions of the
actuators permitted such performances. The first version - designed and developed as proof-of-
concept of a patent authored by the department [203] - is a bimorph cantilever which has two
electrodes on the upper surface and two electrodes on the lower surface. The judicious applica-
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tion of potentials on the four electrodes results in the bending along y only, along z only or in di-
agonal (see Fig. B.Tha).
This version is called duo-bimorph actua-

‘ tor. The second version which is more per-
formant of the previous one has 36 piezo-

electric layers instead of two. Called duo-
multimorph, the advantage of this actu-

Y ator is the low voltage (+£10V) required
to result in a large range of displacement
thanks to the several layers. A main chal-

10mm

z

7y
2-DoF lenge posed by all these multi-DOF piezo-
ke piezoelectric actuator electric actuators, additionally to the non-
l linearities and to the badly damped os-
b (@ cillation, is the important cross-couplings
between the axes. These cross-couplings
Uy dy reinforce the loss of the general perfor-
—_— > .
2-DoF mances (accuracy,...) of the actuators if
piezoelectric not well accounted during the controllers de-

” actuator 5 sign.

2z Ay

(b) Different characterizations demonstrate

that the cross-couplings are nonlinear. They
Figure 3.7: (a): a photo of the piezoelectric behave in a multivoque way and are not
duo-multimorph actuator. (b) and (c): bi- trackable by classical nonlinear models such
variable system. as hysteresis... An efficient approach is to

delicately model them in fictive external dis-
turbances. This will yield several monovariable systems with uncertainties and disturbances
which account for the nonlinearities and for the cross-couplings. Applying this approach to
the 2-DOF duo-multimorph actuator, with block-diagram in Fig. B.7}b, by adding the cross-
couplings to the initial model in Eq. , we have:

5:(s) = i (wi(5)) Dils) + Coreepi (ui(5), ) + 5,3 Di(s)Fi(s) + Ti (Ti(s)) Dr(s) + T (us(s))
(3.10)
where ¢ € {y,z} and j € {y,2} — {i}. The cross-coupling found at the output J; and due
to the voltage u; is denoted I'¢; (u;(s)). From here, the modeling and the controllers synthesis
comes back to the case of monovariable approach, see Section and Section for the
displacement and for the force respectively. We just add the cross-couplings I'c; (u;(s)) in
the fictive external disturbance. In [BC6|, the displacement control of the duo-multimorph
piezoelectric actuator with the standard H, technique was developed and experimented. Two
optical sensors were used for that. In [C52|, the same control was applied but with two
novel and embeddable magnetic sensors for the feedback. The magnetic sensors being noisy, a
Kalman filtering can be added in the feedback to reduce the signal propagation [BC3|.
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3.3 Interval techniques combined with classical control theory

The classical robust control techniques (Hso, p-synthesis...) often derive high order controllers:
the controllers orders are higher than the systems orders. These orders can be reduced with
existing techniques, however this is often accompanied by a reduction of the performances
of the closed-loop controlled piezoelectric systems. Other techniques like Ho, synthesis with
orders constraint may eventually be a possibility to explore [204] but in the works carried out,
we proposed to explore interval techniques combined with control theory. In fact, intervals
permit to model more naturally and easily uncertain parameters by bounding them. This is
very interesting when, for example, facing to objects parameters or actuator model parame-
ters that are not precisely known, as usual in micromanipulation or microassembly. Another
particularity of interval techniques is the guarantee (or certification) notion: if an algorithm
finds a solution set, this latter is guaranteed to satisfy the problem. If an algorithm finds a
non-solution set, it is guaranteed that this set does not contains any solution of the problem.
Finally, it is possible to synthesis robust and low orders controllers with interval techniques
combined with classical control theory, as we will present below.

In control theory applications, interval techniques are widely used for guaranteed estima-
tion (state estimation and parameters estimation /identification) [171}[205H209] and for robust
stability analysis [172; 210-216|. Many works also report elementary tools that may be useful
to complete the robust stability: the algorithm to solve a set inversion problem in interval
functions [216], the Ho norm [217] and the envelop of the Nyquist plots [218| all for interval
systems. Regarding the synthesis of controllers with interval techniques, PID controllers struc-
tures [219], state-feedback controllers [220] and control schemes with prefilter [221] have been
mainly developed. In [222|, a predictive control law has been synthesized from an interval
system and efficiently applied to a consumable double-electrodes gas metal arc welding process.

Our aim is to utilize intervals to model first the uncertainties in piezoelectric actuators,
and afterwards to develop low order robust controllers capable to ensure robust performances.
A particular attention will be paid in the structure of the system: we employ a generalized
structure of interval systems. This is not the case for the works in the litterature. For example,
the controller designed in [219] is only practical for second order interval systems. The main
theoretical results in our works can be summarized as follows: 1) the performances inclusion
theorem which is applicable in different applications (controllers synthesis, performances anal-
ysis, systems design), 2) and the combination of the classical standard H., techniques with
interval tools for robust controllers synthesis or for performances analysis. These results are
presented below with some of the experimental applications to piezoelectric actuators. The
reader is invited to read the quick remind on interval techniques provided in Chapter [D] if
required. In the sequel, we utilize as model (including for piezoelectric actuator) the inter-
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val system [G](s) where the parameters are intervals. The model is linear but we give the
assumption that all uncertainties due to the parameters variability, to the sensitivity to the
environment, to any inexactitude from the measurement and identification, and to the nonlin-
earities approximation are bounded by these intervals.

3.3.1 The Performances Inclusion Theorem (PIT)

The performances inclusion theorem, that we provided and detailed in [C28], deals with the per-
formances of two stable interval systemsﬂ The theorem contains two properties: one property
for the frequency domain performances and one property for the time domain performances.

Consider two stable interval systems having the same polynomials degrees m and n:

m

% [bll}'sl > [bgl]-sl
[Gi](s) = 25— , [Ga](s) = —— (3.11)
kgo [a1k]-s* kgo [agk]-s*

Theorem 3.3.1. The performances inclusion theorem.

In the frequency domain:

la1x] C [agk], VE=1---n (] (IG1] (jw)) € p ([G2] (jw))
if and = and
[bu] C [ba], VI=1---m [¢] ([G1] (Jw)) € ¢ ([G2] (jw))

In the time domain:

[a1x]) C [agk], YVk=1---n
if and = [a1](t) C [g92] ()
[bll] g [bgl], v1:1-~-m

Proof. See |C28]. O

We should also notice the following remark:

[a1k] € [azk] :
Remark 3.3.1. { [blllj] c [b;ﬁ = [G1](s) C [G2](s); Vs € RT

The theorem says that when two transfer functions have coefficients which lie in (inde-
pendent) intervals, and all coefficient intervals of one transfer are included in the coefficient
intervals of the other, then the same holds for their Bode diagrams as well as for their time
responses. In other words, the performances of one stable interval system are "bounded" by
those of another stable interval system if the coefficients of the former are bounded by the co-
efficients of the latter. This result will be very useful to design robust controllers or to perform
a performances analysis. In addition, this result can also be utilized for systems design (see

Section [2.6.2)).

3The stability of interval systems are discussed in Section )
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3.3.2 Controllers design by using the PIT

Given an uncertain system [G](s, [a], [b]) to be controlled by a controller [C](s) (Fig.[3.8). This
controller must ensure some given performance for the closed-loop whatever the parameters a
and b ranging in [a] and [b] respectively are. Let [H](s, [p], [¢]) denote the closed-loop transfer.
On the other hand, let the system [G](s, [a], [b]) be re-arranged as follows:

1+ i b;]s?
G (s, [al, o) = ———— (3.12)
> [ails’
=0
such as [a] = [[ag], ..., [an]] and [b] = [[bo], ..., [bm]], m < n and [by] = 1.
)
‘i?g-ws, o), [ G(s.al. )
[HCZ](Sa [p]v [Q])
Figure 3.8: A closed-loop transfer [H].
If we impose the structure of the controller [C](s, [0]) as
!
2 L]’
[C](s,10]) = —— (3.13)
> leils!
=0
where 0 = [[c], [d]] represents the interval parameters vector (or box| of parameters) of the

controller and where | < k, thus the closed-loop model [H](s, [a], [b], [0]) can be easily derived:

43l
[Hal(s. [p]. lq) = ———— (3.14)
2. [pils’
i=0
Where e = m + [ and r = n + k and where the boxes [¢] and [p] are function of the boxes
[a], (6], [c] and [d].

We notice that the notation of the controller is interval ([C](s,[])) during the synthesis
because the calculation will yield intervals. However, the implemented controller will be a
point denoted C(s) which is any point inside the solution [C](s, [6]).

1A box is a vector of intervals.
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Let [H](s, [w], [x]) denote an interval transfer function, called desired closed-loop transfer,
that reflects the specified closed-loop performances. This transfer function should have the
same structure than the closed-loop transfer [H.|(s, [a], [b],[0]), otherwise the performances
inclusion theorem is not utilizable. If a first transcription of the specifications gives lower
order transfer for [H](s, [w], [x]), we can add filter to this latter such that its final structure is
similar to that of [Hy](s, [a], [b], [0]). We have:

1+ é EREY
[H](s, [w], [2]) = ———— (3.15)

r

2 [wils’

=0

where boxes [z] and [w] have been calculated from the specified performances.

Thus, the objective consists in finding the parameters of the controller [C](s, [6]) in Eq.
such that the performances of the closed-loop [Hy(s, [al, [b],[0]) satisfy the desired perfor-
mances described by [H](s, [w], [z]). The problem can be stated as finding the set © of con-
troller parameters vector so that:

© := {0 c [0][[Hal(s, [p], [a]) < [H](s)} (3.16)

From the performances inclusion theorem, the problem becomes in finding the set © of
controller parameters vector such that:

= [g;](10]) C [zj], Vi =1,...,e
°= {0 < 1) ‘ [p:](16]) C [wi],¥i =0, ...,7 } (3.17)

This problem is a set inversion problem and can be solved with an appropriate algorithm.
One of the algorithms for solving a set inversion problem is the SIVIA algorithm (Set Inver-
sion Via Interval Analysis) [171;172] which is rapid and easy in implementation. Section
gives a remind of this algorithm. After computation, the algorithm produces a solution set O.
As an example, Fig. [3.9}a depicts the results from the SIVIA algorithm when calculating the
integral gain K; and the proportional gain K, of a PI controller for a piezoelectric actuator.
The region denoted S, corresponds to the parameters of a point controller C(s) = K, + %
with which the specified performances will be guaranteed. Any gains K, and K; inside this
region are guaranteed to ensure the performances. In contrary, the region S,. corresponds to
parameters with which it is guaranteed that the specifications will not be ensured. In this
example, two piezoelectric actuators having (points) models within the interval model [G](s)
have been used for experimental test. Two controllers Ci(s) and Ca(s) randomly taken from
the region S, have been successively applied to each of the two actuators. Fig. [3.9}b and c
show the frequency responses and the step responses respectively |J15|. In the same figure,
the specifications plotted as envelopes have also been put. These figures show that the perfor-
mances of the closed-loop, for any of the piezoelectric actuators, and with any of the two point
controllers are well ensured, which experimentally confirm the robustness in the technique pro-
posed. If, after calculation, no solution is found however, it is suggested to recalculate © with
a different initial box. If after different attempts there is still no solution, the specifications
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may be too severe for the utilized uncertainties sizes. In such a case, it is suggested to relax

the specifications and/or reduce the sizes of the parametric uncertainties.

The above theoretical part as well as its application to piezoelectric actuators were detailed
in [J15]. Notice that one of the main advantages here is the possibility to impose the controller
structure (see Eq. ) Consequently, it is possible to impose a controller order lower than
the system order. If the algorithm finds a solution, we will get a low order controller which is
convenient for embarqued systems. In [C27], we have calculated a robust PID controller with
this technique and in |J18|, we have calculated a robust RST controller, in both the controllers

order being lower than that of the model.
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3.3.3 H, interval controllers synthesis

We propose here to combine interval techniques with the standard H, controllers synthesis.
Our objective is to benefit from the natural way to model uncertainties and the low orders
inherited from intervals. Both the theoretical results and the experimental sides are detailed

in [C37][716].

The system is an interval model [G](s, [a], [b]) where the parametric uncertainties (intervals)
account for the nonlinearities approximation, the variability of the process behavior and the
high sensitivity to the environment. Let the structure of the controller be imposed, for instance
a PI or a PID controller. Again, we denote [C](s,[f]) the controller during the synthesis
in which [f] is the interval parameters vector to be calculated. Finally, we will leave the
weightings for the specifications non-interval, i.e. point transfer functions similar to those used
in Fig.[3.3] Since the system and the controller to be synthesized are intervals, the augmented
plant is interval: [P](s). Thus the standard Hs problem, similarly to Problem. can be

formulated as follows.
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Problem 3.3.1. Find the controller [C](s) and the optimal value of v > 0 such that:

ILEL ([P1(s) [C1(s, [0 o0 <

where [F] ([P](s),[C](s,[0])) is the lower fractional transformation between [P](s) and
[C](s,[0]) and is an interval transfer function.

Let us take the example for which tracking performances, a command moderation and
a disturbance rejection constitute the specifications that are transcriptible into weightings
We(s), Wy(s) and Wy(s) respectively. Following the same principle than of Fig. we obtain
the synthesis scheme in Fig. B.10] Remark that we expressly removed from the scheme the
weighting related to the uncertainties because they are already taken into account by the
intervals in the system [G](s). However, it is still possible to utilize both intervals (via the
model [G](s)) and the weighting to more increase the robustness of the controller.

(5 Cu lbw 5_» ey
wois) W) W) | be—] PIs) —e.,
b
O Nellierseld 6y s) " :
L0 i)

Figure 3.10: (a): block-diagram for the synthesis. (b): the standard scheme.

From Fig. [3.10] the standard H., interval problem in Problem. is equivalent to the
following problem.

Problem 3.3.2. Find the controller [C](s) and the optimal value of v > 0 such that:
[WelS]ll oo < v =W [SIWh 00 < v
IWu[ClIS]ll o < IWL[C][STWh]| 00 <

If v <1, the robust performances are achieved.

The problem of finding the parameters [f] of the imposed structure controller [C](s, [0])
can therefore be formulated as the following set inversion problem.

Problem 3.3.3. Find the set © of parameters vector with which, for a given positive number
v <1, we have:

O = {9 € [0] [WelS]] oo < [=We[SIWh|| o < v }

IWu[C)[SH oo < [WL[CIISTWhl 0o <
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where the interval sensitivity [S](s) also depends on the controller parameters [6].

Before solving the Problem. v is imposed manually, contrary to the classical standard
H technique where its optimal value is found by dichotomy. Its value should be chosen to be
less or equal to 1 in order to have a controller that will robustly ensure the performances. Again,
this problem can be solved by using an algorithm for set inversion problem likes SIVIA (see
Section . However, the resolution requires the computation of the Hy,-norm of interval
transfer functions. For that, we will combine the SIVIA algorithm with the techniques of
computation of the Hoo-norm of interval systems proposed in [223H225] and reminded in
Section [D.4.4] Similarly to the design in Section if the interval techniques provides a
solution set O, any point controller C(s) with parameters 6 inside this set will ensure the
specifications. However, if there is no solution, it is suggested to modify the initial value of
©. If, after different attempts, no solution is found, one can lightly increase v or relax the
specifications which might be too severe. Another attempt consists in reducing the sizes of the
uncertainties which might be too large. However, increasing -y, relaxing the specifications or
reducing the uncertainties sizes means that the initial expectations (i.e. initial specifications
and initial uncertainties) may not be anymore obtained.

3.3.4 Robust performances analysis with interval techniques

We propose now to combine interval techniques with classical control theory to perform a
posteriori and robust performances analysis. More than the robust stability analysis which is
classical, robust performances analysis is of great interest for a given closed-loop which contains
a known controller and to which we need to check if specified performances are satisfied when
the system is uncertain. The proposed techniques for that are detailed in [J15]|BC4|/C30].
There are two techniques proposed: 1) a posteriori performances analysis by using the per-
formances inclusion theorem (PIT), 2) and a posteriori performances analysis by using the
standard H, technique and interval tools combined. For both, the initial problem is as follows.

Let C(s) be a given (point) controller which controls an interval system [G](s). Both the
controller and the system are known.
Problem 3.3.4. Does the closed-loop with sensitivity [S](s) = H%[G} satisfy the given and
desired specifications (tracking performances, command moderation,...)?

3.3.4.1 Robust performances analysis with the PIT theorem

To solve the Problem. [3.3.4} the closed-loop interval transfer [T](s) should first be numerically
calculated from the known controller C'(s) and the known interval system [G](s). It is given
as follows:

. g1
[T](s) =1—[S](s) = "F—— (3.18)

r

S [pils'
1=0
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Then, the specifications are transcribed into interval transfer function [H](s), called desired
closed-loop. In many cases, tracking performances specifications are stated with maximal or
minimal measures (maximal settling time, maximal statical error, maximal overshoot, minimal
bandwidth,...). Tt is possible to put them first as inequalities and then as intervals. Finally, they
can be transcribed into transfer function [H](s). To apply the performances inclusion theorem,
the desired transfer [H](s) should have the same structure than the closed-loop [T](s). If the
polynomials of [H](s) have lower orders than those of [T](s), a filter is added in the former.
In the contrary case, the filter should be added in [T](s). Let the final structure of [H](s) be:

E
=
V>)
N—
I
<.
I
5
=
[V2)
<

(3.19)
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mances are satisfied by the closed-loop.

Proposition 3.3.1. if { , thus the desired tracking perfor-

This result is very powerful and very quick to use and is for tracking performance a poste-
riori verification. For the cases of command moderation or disturbance rejection verification,
similar procedure is employed by using the right transfer functions. The bad side of this ap-
proach is the fact that the condition is conservative: a small subclass only of all controllers
that ensure the performances can be verified. The next proposed technique permits to effectu-
ate a robust performances analysis with reduced conservatism. The principle is based on the
combination of the standard H, technique with interval techniques.

3.3.4.2 Robust performances analysis with standard H., and interval techniques

We have combined the standard Hy technique with interval tools to synthesis low order and
robust controllers in Section [3.3.3] Here, we propose to utilize this combination in a robust
performances analysis purpose.

Consider a known interval system [G](s).
Let C(s) be a known point controller that
5 Wi (s) b controls [G](s). Let us consider as specifi-

cations the tracking performances, the com-

~ [G](s) __,g' )5, <> ’_’WU(S) mand moderation and an output disturbance

['p](s) rejection. These specifications can be tran-

scribed into weightings W.(s), Wy (s) and W}

respectively. A weighted closed-loop scheme

as in Fig. [3.11]is therefore yielded. In the fig-

Figure 3.11: A standard scheme. ure, [P](s) is the interval augmented system.
We have the following proposition.

S

u C(s) £
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Proposition 3.3.2. if || F; ([P](s),C(s))|l, <1, thus the desired specifications are satisfied by
the closed-loop.

Considering the standard form of Fig. [3.11] the Proposition. implies:

WS oo <1 |—-We[S]Wp| oo < 1 | .
IWuC[S]]| oo <1 [[WuC[SITWp|loo <1 )7 thus the desired specifica-

tions are satisfied by the closed-loop.

Proposition 3.3.3. if (

where [S](s) = H%[G] Once again, the calculation of the H,-norm of interval systems

provided by [2231225] and reminded in Section is required.

3.3.5 General remarks

Two techniques of robust controllers synthesis based on intervals have been presented: 1) one
technique based on the performances inclusion theorem, 2) and one technique based on the
combination of the standard H., approach with interval tools. Other results have also been
produced. For instance, in [C25][C30], we calculate robust controllers through direct synthesis,

i.e. from a desired closed-loop [H](s), we directly derive the controller: [C](s) = W

[Hep]
. However, due to the compensation side of this technique (division [ }f 1%‘2) ), some solutions do

not necessarily satisfy the initial specifications. The choice of the point controller C'(s) within
the solution set should be verified by an a posteriori performances analysis.

The techniques proposed above have been employed to control the force and the displace-
ment in a whole microgripper [J22].

Intervals are interesting to model parametric uncertainties thanks to the natural and easy
way to represent them only with bounds. Combined with control theory, interval techniques
permit to compute low order and robust controllers. There is a wide and interesting possibility
to exploit them in controllers synthesis and in structural analysis when we are face to systems
with uncertainties. The techniques proposed and presented in this thesis dealt with SISOE] and
linear systems but feature works include the case of MIMOE] or also nonlinear systems.

3.3.6 Acknowledgments

Many of the works regarding the interval techniques (design and control) were within the PhD
subject of Sofiane Khadraoui.

3.4 Feedforward-feedback control schemes

In some situations, the feedback control scheme is augmented by one or several feedforward
controllers. This permits to reach certains objectives that feedback only or feedforward only

PSISO: Single Input Single Output (or monovariable) systems.
SMIMO systems: Multi Input Multi (or multivariable) Output systems.
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(see Chapter [4) could not satisfy. One scheme of combined feedforward-feedback control of
piezoelectric actuators is depicted in Fig. B.12}a. It consists of a feedback controller C, a
plant-injection feedforward controller F), (or reference anticipation) and a closed-loop-injection
feedforward controller F; (or prefilter). When F,, = 0 is set to zero, the architecture is a
feedforward closed-loop injection (FFCLI) which permits to improve the transient response as
well as the tracking bandwidth [230/233|. In contrast, when Fy, is a unity gain and F), is used
as the feedforward controller, the architecture is a feedforward plant-injection (FFPI). In this
case, Fj, is often designed on the basis of the plant inverse model [234-236|. This permits to
improve the transient response or to cancel the static error. In [237|, both FFCLI and FFPI
were utilized in the same architecture which make the feedforward-feedback control techniques
account for nonminimum phase systems. In a way, FFCLI and FFPI architectues can be seen
as follows: the plant is first linearized thanks to the feedback controller C(s) (a high gain or
an integral control is sufficient in most of the cases), then the bandwidth is enlarged (precision
improvement at high frequency) thanks to the feedforward controllers Fy; or F, [231} [238].
Notice that the FFCLI is sensitive to model uncertainties.

Differently from FFCLI and FFPI, another architecture of combined feedforward-feedback
is depicted in Fig. [3.12}b [239-242]|C13]|C23]|[C50]. In this, a (cascade) feedforward controller
I'¢ is first applied to the plant before employing the feedback. The aim of the feedforward is
various. It can be a compensator for the nonlinearities (hysteresis or creep) which will yield a
linearized system, or it can be a vibrations damper (vibrations compensator). In both cases,
the calculation of the feedback C' is rendered easier with the compensated plant.

Regarding the control of multi-DOF piezoelectric actuators, modeling the cross-couplings
is complex, and thus it is common to employ several monovariable compensators I' for each
axis [J13|[C18[|C31]. In such a way, the nonlinearities or the badly damped vibrations in
the direct transfer are compensated. The non-compensated cross-couplings are considered as
disturbances or model uncertainties that should be taken into account when synthesizing the
closed-loop controller C'.

F, ,
Ufp
) r c U U | piezoelectric | )
F cl C = system
(a)
Or £ Y U, | piesoclectric | §
Ysr c piezoelectric
C F ] system

(b)

Figure 3.12: Feedforward-feedback control architectures in piezoelectric actuators control.
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3.5 Control of hybrid thermopiezoelectric microgrippers

TEC-device PCB-card

end-effector

” cooling block

right piezocantilever

Figure 3.13: A hybrid thermopiezoelectric mi-

crogripper.

Based on the hybrid thermopiezoelectric ac-
tuator presented in Section. [2:3] a novel mi-
crogripper has been developed. The devel-
oped hybrid thermopiezoelectric microgrip-
per, pictured in Fig. has two hybrid ac-
tuators and can pick or handle small objects
with a high resolution thanks to the piezo-
electric performances and with a large range
of positioning thanks to the thermal actua-
tion performances. The aim of this section
is to report the control strategy proposed for
the microgripper. The novelty in this control
is evident due to the originality of the system
itgelf. Similarly to the control of multimorph
microgrippers presented in Section. [3.2.3]and
in Section. [3.3.5] one actuator of the hybrid

microgripper is controlled for the precise positioning (displacement control) and the other ac-
tuator controlled for the manipulation force. As the two controls are independent, they can

be synthesized separately.

5. c | | TEC- |T
o Cil8) 1 aevice | ]

z( ) device unimorph | 5
| 7 | piezoactuator
Eul, Cu (3) U

(a)
)
100 [,Um]
90
reference
80

(b)

10

11

t[s]

Figure 3.14: A hybrid control law for a hybrid

thermopiezoelectric actuator.
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First, let us regard the actuator for the
displacement and its control [C19|. The sys-
tem has one output which is the displacement
0 (deflection of the cantilever), and two in-
puts: the electrical current ¢ that supplies
the Thermo-Electric-Cooler (TEC-device) for
heating or cooling, and the voltage u to ac-
tuate the piezoelectric effect. If the actuator
was only thermal, we would utilize a unique
cascade controller C;(s) that would furnish
the input control ¢. In contrast, if the actu-
ator was only piezoelectric, we would utilize
a unique cascade controller Cy(s) that would
furnish the input control u. For a hybrid ac-
tuator, we propose to bring them together in
one scheme as pictured in Fig.[3.14}a. In fact,
the proposition consists in activating only the
controller C;(s) when the error e = 6, — 0
is large, to benefit from the large range of
the thermal actuation. And when the error
€ becomes lower than a threshold denoted

O .z, the controller C,(s) is automatically



activated. In this latter situation, the piezo-

electric actuation is employed for the fine po-
sitioning thanks to its high resolution. The threshold 4% . is chosen as the maximal range
of displacement obtained with the piezoelectric actuation. To manage the automatic switch,
the discrete event controller ¥ is defined in Eq. (3.20). The two controllers Cj(s) and Cy(s)
are designed with standard techniques according to the specifications posed and based on the
model in Eq. or based on a more simplified model. For instance, we can benefit from
the techniques detailed in the previous sections (H.,, Interval techniques). Fig. b de-
picts an example of step response of the closed-loop controlled hybrid actuator obtained with
a proportional-integral (PI) controller for the coarse positioning (i.e. Cji(s) = PI), and a
proportional-integral-derivative (PID) controller for the fine positioning (i.e. Cy(s) = PID).
In this, the reference input is a step of 100um. Because of the limited voltage applicable to
the piezoelectric layer, the displacement furnishable by the piezoelectric actuation is very low
(= 10pum). Thus, we choose 0%, = Tum in this example. The experimental results show the

thermal actuation working first until 93um, and then the piezoelectric actuation performing
the fine and accurate positioning.

if el > 6%, do

max
eu =20
Z =< else (3.20)
Ey =€
end

Let us now see the force control for the other hybrid actuator. The output of the actuator
is the manipulation force which is the force applied by this to the object. Similarly to the case
of multimorph piezoelectric actuators described in Section. the object’s characteristics
strongly affect the behavior of the hybrid actuator and they need to be accounted for in the
model. The additional challenge with the hybrid actuator is that we have two input control w
and ¢, and they cannot be used haphazardly because of the limited resolution of the thermal
actuation and of the limited range of the piezoelectric one. The force model of the hybrid
actuator is directly defined by the generalized force model in Eq. . This force model
includes the thermal contribution and the piezoelectric contribution. It has the same structure
(two inputs and two outputs) and the same principle than in displacement. Therefore, the
same controllers structures and synthesis than for displacement can be easily employed for the
force.
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Figure 3.15: Position/force control of the hybrid thermopiezoelectric microgripper. (a): im-
plementation scheme. (b) and (c): experimental results.

We have now the displacement controllers for one actuator and the force controllers the
other actuator. They can be directly employed to fully control the hybrid microgripper as de-
picted in Fig. a, [J14]. The corresponding experimental results are presented in Fig. b
and demonstrate the performances during a pick-and-place task of a small object with posi-
tion /force control. In this example, the handling force was set equal to 15mN.

Acknowledgments - The works here were within the postdoctoral fellowship of Dr. loan
Alexandru Ivan.

3.6 Conclusions and perspectives

Among the efficient ways to enhance the performances of piezoelectric actuators are robust
control techniques. A large part of this chapter describes robust control techniques devoted to
such actuators in order to reach certain performances required in precise and high dynamics
positioning. In a first approach, classical robust techniques (Ho and its derivatives) have
been proposed. The litterature also proposes similar synthesis but the difference of the present
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works resides on how to model the actuators in order to conveniently account for the hysteresis
and creep nonlinearities as well as the dynamics and the external disturbances (external force,
thermal variation).

A more exotic synthesis of robust controllers proposed in this chapter consists in combining
intervals and related techniques with control theory. We show that doing so presents multiple
advantages: ease and natural way of modeling the uncertainties, performances robustness and
guarantee of the solution, and derivation of low order controllers. Combining interval tech-
niques with control theory are not only limited to modeling and controllers synthesis. Other
important fields in control and in design can also be covered: structural analysis and a pos-
teriori performances analysis, inverse design of systems (see Section. . More generally,
interval techniques can bring additional degrees of freedom to control theory and related fields
and there are a lot to explore in this combination. Features include the extension to nonlinear
control and to multivariable control.

The last part of the chapter presents exotic control devoted to hybrid thermopiezoelectric
actuators and hybrid microgrippers. Many of systems found in precise positioning are often
non—classica]m in their functionings, principles and behaviors and are less widespread than
classical sized systems. FExamples include the hybrid thermopiezoelectric actuators of this
chapter, stick-slip actuated systems, inch-worm actuated systems, bubble based actuators,
non-contact magnetopiezoelectric actuators, and all smart material based miniaturized systems
... Generally, a new non-classical system demands a devoted control technique.

"Non-classical here means different from those of classically sized systems.
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Chapter 4

Feedforward control

e control of piezoelectric positioning systems with feedback techniques has been detailed in
T%hapter, [3 To make possible these feedback schemes, sensors are needed. However, integrating
sensors in many micro- and nanopositioning systems is still o great challenge. On the one hand,
sensors that have the required performances (accuracy, bandwidth, range of measurement...)
are bulky and non-integrable in most of them and are very expensive. Examples include optical
sensors based on the triangulation principle and interferometers. On the other hand, integrable
sensors like strain gages have performances that are not convenient for the studied systems
(noisy, limited range, ...). An emerging topics that is very interesting is the open-loop or
feedforward control techniques. These techniques do not need sensors and they are therefore
well appreciated for miniaturized systems, including those devoted to precise and high dynamics
positioning, because of the high integration and high packaging level offered and because of the
low costs. This chapter deals with the feedforward control of piezoelectric systems for precise
and high dynamics positioning. The nonlinearities (hysteresis and creep) and the badly damped
vibrations that typify these systems are the main challenges to be considered.
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4.1 Introduction

He principle scheme of a feedforward control is depicted in Fig. The system has a
T driving input u and an output § and is controlled by the controller without sensor. The
controller is also called compensator. The objective is to lead § to be equal to the reference ¢,
with or without particular specification in the transient part.

Or,

ZLlcompensator}- Y- system 0,

Figure 4.1: Feedforward control of a system.

Feedforward control is well known in robotics thanks to the inverse kinematic control tech-
niques [244} [245]. The objective consists in applying as controller the inverse kinematic model
such that the pose of the robot be equal to a desired pose. Based on the dimensions and
on the structure of the robot, the kinematic model is seen as a "static model" and the main
challenges reside in its invertibility, (sometimes) unicity of solution and the complexity of the
calculation and implementation. Both closed-form and approximate inverses exist. In minia-
turized systems and in microsystems, feedforward control is more than appreciated. First, due
to the lack of convenient sensors for most of the systems, novel architectures of control that
require a minimum number of sensors are very welcome. Second, feedforward control tech-
niques permit a high level of packaging and integration that are consistent with the trends of
miniaturized systems. Finally, since no sensors are used, they are cheaper and are interesting
for the development of batch and performant systems. Regarding the feedforward control of
piezoelectric systems, the challenge lies in the strong and nonclassical nonlinearities which are
the hysteresis and the creep. Additionally to this, the high-Q factor of many piezoelectric
structures decreases the performances of the positioning tasks (settling time augmented, large
overshoots,...) and should also be controlled. The synthesis of the compensator is therefore
faced to these behaviors which are new relative to the classical challenges in robotics feedfor-
ward control. This chapter deals with the feedforward control of piezoelectric systems with
consideration of the creep, the hysteresis and the dynamics.

The chapter is organized as follows. First, we present the individual feedforward con-
trol of the three phenomena (creep, hysteresis and dynamics) in Section. , Section.
and Section. respectively. Then, we give Section. their simultaneous control. Finally,
conclusions and perspectives are given in the last section.
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4.2 Creep modeling and control

4.2.1 Overview

The creep is a nonlinear phenomenon mainly found in piezoelectric ceramics at very low fre-
quency. It can be observed as the slow drift occuring when a step input electrical field is
applied to these materials, see Fig. In the litterature, the modeling and the control (feed-
back or feedforward) of piezoelectric systems with particular attention to the creep is much
less frequent than for hysteresis. However, the loss of accuracy brought by this phenomenon
renders necessary to consider and to control the creep in precise positioning.

Two feedforward control classes exist for the creep: the charge control and the voltage
control. In the charge control, the driving input is the charge instead of the voltage [246-250].
In fact, the behavior in the charge-strain map of a piezoelectric system is shown to exhibit
very low, if not zero, nonlinearities (hysteresis and creep). The control principle consists in
cascading with the piezoelectric system a well designed electrical circuit that is capable of
furnishing the charge driving signal. However, this electrical circuit may introduce additional
delay or may reduce the overall bandwidth. In voltage control, the driving input is the volt-
age. This is more convenient for dynamical control purpose and is easy to setup. However, the
nonlinearities (creep and hysteresis) are strong in this and should correctly be modeled and
compensated for.

Different creep models have been used in voltage control. In [251H255], a logarithmic
function in the time domain is used. To compensate for the creep, an opposite logarithmic
model is established for the applied voltage so that the final piezoelectric strain will remain
constant. Another technique consists in using LTIF_:] models [255-258]. It comes back to an
exponential based function in the time-domain. Both the logarithmic function and the LTI
models are phenomenological approaches. Another phenomenological approach consists in cou-
pling the creep with the hysteresis models, for instance by using a fractional-order Maxwell
resistive capacitor model [259], Prandtl-Ishlinskii models [260/-262| or Preisach models [263|.
Since the two phenomena are rassembled in one operator, their compensation are performed
by one inverse operator. This coupled compensation is only efficient if the identification of the
operator’s parameters are carried out at different frequencies (very low frequencies and low
frequencies). Other creep models from the view of materials have also been proposed but they
are not convenient for (feedforward) control point of view [264} 266].

LTT models of creep, although linear, are well appreciated because of the wide availability of
tools for linear systems, whether in identification, in structural analysis, in quantitative analysis
or in synthesis. Furthermore, it has been shown that LTI models were finally more appropriate
for predicting creep [255|. The existing way to compensate for a creep modeled by a LTI model
is the direct (or standard) inversion of the transfer function [255;[258|. This requires that the
model is minimum phase ﬂ All creep models do not satisfy this condition and therefore the

'LTIL: Linear Time Invariant system.
*Minimum phase system is when the system and its inverse are stable, and causal.
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method is not applicable anymore. To overcome this limitation, we proposed a new approach
that does not require a direct inversion. Based on the inverse multiplicative structure, the creep
compensator is yielded by re-structuring the identified model. This novel method has been
developed for mono-axis piezoelectric systems [BC7|[J.J]| and was latter extended for multi-axes
piezoelectric systems [C35]. It is worth to mention that the study of multivariable compensation
of creep (with consideration of the cross-couplings) is novel and was first proposed in this latter

paper.

4.2.2 Creep modeling
Reconsider the general model that we proposed in Chapter [2land that is described by Eq. ([2.8):

3(s) =T (u(s)) D(s) + Cereep (u(s),s) + sp,D(s)F(s) + ' (T'(s)) Dr(s) (4.1)

where u, F' and T are the driving voltage (input control), the external force applied to the
actuator and the thermal variation respectively. The operator I' (u(s)) encompasses the hys-
teresis nonlinearity and Ceyeep (u(s), s) is the creep operator. The thermomechanical behavior
of the structure is given by I'r (T'(s)) whilst its compliance by s,. Finally, D(s) and Dr(s)
represent the mechanical dynamics and the thermomechanical dynamics of the structure re-
spectively. These two dynamics are normalized: D(s =0) =1 and Dr(s =0) = 1.

Dealing only with the creep, we assume that F' and T are null and that the system is linear
(no hysteresis considered). Eq. (2.8]) becomes:

3(s) = dpu(s)D(s) + Cereep (u($), s) (4.2)

where d,, is the statical gain of the actuator. It is the linear version of I', i.e. I'(u(s)) =
dpu(s). Since we deal with a LTI model of the creep, we have:

5(5) = dyu($)D(s) + Ci (5)u(s) (13)
with
% bcjsj
Crls) = 2 (44)
:Zoacisi

in which b.; and a.; are the parameters of the creep model to be identified, m. > 0 and
ne > 0. For the causality, the following condition should be ensured: n. > me.

The identification of the parameters of the piezoelectric side d,D(s) as well as the pa-

rameters of the creep model C,.(s) is as follows. A step input voltage u = A is applied to the
piezoelectric actuator and the resulting displacement ¢ is captured for a long period of duration.
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S[pm] For unimorph and bimorph piezoelectric ac-
' ' " ~ | tuators with sizes of 15mm x 2mm x 0.3mm,

251 | the creep is still observed even beyond 10min.
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Figure 4.2: Step response of a piezoelectric ac- the creep in this case is of 20;;% = 40%. This
tuator for creep parameters identification and €T€ep amplitude corresponds to an analysis

for dynamics parameters identification. time of 600s and increases for a greater time.
Therefore, the length of the duration to cap-

ture the creep is chosen according to the expected application. For instance, in a microassembly
task where a constant displacement or constant force during several tens of minutes is played
into role, the creep should be characterized and identified at least during similar period of
time.
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4.2.3 Feedforward control by using the inverse multiplicative structure

Having identified the parameters of the model in Eq. , we can now focus on the feedforward
control of the creep. Because the creep settling time is very high face to the settling time of
the transient part defined by D(s), we can simplify this latter as D(s) = 1 (Vs € RT), i.e.
the transient part is quasi-static. We derive the model utilized for the creep compensation
[BCT7][JJ]:

5(s) = dyu(s) + Cur(s)u(s) (4.5)

From this model, we can yield the driving voltage u that meets § = 0, (d, being the
reference):
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u(s) = = (6, — Cr(s)u(s)) (4.6)

The implementation scheme of this com-

pensator is depicted in Fig. [f.3}a. As we can

C’"(S)W observe, the compensator has an inverse mul-

5L g_g U| system 0 tiplicative structure. The main advantage is
(a) P that we do not need to invert the creep model
~ compensator as usually done in the litterature. Therefore,
Sf[uml , ‘ ‘ ‘ there is no need to satisfy some conditions on

the model C..(s). Indeed, if we denote N, (s)
and D, (s) the numerator and the denomina-
20 e tor respectively of the creep (C,(s) = gz:g; )s

the compensator transfer function is:

25-

u(s) _ D, (s)
0r(s)  dpDer(s) + Ner(s)

(4.7)

)0 10 2000 300 400 iS00 a0 which is always causal as long as the

model C,(s) itself is causal. As a last re-
Figure 4.3: (a): implementation of the creep mark, the compensator is a restructuration
compensator. (b): experimental results. of the model. Thus, as soon as the model

is known and identified, the compensator is

directly known. Fig. [.3}b pictures the exper-
imental results obtained when applying the compensator to the actuator that has the initial
creep depicted in Fig. It is worth to note that, not only the creep is compensated, but
the accuracy is also reached since we have § = d,. This accuracy was obtained thanks to the
inversion of the static gain chp' In the particular experimental results of Fig. and Fig. b,
we conclude that the creep was reduced from 40% -without the compensator- to less than 2%
with the proposed compensator.

4.2.4 Multivariable creep modeling and control

The results here are detailed in [C35]. The previous creep compensator was only valuable for
piezoelectric actuator having one degree of freedom. In order to extend this to multivariable
creep compensator, we need first to write the model of a multi-axes piezoelectric actuator with
the same assumption than previously: the force and the temperature variation are null and the
hysteresis is not considered. Thus, the monovariable model of Eq. becomes a matricial
equation E]:

8(s) = (dp o D(s)) u(s) + Cer(s)u(s) (4.8)

where

3(A o B) denotes the Hadamard product of matrices A = [Aij]; ; and B = [Byj], ;, i.e.(A o B) = [Ay; Byj], ;-

2,57
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&1 Dii(s) Dia(s) -+ Diml(s)

s—| D(s)— | D2 Dl
O Dpi(s) -+ Dy (s)
U1 Ccrll(S) Ccrl?(s) te Ccrlm(s)
u .

u=| | Culs) = CCT2_1(3> CCT‘%?(S) (4.9)
Um Ccrpl (3> e Ccrpm(s)
dp11 dpi2 -+ dpim

d, — dp.21 dp.22

dppl T dppm

The piezoelectric system is fully actuated if p = m, underactuated if p > m and over-
actuated if p < m. Again, similarly to the monovariable case, the quasi-static approxi-
mation is admitted (D(s) = 1, Vs € R"), and the multivariable model comes back to:
3(s) = dpu(s) + Cer(s)u(s). The identification of the parameters for this multivariable model
is as follows.

— First a step input voltage u; is applied and the remaining inputs u; (j = 2---m) is left
equal to zero. After capturing the resulted output i, the direct gain d,1; and the direct creep
C.r11 are identified with the same method presented for the monovariable case.

— In the meantime, the other outputs §; (i = 2---p) are also captured. Each cross-coupling
gain dp;1 and each cross-coupling creep Ceri1(s) are also identified from the experimental out-
put &; and input wuq.

— Then, the input u,; is set equal to zero, whilst a step u; (j € {2,--- ,m}) is applied. For
each input u; applied, all outputs d; (i =1---p) are reported and the gain dy;; and the creep
Cerij are identified. When i = j, we have the direct gain and the direct creep. Otherwise, we
have the cross-couplings.

The case of the under- and overactuated may require additional criterias to choose the
direct transfers and the cross-couplings. This choice strongly depends on the initial design of

the system and on the expected applications.

Following the same procedure than in monovariable case, the multivariable compensator
is:

u(s) = df (6, — Cp(s)u(s)) (4.10)
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where the reference input is 6, = ( Op1 Op2 o+ Opp )T and where d; € R™*P corre-
sponds to the Moore-Penrose inverse (or pseudo—inverse)ﬁ of d, € RP*™ for m # p. We have

+ _— -1 —
dy =d,” when m =p.

The above multivariable compensation permits to reduce the creep in the direct transfers,
to remove the cross-couplings and to increase the accuracy. That is: § = §,.
4.3 Hysteresis modeling and control

This section deals with the hysteresis modeling and compensation only. From Eq. (2.8) (or
Eq. (4.1)), the model is:

0(s) =Tq(u(s),s) (4.11)

where I'y (u(s), s) is the dynamic or rate-dependent hysteresis operator. For a rate-independent
hysteresis, we utilize:

5(s) =T (u(s)) (4.12)

where T" () is the static or rate-independent hysteresis operator.

According to the case, we may also utilize the following time domain notations in place of

Eq. or Eq. :
5(t) = Tu (u(t), 1) (1.13)

and

5(t) =T (u(t)) (4.14)

for a rate-dependent and for a rate-independent hysteresis operator respectively.

“The Moore-Penrose or pseudo-inverse [267| Dt € R™*? of a matrix D € RP*™ is defined by:

Dt =T (CCT)_I (BTB)_1 BT

where B € RP** and C' € R¥*™ are any decomposition matrices of D such that D = BC. The use of this pseudo
inverse guarantees that the solution has a minimum 2-norm in case of over actuated systems and minimizes the
2-norm of the error in the under actuated case. The Moore-Penrose pseudo-inverse has the following properties:

DD*D =D
D*DD* = Dt
(DD*)" = DD*
(D*D)" = D*D
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4.3.1 Overview

Hysteresis is one of the most discussed behaviors of piezoelectric systems and actuators in
the litterature. In fact, it is more studied than the creep, probably because its modeling
and control require techniques different than classically used like LTI and simple (linear or
nonlinear) functions,.... The litterature is very wide regarding the modeling of hysteresis in
smart materials and many classes of techniques exist: 1) class of hysteresis models which are
based on the superposition of several elementary operators called hysterons, 2) class of hys-
teresis models which are based on nonlinear differential equations, 3) linear approximations
with uncertainties or with phasers, 4)... These models permit to predict the behaviors of
the hysteretic systems or to ease the synthesis of closed-loop controllers. However, only the
following approaches address both the modeling and the feedforward control: the parabolic
functions based approach, the lookup tables, the Duhem approach, the Preisach approach and
the Prandtl-Ishlinskii approach. The parabolic functions [268; |269|, the lookup tables [270]
and the Duhem [271] approaches have been used for particular cases and particular actua-
tors. In contrary, the Preisach and the Prandtl-Ishlinskii approaches have been employed to
track and to compensate for the hysteresis in a wide range of applications. This success is
thanks to multiple reasons. First, they are mathematical (or phenomenological) models and
thus can be employed independently from the physics of the systems. Second, each of the
two approaches possesses various techniques according to the hysteresis to be modeled and
to be compensated for, enlarging therefore their wide of applications. They have techniques
that can track symmetrical hysteresis, asymmetrical hysteresis, rate-dependent hysteresis, rate-
independent hysteresis,... Finally, both the Preisach and the Prandtl-Ishlinskii approaches are
among the class based on the superposition of elementary hysteresis. This renders them very
accurate subject to a high number of hysterons. In the Preisach approach, the hysteron is a
nonideal relay (a delayed relay) and in the Prandtl-Ishlinskii approach, this is a play-operator
(also called backlash operator). Relative to the former, the latter presents a very interesting
ease of implementation for simulation or for real-time application. Nonetheless, the elegant
manipulation of the hysteresis in the Preisach approach and its precedence make it have the
same reputation than the Prandtl-Ishlinskii nowadays. The Preisach approach dates back to
1935 with the works of Ferenz Preisach [272] in magnetic systems and latter popularized by
Mayergoyz [70|, whereas the hysterons utilized in the Prandtl-Ishlinskii approach have been
formally introduced in the 80s [71].

In the Preisach approach, the classical Preisach technique permits to track rate-independent
or static hysteresis, symmetrical or asymmetrical and saturated or non-saturated. To be mod-
elizable by a classical Preisach model however, the hysteresis of the plant should exhibit the
wiping out property and the congruency property. This condition is described by the rep-
resentation theorem |[70|. The extension of the Preisach approach to model hysteresis that
do not meet the representation theorem is called the nonlinear Preisach technique. Also, the
extension to rate-dependent hysteresis is called the dynamic Preisach technique. Finally, the
vector Preisach technique deals with hysteretic systems having two inputs and two outputs.
The nonlinear, the rate-dependent and the vector Preisach techniques are called generalized
Preisach techniques. The modeling of hysteresis in smart materials with the Preisach approach
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is wide. However, the works that deal with the feedforward control in Preisach approach are
much less. The modeling and compensation can be found in applications like: magnetic and
magnetostrictive [68-70; 273-278|, shape memory alloys and magnetic shape memory alloys
[279/[282], VOa-coated’| systems [283], and piezoelectric systems [241} 257; [284] 287].

There are also several techniques in the Prandtl-Ishlinskii (PI) approach. The classical
PI technique permits to model and to compensate for rate-independent and symmetrical hys-
teresis [288; [289]. Later on, it has been extended to track asymmetrical rate-independent
hysteresis [290|. The technique is called modified PI. The principle consists in cascading with
the classical PI a superposition of deadzone operators that creates the asymmetry. An alter-
native way to account for the asymmetry was developed in [291|. Called the generalized PI,
it utilizes a more generalized hysteron than a backlash, such as hyperbolic tangent function or
polynomials for the ascending or for the descending curves instead of straights. [292| proposed
the singularity free PI model and compensator in order to track ill-conditioned hysteresis. Ill-
conditioned hysteresis are typified by a negative gradient around the turning point and cannot
be tracked by the previous techniques. In [293} 294], the rate-dependent PI technique has
been developed. In this, the thresholds of the backlashes are dependent on the derivative of the
input signal. Another rate-dependent PI model consisted in posing the slopes (or weights) of
the backlashes to be rate-dependent [295], instead of the thresholds. Finally, in a recent study
[296], a called integrated PI technique was developed. This technique permits to account
for rate-dependent and asymmetrical hysteresis by combining the above modified PI with the
rate-dependent PI. Apart from the integrated PI technique due its recent development, all the
other PI techniques have been efficiently applied for modeling and for feedforward control of
piezoelectric systems [239} 256} [297H301][J4][J7][J13][C13][C14][C16][C23][C31][C51].

The above compensation techniques are voltage control. Similarly to creep, there also ex-
ists the charge control in hysteresis. In general the same electical circuit than for creep is
employed for the hysteresis [246250].

The direction I have taken for the works reported in this thesis is multiple. In the
first time, it consisted in improving the performances of multimorph piezoelectric actua-
tors devoted to micromanipulation and microassembly context by using the existing tech-
niques |J4|[J7][J13]|C13||C14]|C16[|C23||C31|[C51]. The objective was to confront the limi-
tation posed by the existing sensors to develop high performant, highly packaged, low cost
precise and high dynamics piezoelectric positioners. Over the time, the objective have been
evolving. Face to the development of multi-axes piezoelectric systems at the department (ANR
C-MUMS, ANR MYMESYS projects,...), and to the raise of multi-axes actuated microsystems
these last years in the litterature, it was necessary to propose novel approaches to model and to
feedforward control multivariable hysteresis. This because all the above mentionned hystere-
sis aproaches are monovariable and cannot track and compensate for hysteresis in multi-axes
(multi-DOF) asystems.

5VO,: vanadium dioxide is a thermally induced solid-to-solid phase transition material.
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As far as we know, the only formulation of multivariable hysteresis model is based on the
vector Preisach hysteresis developed by Mayergoyz [70]. The principle consists in extending a
Preisach model into bi-variable hysteresis. In this, a vector hysteresis is based on the projection
of a scalar hysteresis I' (u(t)) along two directions  and y to yield vector components with
a constraint parameter ¢(t): I'y (u(t)) =T (u(t)) cos (¢(t)) and I'y (u(t)) =T (u(t)) sin (¢(t)).
Further, the concept of vector hysteresis initially developed for a Preisach approach has been
transposed to the play/stop-operators based hysteresis model [302;|303|. Because of the cir-
cular constraint with the parameter ¢(t), vector models are well adapted to formulate the
hysteresis in rotative magnetic systems [277; 278|. They cannot however track the hysteresis
in multiple degrees of freedom where the cross-couplings are independent.

When dealing with multivariable hysteresis, several challenges are posed. Cross-couplings
exist and should be modeled and compensated for. The identification procedure is more com-
plex than for monovariable cases. The number of the model and compensator parameters
substantially increases with the number of degrees of freedom, but the compensator should
not be complex and not expensive in calculation and in implementation. The system itself can
be square or rectangular. In this latter case, the compensation calculation becomes delicate. A
novel method of modeling and compensation which handles these challenges is therefore pro-
posed in our works. Regarding the compensation, the inverse multiplicative structure, which
was already employed for the creep compensation, is again very useful here. As we will see, this
structure will greatly ease the compensator calculation. The proposed compensation structure
itself is valuable for any hysteresis approaches (Prandtl-Ishlinskii, Preisach, ...) under the
condition that the model is rewritable as:

5() = T (u(t),£) = pau(t) + T3 (u(t), 1) (4.15)

for a rate-dependent hysteresis, and

5(t) = T (u(t)) = pu(t) + T° (u(t)) (4.16)

for a rate-independent hysteresis. In the two equations, pg (resp. p) is invertible and I'§
(resp. I'?) is function of the initial model I'g (resp. T).

A modeling and a compensation scheme based on this proposed structure and on the in-
verse multiplicative structure has first been applied to the classical Bouc-Wen model in our
papers |[BC5|[J12|, which is monovariable. Then, we extended this into multivariable classi-
cal Bouc-Wen modeling and compensation [J24|[C48|. Further, we again extended this latter
to multivariable generalized Bouc-Wen modeling and compensation [C53] to account for the
asymmetry in hysteresis. Prior to these works, no compensation study existed for the Bouc-
Wen approach, even in monovariable case.

In parallel, we also apply the method to the Prandtl-Ishlinskii approach. First, a new

compensation for the classical Prandtl-Ishlinskii technique was proposed based on the inverse
multiple structure |[C36]. Then, we extended this to multivariable classical Prandtl-Ishlinskii
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modeling and compensationﬁ. The application to other techniques (rate-dependent PI, gener-
alized PI) technique, is also being investigatedlz].

Since, the proposed structure of modeling (Eq. (4.15)) and Eq. (4.16))) and the compensation
(inverse multiplicative structure) were employed by external researchers for other hysteresis
approach, for example for the Preisach [304].

4.3.2 Inverse multiplicative structure combined with monovariable and rate-
independent cases

For the monovariable and rate-independent case, if we can rearrange a hysteresis model to have
the structure in Eq. (4.16), we can calculate a hysteresis compensator with which the output
0 meets the reference input 9, (§(t) = d,(¢), for t > t; and t; > 0) as follows [BC5|[J12][C36]:

u(t) = ; (6:(1) — T° (u(t)) (4.17)

The block diagram of this compensator has the same structure than for the creep as depicted
in Fig. [£.3}a. This structure is an inverse multiplicative structure with a nonlinear (local)
feedback which is I (u(t)), contrary to the creep which is a linear feedback. The compensator
is a rearrangement of the initial model. As soon as the model is identified, the compensator
is also obtained. This is a great advantage because there is no need to extracalculate the
compensator parameters.

4.3.2.1 Application to the classical Bouc-Wen model

The Bouc model of hysteresis [305] - further modified by Wen [306] - was initially used for
nonlinear vibrational mechanics [307}|308|. The Bouc-Wen model has an interesting simplicity
and is able to represent a large class of hysteresis. It is based on a state variable h. The classical
Bouc-Wen model that is adapted for piezoelectric actuators [309] is:

{ 0(t) = dpu(t) — h(t), (to) = wo

( ) ’ (4.18)
8= At — By |21 h— o 1, (o) = ho

where Ay, controls the restoring force amplitude, By, and Gy, control the shape of the
hysteresis loop. Parameter d, represents the piezoelectric coefficient and is strictly positive.
This model is valid for rate-independent and symmetrical monovariable hysteresis. The first
equation is the output equation and the second equation (nonlinear and differential) is the
hysteresis state equation. Many works reported on the identification procedure of these coeffi-
cients [310}[311). This model can be rewritten to have the same structure than in Eq. (.16,
that is |J12]:

5 The results on the modeling and compensation of multivariable classical Prandtl-Ishlinskii technique have
been submitted at IEEE Transactions on Control Systems Technology in July 2014.

"The results on inverse multiplicative structure based compensation of rate-dependent Prandtl-Ishlinskii
technique have been submitted at IEEE/ASME Transactions on Mechatronics in September 2014.
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5(t) = dyult) — H(u(t)) (4.19)

where H(u(t)) is a nonlinear operator that describes the state h(t), i.e. h(t) = H(u(t)).
This operator is characterized by the second equation of Eq. (4.18]).

Having the model Eq. (4.19)), we easily derive the compensator based on the inverse mul-
tiplicative structure in Eq. (4.17) [BC5|[J12]:

u(t) (0-(t) + H(u(t))) (4.20)

_ L
=
4.3.2.2 Application to the classical Prandtl-Ishlinskii technique

A classical Prandtl-Ishlinskii model of hysteresis I' (u(t)) is based on the superposition of ny,
elementary hysteresis called hysterons. The hysteron itself is the play-operator, also called
backlash, that we denote 7 (u(t)) and which is defined by:

6(t) = v (u(t)) = max{u(t) — r,min {u(t) + r,0(t — Ts)}} (4.21)

where T} is the sampling period and 6(t — T) is the output of the backlash at the previous
sampling time. The threshold of the backlash is given by 7.

The classical Prandtl-Ishlinskii model of hysteresis is therefore |71]:

np

0(t) =T (u(t)) =Y wpye (u(t) = wg max {u(t) — ri, min {u(t) + re, 6ok (t — Te)}}
k=1 k=1

(4.22)

where wy, is the weightings (or slope), ri the threshold and d.x the elementary ouput of the

k" backlash. We have: 0 <7y <19 < -+ < r, and wy > 0. The identification procedure of

the parameters wy and 7 can be done with the least-square method [295| or by closed-form
formula [288][J7].

To compensate for a hysteresis modeled by the classical Prandtl-Ishlinskii technique, the ex-
isting technique consists in cascading with the plant another classical Prandtl-Ishlinskii model
[288]. To obtain the compensation condition (¢) = 6, (t) for t > t; (with ¢; > 0), the hystere-
sis of the compensator is taken as symmetrical with the hysteresis of the initial model relative
the unitary straightline. A closed form formula based on this symmetry permits afterwards to
calculate the parameters (thresholds and weightings) of the compensator.

An alternative way to this existing compensator is based on the inverse multiplicative

structure, as we propose in Eq. (4.17). This requires that the model Eq. (4.22]) be rearranged
to have the same structure than Eq. (4.16]). We have the following proposition:
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Proposition 4.3.1. The classical Prandtl-Ishlinskii model in Eq. 18 equivalent to:

o(t) = —ul(t) + k%:}jo wy, - max {u(t) — ri, min {u(t) + rg, e (t — Ts) }}

with rg = 0 and wg = 1.
Proof. See [C36]. O

We have therefore the following compensator which is has an inverse multiplicative struc-
ture.

Theorem 4.3.1. Reconsider the classical Prandtl-Ishlinskii hysteresis model in Eq.
which is rewritable like in Proposition. [4.5.1. The following control law:

u(t) = kﬁ:[) wg - max{u(t —T) — ri,min{u(t — Ts) + 7k, Ok (t — 2T5)}} — 6,(t)

yields

95
a5, =1

and therefore results in the (approzimate) compensation of the hysteresis.

Proof. See [C36]. O

Let us rewrite the compensator in Theorem. to be in function of the initial model

Bq. (22

np
u(t) = 6p(t) + u(t —Ts) — > wrmax {u(t — Ts) — ri, min{u(t — Ts) + rg, op(t — 275) }}
k=1
=0,(t) +u(t —Ts) — T (u(t — Ts))
(4.23)
which has the same structure than Eq. ([£.17), with p = 1 and I'° (u(t)) = u(t — Ts) —
I (u(t — Ts)). Again the compensator is a rearrangement of the initial model, at a one sampling
period delay. The advantage of this compensator compared to the method in [288] is the no
need of extra calculation of the compensator. This advantage is highly appreciated when we
extend the technique to multivariable hysteresis.

4.3.3 Inverse multiplicative structure combined with multivariable and rate-
independent hysteresis
First we provide the definition of multivariable rate-independent hysteresis [B4].

Definition 4.3.1. A multivariable rate-independent hysteresis I' (u(t)) is an operator that
has a vector of inputs u(t) = ((ui1(t) uz(t) -+ um(t) )T and a vector of outputs §(t) =
(61(t) Ga(t) -+ 6,(t) )" such that
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Ip(t) Ly (ua(t), ua(t), -+ um(t))
where each of the operators T'; (u(t)), i =1---p, are either hysteresis or affind’}

Similarly to the creep, let us assume that the cross-couplings are additive. The model in
Definition. becomes:

55T (uy(#))

81(t) ot
da(t) > Taj (u(t))
sty=| . | =rey=| 4 (4.24)

Ip(t) m
> Tpj (u;(2))
j=1

The rewriting of the model Eq. ({.24) to match with the structure in Eq. (4.16]) yields a

matrix p € RP*™ and a vector I (u(t)) = ( T¢ (u(t)) T§(u(t)) --- Tg(u(t)) )T

For square systems (m = p), p is assumed to be nonsingular. In fact, during the actuator or
system design, the designer will do such that each input u; will drive an output ;. In the ideal
case where no cross-couplings exist, this matrix is diagonal with non-null components. In the
real case, the system exhibits cross-couplings. The only situation in which p is singular is that
all cross-couplings in one axis ¢ caused by all inputs u; (j = 1---m and j # i) compensate for
the direct transfer from w;. This case is very rare and in general the designers will not allow
such case. For nonsquare systems (m # p), which stands for over or underactuated systems,
we assume that rank(p) = min{p, m}.

When the number of degrees of freedom of the systems or of the actuators increases, the
number of parameters of the model I" (u(t)) = p+I'° (u(t)) substantially increases. For instance,
if we extend the classical Prandtl-Ishlinskii model extended into multivariable with m inputs
and p outputs and where each of the operator I';; (i =1---pand j = 1---m) of the Eq.
has n;; backlashes, the total number of parameters to be identified is:

i=1 j=1

P m P m
where there are ) > n;; weightings and ) > ny; thresholds. If the number of hysterons
i=1j=1 i=1j=1
of each component I';; (u;(t)) is the same and equal to ny, we have Eq. (1.25)) equal to:

81t is worth to notice that affine, and consequently linear, models are particular cases of almost all hysteresis
models.
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2Xpxmxny (4.26)

If identifying the model parameters is an inevitable step, we can avoid or lessen the cal-
culation of the compensator parameters. This is what the inverse multiplicative structured
compensator also brings. As soon as the multivariable model is known and identified, the
compensator is yielded by restructuring this. Lessening the calculation will reduces the time
spent, the risk of errors and the complexity of the technique. Regarding the identification
procedure of the initial model itself, the steps are similar to that of the multivariable creep,
but a sine input voltage is applied instead of a step.

When the multivariable model parameters are identified, the multivariable compensator
based ont the inverse multiplicative structure with which the output 6 meets the reference 9,
is derived:

u(t) = p" (dr(t) — I (u(t))) (4.27)

This above method multivariable modeling and compensation have been applied to extend

the classical Bouc-Wen technique and the classical Prandtl-Ishlinskii technique. They will be
reminded below.

4.3.3.1 Extension of the classical Bouc-Wen technique

The works here are detailed in |J24||C48|.

The proposed multivariable classical Bouc-Wen model is:

6(t) = dpu(t) — h(t)
L a0 G (o) 2
where i =1---pand j =1---m, and where the matrices are
dp = (dpij) i Avw = (Abwij) i Bow = (Bowij) i Gow = (Gpwij) (4.29)
withf]

Q[O]kxl is the matrix of zero with dimension of: k x [.
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This multivariable classical Bouc-Wen model already has the model structure in Eq. ,
in which p = dp, and I'? (u(t)) = —H(t). The hysteresis state h(t) = H(u(t)) is defined by the
second equation of Eq. (4.28)). The multivariable compensator such that the output 0 meets
the reference input ¢, is therefore deduced from the compensator structure Eq. (4.27) and from

the model Eq. (4.28)):

u(t) = dy (6, (2) + H(u(t)))
H(u(t)) = h(t) i - (4.31)
U Ayt~ By (|] 0 ) — Gy (4 o R

4.3.3.2 Extension of the classical Prandtl-Ishlinskii technique

The monovariable classical Prandtl-Ishlinskii model is extended into multivariable in this sub-
section. The multivariable compensation is based on the inverse multiplicative structure of

Fa. (L2

A multivariable classical Prandtl-Ishlinskii model is:

i g (ur(t))
d1(t) k=1
O e T e
5, (1) .
> Dok (un(t))
f=1
Lij (u;(t)) = :é wijkYigk (uj(t)) = :Z:Jjj Wi e {u (8) — 7o min {1 (£) + riges Sun(t — T}

(4.32)

10The results on the modeling and compensation of multivariable classical Prandtl-Ishlinskii technique have
been submitted at IEEE Transactions on Control Systems Technology in July 2014.
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where v;;, with i € {1,2,--- ,p} and j € {1,2,--- ,m}, is the k" backlash and its elemen-
tary output is 6;;,. The number of backlashes in I';; (u;(t)) is ngj, and its weighting as well as
its threshold are w;;; and r;j;, respectively. The total number of parameters to be identified
for the whole multivariable classical Prandtl-Ishlinskii model is given by Eq. (4.25).

The following theorem gives a multivariable compensator for the model in Eq. .

Theorem 4.3.2. The following compensator:
u(t) = 6,(t) +u(t —Ts) — T (u(t — Ty))

s a multivariable approzimate compensator for the multivariable classical Prandtl-Ishlinskii

hysteresis model defined by Eq. .

Proof. See[l] O

4.3.3.3 Experimental results

The multivariable modeling and compensation (classical Bouc-Wen and classical Prandtl-
Ishlinskii) have been successfully applied to the multimorph 2-DOF piezoelectric actuator
and to a 3-DOF piezoelectric tube (piezotube) scanner [.]24][C48]H Fig. presents the re-
sults with the piezotube when two axes (z and y) are controlled. The piezotube, depicted in
Fig. a, b and ¢, can provide bendings d, and J, along the two axes when subjected to a
voltage u, and u, respectively. Fig. d and g present the hysteresis nonlinearities exhibited
by the actuator along these axes. The amplitudes of the hysteresis are % = 36% and 33%
respectively. Additionally to these nonlinearities, the actuator also exhibits cross-couplings.
They are depicted in Fig. [f.4le and f. The proposed multivariable classical Prandtl-Ishlinskii
compensator permits to reduce the hysteresis and to linearize the direct transfer. Fig. f.4th
and k show these compensated results. Furthermore, the compensator also permits to substan-
tially reduce the cross-couplings. Fig. £.4}i and j show the results. Different tests of tracking
of complex spatial trajectories have also been carried out: tracking of spatial circular (Fig.
1) and spatial Lissajous trajectories (Fig. [f.4lm). Lissajous curves have been considered as
interesting reference signal for high speed scanning in atomic force microscopy in these piezo-
tubes are widely used [312]. The experimental results demonstrated that the absolute error
does not exceed 0.8um. Although the frequency of identification is 0.1H z, the experiments
also demonstrate that the bandwidth (in excess of 10H z) can be higher. Generally, 10H z of
bandwidth is still low for certain applications. In fact, the classical Prandtl-Ishlinskii model
and the classical Bouc-Wen model are rate-independent. To increase the bandwidth therefore,
rate-dependent hysteresis models should be used instead. This is one of the ongoing works
carried out.

" The results on the modeling and compensation of multivariable classical Prandtl-Ishlinskii technique have
been submitted at IEEE Transactions on Control Systems Technology in July 2014.
*Submitted to IEEE TCST 2014.
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Figure 4.4: Feedforward control of a 2-DOF piezoelectric actuator.

4.3.4 Other ongoing works and perspectives

One of the main advantages of the inverse multiplicative as compensators structure is its
applicability in many hysteresis models as long as it is possible to express them with the same
structure than Eq. (4.15)) for the rate-dependent case or Eq. ({.16]) for the rate-independent
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case. In [C53|, we dealt with a novel multivariable generalized Bouc-Wen technique that
consists of compensating asymmetrical hysteresis in multi-DOF systems. Additionally to the
compensation, the proposed technique is an extension of the monovariable generalized Bouc-
Wen model described in [313|. The compensation of multivariable rate-dependent hysteresis
(Bouc-Wen and Prandtl-Ishlinskii approaches) has also been started.

4.3.5 Acknowledgements

The works regarding the feedforward control of hysteresis have been or are carried out within
the postdoctoral fellowship of Dr. Omar Al Janaideh, the PhD fellowship of Didace Habineza
and the internships of Qihong Zhou and Mamadou Cissé Diouf.

4.4 Badly damped vibration modeling and control

In precise positioning, the badly damped vibration exhibited by piezoelectric actuators when
excited to brusque driving voltage is an unwanted phenomenon. As an example, during an im-
age scanning with a scanning probe microscope, this vibration deforms the scanned image and
induces errors. The errors can be reduced by limiting the rate of the driving input, however
this will affect the scanning speed. Another example is when performing micromanipulation
or microassembly tasks with microgrippers, the overshoots from the vibration may destroy the
manipulated objects or the manipulators themselves. In a performances point of view, a badly
damped vibration unfortunately increases the settling time of a system, even if this latter has
a wide bandwidth. It is therefore important to attenuate the vibration.

The feedforward control of vibration in piezoelectric actuators raised less studies than the
feedforward control of the hysteresis, contrary to its feedback control which is very common
(see Chapter. [3| and Chapter. 5. The main and initial works of feedforward vibration control
in piezoelectric systems dealt with the vibration in piezotube scanners for scanning probe mi-
croscopes. Due to the vibration, the images provided by the scanning are deformed and thus
erronous. In order to increase the images precision, the scanning speed should be reduced.
However, a too low scanning speed will limit the throughput of the microscopes. The objective
consisted therefore in constructing precise scanned images with a high speed scanning.

The vibration compensator is calculated from a linear dynamic model D(s) that was sep-
arated from the hysteresis nonlinearity thanks to the Hammerstein principle. In [234} [257],
(exact or standard) model based inversion technique was utilized to compensate for the vibra-
tion in piezotube scanners of scanning probe microscopes. The compensator was the direct
inversion (D~!) of the model. This calculation of the inverse was also carried out in the time-
domain [314]. Subsequently, optimal inversion technique was applied in order to account for
model uncertainties or to avoid actuators limitations (bandwidth or input saturation violation)
that exact inversion cannot tackle [238;[286|. The main principle consisted in only inverting
the model in frequency regions where the modeling uncertainties are supposed to be small. In
addition, the actuators constraints such as input energy or the bandwidth limitations can be
accounted for by a trade-off on the precision needed. A limitation of the optimal inverse and
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of the stable exact inverse is that the inverse input tends to be noncausal [315]. This implies
that these techniques can only be applied with reference or desired inputs which are known
in advance, which is the case for most of the surface or images scanning in microscopes where
the trajectories along axis z and along axis y are repetitive and pre-specified. In [316], the
previous optimal technique was extended to preview-based optimal technique such that the
reference trajectories can be modified or changed every finite-time (preview-time). Different
techniques that permitted to overcome the necessity to pre-specify the trajectories in piezotube
scanners were developed later [235-237|. The approaches were based on the zero magnitude
trackling error (ZMTEC) and the zero phase tracking error (ZPTEC): the compensators are
causal and stable discrete transfer functions that have magnitude or phase equivalent to those
of the exact inverses of the models.

All the above employed feedforward control that have been applied to piezoelectric systems
are among the class of model inversion based vibration techniques and the main applications
dealt with actuators in scanning probe microscopes. Another class of feedforward control of
vibration is the input shaping techniques. In this, the controller, called shaper, transforms the
input reference into a superposition of two or several elementary commands that results in the
elimination of the vibration. In term of calculation and implementation, this class is very inter-
esting. Even if the order of the system is high or if it has multiple resonances, it is still possible
to obtain a good damping with a simple controller calculated only with the first resonance.
The first work on input shaping technique, called Posicast technique, was proposed by O.J.M.
Smith [317] for mechanical systems. The principle consisted in splitting a step input reference
into a stair of two lower steps that permit to the output reach the reference without vibration.

The technique remained unexplored until the

impulse shaper work of Singer and Seering in 1990 who
L badly presented a similar strategy, called zero vi-
5_?“ , i) damped é bration (or traditional) input shaping tech-
e oic;iltztgg nique (ZVIS), but which is capable of shap-
Pp_) delay ing any input reference by convolving this

with a sequence of impulses delayed them-
Figure 4.5: Principle of the input shaping tech- selves [318} 319]. Fig. depicts an imple-
nique: a shaper with two impulses. mentation example of a shaper based on two

impulses. Since, there have been many ex-
tensions and developments of the traditional techniques which permitted to reach different
objectives: simplicity of calculation, robustness, rapidity of responses, multi-modal compensa-
tion, multivariable compensation,... This class is very attractive to control piezoelectric systems
and actuators because of the good performances and the robustness that can be obtained with
simple controllers. We have therefore chosen this class. Different tests with different types
of piezoelectric actuators demonstrated that overshoots which are in excess of 62% can be
completely removed |[BC11||[BC11|[J7]|[C14]. For example, Fig. depicts the experimental
vibrations of a piezoelectric cantilevered actuator without control and with a zero vibration in-
put shaping feedforward control. The two figures represent the step response and the harmonic
response of the actuator. Two types of shapers have used: one shaper with two impulses, and
one shaper with three impulses. These results clearly show the substantial reduction of the
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vibration when using the compensators. When the compensator has two impulses, we observe
a small residual vibration. This is due to a bad identification of the model. By increasing
the number of the impulses, the residual vibration are diminished. The technique has also
been applied to multi-DOF piezoelectric actuators and a successfull damping of the vibration
in the direct transfers was obtained |J13|[C18|. These techniques still remained monovariable
however. Their extension to control multi-DOF piezoelectric actuators with consideration of
the cross-couplings is an ongoing work within the PhD workd of Yasser Al Hamidi.
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Figure 4.6: Experimental results of input shaping control of a piezoelectric cantilevered actu-
ator.

Acknowledgements - The works regarding the feedforward control of vibrations in multi-
DOF piezoelectric systems are within the PhD fellowship of Yasser Al Hamidi.

4.5 Complete feedforward control

So far, we tackled the individual control of the hysteresis, of the creep or of the vibration
in piezoelectric systems. In the utilizations however, these three phenomena may appear
simultaneously and a combination of the three control techniques is required in that case.
Simultaneous feedforward control of the hysteresis and of the creep have been studied in dif-
ferent papers [256} [259-263|. This is because the two nonlinearities are both strong at low
frequencies and greatly affect the accuracy of the precise positioning systems. In [J13][C14],
we have shown that the vibration and the hysteresis can be simultaneously compensated to-
gether by blending the input shaping technique with the classical Prandtl-Ishlinskii. To fully
control the hysteresis, the creep and the vibration, the easier way consists in cascading the
three compensators as depicted in Fig. This structure has been employed by Croft et
al. |257]. They proposed to compensate first for the hysteresis with the classical Preisach
technique, then the creep and finally the dynamics both with the standard dynamics inver-
sion. Their application was the piezotube scanners in atomic force microscopes. In [J7], we
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employed the classical Prandtl-Ishlinskii approach, the inverse multiplicative structure of LTI
and the input shaping technique to highly reduce the hysteresis, the creep and the vibrations
in a unimorph piezoelectric actuator. In fact, cascading the compensators eases the identifica-
tion procedure. When the hysteresis is compensated, a new system which is composed of the
hysteresis compensator and the actuator is obtained. The creep is therefore identified from this
new system. Finally, the vibration is identified and controlled from the system composed of the
creep compensator, the hysteresis compensator and the actuator. It is possible to commutate
the different compensators subject to an identification procedure with the right systems.

full compensator

hysteretic,
. . . creeped and
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Figure 4.7: Full (or complete) compensation of the hysteresis, creep and badly damped vibra-
tion.

4.6 Conclusion and perspectives

Feedforward control techniques are well appreciated in the control of miniaturized systems.
This recognition is thanks to the high level of packaging that feedforward control offers to the
final devices since no sensors are required. Regarding the control of piezoelectric systems, the
main challenges are the hysteresis and the creep nonlinearities. In addition, most of piezoelec-
tric actuators exhibit badly damped vibrations which also requires control. Many works have
been raised in the litterature regarding the modeling and control of the hysteresis and of the
creep in these actuators and systems. These works mainly adapt existing nonlinear models
(Prandtl-Ishlinskii, Preisach, LTI...) to the case of these systems. Our direction is twofold:
1) proposing new compensators schemes with reduced calculation and reduced complexity, 2)
and extending the compensation to multivariable. We have demonstrated that a model (of the
hysteresis or of the creep) can be judiciously combined with an inverse multiplicative structure
to yield a compensator. To reach these objectives, we have proposed to use the inverse multi-
plicative structure in the compensator. The main advantage is that we do not need an extra
calculation of the compensator’s parameters: as soon as the model parameters are identified,
the compensator is derived by restructuring the model. Regarding the hysteresis, the only
condition required on the model such that this technique works is to have the same structure
than in Eq. (for rate-dependent hysteresis) or Eq. (for rate-independent hystere-
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sis). The proposed inverse multiplicative structure also permitted to extend the hysteresis and
the creep compensation into multivariable. Regarding the vibration, the litterature has shown
that damping the vibration in piezoelectric systems was mainly based on the model inversion.
An alternative way that we proposed consisted in employing input shaping techniques which
are efficient and simple for implementation. The feedforward approach proposed in this thesis,
mainly based on the inverse multiple structure and on the input shaping techniques, is com-
petitive relative to the other employed techniques, and has an advantage of calculation and
implementation simplicity. An essential perspective on feedforward control lies in the develop-
ment of multivariable compensators that are capable of suppressing the hysteresis, the creep,
the vibration and the cross-couplings. Two PhD thesis (by Didace Habineza, and by Yasser
Al Hamidi) are ongoing and are focused on this direction.
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Chapter 5

Signals measurement and estimation

Cﬁapter, dealt with the feedforward control of piezoelectric systems. Feedforward control tech-
n

iques permit a high level of integration and a low cost (no sensors required). However, they fail
when the models used are uncertain or when external disturbances perturb the systems during
their functioning. To account for these uncertainties and dirtubances, there are many tech-
niques available in feedback control schemes. Nevertheless, there is a great lack of convenient
sensors to perform feedback control in piezoelectric miniaturized systems and in miniaturized
The aim of this chapter is to present novel or alternative measurement

systems in general.

techniques for feedback use.
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5.1 Introduction

wo of the interesting piezoelectric systems properties are the high bandwidth and the
T high resolution. However, the nonlinearities (hysteresis and creep), the lightly damped
vibrations and the high sensitivity to the environment (temperature variation, surrounding
vibrations, interaction force with the objects) that they exhibit compromise certain perfor-
mances like the accuracy or the damping, or compromise even the stability.

Feedback control of piezoelectric systems with consideration of this negative side has been
treated in Chapter. [3] and we demonstrated that very good performances can be reached. A
main limitation of feedback control of piezoelectric systems and of miniaturized systems in gen-
eral is the lack of convenient sensors. Sensors that have the required performances (resolution,
accuracy, range and bandwidth) have dimensions that are not necessarily adapted and are very
expensive (thousands of €). These sensors cover optical sensors based on triangulation and in-
terferometers. They are adapted for laboratory tests but, as soon as a duplication is required
(industrialization for example), they are not the good solution. Another complication with
these sensors happens when the number of the degrees of freedom of the system increases. It is
frequently impossible to setup several sensors simultaneously to measure the different signals
in the different axes of the system [BC3|. With regards to sensors that are embeddable (strain
gages), they do not have the necessary performances for most of the piezoelectric systems in
precise and high dynamics positioning. We often face to sensors that have limited range, lim-
ited bandwidth, or that are noisy... There have been works to reduce the noise in these sensors
when integrating them in piezoelectric systems by using Kalman filtering |74/ {76/|BC7|, but
the other limitations (like range) still remain.

In Chapter. [4] feedforward control has been proposed to bypass the usage of sensors. This
approach permits a low cost and a high level of integration of the controlled piezoelectric
systems. However, feedforward control suffers from the lack of robustness against models un-
certainties and against external disturbances.

A part of the works we carried out is the development of novel or alternative measurement
techniques devoted to piezoelectric systems to permit feedback control. Treated as part of
three projects that I coordinated (european pPAdS project, ANR MYMESYS project, ANR
young invetigator C-MUMS project), the target is to be capable of measuring the required
signals for feedback by using integrated sensors and a minimum number of them. Generally
speaking, tools from control theory (observers...) bring complementary capability to move for-
ward towards this target. In fact, by combining well adapted observers with the measurement
systems designed, it is possible to reach certain objectives of measurements that sensors only
could not provide.

The chapter is organized as follows. First we present the development of a force measure-
ment platform devoted to microassembly applications. This will be in Section. Then, we
will present in Section. [5.3|the approach of combining observers and existing sensors to increase
the measurement capabilities in piezoelectric systems. Finally, Section. will be devoted to
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the self-sensing measurement approach. This consists in using the actuator as sensor at the
same time. This approach has a very high level of packageability, is cheap and is considered
as a very interesting feature in miniaturized systems.

5.2 Development of force measurement platform for microma-
nipulation and microassembly tasks

During a micromanipulation or a microassembly task, knowing the manipulation force is es-
sential and its control might be necessary for some situations. By doing so, we can avoid the
destruction of the manipulated object or of the actuators themselves. The force measurement
in these particular tasks has raised several works and a complete discussion and comparison
can be found in [320; 321, in particular if the manipulators are based on two close actuators
(two fingered grippers). The most used approaches will be reminded below.

An approach to measure the force in systems during micromanipulation or a microassem-
bly task is through strain gages that are implemented in the actuators. This technique is very
common [74; [321H326| but the range of the measurable force is limited to some milliNewtons
only which is not sufficient for certain tasks. In addition to this, the noise observed in the
measured signals are frequently non-negligible making finally the requirement of well designed
filters |74}{76||BC7|. Another approach to measure the force during micromanipulation and
microassembly tasks is proposed in [327; [328| and discussed in [321]. The principle con-
sists in utilizing only one element of the microgripper as actuator and the other element as
force sensor. The force sensor itself is integrated as a component of the microgripper and
co-designed with the actuator. A limitation of this approach is the fact that only one signal
can be controlled: either the positioning or the force. In |[329], Agnus et al. proposed an
end-effector sensorized by strain gages and placed at the tip of the actuators of microgrippers.
The end-effector permits to measure the force when it is in contact with the manipulated ob-
jects. The end-effector was based on silicon which permitted to fabricate it in batch. Later on,
we redesigned the end-effector to measure the force in two directions [C47|. However, again,
the range of measurement is limited for this approach. In fact, the range of measurement is
principally dependent on the stiffness of the sensitive parts of the integrated sensors. An alter-
native way that overcomes this limitation and which is developed at the department consists
in utilizing SU-8 polymers instead of silicon. In fact, there are many advantages gained with
SU-8. First the range of measurement is more adaptable than with silicon. The fabrication
of more complex and 3D structures is also rendered easier than with silicon. Finally, SU-8
is compatible with certain applications (manipulation under X-ray), whilst silicon is not. In
counterpart, SU-8 has a quicker ageing than silicon, which is a drawback.

All these above mentionned force measurement approaches for micromanipulation and mi-
croassembly tasks are proprioceptive: the sensors are integrated in the actuated systems. In
[3305 1331] camera combined with visual servoing has been used to visualize the deformation of
the actuator or of the manipulated object and thus to estimate the force. The great advantage
of camera and related optical amplifiers is that, when the manipulated object is very small,
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they are the best way to track its position. As the objects to manipulate downscale, these
tools are more and more necessary to visualize and to ensure the success of the tasks of manip-
ulation or of assembly. Nowadays, we even assist to the utilization of microscopes (scanning
electronic microscopes, atomic force microscopes) as visual measurement and as actuators in
nanomanipulation and nanoassembly [331]. Nonetheless, it remains essential to have sensors
that are nearby the manipulated objects or integrated with the actuators (proprioceptive).
Therefore, it is generally common to combine proprioceptive sensors with camera and visual
servoing to increase the chance of success of the tasks [321].

The force measurement system proposed in this subsection is not among the two classes
discussed above, it is compelementary to them. During a microassembly task, for instance
when a microgripper attempts to insert (resp. to place) a manipulated object inside (resp.
on) another object, there is an interaction force between the two objects. Our objective here
deals with the measurement of this third force which is as important as the force between the
actuator and the handled object. An interesting utilization of this third force is to control the
insertion of a microassembly. Fig. a pictures the first version of the platform [C22]. Called
instrumented platform, it integrates a commercial force sensor (from Femtotools [328]). The
novelty of the instrumented platform is that it adapts the range of manipulation force to the
range of the integrated force sensor so that is possible to precisely measure or estimate large
force. In this fabricated example, the integrated commercial sensor’s measurement capability
ranges between 0 and 50N, but the whole developed platform can measure a manipulation
force up to 1800um. An estimator is used to provide an estimate F' of this manipulation force
F on the basis of the measurement from the sensor F,, and on the basis of the mechanical
model of the platform. Again, we utilize here the inverse multiplicative structure for the es-
timator, as depicted in Fig. [5.I}b This permits to track the force at low and high frequency
without performing standard inversion of models. The estimator’s gains are: Di(s) = % and
Ds(s) = G(s), the model of the platform with the integrated sensor being F,, = (K + D(s)) F.
Fig. [5.I}c depicts an example of performances of the platform which shows that the estimate
force well tracks both the transient part and the final value of the real force. This first version
is devoted to measure/estimate the force in one axis. A new design and development has been
made to measure the force along two directions [C34|. Finally, ongoing works consist in the
development of smaller version (less than the cubic centimeter) of this instrumented platform.
Based on the microfabrication technology and on the cartesian piezoelectric microsystem pre-
sented in Section. the instrumented microplatform will contain not only an integrated
measurement but also an actuation. The actuation is piezoelectric and is used to offer other
possibilities than measurement. The measurement will be based on the self-sensing that will
be presented in Section. [5.4]

Acknowledgements - The works reported here were within the internships of Paul Michagl
Moore and Kamel Ncir.
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5.3 Observers as complementary tools for signal measurements

When the number of sensors is insuflicient, observers are essential tools that can be used to
complement the measurement. Thus, observers evidently find their place in miniaturized sys-
tems and related applications such as precise and high dynamics positioning where it is diffult
to find convenient sensors. Observers have been extensively used to measure force in scanning
probe microscopes [332H336]. Observers have also been used to estimate the state and to re-
move the sensors noise in capacitively actuated microsystems |76;|337]. Regarding piezoelectric
cantilevered actuators, references |74} 75| utilized observers to estimate the state (displace-
ment and position) and to filter the signals based on the applied voltage and on the measured
displacement by strain gages sensors. This dealt however with the displacement estimation,
and the manipulation force, which is essential during a micromanipulation or a microassembly,
was not furnished. To estimate the force in a piezoelectric actuator in a microgripper, Haddab
et al. |59 includes this in the state vector of the actuator. Then, he applied a Luenberger
observer to provide the estimate state, including the force. A main interest of this is that the
same actuator used for the force estimation can still be used as displacement actuation, or as
force actuation. A limitation of the approach is that the observer synthesis necessitates the
dynamics of the force to be known, which is generally a priori unknown because it depends
on the manipulated objects characteristics. For the experimental case, the author therefore
utilizes a zero dynamics which restricts the observer for low frequency force only.

To estimate the force applied in a piezoelectric actuator at low and high frequency, a
way consists in taking the model of the actuator and directly deriving from this the force
[C10]. Reconsider the generalized model of a piezoelectric actuator described by Eq. in
Chapter [2}

0(s) =T (u(s)) D(s) + Cereep (u(s), s) + spD(s)F(s) +I'r (T'(s)) Dr(s) (5.1)

The manipulation force F,, = —F' is the force we want to estimate. Considering a stationary
temperature (I'r (T'(s)) = 0), the estimate force can be directly derived from the model:
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Fonl(s) = —F(s) = Sp;(s)

A challenge in this technique is that we need a minimum phase dynamics D(s). If the
hysteresis and if the creep are well modeled, it can be a very precise estimation technique, in
particular at low frequency [C10].

(T (u(s)) D(s) + Cereep (u(s)) = (s)) (5.2)

A second way we have proposed to estimate the manipulation force is in [C15]. It consists in
considering the force as an unknown input disturbance and thus employing an unknown input
observer (UIO) to estimate it. Still assuming that the temperature is stationary (I'z (T'(s)) =
0), let the following model be a state-state representation of the model in Eq. :

dt

{ AXW) — AX(t) + T (u(t)) + BfF(t) (5-3)
3(t) = CX(t) |

where:

— X (t) is the state of the actuator,

— A and C are the state matrix and the output matrix respectively,

— By is the input disturbance matrix,

— and I"*¢ (u(t)) is a nonlinear term that encompasses the hysteresis and eventually the creep.

Thus, an UIO observer with the following structure can be used to estimate both the un-
known input F'(¢) (and therefore the manipulation force F,(t) = —F(t)) and the state of the
actuator from all available signals:

{ IXO _ AX(£) + T (u(t)) + ByE(t) + K, (5@) - 5(75)) 5.4
5(t) = CX (1)
and

£ = £ + 129 4 %) + 6D g () (5.5)

dt dt

In fact, the observer is composed of two (sub)observers which are the state-observer (given
by Eq. (5.4)) and the unknown input (force) observer (given by Eq. (5.5)), with K,, fi, fo,
g1, g2 and g3 are the gains to synthesize. In the state observer, additionally to the known
driving voltage u(t) and the measured displacement ¢, the force is also used as available signal.
In fact, it is taken from the force observer. In this second observer, the employed signals are

the measured displacement d(¢), its derivative %(tt), the estimate state X (t) and its derivative
dX (1)

—— from the previous observer, and the driving voltage u(t). To avoid numerical derivative
of the signal 4, it is possible to employ flCd);gt) instead of fl%(tt) in Eq. 1'

114



To calculate the observer gains K,, f1, f2, g1, g2 and g3 for this structure of observer, the
technique proposed by Liu and Peng [338| called inverse-dynamics-based UIO has been applied.
In [C15], we successfully utilized this to estimate the manipulation force with a piezoelectric
actuator. The main difficulty in using the observer in Eq. and Eq. is the more
complex calculation of the gains and the implementation. In fact, the gains calculated with
the method in [338| require very low sampling time for the case of piezoelectric actuators,
which will demand a high power machine for the implementation. It is difficult to find the
gains with convenient sampling time from the model of the piezoelectric actuator, although
the condition on the sampling and actuator’s dynamics is respected. This may be due to the
high Q-factor of the actuator because, when employing a feedforward vibrations controller to
the actuator before the observer synthesis, the gains are found more easily. Apart from this
calculation and implementation difficulty, this observer can track very well the force both at low
and at high frequency, without knowing any property or any model of the force. Additionally
to the force, the whole state of the actuator is also estimated. The application of this force
observer is multiple: feedback control of the displacement (state-feedback or output feedback
schemes) with a display of the force, force feedback control. Fig. a depicts the principle
scheme of the observer. In the figure, F(t) is the force applied by the object to the actuator,
and Fp,(t) = —F(t) is the manipulation force. Fig. [.2}b presents the output displacement
(measured and estimate) obtained when a step input voltage is applied to the piezoelectric
actuator initially in close contact with an object. Fig.[5.2}¢ is the force (measured and estimate)
due to the movement of the actuator towards the object. In these two curves, the measured
displacement and the force are experimentally obtained from an external optical sensor and
an external Femtotools force sensor. The comparison of these experimental signals with the
estimate signals show a great agreement between them which demonstrate the efficiency of the
observer.

5.4 Self-sensing techniques in piezoelectric actuators

5.4.1 Overview

Piezoelectric materials are well known in the development of actuators thanks to the converse
piezoelectricity effect, or in the development of sensors thanks to the direct effect. Notwith-
standing, it is possible to employ piezoelectric materials as sensor and actuator simultaneously,
by exploiting the charges that appear on the electrodes during the deformation. This is called
the self-sensing. By definition, self-sensing is an approach that consists in utilizing an actuator
as a sensor at the same time.

The first use of the "self-sensing" term goes back to 1992 when J.J. Dosch et al. [339]
successfully damped the vibrations of a piezoelectric beam without using the aid of external
sensors. In their works, the voltage provided from a capacitive bridge and from the charge
amplification was processed in an analog circuit, amplified and returned back to the piezoelec-
tric element. In that time, several independent applications began to emerge for cantilevers
vibrations control or stack piezo devices for micropositioning. Several years later T. Taigami
et al. [340| applied the method for force self-sensing and for the control of a large size bimorph
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Figure 5.2: (a): scheme of the observer and of the piezoelectric system. (b): measured output
displacement §(¢) and its estimate 6(¢). (c): measured force Fyn(t) = —F(t) and estimate force
E,(t) = —F(t).

actuator by using a half-bridge circuit, a voltage follower and a computer based data acqui-
sition system. The authors experimentally verified that the stiffness of the grasping object
does not affect the measurement; however the electronic schematic limited the applied voltage
range and the nonlinearities (hysteresis and creep) were not compensated. Since, self-sensing
is widely used for vibrations control of flexible structures [341346]. All these self-sensing
works deal however with high frequency signals, with applications the vibrations damping.
They are not efficient to track low frequency signals or to track constant signals for a duration
more than seconds. In fact, due to the internal charge leakage in the piezoelectric device,
a low frequency or constant deformation can not be traced back. Consequently, the existing
self-sensing techniques can not be utilized in micromanipulation or microassembly applications
where the displacements or the force can be constant during tens or hundreds of seconds.

The main contribution of our works lies in the development of self-sensing capable of provid-
ing an estimate measure of the displacement or of the force both at low and at high frequencies
in order to be congruent with the need in micromanipulation or microassembly applications.
The principle, pictured in Fig. [5.3}a, is as follows. When a piezoelectric actuator is supplied
by a driving voltage u(t), we obtain a displacement §(¢). In the meantime, a charge Q(t)
appears on the actuator’s electrodes. An electrical circuit is used to amplify this charge Q(t)
and to transform it into an exploitable voltage u,(t). Finally, an observer exploits the available
signals (the driving voltage u(t) and the exploitable voltage u,(t)) to provide an estimate 4 (t)
of the displacement or an estimate F(t) of the force, or both. Both the electrical circuit and
the observer constitute the self-sensing. To reach the targeted performances (measurement at
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low and high frequencies), the novelty in our works is mostly in the observer, and for certain
cases in the electrical circuit. The observer judiciously accounts for the leakage in the actuator
and the imperfection in the electrical circuit that were sources of charge leakage which did not
permit a measurement at low frequencies. The observer is thus based on the precise model of
the actuator and of the circuit with consideration of these leakages.
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Figure 5.3: (a): principle scheme of a self-sensing. (b): the electrical circuit.

5.4.2 Modeling the electrical circuit and the actuator

The charge Q(t) that appears on the actuator’s electrodes is composed of the charge Q. (t) due
to the dielectric effect (due to u(t)) and of the charge Q;(t) due to the direct piezoelectric effect
(due to §(t)). The piezoelectric charge Qs(t) is very weak relative to the dielectric charge @, (t)
and this may strongly compromise the efficiency of the self-sensing measurement. To increase
the self-sensing sensitivity, the electrical circuit figured in Fig. b has been proposed [J5].
In the figure, the equivalent electrical circuit at low frequency of the piezoelectric actuator
is also presented [347|. Let C), be the equivalent capacitor of the actuator such that the
dielectric charge is: Q,(t) = Cpu(t). If the reference capacitor C, is chosen to be equal to
Cp (Cr = (), the dielectric effect inside Q(t) is minimized and thus the sensitivity of the
self-sensing is increased. In this case, the total charge that will be amplified by an operational
amplifier (op-amp) is: Qua(t) = Q(t) — Cru(t) = Cpu(t) — Cru(t) +Q5(t) = Qs(t). The relation
between the charge Qs(t) and the output displacement d(t) is linear when the external force
is null: Q5(t) = ad(t), where « is the charge-displacement coefficient. Let Ry, be the internal
leakage resistor of the actuator and Qg (u(t),t) be its dielectric absorption. Let iy(t) be the
bias current in the non-ideal op-amp and C' be the capacitor for the charge amplification. Then,
taking the charge Q,q(t) and accounting for the different leakages, we derive the equation of
the output voltage u,(t) [J5]:

-1 1 t t
wlt) = 5 (a0(0) = (€ = Cu(t) = Qua (u(®ht) = - [ utar+ [ i) 5
¢ Ryp Jo 0
The dielectric absorption Qg (u(t),t) can be approximated by a first order linear model.
In the Laplace domain, this is given by:

Qua (0(5), ) = Qua () u(s) = —“—us) 6.7
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where Qgq(s) = Tiﬁfl is the dielectric absorption transfer function, kg, and 74, are the

related gain and constant time respectively.

The parameters to be identified experimentally are Cyp,, Ryp, kqq, Tde, o and ip. A procedure
for their identification is detailed in [J5|. Notice that the commutator kgs. and the resistor
Ryisc in Fig. 53}b are used to discharge the capacitor C' if the circuit is saturated.

5.4.3 Static self-sensing
From the model Eq. |D the estimate displacement & (t) is derived [J5]:

t t

50 = 2 (16~ o) + Qu .0+ 31— [uttar = [t~ cun) 639

« pr 0

The observer Eq. is valuable to estimate low frequency or constant signal because the
dynamics of the actuator was not considered in the model Eq. . In addition, this observer
is only valuable when the actuator is force-free, i.e. there is no interaction force F' between the
actuator and the external. We call the self-sensing that uses this observer static displacement
self-sensing technique. It is important to notice that the model and the observer are linear
because the relation between the charge and the displacement is linear.

To estimate the force, the relation between the charge Q(t) and the force F'(t) applied to
the piezoelectric actuator by the external is first described. It is shown that this relation is also
linear: Qp(t) = BF(t). Thus, the charge that will be amplified by the op-amp is: Qe (t) =
Q(t) — Cru(t) = (Cp —Cp)u(t) + BF(t). In a similar manner than with the displacement
modeling in Eq. and observer in Eq. ., we obtain the estimate force as given by the
first equation of Eq . The displacement is Calculated as the difference between the free-
displacement 7 ree(t) already described by Eq. (5.8)) (and reminded in the second equation of
Eq. - , and the displacement due to the force. The new observer to estimate both the force
and the displacement is [J6]:

Pty =4 (G~ Oy ult) + TF(1) + 7L [t ult)de)
ofree(t) :é( — Cr) u(t) + Qda (u(t), t) +R fo dt—fOZb Jdt — Cuo(t )> (59)
o(t) = 67mee(t) — s, (t)

where s, is the compliance of the actuator, and T’ F (t) is a nonlinear operator that includes
the hysteresis and the creep if eventually they exist (to be verified experimentally), but also
the dielectric absorption and the non-ideal behavior of the op-amp.

We call static force-displacement self-sensing technique the self-sensing that uses the ob-
server in Eq. . This is valuable to estimate low frequency and constant force and dis-
placement. When the frequency of the displacement 6(¢) or of the force F(t) to be estimated
increases, the above estimate signals 6(¢) and F'(¢) are biased.
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5.4.4 Dynamic self-sensing

The previous static self-sensing permits to estimate constant signals or low frequency signals.
The estimated signals can not be used in a feedback dynamic control. For this aim, we need to
extend the previous self-sensing techniques into dynamic self-sensing. The principle is to add a
dynamic observer in cascade with the already developed static observer [BC2|[J23][C41][C20].
The new self-sensing is therefore schemated

lF in Fig. In the figure, d5(t) and Fs(t) rep-
piczocloctric 10, resent the steady-state estimate signals and
system Q dynamic self-sensing are from the static observer in Eq. or
Eq. (5.9). The static observer augmented
with the dynamics part constitutes the dy-
namic observer of the self-sensing technique.
The synthesis of the dynamic part necessi-
tates a dynamic model between the driving
) . ) voltage u(t), the output displacement () or
in a piezoelectric actuator. the force F(t) and the output steady-state

55(t) or Fy(t).

|
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Figure 5.4: Diagram of a dynamic self-sensing

In [J23], we developed this scheme to be able to estimate low and high frequency displace-
ment and only low frequency force. The self-sensing was afterward used in a feedback control
of the displacement based on the standard He robust control technique, with a display of
the manipulation force. Let A(s) = 555((53)) be the transfer function of the dynamic part of the
observer. Thus, the observer that provides the steady-state of the force and the complete

information on the displacement is [J23]:

F(t) = F, :7((0 C) ()+FF 7 Jo ul )
5““ :;g £) + Qua (u( 1% Bt — [y in()dt — Cuol(t))
= A(s)ds - Sp )
(5.10)
with:
A(s) = adpp(s) (5.11)

where d,, is the piezoelectric coefficient of the actuator, D(s) is its normalized dynamics
of the actuator and H(s) is the dynamics between the driving voltage and the exploitable

voltage (H(s) = l;"((S‘Q’))). In this dynamic self-sensing, we assumed that the actuator behaves
linearly: 6(s) = d,D(s)u(s) + spF'(s). The nonlinearities (hysteresis and creep) needs to be
accounted for if we would like to use the self-sensing to estimate signals in a larger range. We

also assumed that the bias current i;, was constant.
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Experimental investigation has been carried out to compare the efficiency of the dynamic
self-sensing with the static self-sensing. The experimented actuator is a unimorph piezoelectric
cantilever [J23|. For that, a step input voltage v = 20V is applied. Fig. a depicts the
estimate displacement S(t) when the static self-sensing is used. In the same figure is also
pictured the real displacement 6(¢) measured with an external optical sensor. As we can see,
the estimate displacement well tracks the steady state but not the transient part of the real
displacement. In Fig. b are pictured the estimate b} (t) from the dynamic self-sensing and
the real displacement §(¢). This figure shows that both the steady-state and the transient part
are well tracked. These experiments demonstrate that if the objective is to perform a dynamic
control, the dynamic self-sensing is the most adequate because it accounts for the dynamics of
the actuator. The price of a dynamic self-sensing is a thorough and precise characterization of
the dynamics of the actuator and of the electrical circuit.
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Figure 5.5: (a): estimation of the displacement with the static self-sensing. (b): estimation of
the displacement with the dynamic self-sensing.

5.4.5 Towards multivariable self-sensing

The static and dynamic self-sensing techniques above are called monovariable self-sensing and
apply for the estimation of displacement or of force (or both) along one axis in piezoelectric
actuators. If the actuator has several degrees of freedom (DOF), a monovariable self-sensing
technique does not apply anymore.

A multi-DOF piezoelectric actuator has several supply-electrodes additionally to the ground-
electrode. The electrical circuit of the self-sensing to be designed needs to have several canals.
The observer needs also to be multivariable. A matter in multivariable self-sensing is when
several of the supply-electrodes are supplied simultaneously. This may cause a high potentials
difference even if the voltages are low, and thus the electrical circuit may be destroyed. In the
french patent [P2| and in its extension into international patent [P3|, we presented an original
electrical circuit and an observer devoted to self-sensing in multi-DOF piezoelectric actuators.
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The claim in the patents is multiple.

— A protection of the electrical components from high potentials difference is proposed.
The protection is based on a judicious scheme with ground-electrodes and floating electrodes.
Thanks to this protection, the multivariable self-sensing can be used not only for low voltages
but also for high voltages actuators like piezotube scanners in scanning probe microscopes.
— The self-sensing accounts for the couplings of the actuator and can precisely track them
too.
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5.5 Conclusions and perspectives

This chapter dealt with some approaches to carry out signal measurements and estimation
in piezoelectric systems. Due to the lack of convenient sensors to measure the force or the
displacement in these systems, novel techniques have been proposed. The deal consists in com-
bining measurement devices (commercial or developed) with control theory tools to perform
more precise, more dynamic measurement or to estimate the missing signals that the available
sensors only could not do. We have shown that observers tools are very interesting tools to
help us reaching this target. One of the approach proposed consists in exploiting the charge
that appears in the piezoelectric systems electrodes during their actuation and tracking or es-
timating their displacement or force from well designed observer and electrical circuit. Called
self-sensing, this approach is very attractive because of the high level of packaging it offers.
Several tests of different cases (1-DOF or multi-DOF piezoelectric actuator, force or displace-
ment signals, static and dynamics) have been carried out to validate the approach. However,
the limitation of the self-sensing is the fact that the observers are "open-loop" (no correction
gain). Thus the self-sensing may be sensitive to models uncertainties. Furthermore, it cannot
account for the external perturbation (temperature variation, ...) that may affect the models
parameters during the functioning and affect the precision of the measurement/estimation.
An interesting extension of the self-sensing consists in measuring the temperature variation
additionally to the force and to the displacement. As the temperature variation results in a
deformation of the actuator too which therefore yields an additional charge, a feature is to
synthesize an observer that will provide the estimate of the displacement, of the force and and
of the temperature.
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Chapter 6

(General conclusions and perspectives

18 chapter ends the thesis by synthesizing the contribution of the works carried out and by

TZresentmg some possible perspectives explorable in the medium and in the long terms. Whilst

the works contribution lied in the precise and high dynamics positioning context, the perspectives
are opened to other kinds of applications.

Contents
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6.1 General conclusions

He context of the works reported in this thesis is the positioning in micromanipulation,
T microassembly and medical applications. These applications require a high precision (mi-
crometric or submicrometric) and a high dynamics. Miniaturized systems are considered as the
best candidates to execute these high precision and high dynamics positioning tasks. They can
offer a very high resolution and because of other appreciable properties such as low consump-
tion, relatively low costs and small sizes. There have been different principles and actuation
techniques to develop miniaturized systems, but piezoelectric actuation is one of the most em-
ployed. This recognition is thanks to its nanometric resolution, high bandwidth (tens of kHz)
and ease of integration and powering. The contribution of this thesis in the context is the
development of novel piezoelectric devices, their modeling and control, and the estimation and
measurement of signals in them for precise and high dynamics positioning.

Piezoelectric cantilever actuators with rectangular section (we call multimorph) are simple
structures that are involved in many studies and in many applications: switches, microgrippers,
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micro-valves, micro-air-vehicles, tips in atomic force microscopes. Two conclusions are raised
regarding their design and development. The first conclusion is that they can be exploited
to develop more performant or more complex structured systems. An example consists in
judiciously combining multimorph actuators with the thermal actuation principle to result in
a high resolution, high bandwidth and high range of positioning actuator, called hybrid ther-
mopiezoelectric actuator. Another example deals with the development of a compact, high
resolution, high range and high bandwidth two degrees of freedom (2-DOF) system devoted
to laser phonomicrosurgery. In this, the simple bendings of well interconnected cantilever
actuators are transformed into high range of orientation in two directions. In the second con-
clusion, we have observed that the level of miniaturization of piezoelectrically actuated systems
is still limited. In fact, actuated MEMSE] based on piezoelectric materials are mostly based
on aluminum nitride (AIN). The clean-room process and the machining of these piezoelectric
materials are well furnished in the litterature which permits to fabricate very miniaturized
systems. However, AIN materials have very weak coupling factors (less than 15%) and are
not the good solution to develop high displacement and high torque actuators. In contrary,
PZT (lead zirconate titanate) piezoelectric bulks are commercially available at low costs and
have very remarquable properties (coupling factors around 50%), and thus well adapted for
high performant actuation. However their microfabrication process is not well settled. We
have shown that a possible way to bypass this limitation is using low temperature bonding
and thinning process to PZT bulks. This way permits to go further on the miniaturization of
low costs, high range of displacement, high torque, high resolution and high bandwidth systems.

Another important matter to success precise and high dynamics positioning is the con-
trol of the systems used to execute the tasks. There are two well-known challenges: the lack
of convenient sensors, and the overall high sensitivity to the environment. Additionally to
these, piezoelectric based positioning systems are characterized by nonlinearities (hysteresis
and creep) and by badly damped vibrations which strongly compromise the precision and the
stability of the tasks. Consequently efficient controllers and novel techniques of measurements
capable to track the signals should be studied. Regarding the modeling of piezoelectric can-
tilever actuators, the classical linear model (Ballas model) is not anymore usable because it
cannot track the nonlinearities and the sensitivity to the environment. One of the contribu-
tion of the works reported in the thesis consisted therefore in generalizing the model in order
to account for the nonlinear phenomena and for the ambient temperature effect. A major
advantage of this model is that it is the basis for the modeling of more complex structures,
for the controllers synthesis, and for the development of measurement techniques and related
observers in many works reported in this thesis. With regards to the control, the main guide-
line is to develop easy to implement and simple controllers which are capable of ensuring the
required performances (high accuracy, high dynamics, no overshoots...), knowing the above
negative properties (nonlinearities,...). Two control architectures have been proposed. The
first architecture is feedforward which is well adapted to miniaturized systems where there
is a great lack of convenient sensors to make feedback. The challenges posed in feedforward
control consisted in accounting for the nonlinearities and for the vibrations. In principle, their

!MEMS: MicroElectroMechanical Systems.
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compensation can be performed by models inversion but this requires some conditions in the
models. In our approach, the inverse multiplicative structure was exploited and combined with
the models to construct the compensators (controllers). The advantage is double: i) the condi-
tions on the models are avoided, ii) and the calculation of the compensators is avoided because
as soon as a model is identified, a compensator is yielded by structure. Feedforward control
architecture suffers however from the lack of robustness face to models uncertainties and to
external disturbances. To deal with this lack, feedback architecture has also been tackled.
H, robust control technique and its derivative are the classical and efficient way to handle
uncertainties and disturbances. However they often yield high order controllers, which are
not congruent with the guideline here. To result in low orders controllers, we combined the
H technique with a proposed plurilinear model in which the nonlinearities are approximated
by a linear model, uncertainties and fictive external disturbances. The different experiments
demonstrate that the proposed combination permitted to reach the performances required in
micromanipulation and microassembly applications under different situations (with or without
manipulated objects, with or without thermal disturbances, ...). A parallel study in feedback
architecture that we have also investigated is the combination of intervals with control theory.
We show that by doing so, it is possible to develop very simple but robust controllers where
the orders can be much lower than the orders of the models. An additional advantage of the
proposed interval control techniques is the ease of modeling of the parametric uncertainties
by just bounding them. These control techniques have been tested with laboratory sensors
which are bulky and expensive. The last part of the thesis dealt therefore in the study of novel
measurement techniques devoted to miniaturized piezoelectric systems in order to make the
feedback control techniques possible at low costs and at a high level of packageability. Roughly
speaking, the core of the works carried out proposed two main and interesting directions: i)
exploiting observers techniques, ii) and exploiting the sensing capability of piezoelectric mate-
rials to develop self-sensing actuators, i.e. the actuator is also sensor. Observers are essential
complementary tools in these miniaturized systems where the convenient sensors capable to
track the required signals are very limited. Finally, self-sensing features a high packaging level
to measure signals in piezoelectric actuators. Initially adapted to vibrations damping, we show
here that this approach can also be adapted to micromanipulation and microassembly appli-
cations.

Temporally, the works carried out since 2006 are in a continual evolution. We started
with simple piezoelectric multimorph, i.e. monovariable systems. Their modeling and control
and the signal measurement and estimation in them have been extensively investigated and
led to important results recognized at the international level. Over the time, these different
contributions have been being gradually extended to multivariable due to the raise of multi-
DOF piezoelectric systems. Finally, these last years, we have started to investigate on even
more miniaturized, highly performant, higly dexterous and low costs piezoelectric MEMS.
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6.2 General perspectives

Piezoelectric actuators bring high resolution, high bandwidth and ease of intergration in precise
and high dynamics positioning tasks. Control theory contributes to the design optimization of
the systems, brings performances enhancement and robustness of the tasks thanks to the con-
trollers, and participates to the packaging and to the efficiency of the measurement thanks to
observers. Microtechnologies and related techniques permit to miniaturize the systems. As de-
scribed in this thesis, the combination of control theory and PZT piezoelectric materials based
cantilever actuators have been proved to provide unrivalled high precision and high dynamics
miniaturized positioning systems utilizable in tremulous applications like micromanipulation,
microassembly and phonomicrosurgery. However, there is still an open space in all these devel-
opments. An essential part in this open space deals with going further on the miniaturization
of high performances and dexterous systems. We will discuss about this aspect in Section. [6.2.1]

An essential concern when developing smaller and smaller functional systems relates to
their powering. On the one hand, using external electrical generators to power the minia-
turized systems strongly limits the flexibility and the portability in their utilization. On the
other hand, the actual batteries are very limited in autonomy. The second perspective that we
will discuss in Section. evidently deals with the powering and the autonomy of miniatur-
ized systems. The undeniable solution is the energy harvesting. As we will see, piezoelectric
based energy harvesting, yet well studied, can largely be rendered more efficient and highly
autonomous by going beyond the simple cantilevers-mass system as classically employed. The
concept will involve several disciplinaries, among which control theory and microfabrication
have notable positions.

In the last perspective, a question or two is proposed: can macrosystems be developed from
MEMS? What is the gain? An example which lies in this direction is the LABEX ACTION
project [350] that deals with the development of intelligent matters from intelligent MEMS. In
the long-term perspective that will be discussed in Section. with the same fashion than
intelligent matters, there is an interesting scope to explore in harvesting matters developed
from harvesting MEMS. The key idea consists in exploiting the high efficiency and high au-
tonomy harvesting MEMS explored in Section. as basis of the harvesting matter, which
therefore features a high energy density, more flexibility, high autonomy and low costs making
the difference relative to the actual green energy.

Many of the general perspectives described here are also from the fruitful exchanges and
discussions with colleagues or acquaintances, at the local level (FEMTO-ST), at the national
and at the international level, some of whom are not in the domain of piezoelectricity, of control
theory, of miniaturized systems or of precise and high dynamics positioning.
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6.2.1 Going further in the miniaturization of high performances and high
dexterity piezoelectric systems

The high coupling factors of PZT (Lead zirconate titanate) bulks materials compared to the
other piezoelectric materials makes them very well appreciated in the development of high
efficiency miniaturized actuators. The piezoelectric material admitted to be competitive face
to PZT is the single crystal PMN-PT (lead magnesium titanium niobium oxyde crystal) of
which the high coupling factors can reach 90%. However, PMN-PT are not yet mature, still in
research phase, rare and expensive unlike PZT which are commercially available at low costs.
This finally places PZT on the first step of the podium. In counterpart PZT bulks suffer
from the lack of well established process of microfabrication in clean room which limits the
level of miniaturization with them. One of the perspectives in miniaturization deals therefore
with the processes of microfabrication. The efforts that have been started (see Section. [2.5)
regarding the room temperature metal-PZT bonding and thinning and that permitted to go
towards PZT-MEMS, i.e. very miniaturized PZT devices, are to be continued and to be ex-
ploited. Yet the proof-of-concept has been validated through the success fabrication of PZT
cantilever structures without disrupting the properties of the materials, the fabrication of more
complex structures has to be tackled, in particular 3D structures and hybrid structures. For
hybrid structures, which are the combination of two or several different principles of actuation
(thermal and piezo, electrostatic and piezo, electroactive polymers and piezo,...), an additional
challenge is posed if the process and the materials played into role are not compatible.

We assisted to the raise of multi-DOF MEMS with integrated actuation these last years.
Due to the limitation of the microfabrication technologies, the number of degrees of freedom
are generally two or three. Nevertheless, there are important benefits in the capability to
develop higher degrees of freedom: we gain more dexterity and more flexibility in positioning
applications, we improve the efficiency in energy harvesting applications (see Section.
Two non-exlusive solutions are possible. In the first solution, the development of these highly
dexterous MEMS can be tackled by employing not only clean room technologies but also
microassembly tasks to make the fabrication. This technique has been widely used at the
department, in the national and in the international community of microrobotics in order
to realise complex non-actuated microstructures. Here we can exploit the technique to realise
complex and dexterous actuated piezoelectric MEMS. In the second solution that is considered
as a perspective of research , we propose to explore the hybridization technique to combine
piezoelectric actuation with other principles. Hence we can create the additional degrees of
freedom that the piezoelectric actuation only could not provide. To summarize, hybridization
will be used to increase the performances of the final actuated systems (see the proof of concept
in Section. and to bring additional dexterity.

The contribution of the control theory in precise and high dynamics positioning systems is
undeniable. Designing these systems thanks to tools from this disciplinary is very few in the
litterature, though, such formal methods can bring an ease of design and a guarantee in the
results. The combination of interval techniques and control tools to design permits to develop
actuated structures with guaranteed static and dynamical performances. We have proved the

127



concept through the design of piezoelectric actuators that have simple cantilever structures.
A perspective in this direction consists in extending the approach to design more complex,
hybrid, multi-DOF and dexterous miniaturized systems from which the specified performances
are guaranteed. The extension may involve new problems such as: existence of solutions in
the research domain, optimal solutions among the results, ...

Regarding the control and the signals measurement/estimation, there is still a lot to do
in their study for piezoelectric systems and for miniaturized systems in general. Going fur-
ther in the miniaturization and increasing the number of DOF of the piezoelectric systems
doubtlessly augment the challenges in the controllers synthesis. As the systems are downscaled:
their sensitivity to the environment (surrounding vibrations, thermal noise, ambient temper-
ature, adhesion forces...) are increased, their models are more and more uncertain and the
cross-couplings are stronger. Robust control techniques (intervals, H,, nonlinear robust tech-
niques,...) are therefore to be used in that case. Adaptive robust techniques (gain-scheduled
H,, LPV, NLPV, ...) would be the ideal proposition when the uncertainties are too large,
however the lack of performant and convenient sensors for miniature systems make impossible
their use because the techniques require a realtime measurement of defined signals or of defined
parameters. Finally, the measurement of signals in smaller and smaller actuated systems is
a great challenge. Piezoelectric systems have the advantage of sensing capability which are
potentially profitable here. But advanced studies should be carried out in self-sensing for these
miniaturized and multi-DOF systems in order to ensure the precision and the dynamics in
the measurement against the models uncertainties and the high sensitivity to the environment
which are higher. Hybridizing the measurement can also be another solution. If we hybridize
the actuation (see above discussion), we can employ these different transducers to also perform
the measurement in a self-sensing fashion (all the transducers are actuators and sensors), or
in a switched fashion (some transductions are for the sensing and some for the actuation).

To summarize, going further in the miniaturization of high performances and high dexterity
piezoelectric systems with the actual performant and low costs piezoelectric materials (PZT)
implies the improvement and the maturation of the microfabrication processes, the involvement
of other method in the fabrication (microassembly), the introduction of novel principle of
actuation (such as hybridization) that permits to gain in performances and in dexterity, and
the strong involvement of control theory at different stages (design, signals estimation, and
control). We place this target as medium term perspective.
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6.2.2 Towards highly autonomous and smart miniaturized systems
6.2.2.1 The key motivation

When we go further in the miniaturization,
euppari an essential question concerns the power
supply. Employing external generators will
g limit the flexibility and the portability of the
:‘-Hﬁ | miniaturized systems. On the other hand,
the actual batteries are limited in autonomy.
it ok The aim in this medium/long term perspec-
P'.ﬂ_ ;._gngﬂ.r tive consists in investigating energy harvest-
£l =d ing techniques to render highly autonomous
miniaturized systems. The key motivation is
to result in autonomous and smart packaged
devices that contain: the energy generation
based on energy harvesters, the functional-
ity, the conditioning elements (electronic cir-
! piptkundtis cuits) and the intelligency such as control and
e signals treatments in IC (integrated circuits),
all packaged within less than some cubic cen-
Figure 6.1: Towards autonomous and smart timeters as depicted in Fig.[6.1] In the figure,
miniaturized devices. PiEH means piezoelectric hybrid energy har-
vester. The entire package is composed of the
functional MEMS, the harvester mechanical structure, and an electronics for the harvester and
for the intelligency management (memory and microprocessor...). All these components can be
placed in a planar fashion (Fig. a) or in a vertical arrangement (Fig. [6.1}b). In the figure,
the functional MEMS can be a precise positioner, a scanners for medical or optical applica-
tions, a system for flapping-wings in flying microrobot, a wireless sensor,... Three applications
related to sensors in automotives, animals tracking devices, and medical microrobots will be
discussed latter. Let us first discuss about the energy harvesting itself.

irrtrnl
1l

||

6.2.2.2 Study of novel high autonomy and high efficiency energy harvesters

Energy harversting consists to scavenge the energy from the ambient background, this energy
being free and considered lost if not exploited. The different sources of background energy
are: solar, thermal, wind, waves, sounds, ambient vibrations... Example of commercially and
well settled energy harvesters are photovoltaic solar panels and wind energy generators. Vi-
brational energy harvesting can be effectuated with piezoelectric materials. The principle lies
in the exploitation of the ambient vibrations to excite and deform the piezoelectric devices
which permits to generate electrical charge thanks to the direct piezoelectric effect. Vibra-
tional piezoelectric energy harvesting has raised many studies and projects at the national,
european and international levels. The litterature is dense in the subject. Cantilevers-mass
structures have been extensively employed in these studies and proved the concept of iner-
tial (vibrational) piezoelectric energy harversting with compact devices. Thanks to the small
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sizes, they are compatible with miniaturized systems. The power-efficiency in this traditional
technology is however limited. An actual trend to increase the power-efficiency in interial
piezoelectric harversting is the hybrid piezoelectric harvesters (see for instance [352; 353| and
references herein). The principle is based on the introduction of additional transducers in the
same package. This technique is efficient but the complexity of the conditioning electronics
and the volume of the final device are increased.

The potential perspective in piezoelectric energy harvesters which is proposed here to reach
the endeavor schemated in Fig. is distinguished by four breakthroughs: high miniaturiza-
tion, flexibility, very high autonomy, and very high efficiency energy harvesting. The endeavor
can only be reached by putting in interaction several disciplinaries: materials science, micro-
fabrication, systems design and control theory, electrical engineering, and packaging. The per-
spective will inevitably involve several different departments intra-FEMTO-ST or even other
laboratories in France or abroad. The contribution in each disciplinary is discussed below.

Materials science - PZT contains lead-element (typically above 60 weight percent lead
in commercial products) directly associated to health and environmental problems due to its
harmful effects. The Furopean Standardisation Organization ranks PZT as a chemical ele-
ment of which the quantities should be reduced or replaced in its legislation as hazardous
substances since 2003. Novel materials are now under studies to rival the PZT. Single crystal
niobate lithium is one of these potential materials that have transduction performances and
costs which can compete those of PZT. Colleagues in another department at FEMTO-ST are
focusing in the synthesis and improvement of this novel material. There is a great gain to
employ this materual to the development of safe and harmless miniaturized devices.

Microfabrication - Microfabrication technologies are the tools that permit to machine
and to fabricate miniaturized structures from materials. According to the designs of the energy
harvesting devices and to the materials employed (piezo only, hybrid,...), new microfabrication
processes may be necessary. Thus more efforts should also be given to the development of
these new processes. FEMTO-ST has a microfabrication technology central (the large clean
room MIMENTO) that is part of the national net of large centrals (RTB).

Structures design and control theory - The main technical and scientific contribution
of AS2M department in this large perspective deals with the design and development of the
structures in order to maximize the harvesting efficiency and the autonomy, or in order to en-
sure some predefined performances with minimal dimensions. Four major themes are proposed
for that: i) hybridization of the harvesting, ii) multiple degrees of freedom (multi-DOF) and
multi-modal of the harvesters structures, iii) two modes of functioning (recharge mode and
autonomous mode), iv) and optimal and robust design of the structures.

i) Classical hybrid piezoelectric harvesters utilized several transducers in one package. This
technique is efficient but leads to large volume and complex conditioning electronics. We pro-
pose here to employ one transducer as basis of the hybrid harvesting. By using a piezoelectric
material, deposited or bonded on metal, we will exploit the thermal effects (pyroelectricity
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and thermal expansion) and the vibrations as sources of energy to be scavenged: a hybrid
thermal /vibrational piezoelectric harvester. This hybridization has been demonstrated to be
efficient in the design of actuators (see Section. and is exploited here for harvesting. Its
main advantage is, if the structures are well designed, the limited efficiency of vibrational en-
ergy harvesting only will be highly amplified with the hybrid energy harvesting within compact
sizes.

ii) Multi-DOF and multi-modal structures permit to increase the sensitivity of the har-
vesters. First, whatever the directions of the vibrations, and thus whatever the orientation
and emplacement of the harvesters in its working environment, the output energy is always
maximized and consequently the autonomy is increased. We call this the spatial sensitivity.
In the second interest which we call the modal sensitivity, the harvesters can be designed to
"capt" many frequencies contained in one vibrational environment. As the environment is not
only typified by its fundamental frequency, but also by additional noise and "harmonics", we
can exploit all these to increase the efficiency. Finally, multi-modal harvesters can be used in
different vibrational environments that are characterized by different fundamental frequencies.

iii) An interesting principle that can be taken from daily-life applications (for eg. cell
phones) is to have two modes: recharge mode and utilization mode. We propose here to
introduce the recharge mode additionally to the autonomy mode of the harvesters. Whilst
the autonomy mode is based on the vibrations and the temperature that surrounds the har-
vesters, the recharge mode is from forced vibrations. More precisely, we propose to make
possible a quick recharge of the whole energy harvesters (and of the miniaturized systems that
encompasse the harvesters) thanks to a conveniently designed "charger" that excites at high
frequency. The recharge mode allows to give initial energy to the packaged systems before
they are left for autonomous functioning. To have a high frequency of vibrational excitation,
the charger can be based on ultrasonic or magnetic principles.

iv) To tackle the mechanical structures design and to reach or to guarantee the specified
performances from the harvesting, we propose to employ control theory tools (optimality, ro-
bustness, dynamical modeling, uncertainties modeling, interval tools,...). Yet, these tools have
been demonstrated to provide robust or optimal performances in the design of piezoelectric
actuators in the past (see for instance Sectiomn. and references herein). For instance, if the
harvesters have been designed to track a frequency f of vibrations, and if in the real situations
the frequency is f + Af where Af is the difference or error, the robust design should still
ensure the specified output-energy.

Electronics - Electrical circuits are required to transform the charge furnished by the
piezoelectric transducer during the harvesting into exploitable voltages. Many works have been
raised in these circuits in order to have regulated output voltages. In the proposed perspec-
tive here, challenges are posed in the design of the electronics to maintain regulated voltages
because of the hybrid thermal/vibrational principle, multi-DOF deformation of the structures
and multi-modal functioning. Furthermore, in order to maintain an unrivalled autonomy of
the whole miniaturized systems, the electronics should feature low consumption. Discussions
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have been launched with some specialized laboratories in France (including LGEF INSA Lyon)
for this aspect.

Packaging - Packaging consists in studying how to rassemble these different results into
one technological package. This disciplinary is of great interest if there is an objective of batch
development or of industrialization. Whilst there are research laboratories specialized on pack-
aging, industrial partners may be the the most appropriate to do this, in order to benefit from
their point of view on industrializable devices.

Other disciplinaries - The functionality of the smart MEMS and the expected applica-
tions for the entire miniaturized devices certainly involve other disciplinaries. For instance, if
the functional MEMS is a sensor that emits analogical or digital signal wirelessly, telecommu-
nication and sensors disciplinaries will be involved.

Remark - Another contribution of control theory deals with the design and the control
of the functional MEMS itself. First, we can employ control theory tools (optimality, robust-
ness, intervals...) to design the MEMS to have minimal consumption by still maintaining the
maximal performances. This is a dual problem of the design of the harvesters, where we utilize
control theory tools to design their structure for a maximal output-energy with reduced sizes.
Second, if the functional MEMS needs controllers, these latter can be synthesized such that
the electrical consumption is also reduced (with optimal controllers deisgn,...).

6.2.2.3 Applications that are in the loop, or almost

Three applications are proposed here. The first application deals with sensors in automotives
and a national ANR project has just been submitted for that. The second application (animal
tracking) was the result of fruitful discussions with some associations in the Franche-Comté
region and farmers and researchers in Australia, when I have been visiting researcher there.
No project is in the loop but this can be a good applicative perspective. The last application is
linked to medical microrobotics that is carried out by the MINAROB team at the department
of AS2M and is from discussions with related colleagues.

First application: energy harvesting for flexible and autonomous sensors
in automotives

A modern car contains over 100 different sensors. Sensors and actuators based on MEMS
are used to control various elements of automobiles and aircrafts, such as the powertrain and
chassis control, advanced areas of driver assistance systems and telematics applications, see
Fig. [354]. MEMS sensors offer high accuracy, produce a digital signal on their own and are
robust in the temperature and pressure ranges used in automobiles. Low-power MEMS sensors,
based on silicon technology, became the devices of choice offering cost effective solutions and
high yield in automotive and aerospace industry [354]. These sensors are all operated by
electrical power. Thus, the signal transfer and alimentation of the big number of sensors
in a vehicle introduce a complex network of wires. To minimize costs, automotive sensors
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may not have more than three connected wires [355]. The connecting cables have quite an
impact on the mass of vehicles (up to 50kg, several km in length) and add complexity and
costs to installation and maintenance diagnostics [356]. Moreover, the wire connections have
to be protected from heat close to solder points, or hot places near the engine or exhaust
pipe [354]. Furthermore, 80% of the ainte-
nance costs are related to wiring and contact
problems. Thus, simplification and minia-
turization of these networks is a key issue
in order to reduce weight, space and cost
of future automobiles and aircrafts [355].
One big step forward in the integration of
sensors would be the usage of maintenance-
free sensors operating in wireless mode and
drawing the source of power from the en-
vironment, as i.e. from vibrations, heat
or solar energies. The deal consists there-
fore to develop high autonomy and high effi-
ciency miniaturized energy harvesters based
on the hybridization of piezoelectric trans-
ducer and the thermal principle to sup-

ply the MEMS sensors in the automotives.

Figure 6.2: MEMS in automotive (Precision A pational projectE] has just been submit-
Engineering, by V.C. Venkatesh, Sudin Izman). (o4 Five partners, listed below, are in-

volved.

— FEMTO-ST institute at Besancon: design of the havesters structures by using control
theory (AS2M department), niobate lithium materials synthesis and improvement (MN2S de-
partment), deposition of niobate lithium films by spray /aerosol pyrolysis (TF department).
— LGEF laboratory at INSA Lyon: design of smart electronic circuits.

— Cedrat Technology company at Grenoble: guidelines, requirements/constraints of industrial
fabrication of energy harvesters, integration in sensors.

— Frec|n|sys company at Besangon: wafer on wafer technology, piezoelectric simulation.

— PSA Peugeot Citroén company: guidelines, harvesters working conditions, in-situ test.

Project coordinators: Ausrine Bartasyte and Micky Rakotondrabe, FEMTO-ST Institute.

Second application: energy harvesting and animal tracking

Animal tracking is an application that has been raised in many research projects and has
produced industrialized devices. Active tags in animal tracking are embedded devices that can
save data autonomously or emit signals by their own. This permits to record, to follow and to

ENHANCE project: ENergy Harvesters for self powered automotive sensors: from advANCED materials
to smart devices.
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analyze their movements, to identify and to trace their origins (mainly for animals for foods),
to track their positions, to health-monitor, or to understand their ways of life. Many animals
types are invovled, for instance: livestocks, snakes, birds, lynxs,... Active tracking devices
require however energy. The miniaturized and highly autonomous energy harvesters proposed
in the above perspective certainly present many advantages in animals tracking application.
First, the tracking devices will not disrupt the animals, as the devices are very small and their
masses very light. Second, the devices can be injected in the animals or well dissimulated on
them, and thus discreet. This latter advantage is particularly interesting in situations where
animals theft is common (eg. livestocks theft). Indeed, the desactivation or the remove of
the devices by the thieves are avoided allowing a chance to locate the position of the stolen
livestocks. Fig. [6.3] picture an example of active tracking device industrialized by Tekvet and
IBM companies to track livestocks . The figure shows that the actual device is still
bulky, may be uncomfortable for the animals, and are not concealable. This device is powered
by a battery and thus not autonomous. The last advantage of the energy harvesters proposed
in the above perspective concerns the autonomy itself. Some animal tracking applications
like migratory birds tracking require a very high autonomy of the electrical generator (several
months) which can only be satisfied by highly autonomous energy harvesters.

r

Electronics and Battery

Thermistor

(a)

Figure 6.3: An active tracking device to track livestocks, developed and industrialized by

Tekvet and IBM (357, [358)].

Medical applications

An application to which the MINAROB team of the AS2M department is nowadays facing
is the medical application. Intra-body capsules and microrobots require energy to perform the
tasks they have to do: surgery, filming thanks to embedded cameras, ... The capsules and
microrobots are guided from the external with a magnetic field . The same guidance
magnetic field can also be used to convey additional magnetic signal that will excite at high
frequency an energy harvester device embedded in the capsule.
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6.2.3 From MEMS harvesters to matters harvesters

A long term and remarquable perspective deals with the exploitation of the developed minia-
turized and MEMS hybrid therrmal/vibrations piezoelectric harvesters previously proposed to
create a harvester matter with surface or volume shape, deformable/flexible or rigid structure.
As the individual MEMS harvesters are designed to be highly autonomous and highly efficient,
we can assess that the matter over which the MEMS harvesters are distributed will features a
high autonomy and a high energy density. Possible applications of harvester matters include
the energy harvesting in very isolated area, in aerospace, ... Beyond the good energy den-
sity itself and the electrical generator applications, one of the main interests here is the fact
that we can extend the concept of "intelligent matter" (developed in the LABEX ACTION

1350]) to "autonomous intelligent matter" and "self-supplied intelligent matter". The entire
autonomous and smart miniaturized system developed in Section. can be taken as the
basic elements of a smart and autonomous matter, as depicted in Fig. [6.4

autonomous
and smart MEMS

set of autonc
and smart MEMS

mous and smart matter

Figure 6.4: High autonomy and smart miniaturized systems as basic element of high autonomy
and smart matter.

135



136



Chapter 7

Appendix

137



138



139



Appendix A

Curriculum Vitae

A.1 Personal track

A.1.1 Positions

A.1.2 Education and diploma

A.1.3 Research activities: summary
A.1.4 Teaching activities: summary

A.1.5 Prizes, awards and distinctions

A.1.6 Misc
A.2 Research activities

A.2.1 Journals editorial activities

A.2.2 Editorial and organization responsabilities in conferences
A.2.3 Supervising: post-doc, PhD, BSc, MSc

A.2.4 Projects responsabilities

A.2.5 Projects participation

A.2.6 Other responsabilities

A.2.7 Workshops/tutorials organization

A.2.8 PhD Committee member

A.2.9 Reviewing

A.2.10 Societies and group memberships
A.3 Teaching activities
A.3.1 Pedagogic and administrative responsabilities

140
A.3.2 Teaching for undergrads (BSC%, UFC University

A.3.3 Teaching for MSc UFC University and écoles d’ingénieurs at Be-
sancon

A.3.4 Invited lecture



A.1 PERSONAL TRACK

Manitrarivo Micky John RAKOTONDRABE
Associate Professor (Maitre de Conférences), University of Franche-Comté (UFC)

AS2M department of the FEMTO-ST Institute
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2011-2012 CNRS fellow (délégation CNRS), 1 year
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2011-2014 NET4M (european/USA project), coordinator: Philippe LUTZ.

2012-2013 MIM-Hac (regional project), coordinator: Cédric CLEVY.

2008-2012 ANR NANOROL (national project), coordinator: Michaél GAUTHIER and Stéphane REGNIER.
2010- 2011 Maturation-project (regional project), coordinator: Philippe LUTZ.

2010-2012 MicroFactory-2 (regional project), coordinator: Jean-Marc NICOD.

2007-2009 MicroFactory (regional project), coordinator: Laurent PHILIPPE.

2004-2008 EUPASS (european project), coordinators: Philippe LUTZ (FEMTO-ST) and Sergej FATIKOW.

A.2.6 Other responsabilities

2014-onwards Committee member of the “TEMIS Innovation Pépiniére d'Entreprises for the expertise of
newly created companies.



A.2.7 Workshops, Tutorials and special sessions organization

2015  Organizer of the special session on 'Control of smart mechatronic systems'
ACC Chicago IL USA

2014  Organizer of the 2 special sessions on 'Advances in micro and nano-scale positioning: design and control'
IEEE/ASME-AIM Besangon France (11 invited papers for two twin sessions)

2014  Organizer of the Tutorial 'Advanced control and noise reduction for micromanipulation'
IEEE/ASME-AIM Besangon France (http://sites.femto-st.fr/tutoAIM 14/).

2011  Organizer of the Workshop 'Automation of assembly and packaging at the micro/nano-world',
IEEE-CASE Triesta Italy (http://sites.femto-st.fr/WS-casel1/).

2011  Organizer of the Tutorial 'Dynamics, characterization and control at the micro/nano-world',
IEEE-ICRA Shanghai China (http:/sites.femto-st.fr/Tuto-icral 1/).

2010  Organizer of the Workshop 'Signal measurement and estimation techniques issues in the
micro/nano-world ', IEEE-ICRA Alaska USA (http:/sites.femto-st.fr/WS-icral0/).

2009  Organizer of the Workshop 'Control issue in the micro/nanoworld", IEEE-ICRA Japan (http://sites.femto-

st.fr/~micky.rakotondrabe/icra09/).
A.2.8 PhD Committee

2012 Committee member of the PhD dissertation of Muhamed Rashid PAC, University of Texas at Arlington
(UTA TX) USA, title 'Precision and mobility analysis for microrobot desing and control', nov. 2012.

A.2.9 Reviewing

(regular or punctual reviewer for the following book, conferences and journals)

BOOK REVIEWING
2014 Reviewer of the book proposal “Precision modeling and control of systems with hysteresis”, by Dr Liu
Lei, publisher: Elsevier Chandos Publishing.

CONFERENCES

IEEE-ICRA, IEEE-IROS, IEEE-CASE, IEEE-IECON, IEEE-ICIT, IEEE-NANO, IEEE-MSC, IEEE-ROBIO,
IEEE/ASME AIM, ASME IDETC, IFAC Symposium on Mechatronics, IFAC Symposium on NOLCOS, IFAC
World Congress, WorldHaptics, ROCOND, CDC, ACC, RSI ICRoM.

JOURNALS

- IEEE Transactions on Robotics

- IEEE Transactions on Biomedical Engineering

- IEEE Transactions on Control Systems Technology

- IEEE Transactions on Automation Science and Engineering
- IEEE Transactions on Instrumentation & Measurement

- IEEE Transactions on Industrial Electronics

- IEEE Transactions on Industrial Informatics

- IEEE Transactions on Vehicular Technology

- IEEE/ASME Transactions on Mechatronics

- SIAM Journal of Optimization and Control

- [IFAC AUTOMATICA

- IFAC/Elsevier Control Engineering Practice

- IFAC Mechatronics

- International Journal of Control

- Asian Journal of Control

- IET Control Theory & Applications

- Elsevier Sensors & Actuators A: Physical

- Elsevier Energy Conversion and Management

- Elsevier Measurement

- Elsevier Sensors Robotics and Computer Integrated Manufacturing
- Taylor & Francis International Journal of Systems Science
- IOP Journal of Micromechanics and Microengineering

- IOP Review of Scientific Instruments

- IOP Smart Materials and Structures

- Springer Meccanica



- Springer Cell Biochemistry & Biophysics

- Springer Journal of Intelligent and Robotic Systems

- Springer Control Theory and Technology (Journal of Control Theory and Applications)
- Birkhduser/Springer Journal of Mathematics in Computer Science
- SAGE Journal of Intelligent Material Systems and Structures

- SAGE Journal of Vibration and Control

- SAGE Journal of Systems and Control Engineering

- SAGE Journal of Mechanical Engineering Science

- MDPI International Journal of Molecular Sciences

- MDPI Sensors

- MDPI Materials

- Journal of Low Frequency Noise, Vibration and Active Control

- International Journal of Advanced Robotic Systems

- Hindawi Journal of Robotics

- Hindawi Mathematical Problems in Engineering

- Hindawi Discrete Dynamics in Nature and Society

- Merit Research Journal of Education and Review

A.2.10 Societies and groups memberships

- IEEE: StudM'05, M'07

- Group of Set Membership Computation (the MEA group of the GDR-MACS society, France), member

- Group of Methods and Tools for the Analysis and Synthesis in Robustness (the MOSAR group of the GDR-
MACS), member

- Group of Mechatronic Systems (the SYSME group of the GDR-MACS society, France), member

- Group of Multiscale Manipulation (the MM group of the GDR-Robotics society, France), member.



A3 TEACHING ACTIVITES

A.3.1 Pedagogic and administrative responsabilities

TEACHING MODULES RESPONSABILITIES

- Responsible of the module 'Advanced Control Systems' for 2" year MSc Mechatronics and Microsystems
- Responsible of the module 'Control Systems: modeling and basics on control’ for 3" year BSc EEA

- Responsible of the module 'Linear Control: Continous Systems' for 3" year BSc EEA

- Responsible of the module 'Robotics’ for 3 year BSc ARIA (until 2011)

ADMINISTRATIVE RESPONSABILITIES

- Elected UFC consultant at the AIP-PRIMECA-péle of Franche-Comté since march 2012. The AIP-PRIMECA-
pole is one of the competitive and great poles in France for robotics and production platforms devoted to robotics
and mechanics teachings. Each of these poles is used by several universities, institutes and “Ecoles
d'Ingénieurs”.

- Committee member for the Academic Recruitment (Commissions Universitaires) at INSA (National Institute of
Applied Sciences), LYON FRANCE, since 2013.

- Scientific committee of the AIP-PRIMECA congress, 2015.

A.3.2 TEACHING for undergrads (BSc), UFC University

TEACHINGS:

- Introduction to Electrical and Control Engineering (Découverte de I'EEA): labs (until 2011), 1% year BSc EEA
- Control Systems: modeling and basics on control (Introduction a la Commande): courses/tutorials/labs, 3" year
BSc EEA

- Linear Control: Continous Systems (Asservissement Continu): courses/tutorials/labs, 3 year BSc EEA

- Digital Control (Asservissement Numérique): labs (until 2011), 3 year BSc EEA

- Linear Control Systems (Automatique): labs (until 2011), 2™ year of ISIFC Engineering School

- Robotics (Robotique): courses/tutorials/labs (until 2011), 3™ year BSc ARIA

SIGNIFICATIONS OF THE ACRONYMS AND TERMS

UFR ST: Unité mixte de Formation et de Recherche, Science et Techniques (School of Sciences and Techniques)
EEA: Electronique Electrotechnique Automatique (Electronics, Electrical and Control Engineering)

ARIA: Automatique, Robotique, Informatique et Assemblage (Control Engineering, Robotics, Computer science
and Assembly), BSc with professional qualification

A.3.3 TEACHING for MSc UFC University and “Ecoles d'Ingénieurs”

TEACHINGS:

- MicroMechatronics (Micromécatronique): courses/tutorials, 2™ year MSc Mechatronics and Microsystems

- Advanced Control Systems: H-inf and u-synthesis theories (Automatique Avancée): courses/tutorials/labs, 2™
year MSc Mechatronics and Microsystems

- Multivariable Control Systems (Commande des Systéemes Multivariables): labs, 1* year MSc Mechatronics and
Microsystems

- Robotics (Robotique): labs (until 2011), 1" year MSc Mechatronics and Microsystems

- Robotics (Robotique): labs (until 2011), 2 " year of MSc SAPIAA

- Robotics (Robotique): labs (until 2011), 3 " year of ISIFC “Ecole d'Ingénieurs”

SIGNIFICATIONS OF THE ACRONYMS AND TERMS

SAPIAA: Systémes Automatisés de Production dans les Industries Agro-Alimentaires (Automated production
systems in_food-processing industry, MSc with professional qualification)

ISIFC: Institut Supérieur des Ingénieurs de Franche-Comté (Institute of Engineers of Franche-Comté, “Ecole
d'Ingénieurs”)

A3.4 INVITED LECTURE

- Invited lecture (1h) on 'Control of microrobots' at the University of Texas at Arlington (UTA TX USA)
in november 2012: courses for BSc, MSc and PhD.
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B.1 BOOK and EDITED BOOKS

[B4] Micky Rakotondrabe, 'Piezoelectric  cantilevered  structures:  modeling control and
measurement/estimation aspects', Springer - Verlag, Monography in preparation (still !!).

[B3] Micky Rakotondrabe, 'Smart materials-based actuators at the micro/nano-scale: characterization, control
and applications', edited book, Springer - Verlag, New York, ISBN 978-1-4614-6683-3, 2013.

[B2] Cédric Clévy, Micky Rakotondrabe and Nicolas Chaillet, 'Signal measurement and estimation techniques
issues in the micro/nano world', edited book, Springer - Verlag, New York, ISBN 978-1-4419-9945-0, 2011.

[B1] Micky Rakotondrabe, 'Microrobots et stations de microassemblage', Monography, Editions Universitaires
Européennes, ISBN: 978-613-1-51443-2, June 2010. (related to my phd works)

B.2 BOOK CHAPTERS

[BC11] Yassine Haddab, Vincent Chalvet et Micky Rakotondrabe, 'Open-loop control approaches of compliant
micromanipulators', a chapter in 'Flexible robotics: Applications to Multiscale Manipulations' edited by Mathieu
Grossard, Nicolas Chaillet et Stéphane Régnier, Wiley - ISTE, ISBN 978-1-84821-520-7, July 2013.

[BC10] Yassine Haddab, Vincent Chalvet et Micky Rakotondrabe, 'Approches de commande en boucle ouverte
pour les micro-manipulateurs flexibles a base de matériaux actifs', a chapter in 'Robotique flexible: manipulation
multi-échelle’ edited by Mathieu Grossard, Nicolas Chaillet et Stéphane Régnier, Hermés Science, ISBN
9782746245099, July 2013.

[BC9] Micky Rakotondrabe, Mohammad Al Janaideh, Alex Bienaimé and Qingsong Xu, 'Introduction: smart
materials as essential base for actuators in micro/nanopositioning’, a chapter in 'Smart materials-based actuators
at the micro/nano-scale: characterization, control and applications' edited by Micky Rakotondrabe, Springer -
Verlag, New York, ISBN 978-1-4614-6683-3, 2013.

[BC8] Micky Rakotondrabe and Sofiane Khadraoui, 'Design of piezoelectric actuators with guaranteed
performances using the performances inclusion theorem and interval tools', a chapter in 'Smart materials-based
actuators at the micro/nano-scale: characterization, control and applications' edited by Micky Rakotondrabe,
Springer - Verlag, New York, ISBN 978-1-4614-6683-3, 2013.

[BC7] Micky Rakotondrabe, Juan-Antonio Escareno, Didace Habineza and Sergio Lescano 'Kalman filtering
and state-feedback control of a nonlinear piezoelectric cantilevered actuator', a chapter in ‘Smart materials-
based actuators at the micro/nano-scale: characterization, control and applications' edited by Micky
Rakotondrabe, Springer - Verlag, New York, ISBN 978-1-4614-6683-3, 2013.

[BC6] Micky Rakotondrabe, 'Modeling and robust H-inf control of a nonlinear and oscillating 2-dof
multimorph cantilevered piezoelectric actuator', a chapter in 'Smart materials-based actuators at the micro/nano-
scale: characterization, control and applications' edited by Micky Rakotondrabe, Springer - Verlag, New York,
ISBN 978-1-4614-6683-3, 2013.

[BC5] Micky Rakotondrabe, 'Feedforward control of flexible and nonlinear piezoelectric actuators', a chapter
in 'Smart materials-based actuators at the micro/nano-scale: characterization, control and applications' edited
by Micky Rakotondrabe, Springer - Verlag, New York, ISBN 978-1-4614-6683-3, 2013.

[BC4] Sofiane Khadraoui, Micky Rakotondrabe and Philippe Lutz, 'Interval modeling and robust feedback
control of piezoelectric-based microactuators', a chapter in 'Smart materials-based actuators at the micro/nano-
scale: characterization, control and applications' edited by Micky Rakotondrabe, Springer - Verlag, New York,
ISBN 978-1-4614-6683-3, 2013.

[BC3] Cédric Clévy and Micky Raketondrabe, 'Microscale specificities', a chapter in 'Signal measurement and
estimation techniques issues in the micro/nano world' edited by Cédric Clévy, Micky Rakotondrabe and Nicolas
Chaillet, Springer - Verlag, ISBN 978-1-4419-9945-0, August 2011.



[BC2] Ioan Alexandru Ivan, Micky Rakotondrabe, Philippe Lutz and Nicolas Chaillet, ‘Self-sensing
measurement in piezoelectric cantilevered actuators for micromanipulation and microassembly contexts', a
chapter in 'Signal measurement and estimation techniques issues in the micro/nano world' edited by Cédric
Clévy, Micky Rakotondrabe and Nicolas Chaillet, Springer - Verlag, ISBN 978-1-4419-9945-0, August 2011.

[BC1] Micky Rakotondrabe, Yassine Haddab and Philippe Lutz, 'Modeling and control of stick-slip
micropositioning devices', a chapter in 'Micro nanosystems & systems on chips: modeling, control and
estimation' edited by Alina Voda, Wiley - ISTE, ISBN: 978-1-84821-190-2, Jan. 2010. (related to my phd works)

B.3 PATENTS

[PT3] Toan Alexandru Ivan, Joél Agnus and Micky Rakotondrabe, 'Multi-DOF micropositioning techniques for
piezoelectric actuators and relative devices', PCT procedure finished N°PCT/FR2013/050622, patent extension is
ongoing for the following countries: european countries, Switzerland and USA.

[PT2] Ioan Alexandru Ivan, Joél Agnus and Micky Rakotondrabe, "Technique de micropositionnement a
multidegrés de liberté pour actionneurs piézoélectriques et dispositifs associés', french Patent, INPI FR-
N°12/52554, march 2013.

[PT1] Ioan Alexandru Ivan and Micky Rakotondrabe, 'Micro-actionneur et Micro-pince’, french Patent, INPI
FR1053377, delivered in 8th june 2012.

B.4 JOURNAL PAPERS

[J24] Didace Habineza, Micky Rakotondrabe and Yann Le Gorrec, 'Bouc-Wen Modeling and Feedforward
Control of multivariable Hysteresis in Piezoelectric Systems: Application to a 3-DoF Piezotube scanner’, IEEE -
Transactions on Control Systems Technology (T-CST), DOI.10.1109/TCST.2014.2386779, in press.

[J23] Micky Rakotondrabe, Alexandru Ivan, Sofiane Khadraoui, Philippe Lutz and Nicolas Chaillet,
'Simultaneous displacement and force self-sensing in piezoelectric actuators and applications to robust control of
the displacement', IEEE/ASME - Transactions on Mechatronics (T-mech), DOI.10.1109/TMECH.2014.2300333,
Jan 2014.

[J22] Sofiane Khadraoui, Micky Rakotondrabe and Philippe Lutz, 'Interval force/position modeling and control
of a microgripper composed of two collaborative piezoelectric actuators and its automation', Springer -
International Journal of Control, Automation and Systems (IJCAS), Vol 12, No 2, Page 358-371, April 2014.

[J21] Sofiane Khadraoui, Micky Rakotondrabe and Philippe Lutz, ' Optimal design of piezoelectric cantilevered
actuators with guaranteed performances by using interval techniques', IEEE/ASME - Transactions on
Mechatronics (T-mech), Volume 19, Issue 5, Page 1660-1668, October 2014.

[J20] Micky Rakotondrabe, Anthony Fowler and S.O. Reza Moheimani, 'Control of a novel 2-DoF MEMS
nanopositioner with electrothermal actuation and sensing', IEEE - Transactions on Control Systems Technology
(T-CST), Volume 22, Number 4, Page 1486-1497, July 2014.

[J19] Joél Agnus, Nicolas Chaillet, Cédric Clévy, Sounkalo Dembélé, Michaél Gauthier, Yassine Haddab,
Guillaume Laurent, Philippe Lutz, Nadine Piat and Micky Rakotondrabe, 'Robotic Microassembly and
micromanipulation at FEMTO-ST', Journal of Micro-Bio Robotics (JMBR), Volume 8, Issue 2, Page 91-106,
2013.

[J18] Sofiane Khadraoui, Micky Raketondrabe and Philippe Lutz, 'Design of RST-structured controller for
parametric uncertain system using interval analysis: application to piezocantilever', Asian Journal of Control
(AJC), Vol.15, Num.1, pp.142-154-13, January 2013.



[J17] Qingsong Xu, Pak-Kin Wong, Minping Jia, Micky Raketondrabe and Li Zhang, 'Guest editorial
introduction to the special issue on advanced control in micro/nanosystems', Journal of Control Science and
Engineering, vol. 2012, Article ID 827479, 2 pages, doi:10.1155/2012/827479, 2012.

[J16] Sofiane Khadraoui, Micky Rakotondrabe and Philippe Lutz, 'Combining H-inf approach and interval
tools to design a low order and robust controller for systems with parametric uncertainties: application to
piezoelectric actuators', International Journal of Control (IJC), vol. 85, no1-3, pp. 251-259, 2012.

[J15] Sofiane Khadraoui, Micky Rakotondrabe and Philippe Lutz, 'Interval Modeling and Robust Control of
Piezoelectric Microactuators', IEEE - Transactions on Control Systems Technology (T-CST), Vol.20, Num.2,
pp.-486-494, March 2012.

[J14] Micky Rakotondrabe and Alexandru Ivan, 'Development and Force/Position Control of a New Hybrid
Thermo-Piezoelectric microGripper dedicated to micromanipulation tasks', IEEE - Transactions on Automation
Science and Engineering (T-ASE), Vol.8, Issue.4, pp.824-834, October 2011.

[J13] Micky Rakotondrabe, Kanty Rabenorosoa, Joél Agnus and Nicolas Chaillet, 'Robust feedforward-
feedback control of a nonlinear and oscillating 2-dof piezocantilever', IEEE - Transactions on Automation
Science and Engineering (T-ASE),Vol.8, Issue.3, pp.506-519, July 2011.

[J12] Micky Rakotondrabe, 'Bouc-Wen modeling and inverse multiplicative structure to compensate hysteresis
nonlinearity in piezoelectric actuators', IEEE - Transactions on Automation Science and Engineering (T-ASE),
Vol.8, Issue.2, pp.428-431, April 2011.

[J11] Ioan Alexandru Ivan, Valentin Stihi, Michaela Ivan, C. Stihi, Micky Rakotondrabe, A. Jelea, 'Battery
powered cost effective TDS logger intended for water testing', Romanian Journal of Physics (RJP), ISSN 1221-
146X, Vol.56(3-4), 2011.

[J10] Micky Rakotondrabe, Ioan Alexandru Ivan, Valentin Stihi, Simona Noveanu and Eugenia Minca, 'Design
and modeling of a piezoelectrically actuated microvalve', Romanian Journal of Physics (RJP), Vol.56, pp.141-
149, 2011.

[J9] Micky Rakotondrabe and Alexandru Ivan, 'Development and dynamic modeling of a new hybrid thermo-
piezoelectric micro-actuator', IEEE - Transactions on Robotics (T-RO), Vol.26, Issue.6, pp.1077-1085, Dec 2010.

[J8] Ioan Alexandru Ivan, Micky Rakotondrabe, Joél Agnus, Roger Bourquin, Nicolas Chaillet, Philippe Lutz,
Jean-Claude Poncot, Roland Duffait, Olivier Bauer, 'Comparative material study between PZT ceramic and
newer crystalline PMN-PT and PZN-PT materials for composite bimorph actuators', Review on Advanced
Materials Science (RAMS), Vol.24(1), 2010.

[J7] Micky Rakotondrabe, Cédric Clévy and Philippe Lutz, 'Complete open loop control of hysteretic, creeped
and oscillating piezoelectric cantilever', IEEE - Transactions on Automation Science and Engineering (T-ASE),
Vol.7(3), pp:440-450, July 2010.

[J6] Alexandru Ivan, Micky Rakotondrabe, Philippe Lutz and Nicolas Chaillet, 'Current integration force and
displacement self-sensing method for cantilevered piezoelectric actuators', Review of Scientific Instruments
(RSI), Vol.80(12), 2126103, December 2009.

[J5] Alexandru Ivan, Micky Rakotondrabe, Philippe Lutz and Nicolas Chaillet, 'Quasi-static displacement self-
sensing method for cantilevered piezoelectric actuators', Review of Scientific Instruments (RSI), Vol.80(6),
065102, June 2009.

[J4] Hui Xie, Micky Rakotondrabe and Stéphane Régnier, 'Characterizing piezoscanner hysteresis and creep
using optical levers and a reference nanopositioning stage', Review of Scientific Instruments (RSI), Vol.80,
046102, April 2009.

[J3] Micky Rakotondrabe, Yassine Haddab and Philippe Lutz, 'Development, Modeling, and Control of a
Micro-/Nanopositioning 2-DOF Stick—Slip Device', IEEE/ASME - Transactions on Mechatronics (T-mech),
Vol.14, Issue 6, pp:733-745, December 2009. (related to my phd works)



[J2] Micky Rakotondrabe, Yassine Haddab and Philippe Lutz, 'Quadrilateral modeling and robust control of a
nonlinear piezoelectric cantilever', IEEE - Transactions on Control Systems Technology (T-CST), Vol.17, Issue 3,
pp:528-539, May 2009. (related to my phd works)

[J1] Micky Rakotondrabe, Yassine Haddab and Philippe Lutz, 'Voltage/frequency proportional control of stick-
slip microsystems', IEEE - Transactions on Control Systems Technology (T-CST), Vol.16, Issue 6, pp:1316-1322,
November 2008. (related to my phd works)

B.5 INTERNATIONAL CONFERENCES

[C55] Ton E. Pengwang, Kanty Rabenorosoa, Micky Raketondrabe and Nicolas Andreff, 'Characterizations
and Micro-assembly of Electrostatic Actuators for 3-DOF Micromanipulators in Laser Phonomicrosurgery ',
IEEE/ASME-MESA, (International Conference on Mechatronic and Embedded Systems and Applications),
accepted, Senigallia Ancona Italy, September 2014.

[C54] Juan Antonio Escareno, Didace Habineza and Micky Rakotondrabe, 'Tracking Control of a
Piezocantilever Using a Bounded-Input Adaptive Backstepping Scheme and Sliding-Mode Observer', IFAC -
WC, (World Congress), accepted, Cape Town, South Africa, August 2014.

INVITED SESSION.

[C53] Didace Habineza, Micky Rakotondrabe and Yann Le Gorrec, 'Multivariable generalized Bouc-Wen
modeling, identification and feedforward control and its application to a 2-DoF piezoelectric multimorph
actuator ', IFAC - WC, (World Congress), accepted, Cape Town, South Africa, August 2014.

[C52] Juan Antonio Escareno, Joél Abadie, Micky Rakotondrabe and Emmanuel Piat, 'H-inf based Trajectory
Control of a 2DOF piezo-cantilever Using Embedded/Integrated Magnetic Sensors', IEEE/ASME - AIM,
(International Conference on Advanced Intelligent Mechatronics), pp.1676-1682, Besancon, France, July 2014
INVITED SESSION.

[C51] Omar Aljanaideh, Mohammad Al Janaideh and Micky Rakotondrabe, 'Enhancement of Micro-positioning
Accuracy of a Piezoelectric Positioner by Suppressing the Rate-Dependant Hysteresis Nonlinearities',
[EEE/ASME - AIM, (International Conference on Advanced Intelligent Mechatronics), pp.1683-1688, Besancon,
France, July 2014

INVITED SESSION.

[C50] Bilal Komati, Cédric Clévy, Micky Rakotondrabe and Philippe Lutz, 'Dynamic Force/Position Modeling
of a one-DOF Piezoelectric Smart Micro-Finger with sensorized end-effector', IEEE/ASME - AIM, (International
Conference on Advanced Intelligent Mechatronics), pp.1474-1479, Besancon, France, July 2014

INVITED SESSION.

[C49] Juan Antonio Escareno, Gerardo Ramon Flores Colunga, Micky Rakotondrabe and Rogelio Lozano,
"Task-based Control of a Multirotor Miniature Aerial Vehicle Having an Onboard Manipulator', ICUAS,
(International Conference on Unmanned Aircraft Systems), accepted, Orlando, FL. USA, May 2014

[C48] Didace Habineza, Micky Rakotondrabe and Yann Le Gorrec, 'Modeling, identification and feedforward
control of multivariable hysteresis by combining Bouc-Wen equations and the inverse multiplicative structure’,
ACC, (American Control Conference), pp.4783-4789, Portland Oregon USA, June 2014.

INVITED SESSION.

[C47] Xin Xu, Joél Agnus and Micky Rakeotondrabe, 'Development and characterization of a new silicone /
platine based 2-DoF sensorized end-effector for micromanipulators', SPIE - Sensing Technology+Applications;
Sensors for Next Generation Robots conference, Baltimore Maryland USA, May 2014.

[C46] Ton E. Pengwang, Kanty Rabenorosoa, Micky Raketondrabe and Nicolas Andreff, 'Integrative Micro
Actuators for Robot-assisted Laser Phonomicrosurgery', RGC, Russian German Conference (Russian Bavarian
Conference on Bio-Medical Engineering), Hannover Germany, October 2013.



[C45] Sergio Lescano, Dimiter Zlatanov, Micky Raketondrabe and Nicolas Andreff, 'Kinematic Analysis of a
Meso Scale Parallel Robot for Laser Phonomicrosurgery', IAK, (International Conference on Interdisciplinary
Applications in Kinematic), Lima Peru, September 2013.

[C44] Muhammed Rashid Pac, Micky Rakotondrabe, Sofiane Khadraoui, Dan O. Popa and Philippe Lutz,
'Guaranteed Manipulator Precision via Interval Analysis of Inverse Kinematics', ASME - IDETC/CIE,
(International Design Engineering Technical Conference & Computers and Information in Engineering
Conference), Portland Oregon USA, August 2013.

[C43] Micky Rakotondrabe, "Towards high autonomy energy harvesters based on piezoelectric MEMS',
Nanoenergy, (International Conference on Nanoenergy), Perugia Italy, July 2013.

[C42] Juan Antonio Escareno, Micky Rakotondrabe, Gerardo Ramon Flores Colunga and Rogelio Lozano,
'Rotorcraft MAV Having an Onboard Manipulator: Longitudinal Modeling and Robust Control’, ECC, (European
Control Conference), Ziirich Switzerland, pp.3258-3263, July 2013.

[C41] Micky Rakotondrabe, 'Combining self-sensing with an Unkown-Input-Observer to estimate the
displacement, the force and the state in piezoelectric cantilevered actuator', ACC, (American Control
Conference), pp.4523-4530, Washington DC USA, June 2013.

[C40] Anthony Fowler, Micky Rakotondrabe, and S.O. Reza Moheimani, 'Closed-Loop Control of a Novel 2-
DOF MEMS Nanopositioner with Electrothermal Actuation', IFAC Mechatronics, (Symposium on Mechatronic
Systems), pp.391-398, Hangzhou China, April 2013.

[C39] Micky Rakotondrabe, Anthony Fowler and S.O. Reza Moheimani 'Characterization of a 2-dof
electrothermal MEMS with integrated actuation and sensing capability', IEEE - Sensors, pp.973-976, Taipei
Taiwan, October 2012.

[C38] Dominique Gendreau, Micky Rakotondrabe and Philippe Lutz, "Towards reconfigurable and modular
microfactory based on the TRING-module stick-slip microrobot', IWME, (International Workshop on
MicroFactory), Tempere, Finland, June 2012.

[C37] Sofiane Khadraoui, Micky Rakotondrabe and Philippe Lutz, 'Combining H-inf and interval techniques to
design robust low order controllers: application to piezoelectric actuators', ACC, (American Control
Conference), pp.104-110, Montréal Canada, June 2012.

[C36] Micky Rakotondrabe, 'Classical Prandtl-Ishlinskii modeling and inverse multiplicative structure to
compensate hysteresis in piezoactuators', ACC, (American Control Conference), pp.1646-1651, Montréal
Canada, June 2012.

[C35] Micky Rakotondrabe, 'Modeling and Compensation of Multivariable Creep in multi-DOF Piezoelectric
Actuators', IEEE - ICRA, (International Conference on Robotics and Automation), pp.4577-4581, St Paul
Minnesota USA, May 2012.

[C34] Paul M. Moore, Micky Rakotondrabe, Cédric Clévy and Gloria J. Wiens, 'Development of a modular and
compliant micro-assembly platform with integrated force measurement capabilities', ICOMM, (International
Conference on MicroManufacturing), Northwestern University, March 2012.

[C33] Ioan Alexandru Ivan, Joél Agnus, Micky Rakotondrabe, Philippe Lutz and Nicolas Chaillet, 'PMN-PT
piezoelectric material and related applications in silicon-integrated devices like microactuators and energy
harvesting', IEEE - CAS, (International Semiconductor Conference CAS2011), Sinaia Romania, October 2011.

[C32] Gilgueng Hwang, Ioan Alexandru Ivan, Joél Agnus, Micky Rakotondrabe, Edgar Leon Perez, Stamboul
Meriemn Hugo Salmon, Sinan Haliyon, Nicolas Chaillet, Stéphane Régnier and Anne-Marie Hanghiri-Gosnet,
'Remotely powered floating microswimmers as colloidam microparticle manipulators', MNE, (International
Conference on Micro and Nano Engineering), Berlin Germany, September 2011.

[C31] Micky Rakotondrabe, Joél Agnus and Philippe Lutz, 'Feedforward and IMC-feedback control of a
nonlinear 2-DOF piezoactuator dedicated to automated micropositioning tasks', IEEE - CASE, (International
Conference on Automation Science and Engineering), pp.393-398, Trieste Italy, August 2011.

BEST PAPER AWARD FINALIST.



[C30] Sofiane Khadraoui, Micky Rakotondrabe and Philippe Lutz, 'Modeling and Robust Deflection Control of
Piezoelectric microActuators modeled by Zero-Order Numerator Interval System', IFAC - WC, (World Congress),
pp.9763-9768, Milano Italy, August 2011.

[C29] Ioan Alexandru Ivan, Joél Agnus, Micky Raketondrabe, Philippe Lutz and Nicolas Chaillet,
'Microfabricated PMIN-PT on Silicon cantilevers with improved static and dynamic piezoelectric actuation:
development, characterization and control', IEEE/ASME - AIM, (International Conference on Advanced
Intelligent Materials), pp.403-408, Budapest Hungary, July 2011.

[C28] Micky Rakotondrabe, 'Performances inclusion for stable interval systems', ACC, (American Control
Conference), pp.4367-4372, San Francisco CA USA, June-July 2011.

[C27] Sofiane Khadraoui, Micky Rakotondrabe and Philippe Lutz, 'PID-Structured Controller Design for
Interval Systems: Application to Piezoelectric Microactuators', ACC, (American Control Conference), pp.3477-
3482, San Francisco CA USA, June-July 2011.

[C26] Ioan Alexandru Ivan, Gilgueng Hwang, Joél Agnus, Micky Rakotondrabe, Nicolas Chaillet and Stéphane
Régnier, 'First experiments on MagPieR: a planar wireless magnetic and piezoelectric microrobot', IEEE -
ICRA, (International Conference on Robotics and Automation), pp.102-108, Shanghai China, May 2011.

[C25] Sofiane Khadraoui, Micky Rakotondrabe and Philippe Lutz, 'Robust control for a class of interval
model: application to the force control of piezoelectric cantilevers', IEEE - CDC, (Conference on Decision and
Control), pp.4257-4262, Atlanta Georgia USA, December 2010.

[C24] Dominique Gendreau, Micky Rakotondrabe and Philippe Lutz, 'Modular design method applied to a
micromanipulation station', IWNMF, (International Workshop on MicroFactory), Daejeon, Korea, October 2010.

[C23] Micky Rakotondrabe and Yann Le Gorrec, 'Force control in piezoelectric microactuators using self
scheduled H_inf technique', IFAC - Mech, (Symposium on Mechatronic Systems), pp.417:422, Cambridge
Massachusetts USA, September 2010.

INVITED SESSION.

[C22] Micky Rakotondrabe, Cédric Clévy, Kanty Rabenorosoa and Kamel Ncir, 'Presentation, Force
Estimation and Control of an Instrumented platform dedicated to Automated Micromanipulation Tasks', IEEE -
CASE, (International Conference on Automation Science and Engineering), pp:722-727, Toronto Ontario CA,
Aug 2010.

[C21] Kanty Rabenorosoa, Cédric Clévy, Micky Rakotondrabe and Philippe Lutz, 'Guiding strategies for the
assembly of micro-components subjected to planar pull-off force', ASME - DETC/CIE, (International Design
Engineering Technical Conference & Computers and Information in Engineering Conference), DETC2010-
29213, Montreal Canada, August 2010.

[C20] Micky Rakotondrabe, loan Alexandru Ivan, Sofiane Khadraoui, Cédric Clévy, Philippe Lutz and Nicolas
Chaillet, 'Dynamic displacement self-sensing and robust control of cantilevered piezoelectric actuators dedicated
to microassembly tasks', IEEE/ASME - AIM, (International Conference on Intelligent Materials), pp:557-562,
Montreal Canada, July 2010.

[C19] Micky Rakotondrabe and Ioan Alexandru Ivan, 'Principle, characterization and control of a new hybrid
thermo-piezoelectric microactuator', IEEE - ICRA, (International Conference on Robotics and Automation),
pp:1580-1585, Anchorage Alaska USA, May 2010.

[C18] Micky Rakotondrabe, Joél Agnus, Kanty Rabenorosoa and Nicolas Chaillet, 'Characterization, modeling
and robust control of a nonlinear 2-dof piezocantilever for micromanipulation/microassembly’, IEEE/RS]J -
IROS, (International Conference on Intelligent Robots and Systems), pp:767-774, St Louis MO USA, October
2009.

[C17] Ioan Alexandru Ivan, Micky Raketondrabe and Nicolas Chaillet, 'High Coupling Factor Materials for
Bending Actuators: Analytical and Finite Elements Modeling Results', COMSOL Conference, Milan Italy,
October 2009.



[C16] Micky Rakotondrabe and Patrick Rougeot, 'Presentation and improvement of an AFM-based system for
the measurement of adhesion forces', IEEE - CASE, (International Conference on Automation Science and
Engineering), pp:585-590, Bangalore India, August 2009.

[C15] Micky Raketondrabe and Philippe Lutz, 'Force estimation in a piezoelectric cantilever using the inverse-
dynamics-based UIO technique', IEEE - ICRA, (International Conference on Robotics and Automation),
pp:2205-2210, Kobe Japan, May 2009.

[C14] Micky Rakotondrabe, Cédric Clévy and Philippe Lutz, 'Hysteresis and vibration compensation in a
nonlinear unimorph piezocantilever', IEEE/RSJ - IROS, (International Conference on Intelligent Robots and
Systems), pp:558-563, Nice France, Sept 2008.

[C13] Micky Rakotondrabe, Mamadou Cissé Diouf and Philippe Lutz, 'Robust feedforward-feedback control of
a hysteretic piezocantilever under thermal disturbance', IFAC - WC , (World Congress), pp:13725-13730, Seoul
Corea, July 2008.

INVITED SESSION.

[C12] Micky Rakotondrabe, Cédric Clévy and Philippe Lutz, 'H-inf deflection control of a unimorph
piezoelectric cantilever under thermal disturbance', IEEE/RSJ - IROS, (International Conference on Intelligent
Robots and Systems), pp:1190-1197, San Diego CA USA, Oct-Nov 2007.

[C11] Micky Rakotondrabe, Cédric Clévy and Philippe Lutz, 'Modelling and robust position/force control of a
piezoelectric microgripper', IEEE - CASE, (International Conference on Automation Science and Engineering),
pp:39-44, Scottsdale AZ USA, Sept 2007.

[C10] Micky Rakotondrabe, Yassine Haddab and Philippe Lutz, 'Nonlinear modelling and estimation of force in
a piezoelectric cantilever', IEEE/ASME - AIM, (International Conference on Advanced Intelligent
Mechatronics), Zurich Switzerland, Sept 2007. (related to my phd works)

[C9] Micky Rakotondrabe, Yassine Haddab and Philippe Lutz, 'Modelling and H-inf force control of a
nonlinear piezoelectric cantilever', IEEE/RS]J - IROS, (International Conference on Intelligent Robots and
Systems), pp:3131-3136, San Diego CA USA, Oct-Nov 2007. (related to my phd works)

[C8] Micky Rakotondrabe, Yassine Haddab and Philippe Lutz, 'High-stroke motion modelling and
voltage/frequency proportional control of a stick-slip microsystem', IEEE - ICRA, (International Conference on
Robotics and Automation), pp:4490-4496, Roma Italy, April 2007. (related to my phd works)

[C7] Micky Rakotondrabe, Yassine Haddab and Philippe Lutz, 'Plurilinear modeling and discrete u-synthesis
control of a hysteretic and creeped unimorph piezoelectric cantilever', IEEE - ICARCYV, (International
Conference on Automation, Robotics, Control and Vision), pp:57-64, Grand Hyatt Singapour, December 2006.
BEST PAPER AWARD FINALIST. (related to my phd works)

[C6] Micky Rakotondrabe, Yassine Haddab and Philippe Lutz, 'Results on the closed-loop control of the
TRING-module dedicated to a modular micromanipulation station', IWMEF, (International Workshop on
MicroFactory), Besancon, October 2006. (related to my phd works)

[C5] Micky Rakotondrabe, Yassine Haddab and Philippe Lutz, 'TRING-module : a high-range and high-
precision 2DoF microsystem dedicated to a modular micromanipulation station', IWMEF, (International Workshop
on MicroFactory), Besancon, October 2006. (related to my phd works)

[C4] Micky Rakotondrabe, Yassine Haddab and Philippe Lutz, 'Design, development and experiments of a high
stroke-precision 2DoF (linear-angular) microsystem', IEEE - ICRA, (International Conference on Robotics and
Automation), pp:669-674, Orlando FL. USA, May 2006. (related to my phd works)

[C3] Micky Rakotondrabe, Samir Benbelkacem, Yassine Haddab, Christophe Perrard, Philippe Lutz, 'Approche
architecturale pour la ré-organisabilité d'une micro-usine hautement modulaire', GI, (franco-Canadian Industrial
Engineering Conference), poster session, Besancon France, June 2005. (related to my phd works)



[C2] Micky Rakotondrabe, Yassine Haddab and Philippe Lutz, 'Step modelling of a high precision 2DoF
(linear-angular) microsystem', IEEE - ICRA, (International Conference on Robotics and Automation), pp:151-
157, Barcelona Spain, April 2005. (related to my phd works)

[C1] Micky Rakotondrabe, Yassine Haddab and Philippe Lutz, 'Modelling and control of a highly modular

microassembly system', IWME, (International Workshop on MicroFactory), pp:140-145, Shanghai China, October
2004. (related to my phd works)

B.6 WORKSHOPS

[WT15] Alex Bienaimé, Cédric Clévy and Micky Raketondrabe, 'High performance piezoelectric
microactuators: toward a new 6 DOF microactuated platform', PiezoNEMS 2013 Workshop, november 2013.

[WT14] Sergio Lescano, Micky Rakotondrabe and Nicolas Andreff, '‘Conception d'un Microrobot Paralléle
Destiné a la Phonomicrochirugie Laser', GT6 of the GDR-Robotique, (Workshop on Robts Design), Paris
France, September 2013.

[WT13] Micky Rakotondrabe, 'Control of piezoelectric microsystems with minimization of sensors:
feedforward control and feedback control with self-sensing', GDR MNS - MNF, (National Workshop - Micro
Nano Systems - Micro Nano Fluidics), Bordeaux France, July 2012.

[WT12] Sofiane Khadraoui, Micky Raketondrabe and Philippe Lutz, 'Interval control design and Hinf based
performances analysis for piezoelectric microactuators', GT-MOSAR of the GDR-MACS (Workshop on
Methods and Tools for the Synthesis and Analysis on Robustness), Paris France, January 2011.

[WT11] Sofiane Khadraoui, Micky Raketondrabe and Philippe Lutz, 'Performances analysis of controlled
interval systems using Hinf approach', GT-MEA of the GDR-MACS, (Workshop on Set Computations for
Automatic control), Paris France, December 2010.

[WT10] Sofiane Khadraoui, Micky Rakotondrabe and Philippe Lutz, 'Modélisation et Commande Robuste par
Intervalle des Micropinces Piézoélectriques dédiées a la Micromanipulation et au Microassemblage', Poster,
JJCR, (Journées des Jeunes Chercheurs en Robotique), Paris France, November 2010.

[WT9] Sofiane Khadraoui, Micky Rakotondrabe and Philippe Lutz, 'Robust control of parametric uncertain
systems: application to the control of piezoelectric cantilevers', SWIM, (Small Workshop on Interval Methods),
Nantes France, June 2010.

[WT8] Sofiane Khadraoui, Micky Raketondrabe and Philippe Lutz, 'Control of microsystems: introducing
interval computation to account the model uncertainties', LEA, (Workshop with Associated European
Laboratories) Arc-et-Senans France, September 2009.

[WT7] Micky Rakotondrabe, Ioan Alexandru Ivan, Valentin Stihi, Simona Noveanu and Eugenia Minca,
'Design and modeling of a piezoelectrically actuated microvalve', IBWAP, (International Balkan Workshop on
Applied Physics), Constanta Romania, July 2009.

[WT6] Sofiane Khadraoui, Micky Rakotondrabe and Philippe Lutz, 'Design of a robust controller for
guaranteed performances: application to piezoelectric cantilevers', SWIM, (Small Workshop on Interval
Methods), Lausanne Switzerland, June 2009.

[WT5] Micky Rakotondrabe, 'Modélisation et commande des poutres piézoélectriques dédiées a la
micromanipulation', GT-Manipulation Multi-échelle of the GDR-Robotique, (Workshop on Multi-Scale
Manipulation), Besancon France, February 2008.

[WT4] Micky Rakotondrabe, 'TRING-module : développement, modélisation et commande', GT SYSME of the
GDR-MACS, (Workshop on Mechatronic Systems), Lyon France, March 2007. (related to my phd works)

[WT3] Micky Rakotondrabe, Yassine Haddab and Philippe Lutz, 'Le TRING-module : un microsystéme a 2DdL
(linéaire et angulaire) de trés haute précision (submicrométrique) et de grande course (quelques centimetres)',



INTERCONNEX , (Meeting of research institutes and industries on microelectronic and micromecanics),
Besangon France, Septembre 2006. (related to my phd works)

[WT2] Micky Rakotondrabe, Yassine Haddab and Philippe Lutz, 'Modular and re-organizable
micromanipulation station', RTP-Microrobotiques, (Workshop on Microrobotics), EPFL Lausanne Switzerland,
December 2004. (related to my phd works)

[WT1] Micky Rakotondrabe, Yassine Haddab and Philippe Lutz, 'Commande d'une station de micro-

assemblage modulaire', LEA, (Workshop with Associated European Laboratories), Arc-et-Senans France,
September 2004. (related to my phd works)

B.7 INVITED TALKS and SEMINARS

B.7.1 Invited talks in organized workshops and tutorials

[1T8] Micky Rakotondrabe, 'Feedforward control of hysteresis: the classical Prandtl-Ishlinskii approach', lecture
presented at the tutorial: 'Advanced control and noise reduction for micromanipulation', IEEE/ASME - AIM,
(International Conference on Advanced Intelligent Mechatronics), Lecture at the tutorial session.

[IT7] Micky Rakotondrabe and Philippe Lutz, 'Using interval techniques for the design of robust controllers and
for the robust performances analysis: application to piezoelectric microactuators', talk at the Workshop on New
Trends and Challenges in Modeling and Control of Microsystems (pControl), Besancon, June 2012. Workshop
talk.

[IT6] Sergio Lescano, Micky Rakotondrabe and Nicolas Andreff, 'Micromechanisms for laser phonosurgery: A
Review of Actuators and Compliant Parts', talk presented at the workshop: 'Robot-Assisted Laryngeal
Microsurgery', IEEE - BIOROB, (International Conference on Biomedical Robotics and Biomechatronics), Roma
Italy, June 2012. Workshop talk.

[IT5] Sofiane Khadraoui, Micky Rakotondrabe and Philippe Lutz, 'Robust automated pick-and-place tasks
using piezoelectric microgripper with force/position interval control’, talk at the workshop 'Automation of
assembly and packaging at the micro/nano-scale’, IEEE - CASE (International Conference on Automation
Science and Engineering), Trieste Italy, August 2011. Workshop talk.

[IT4] Micky Rakotondrabe, 'Hysteresis modelling, identification and feedforward control for piezoelectric
based Microsystems', lecture presented at the tutorial: 'Dynamics, characterization and control at the micro/nano
scale', IEEE - ICRA, (International Conference on Robotics and Automation), Shanghai China, May 2011.
Lecture at the tutorial session.

[IT3] Micky Rakotondrabe, 'Force observation and force/position control of a micromanipulation /
microassembly system', presented in the workshop: 'Automation at the Microscale and Beyond', IEEE - CASE,
(International Conference on Automation Science and Engineering), Toronto Ontario CA, August 2010.
Workshop talk.

[IT2] Micky Rakotondrabe, Cédric Clévy, Ioan Alexandru Ivan and Nicolas Chaillet, 'Observer Techniques
Applied to the Control of Piezoelectric Microactuators', presented in the workshop: 'Signals Measurement and
Estimation Techniques Issues in the Micro/Nano-World', IEEE - ICRA, (International Conference on Robotics
and Automation), Workshop, Anchorage Alaska USA, May 2010. Workshop talk.

[IT1] Micky Rakotondrabe and Philippe Lutz, 'Main aspects of the control issues in the micro/nano-world',
presented in the workshop: 'Control issues in the micro/nano-world', IEEE - ICRA, (International Conference on
Robotics and Automation), Workshop, Kobe Japan, May 2009. Workshop talk.



B.7.2 Invited seminars in research institutes and universities

[IS9] Micky Rakotondrabe, 'Modeling and control of systems: feedforward control', presented at the University
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Appendix C

Ballas linear model of multimorph
piezoelectric cantilevers
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[C.1_TIntroduction 159

[C.2 Model of multimorph piezoelectric cantilevers| 161

2.1 1 havior 161

[C.2.2 Dynamic behavior| 162

[C.3  Usual casesl 162

[C.3.1  Unimorph actuators| 162

[C.3.2  Bimorph actuators| 163

C.1 Introduction

The Ballas model |[73| is a linear model of multilayered piezoelectric cantilevers (or multi-
morph) that have rectangular section. The cantilever is depicted in Fig. [C.1}a. The model
includes the static and the dynamic behaviors. It provides the relation between four external
excitations (voltage u, moment M, force at the tip F' and uniform pressure load p) applied to
the cantilever and four resulting outputs at any arbitrary point x (charge Q(x), bending angle
a(z), bending or displacement d(x) and displaced volume V (z)), see Fig. [C.1}b. In the figures,
Z indicates the distance between the neutral axis and the bottom surface of the cantilever.
The piezoelectric cantilever should include at least one piezoelectric layer (piezolayer). The
non-piezoelectric layers are called passive layers. The cantilever has a length L and a total
n
thickness h = 3" h; where h; is the thickness of the i layer and n is their total number. All
i=1
layers have the same width w. The i*" layer has a transversal piezoelectric coefficient d31,; and
a longitudinal compliance s17 ;. The local axis (3) in the coefficients d3; ; and s11,; corresponds
to the axis of poling of the piezolayer (axis z in the figure) and the local axis (1) corresponds
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to the axis x before bending. Coefficient d3; ; is taken to be zero for all non-piezoelectric layers.

If the cantilever contains two layers, one being piezoelectric and one passive, the actuator is
commonly called unimorph piezoelectric cantilever. When the two layers are both piezoelectric,
the actuator is called bimorph piezoelectric. The electrical connection in an unimorph is easier
than in a bimorph. In counterpart, in bimorph, it is possible to obtain similar displacement
than in unimorph with lower voltages.

When an electrical field is applied to the piezoelectric layers through the voltage u, they
contract or expand along the z-axis thanks to the ds; coefficient. Due to the interfaces con-
nection between the layers, these contraction or expansion will result in a deflection ¢ of the
whole cantilever Fig. [C.I}b. This bending is much larger than the contraction or expansion of
the layers, which is the main interest of cantilever structures.

n layer on
n-1 layer N1 )
x axis
z
2nd layer tha
1st layer Jhl
(@)
Z axis
U r p
IREBRBNEERE YR .&.(.%.).L%.&..L R AR
. o(z)
- %
o) F
- A\ )
z axis (b)

Figure C.1: A multilayered piezoelectric cantilever.
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C.2 Model of multimorph piezoelectric cantilevers

C.2.1 Static behavior

The Ballas static model of a multilayered piezoelectric cantilever is given by:

a(x) mi1(s) mia(s) mis(s) mia(s)
6(z) | _ [ mai(s) maoa(s) mas(s) mauls)
V(x) m31(s) masa(s) mss(s) msa(s)
Q(z) mai(s) maz(s) mas(s) maa(s)

the second row is:

()= 5 (3)°
mas(7) = 45 [3 (5)" - (%)3}
mas(@) = 4k [6(5)" = 4(5)° + (3)']
moa(x) = mmiéoLQ (3)°
the third row is:
ma (v) = % (3)°
mas(w) = o [4(5)" = (5)']

and the last row is:

with

may (z) = — ezl (2)

man(w) = "ot [2(2) - (3)7]

mag(w) = el [3(2) —3(5)" + (3)°]
maa(z) = Lil %L (%3,1 - fi Z) + Toicz } (%)
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The distance the distance between the neutral axis and the bottom surface is defined by:

(C.6)
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C.2.2 Dynamic behavior

The dynamic behavior of a multilayered piezoelectric cantilevered is given as the resonant
frequencies in the Ballas model. The resonant frequency of the m* mode (m=1,2,---,00)

_ (hul) [C
fm = 5 \/: (©8)

n
where = e = >~ p;h;w is the total mass related to the actuator’s length, m. being the

mass of the whole cantilever and p; being the density of the i** layer. The multiplication k,,L
are given in Table [C.]]

Table C.1: Numerical values of k,,L for the m!" mode.

m 1 2 3 4 5
kmL | 1.8751 | 4.6941 | 7.8548 | 10.9955 | 14.137

C.3 Usual cases

C.3.1 Unimorph actuators

A unimorph piezoelectric cantilever actuator
Plezolayer §¢ has two layers: one piezolayer and one passive

-’ 777777777777 * layer. It is very common because of the ease
of fabrication and ease of connection. The

application of a voltage u to the piezolayer

passive layer

Figure C.2: A unimorph piezoelectric actuator.
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yields an expansion or contraction of this lat-

ter and thus results in a bending of the total

cantilever, see Figure 2.1l We provide here
the model that links the applied force, the applied voltage and the output displacement (bend-
ing) of the cantilever.

From the above multilayered model, the static behavior of a unimorph is:

—3d n Py (B + Do) 222
5(z) = 3ds1511,mpS11,phnp (hnp + hp) " (C.9)

(Sll,p)2 h%p + S11mpSi1p (4hph%p + Gh;%h%p + 4hghnp) + (311,7Lp)2 hé

and the resonant frequency at mode m is:

(C.10)

f B (kmL)Q \/(8117],)2 h%p + S11,npSiip (4hph%p + 6h§h%p + 4hghnp) + (Sll,np)2 hg

21 L2 12311,71,])311,]7 (Sll,nphp + Sll,phn’p) (p'n,phnp + pphp)

where the subscript p means for the piezolayer and the subscript np means for the passive
layer (nonpiezoelectric).

C.3.2 Bimorph actuators

A bimorph actuator is composed of two piezo-
[ @ layers sticked thanks to a thin layer of glue.
The obtention of the bending is made by the

T ! ! ! ! ! T extension of one layer and the contraction of
M t t t ! ! ! the other one. Two possibilities exist for that.
" In the first case depicted in Figure [C.3}a,
®) both the two piezolayers have the same direc-

1 1 ! 1 1 1 tion of poling. Hence, one voltage u suffices

jyi | | | } l | to create the expansion and the contraction.
The bimorph is said to have parallel poling.

2u The second case is depicted in Figure [C.3}b.
f “ In this, the two poling directions are oppo-
U t t ! ! ! ! site and the bimorph is called anti-parallel.
L | | } } } | To obtain the same bending than the previ-

ous case, a voltage v and its opposite —u are
required. It is possible to avoid the use of
opposite voltage. However, this will require
twice the previous voltage as schemated in

Figure C.3: A bimorph piezoelectric actuator.

Figure [C.3}c.

An advantage of bimorph relative to unimorph is the higher bending obtained with the
same potential u employed. However, the electrical connection is more complex.
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Consider a bimorph where the two piezolayers have the same thickness h,. From the above
multilayered model, the static behavior of the bimorph is:

o —3d31$2

5(z) = s (C.11)

and the resonant frequency at mode m is:

(kmL)? hy 1
- C.12
/ 2mL? 3ppSitp ( )
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Appendix D

Basics on intervals and on related
techniques
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References [172] or [158] are suggested if the reader would like to go further on intervals
and on interval techniques.

D.1 Definitions

A closed interval denoted by [z], is the set of real numbers given by:

2] =[z7,2T]={z e R/z” <z <z} (D.1)

The endpoints = and z* are respectively the left and right endpoint of [z].

We say that [z] is degenerate if 2= = x". Such an interval contains a single real number
x. By convention, a degenerate interval [a, a] can be described with the real number a.

The width of an interval [z] is given by:



The midpoint of [x] is given by:

. ot 4o
mid([z]) = — (D.3)
The radius of [z] is defined by:
xt —a”
rad([z]) = 5 (D.4)

D.2 Operations on intervals

The elementary mathematical operations are also extended to intervals, the operation result
between two intervals is an interval containing all the operations results of all pairs of numbers
in the two intervals. So, if we have two intervals [z] = [z, 2"] and [y] = [y, y"] and a law
o€ {+,—,.,/}, we can write:

[z]ofy] = {zoyle e 2],y € yl} (D.5)

The four basic operations are:
the sum of two intervals [z] + [y] is defined by:

]+ Yl =z +y 2" +y] (D.6)

the difference of two intervals [z] — [y] is given by:

2] =l =la" —y" 2" —y7] (D.7)
the product of two intervals [z].[y] is the set:
[2].[y] = [min(z~y~, 27y™ 2y~ 2y ) max(eTy T 2Ty 2ty T 2Ty ")) (D-8)
the quotient [z]/[y] is defined as:
[2/ly] = [2].1/y™,1/y71,0 ¢ [y] (D.9)

The intersection of two intervals [z] N [y] is the interval defined by:
1-if y©™ < a2~ or a2t <y~ the intersection is the empty set:

[z] N [y] =0 (D.10)
2- Otherwise:

[z] N [y] = [max {z™,y” } ,min {z™,y" }] (D.11)

In the latter case, the union of [z] and [y] is also an interval:
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[z] U [y] = [min {xf, yf} , Max {x*, y*}} (D.12)

When [z] N [y] = 0, the union of the two intervals is not an interval. For that, the interval
hull is defined:

[z]Uly] = [min {z7,y~ } ,max {z,y " }] (D.13)

It is verified that: [z] U [y] C [z]U]y] for any two intervals [z] and [y] .

D.3 A set inversion problem

Let [f] : IRP — IR™ be a continous function. Let [Y] C IR" be a vector of intervals (also called
box) that is known. We wish to find a set S such that:

S =7 ([Y]) = {[x] < IR”|[f)([x]) < [Y]} (D.14)

S is the reciprocal image of [x]| via the function [f]. Finding the set S of all solutions of
Eq. (D.14)) is called a set inversion problem.

An algorithm that permits to solve a set inversion problem is the SIVIA algorithm (Set
Inversion Via Interval Analysis) [171;[172]. Table depicts the algorithm. In the table,
w([x]) means width of [x].

SIVIA (inputs: [x], ¢, € ; outputs: S, S)
1 | it [f]([x]) N [Y] =0, [x] is non-solution;

2 |if [f]([x]) C[Y], thus S:=SU[x] ; S:=SU[x];
3 | if w([x]) < ethus S:=SU[x];
4 | sinon bissecter [x] en [x1] et [x2];

SIVIA(inputs: [x1], ¢, € ; outputs: S
SIVIA(inputs: [xs2], ¢, € ; outputs: S,

Table D.1: The SIVIA algorithm [171].

D.4 Interval systems

D.4.1 Definition

Parametric uncertain systems can be modeled by interval systems. An interval system denoted
[G](s, [a], [b]) is a family of systems:
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[G] (s, [al, [b]) = = =7 by elbj,b;lia; €aj,af]p  (D.15)
[D](s, [a]) Z [a;]s? Z ;s
1=0 =0
such as: [b] = [[bo], ..., [bm]] and [a] = [[a0], ..., [an]] are two boxes (vectors of interval num-

bers) and s the Laplace variable.

An interval system is stable if and only if the four corresponding vertex systems are stable
[210]. These vertex are (point) systems whose parameters are based on the endpoints of the
interval system parameters.

D.4.2 Kharitonov vertex polynomials

Given the interval system [G](s, [a], [b]) defined as in Eq. (D.15]) such that:

[N](s, [b]) = [bo] + [b1]s + [b2]s? + ... + [byn]s™
(D.16)
[D](s, [a]) = [ao] + [a]s + [az]s? + ... + [an]s"

Thus, the four Kharitonov vertex polynomials corresponding to [N](s, [b]) and [D](s, [a])
are:

NW(s) =by + by s+ by s?+bfs>+byst+bys”+ ...
N (s) =by +bs+bfs?+bys>+bys*+bFs®+ ... (D.17)
NG (s) =bf +bys+bys?+b3s>+bfs* +b5s° + ... '
NW(s) =bf +b]s+bys+b3s3+bfst+bTs°+ ...

and
DW(s)=ay +ays+afs®+ajs®+agst+azs®+ ..
D@ (s) =ay +afs+ags®+azsd+ayst+ads®+ .. (D.18)
DB)(s) =af +ays+ays?+afs®+afst+ags®+ ... '
DW(s)=af +ajs+ays®+azs®+afst+als’ + ...

respectively.

The sixteen Kharitonov (point) systems that corresponds to the interval system [G] are the
combination of these vertex polynomials. These sixteen Kharitonov systems are called vertex
of [G]. We denote these sixteen Kharitonov vertex by G, with i = 1 — 16.

D.4.3 Stability of interval systems

The stability of the interval system in Eq. (D.15]) can be decided by analyzing by the polynomial
[D](s). A simple way to this analysis consists in directly applying the algebraic Routh-Hurwitz
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criteria to [D](s) [172} 216]. In order to introduce a robustness on the stability, the previous
result was extended to the d-stability of interval systems [172]. On the other hand, the stability
from the Kharitonov theorem [210] is summarized as follows.

Theorem D.4.1. Consider the interval system [G](s, [al, [b]) = g]]éz[[% defined in Fq. (D.15).

All point systems in this interval system is stable iif the four vertex polynomials of [D](s, |a])

and given in Eq. are Hurwitz.

Proof. see [210]. O

The above Kharitonov theorem is based in a fact that the interval parameters are inde-
pendent. When these parameters are dependent, the theorem becomes conservative and the
condition is only sufficient. Different works [226/228| have been carried out to generalize

the Kharitonov theorem. Finally, the Lyapunov stability was extended to interval systems in
[223].

D.4.4 H_-norm of interval systems

Theorem D.4.2. Consider the interval system [G](s, [a], [b]) defined in Eq. (D.17]). The Huo-

norm of [G] is the mazimal among the Ho-norm of the sizteen vertez, i.e.:

1[Gl = max [|[GO|

1=1—16 oo

Proof. see [223} 224]. O

When the interval system [G] is weighted by a function W(s) which is a point, it is not
advised to compute the multiplication WG] first and compute the Ho,-norm of the resulting
interval plant afterwards. Indeed, developping the multiplication of the intervals polynomials
produces a multi-occurance of the parameters and therefore a surestimation of the resulting
intervals. Thus, the Hoo-norm of WG] is defined as follows:

IW (Gl = max |WG®
i=1—16

(D.19)

oo

In [225], the Hoo-norm of the sensitivity function of an interval system [G](s, [a], [b]) is
proposed. The sensitivity of [G] is defined by [S] = ﬁ[G} = %, where [N] and [D] are the
numerator and denominator defined in Eq. . It has been then demonstrated that the
sensitivity [S] has only twelve vertex instead of sixteen vertex and thus its Hs-norm is the

maximal among the twelve norms:

= max HS(”
i=1—12

(D.20)

o

il = | .
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Appendix E

Approximation schemes for nonlinear
dynamical systems

Contents
[E.1 Hammerstein-Wiener schemel 171
.2 Hammerstein schemel 172
.3  Wiener scheme 172

Consider the nonlinear and dynamical system pictured in Fig. with driving input u
and output y.

nonlinear
u—> and dynamical —y>
system

Figure E.1: A nonlinear system.

E.1 Hammerstein-Wiener scheme

It is often possible to approximate or decompose the nonlinear and dynamical system pictured
in Fig. by several elements. For the equivalent Hammerstein-Wiener decomposition is a
composition of a linear dynamics and two static nonlinearities at the input and at the output
[348} [349]. This is figured in Fig. [E.2]
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U input

nonlinearity
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linear
dynamics

Vg
—

output
nonlinearity

Figure E.2: The Hammerstein-Wiener scheme.

The input nonlinearity generally represents the nonlinear behavior found in the actuators
and the output nonlinearity for that in the sensors or in the plant. The Hammerstein-Wiener
scheme has a wide range of applications to approximate nonlinear and dynamical systems. The
approximation is often easier to handle than dynamic nonlinearities. The Hammerstein-Wiener
scheme has two particular cases: the Hammerstein scheme and the Wiener scheme.

E.2 Hammerstein scheme

In the Hammerstein scheme, the nonlinearities are assumed to be only at the input as depicted
in Fig. It is widely employed in actuated systems, in particular to represent systems with

hysteresis. This is from the well known Hammerstein theorem.

input

nonlinearity

U
—>

linear Y

dynamics

Figure E.3: The Hammerstein scheme.

E.3 Wiener scheme

In the Wiener scheme, the nonlinearities are assumed to be only at the output, see Fig.

linear

. >
dynamics

Vo output
nonlinearity

Figure I£.4: The Wiener scheme.
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