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Abstract

In this paper, modeling and control strategies for a new observability-optimized piezoelectric microactuator are pre-
sented. The targeted applications concern mainly the design of microgripper for micromanipulation tasks. The device
has been designed using a topological optimization method, which takes into account the optimal full integration
of piezoelectric actuating and sensing elements within the device. It is achieved in link with modal controllability
and observability considerations. The vibrational modes that govern the tip deflection of the monolithic compliant
structure are proved to be fully observable by the integrated sensing area of the device. The proposed control strategy
permits to simply reconstruct the deflection using electric charges measurement and modal state observer. Finally, the
vibrations naturally induced by the flexible structure are successfully damped using robust and low order controller.

Keywords: Flexible structure, piezoelectric microactuator, vibration control, topological optimization.

1. Introduction

Micromanipulation tasks use mostly microgripper devices based on compliant mechanisms. These ones are mono-
lithic flexible structures that transmit a motion under elastic strain. Compliant mechanisms present many advantages
at the small scale: simplified manufacturing, reduced assembly costs, reduced noise, no wear, no backlash, high pre-
cision, and ability to accommodate unconventional actuation schemes. One interesting type of smart material used
in microrobotic applications is the piezoceramic PZT. Piezoelectric actuation has become widespread in microma-
nipulation systems where high positioning accuracy is needed [!]|. Beyond their appealing properties in the sense
of micromechatronic design, an advantage of using piezoelectric material is its reversible electromechanical effect.
This explains its high potential use in the microrobotic field as actuators and/or sensors . The design of smart
microrobotic structures based on piezoelectric material, or more generally on active materials, is a non-intuitive task
because of their multifunctional requirements (Fig. 1). This task poses the problem of the physical integration of
actuators and sensors in the compliant mechanism (size, topology, ... ), as well as their optimal placements in the full
structure [4]. Indeed, these locations influence directly the performances that can be reached by the device, even if
feedback or feedforward control strategies are used

Many scientific works have already been done on the problem of optimally distributing piezoelectric actuating
and sensing elements within flexible structures. They deal mainly with active vibration control or minimization of
undesired spillover effects . In particular, topology optimization solves the problem of distributing reference
material in a design domain subjected to loading and support conditions. Although various topology optimization
methods have been applied to the design of piezoelectric devices , most of them consider the optimal distribution
of passive materials while predefining the locations of piezoelectric materials. Other works are focused on the optimal
design of coupling structures for piezoelectric actuator, considering maximum energy efficiency . But finally,
few studies deal with the optimal distribution of piezoelectric materials for the design of monolithic piezoelectric
actuator using topology optimization formulation and even less for piezoelectric sensor design . To our
knowledge, no topological method have been yet used for the topological optimization of monolithic piezoelectric
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Figure 1: Smart structure design.

devices with a fully integration of both actuation and sensor components. In addition, very few related works deal
with topological optimization method for actuator or sensor design including frequency response analysis

In these related works, the generally used objective functions are based on the maximization of either geometrical
advantage (stroke amplification), or mechanical advantage (force amplification), according to predefined harmonic
loadings. Optimization of these active compliant micromechanisms from the first design step will strongly improve
their performances if we take into account relevant criteria from the control field.

In previous works, a new compliant PZT monolithic microactuator was designed in simulation by authors ts
flexible structure has been simulated and optimized using a multidisciplinary topology optimization algorithm. The
software design method is based on a building block method and a genetic algorithm that optimize the passive, active
and sensitive areas of the flexible structures. In this paper, the device has been prototyped and its observer-based
controller is presented. In addition to purely mechanical criteria, innovative observability-based considerations are
taken into account in our design. This ensures the effectiveness of the control strategies presented in the following. It
relies on observability-based criteria which exploit the modal gramians properties of flexible structures . A special
attention has been paid on the optimal physical integration of the actuating and proprioceptive sensing areas within
the structure regarding dynamic performances. Indeed, the tip displacement ¢ to be controlled have to be optimally
reconstructed from induced charges g measurements in the sensitive structure. Finally, the strategy we proposed in this
paper avoids the use of exteroceptive laser sensor normally required for accurate closed loop control of the deflection.

This paper is organized as follows. In section II, we briefly review the underlying idea of the observability-based
optimization strategy. It led to the specific design of the microactuator subsequently prototyped and presented in
section III. In section IV, the experimental vibrational dynamics governing the tip deflection and the electric charges
induced in the prototype are validated according to the optimization specifications. In section V, nonlinear phenomena
are considered from the perspective of control design. We construct the complete electromechanical model of the tip
deflection ¢ and the electric charges ¢ as a function of the input control voltage u. The hysteresis phenomenon in
deflection is compensated using a Prandl-Ishlinskii (PI) technique and a damping cascaded controller is implemented.
Finally, a modal state observer is adopted to reconstruct the dynamics of the tip deflection from the proprioceptive
sensor. The control of the reconstructed tip deflection is experimentally performed.

2. Strategy for observability-based design of flexible structures

In this section, observability issues are considered together with the multiobjective optimization procedure.

2.1. Observability issues

The design of active structures with both integrated actuation and sensor capabilities is a non-intuitive task and
the designer is faced with two main issues:



1. A reduced model of the structure has to be synthesized, which must include the few dominant low-frequency
modes, without rejecting the residual modes that can destabilize the system (i.e. high roll-off after the dominant
modes). Resonance peaks amplitudes must be maximized in the frequencies bandwidth to increase author-
ity control on the dominant modes of the deflection transfer function 6/u. On the contrary, the amplitudes of
resonance peaks after cut-off frequency must be minimized to increase gain margin and to limit modes destabi-
lization in this area (spillover phenomenon).

2. If all dominant modes are not well observed by the sensing area of the flexible structure, the reconstruction of
the deflection 6 will not be guaranteed in an optimal way by the observer.

Hence, the authors propose in a new numerical criterion, referred as J*" in the following, to meet these
two issues: the first problem disappears when the pseudo-optimal structure is forced to have k first dominant modes
in the 6 /u control transfer function G, (s) with s the complex variable of the Laplace domain (see Fig. 2). The second
problem is overcame if we guarantee a high-level of observability of these dominant modes by means of the electric
charges in the observation ¢g/u transfer function G,;(s). This new criterion is applied to the optimal design of a new
microactuator device, and this is the core of this paper.

High peaks for improved control authority
Amplitudes (dB) on first k=2 modes
1810l = Gl i 1
. A

Ratio > thv
e v

l Low peaks
e

Frequency
High peaks for improved observability
[9/u] = |Gyl on first k=2 modes
Frequency

W wy
Figure 2: Example of desired forms for the control G, and observation G, transfer functions.

With thy a threshold value specified by the designer, the optimization procedure ensures that the k first modes
dominate by at least thv times the residual modes (as seen in Fig. 2). In other words, when satisfying this criterion,
we privilege the modes where good observability of 6/q operator coincides with its dominant modes.

2.2. Optimization methodology for integrated piezoelectric device

The above criteria were used with a multidisciplinary topology optimization procedure. Reader can find detailed
descriptions of the building block optimization tool in

This optimization tool is based on a multiobjective genetic algorithm approach, which searches the optimal dis-
tribution of available building blocks. The resulting structure is thus an assembly of elementary passive, active or
sensitive compliant blocks chosen from a library. Some blocks can act as pure mechanical stiffness, whereas others
integrate actuation or sensing functions. The optimization problem not only takes into account the topological specifi-
cations, but also an optimal set of boundary conditions (fixed frame location, contacts, end-effectors, etc), dimensions
and materials, depending on some optimization criteria selected by the designer.

The library of building blocks is composed of 36 building block elements, made of beams assembly. They are
sufficient to build a high variety of topologies. Moreover, the block feasibility related to fabrication process constraints
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can also be taken into account during the problem specification. The blocks present some various topologies. Their
advantage is that they can furnish multiple coupled DoFs, thus generating more complex movements with only one
building block than a method which would have consisted in optimizing directly the location of the elementary beams
of the truss-like structure. Thus, the function of the building blocks method is to save computational time during
the optimization process by reducing complexity of the combinatorial of the problem. It should also be noted that
calculation of the different matrices of each valued block is done one time only at the beginning of the optimal design
problem (before running the genetic algorithm), which saves running time.

From the static point of view and for an applied external voltage u, the whole topology of the flexible structure
is designed to maximize both the steady-state tip deflection ¢ and the electric charges g on the sensing parts. In
addition to these pure mechanical criteria, we consider the J*™ criterion with k = 2 and thv = 3 for the pseudo-
optimal design of the microactuator structure presented in this paper. This criterion enables to shape the open-loop
frequency responses of both the controlled deflection §/u transfer operator and observed electric charges ¢/u transfer
operator as described previously. From the topological point of view, this results in an appropriate placement of the
actuating and sensing areas. Used together in a multiobjective optimization procedure, these three criteria can fully
and pseudo-optimally integrate the actuation and sensor functions into the structure.

3. Presentation of the observability-optimized piezoelectric prototype

The pseudo-optimal prototyped microactuator is presented in the following. The proposed control strategy is also
introduced.

3.1. Overview of the microactuator prototype

The monolithic micromechatronic prototype results from an assembly of PZT beams (Fig. 3). Either passive,
active or sensitive beams inside a block-like mesh constitutes the compliant structure. It is assumed to undergo
structural planar strain, mainly due to in-plan flexion. The structure topology has a maximal size of 15 mm X 18 mm,
and a constant thickness of 200 ym.

5mm 00—

& Tip displacement to be controlled

Electrodes dedicated to the
measurement of electric charges ¢

Electrodes dedicated to the application
of the control voltage U

PZT material without electrodes
(passive mechanical structure)

]
]

Area to be clamped

U(t) Control voltage
q(t) Measured electric charges

Figure 3: 3D CAD of the left-finger PZT microactuator with integrated sensing capabilities.

Our approach consists in integrating a voltage driven actuator and a charge measuring device for sensing. Even
if other arrangements are also possible (e.g. charge driven actuation ), ours has been widely used in the control
of flexible structures and seems to be the most straightforward way to take into account actuation and sensing in our
optimized Finite Element modeling. Indeed, such a configuration enables the structural mechanical dynamics of each
structure to be easily computed on-line, avoiding modification of mechanical poles locations due to specific charge
driven considerations. Regarding the actuated beams, longitudinal strain is generated under the transverse electric
field along the thickness, thus exploiting the transverse effect of piezoelectricity. Regarding the sensitive beams, they
exploit the piezoelectric effect to generate electric charges when submitted to the strain field of the actuated flexible

4



structure. An electronic charge-voltage converter is then used to extract the electric charges from the sensing areas. If
ideal operating mode of this electronic converter is supposed, upper and lower electrodes of the sensing piezoelectric
beams are assumed short-circuited. As a consequence, the sensing piezoelectric beams are only linked to the local
strain of the microactuator.

The monolithic structure can be considered as the actuator of a left-arm gripper and is made of a single piezo-
electric material PIC151 from PI Piezo Ceramic Technology. This device includes either passive, active or sensitive
blocks inside a 2 X 3 mesh [16]. In the optimization procedure, the number of active (resp. sensitive) blocks in the
structure could vary between 1 and 4. They are optimally chosen in the compliant building block library. When
external voltages are applied to the blocks electrodes, the output node (tip of the structure) has to move along the
x-axis. The size ratio of the blocks can vary between 1 and 2. The boundary conditions of possibly fixed nodes are
exclusively devoted to the parts that are reported in the bottom line of the structure. When the genetic algorithm does
not find any new pseudo-optimum during 200 subsequent generations (stagnation criteria), the best compromises are
kept and can be found on Pareto fronts. The population size is fixed to 100 solutions, with a mutant proportion in
the population of 60% and probability of genes mutation of 40%. Considering mutation process within the iterative
algorithm enables to avoid locally pseudo-optimal solutions.

The whole prototyped device is laser-cut from a monolithic PIC151 piezoelectric plate with electrodes on upper
and lower faces (Fig. 4).

Electrode pattern for
the actuation part /.

Electrode pattern
for the sensing
part

Figure 4: Machined piezoelectric device, clamping system and electrode patterns for the actuating and sensing areas.

Actuation and sensor functions are wired separately by two independent optimized electrodes paths. When ex-
ternal voltages are applied to the actuation electrodes (100 V), the whole structure deforms to produce a motion of
the output node of the structure (finger tip of the microgripper) § along the x-axis (max +7um), while the sensitive
electrodes generate electric charges proportional to the strain field within the structure (max 1.9 x 107 C).

From a computational point of view, optimization criteria take advantage of the dynamic finite elements formula-
tion of the flexible structure. This is rewritten as a finite-dimensional linear system :

Mij + Kn = Eu
yco=6=F77 (1)
Yob =q =Ln

The foregoing second-order differential matrix equations represent the undamped dynamic behavior of the system,
where M and K are the structure’s mass and stiffness matrices. These matrices are obtained from the finite element
formulation by the assembly of the matrices of all the beams constituting the structure. Let us consider the integer
p as the number of DoFs of the structure, 7 is then the p X 1 nodal displacement vector and u is the input vector
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(control applied voltage on the device). The input matrix E reflects the location of the actuated DoFs, while y,, is the
controlled output representing the tip displacement ¢ of our microgripper. The output displacement matrix F reflects
therefore the node position of the output y., among all the p nodes of the truss-like structure. The third equation in
(1) computes the electric charges of all the sensing beams, while the output matrix L points out the placement of the
piezoelectric sensing beams within the structure. In this model, it is important to emphasize that the controlled output
variable y,, is not directly observed, as compared with related works where y,, = y.,, and where the controlled tip of
the piezocantilever have to be directly measured with an exteroceptive position sensor.

3.2. Observation strategy

To highlight the advantage of the proposed observation strategy, the physical coordinate base expansion (1) is
firstly transformed into the modal base to emphasize the flexible modes contribution. The harmonic solutions of the
first equation in (1) give the eigenvectors matrix ¥ and natural frequencies w,, of the system :

i + diag(2&w,,)z + diag(w; )z = ¥'Eu
Yeo = 0=F¥z (2)
Yob = q =LYz

z is the px 1 modal displacement vector, and &; is the /" modal damping ratio introduced using Basil’s hypothesis. One
interesting 2p X 1 state vector X typically used for flexible structures uses modal velocities and frequency-weighted
modal displacements ] ) '
X = ( 21 Wy - Zp WeZp ) 3)
Since controlled and observed output vectors are not the same, the modal state-space representation can be written as
follows:

x = Ax + Bu,
Yeo = CeoX, 4)
Yob = Copx.

It gives two matrices triplets (A, B, C.,) and (A, B, C,p), one for the control and one for the observation state space
models. The matrices take the forms A = diag(Ay,...Ap), B = (B’,...Bi,)’, Ceo = (Ceoys - Ceop), and Copp =
(Coby>» - - - Cobp), with, fori =1, ..., p,

_ _2§i n; —Wp;
&-[ wf o } 5)
&=[%] ©
Coo =0 3] ™)
Ca=[0 2] ®

where b , C¢o,, and cp, are the i" components of W'E, F¥ and LW respectively. The matrix A depends on structural

parameters (mass, stiffness and damping ratio), whereas matrix B depends only on the location of actuated DOF,
matrix Ce, on the location of desired displacement output, and matrix C,p on the location of integrated piezoelectric
sensors. With these notations, the targeted open-loop 6/u and g/u transfer functions that were presented previously
on Fig. 2 are expressed as follows:

Geo(5) = Ceo (ST -A)"' B ®

Gop(s) = Cop (sSI-A)"'B (10)

Based on the dominant modes considerations for the tip deflection, state observer can be tuned easily to estimate
the tip deflection dynamics (Fig. 5).



Controlled
output

Observed
output

Y=At+Bu+K, (¢-C,%)

Modal state-space observer

Figure 5: Diagram for the observer-based control of the compliant microactuator with integrated piezoelectric actuator and sensor (K, denotes the
state observer matrix).

4. Identification of the vibrational dynamics and interests of observation criterion for proprioceptive measure-
ment

In this section, the model is identified experimentally and compared with the linear vibrational dynamics of the
transfer functions G,(s) and G, (s). An analysis is conducted regarding the J*"" criterion.

4.1. Experimental setup

The microsystem prototype is clamped, and fixed on a x-y-z manual micropositioning linear stage. As piezoelectric
actuators require high voltage to provide micrometric deflection, the device is supplied by a linear power amplifier,
with an x50 amplification ratio (see Fig. 6).

Tip displacement

- T
e Lasor
§ W*\/
8 \
L\ - Charge-voltage
2 = v—\<’\
2 / X rt
?, \/\\ “ comrﬂlenh er

Voltage amplifier

Anti-aliasing filters

Figure 6: Schematics of the experimental setup.

The device is computer-controlled with a PC embedding a Matlab-Simulink software and a NI Labview PXI
board. Output displacement of the tip is measured along the x-axis using a 0.01um-resolution Keyence laser sensor
(see Fig. 4). In addition, an electronic charge-voltage converter is used to measure the electric charges from the
sensing areas. The analog outputs of laser sensor and charge amplifiers are connected to a 4”-order low-pass anti-
aliasing filter. Double Sallen-Key electronic circuits are tuned to provide more than 75dB attenuation at f,/2 = 10kHz
Shannon frequency (f, = 20 kHz is the sampling frequency). These devices filter high frequency components to avoid
aliasing problems or unmodeled high-frequency noise dynamics.

The measurement of the tip deflection will be firstly performed using exteroceptive displacement sensor (laser
sensor). It will enable us to characterize the electromechanical model of the tip deflection as a function of the input
control voltage. Then, taking advantage of the proposed observability-based criterion, we will adopt a control scheme
with a modal state observer based on proprioceptive sensing property of our pseudo-optimally-design device. The
observer-based control strategy will exploit the electric charge measurement to efficiently reconstruct the tip deflec-
tion. Exteroceptive laser sensor will no longer be required for controlling our pseudo-optimally-design device.
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4.2. Characterization of the deflection transfer operator

The piezoelectric model of the device is written, considering that the applied voltage on the upper and lower
electrodes of the microactuator is the input of the system. The piezoelectric behavior is considered firstly as linear
although, in a general way, the deflection is non-linearly linked to external applied voltage u. Non-linear effect are
mainly due to hysteresis effects and creep phenomena . In this section, specifically dedicated to the vibrational dy-
namics, the nonlinearities are not taken into account, because some specific experimental precautions were considered
for this purpose (nonlinear phenomena will be studied in the following sections):

e To isolate the response due to the induced vibrations from the creep phenomenon, relatively high-frequency
inputs are used. The next section will prove that the transient part of piezoelectric microactuators response is
shorter than 300 ms whereas the creep settling time is longer than 180 s.

e Hysteresis effects could be disregarded if the voltage amplitudes are kept small

A low-amplitude sine voltage input u of increasing frequency is applied to the piezoactuator, where the vibrational
dynamics are recorded experimentally. The tip deflection is also recorded during this experiment using the laser
sensor. Bode diagram and the corresponding transfer functions were directly identified in frequency domain using a
spectrum analyzer device (HP3562A). As expected by our pseudo-optimal design, the first two resonant modes are
dominant among the higher frequencies residual modes (Fig. 7). The first point of interest of the criterion J>3 for the
design is then validated. A reduced model of G,,(s), considering only these two dominant modes, can therefore be
identified confidently. We consider a truncated second-order modal transfer expansion of G, (s) of the form:

2
kc» Nco
S M) an
T+ ts+ L2 DG
Damping ratios &, = 2.0% and & = 2.5% are estimated from the frequency response using the measured quality

factor at —3 dB: Qi‘3d5' ~ % Natural pulsations w,, and w,,, calculated from the measured resonance frequencies are
reported in Table 1.

Table 1: Natural pulsations of G,(s) transfer function.

Natural frequency wy, (Hz)  wy,(Hz)
Theoretical simulation values | 2239.9 3800.1
Experimental values 21804 35173
Relative errors 2.66% 7.44%

Static gains k., and k., are estimated to give both the correct frequency value for the first antiresonance (which
occurs between the two resonances) and the right static gain of the whole system. This identification procedure gives
the following transfer polynomials:

Neo(s) =2.311x 1075% +2.22 x 107%5s + 0.08
D(s) =8.837 x 10718s* + 1.553 x 107145°+ (12)
6.802 x 105> +4.934 x 1005 + 1.

The identified response model is compared with experimental responses in frequency (Fig. 7) and time (Fig. 8) do-
mains.

4.3. Characterization of the electric charge transfer operator

4.3.1. Experimental setup for electric charge measurement

To estimate the electric charges on the sensing electrodes pattern, the measurement electronic device is based on
an operational amplifier in a current integrator operating mode (Fig. 9). This electronic setup uses a resistor R, in
parallel to a feedback capacitance C. The contribution of this resistance is to discharge the capacitance C, to avoid
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saturation effects at low frequencies, and to ensure an appropriate working of the electric charges integration. The

measured output voltage V(s) = L(v,(f)) is related to the electric charges Q(s) = L(g(¢)) in frequency domain as
follows:

1 s
Vi (s) = Lvy(0) = ol Q). (13)
s+ RC
Piezoelectric microsystem
W v A R
LA H
?7 QVS i=dq/dt &

perational
=0

amplifier T
+
f Vs

Figure 9: Electronic charge-voltage converter used in the measurement of the electric charges g(t).

[ Electrodes dedicated to
the measurement of
the electric charges q(t)

The operational amplifier is a micropower precision amplifier (National Semiconductor Corporation LF412ACN),
which is characterized by a very low voltage drift with respect to the temperature (max. +0.4 u V/° C) and a low
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offset voltage (max. £150 V). Its qualities in terms of stability and accuracy as well as its high bandwidth (130 kHz)
makes it suitable for measuring nano Coulomb electric charges. The C feedback capacity is chosen equal to 2.2nF, a
value close to the experimental capacity of the proprioceptive sensing area of the structure. The value of the resistor
R, = 10 MQ must be large enough so as not to disrupt the integration function of the circuit. Along with this request,
it cannot be too large so as to avoid the discharge current to pass through it. The choice also depends on the cut-off
frequency of the system, which should stay low to avoid the filtering of low frequency components.

4.3.2. Characterization of the electric charge transfer operator

The experimental procedure used for the identification of the dynamic behavior of the piezoelectric sensing area is
similar to the previous one. A voltage is applied to the actuation area of the structure, while the output of the electronic
charge measurement device is recorded. To avoid nonlinear phenomena, the same experimental cautions are taken
during this experiment. The modal observability of the first two dominant modes is significant in the charge transfer
function Q (s) /U (s) (Fig. 10). The roll-off at higher frequencies is sufficient to consider a simple fourth-order model
as a reduced model for G, (s).

Magnitude (in dB)
i
|
\‘\
R\
g
Vi
/¢
i

=R
%,
3,

10° Frequency (in Hz)

o aee

P
)

-200|—e— Experimental data us
Identified frequential response w

Phase (in degrees)
f

-400
10’ 10°

3
Frequency (in Hz) 10 o

Figure 10: Experimental Bode diagram of the % transfer function (g in C and u in Volt) and corresponding identified transfer function.

4.3.3. Interests of the J*™ criteria for vibrational dynamics identification
Insights both on frequency and spatial aspects into the pseudo-optimal structure can be given.

e In the frequency domain, if the optimization criterion J** is satisfied, then the dominant resonance peaks are
clearly visible and occur at the same frequency for both deflection transfer function (i.e. modal controllability
authority) and charge transfer function (i.e. modal observability authority). This shows that including observ-
ability based criterion from the first designing steps results in very effective design where a correspondance
between the transfer functions is observed as seen in (Fig. 10). The experimental frequency response functions
respects also the specific pattern imposed by our criterion in (Fig. 2). The vibrational dynamics polynomial
D () for the electric charge transfer function can be chosen equal to that corresponding to the actuation transfer

function (11):
2

Z koi _Nob (S) (14)

1+ X5y L2 D(s)

i=1 Whi

ni

The computation of the static gains k,, and k,, are based on the identification of the zero (antiresonance) of the
experimental charge transfer function and static gain, to give :

Nop(s) = —=1.407 x 107'1s* — 1.506 x 10785 — 0.007 (15)

The identified response model of the charge frequency response function matches the experimental frequency
(Fig. 11) and time (Fig. 12) responses well.

e Regarding modal spatial shapes associated with w,, and w,,, significant modal strain of the actuation area
of the structure implies an important modal displacement of the output (i.e. high peaks amplitudes in the %
frequency response function) on one hand, and an important strain of the sensing piezoelectric beams (high
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resonance peaks in the electric charge % frequency response function) on the other hand (Fig. 13). Thus, such
modal configuration explains why dominant resonant modes for deflection are well observed by electric charge
measurement within the structure.

4.4. Linear modal state-space representation

Good observability of the dominant modes obtained through the criterion J*" leads to vibrational dynamics
D (s) that are identical for both charge and deflection transfer functions in the frequency range of interest. These
structural properties are of major importance to reconstruct the output displacement. From the identified frequency
responses, the vibrational behavior of the whole structure can be reduced to their two dominant flexible modes, each
one considered as a second-order transfer function. We recover the modal displacement in the Laplace domain as
follows :

1
i=—5———> =12 (16)
sz + 20 4]

t
where the index i represents the i-th flexible mode. According to (3), the state vector x = ( 2l Wl 2 Wpl2 )
is chosen. It leads to the following state space representation of the system for both the deflection and electric charge
responses:

X = Ax +Bu
Yeo =0 = CeoX 17)
Yob = g = CopX
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Figure 13: Mode shape plots of the pseudo-optimal structure associated with w,, on the left and w,, on the right. (Actuation and sensing parts
within the structure are reported in Fig. 3.)
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5. Control of the tip deflection

In previous section, the measurement of the tip deflection was performed using exteroceptive displacement sensor
(laser sensor). A reduced electromechanical model of the tip deflection ¢ as a function of the input control voltage
u was experimentally identified. As these works consider only linear effects of piezoelectricity, the corresponding
dynamical models have to be completed to consider nonlinear phenomena in a control-oriented perspective. The hys-
teresis phenomenon in deflection will be identified and then compensated in this section. A cascaded High Authority
Control (HAC) / Low Authority Control (LAC) controller with damping feature will also be proposed and synthesized.
Finally, this full control scheme will be implemented to ensure the performances required in micromanipulation tasks.

In the following subsection, we take advantage of the proposed observability-based criteria J&™ to complete the
control scheme with an observer. The relationship between the total electric charge ¢ and the control voltage u is
investigated. Finally, the estimated tip deflection & can be reconstructed efficiently through a modal state observer.
This one exploits the proprioceptive sensing property of our pseudo-optimally-design device.

5.1. Control using exteroceptive laser sensor measurement

5.1.1. Nonlinear phenomena analysis
The deflection is non-linearly linked to applied voltage u through the hysteresis effect and the creep phenomena
in a decoupled way. Hysteretical behavior depends on the past and present values of u but also on its frequency

1. The creep phenomenon is the drift of the deflection observed after the transient part, when a step voltage is
applied to the piezoelectric actuator. It can be considered as an additional behavior occurring when the steady-
state is reached, so that it is often modeled as a simple delayed transfer operator . Experimental results

12



show that the transient part of the piezoelectric microactuator is shorter than 300 ms whereas the creep settling
time is longer than 180 s. As a consequence, the creep will be considered as a disturbance that must be rejected
by the controller

. A =80V sine voltage input is applied to the system, and the free displacement output ¢ at the tip of the device is
recorded.Experimental results of the Fig. 14 show the phase shift and the shape variation due to the mechanical
linear vibrational dynamics G, (s) . The experimental static linear deflection is closed to the value predicted
by this method (static gain k; = N, (s = 0) = 0.08um/V).

T T T T
e Approximated static linear gain kg

—500Hz

Deflection (in um)

Tension (V)
Figure 14: Measured deflection hysteresis of the piezoelectric actuator for various frequency voltage inputs.

According to , we propose to model hysteresis phenomena with a static hysteresis operator H, («) of a con-
stant shape in series with a linear dynamical operator with an unitary static gain (Fig. 15). Indeed, it was already
shown by authors in that the linear vibrational characteristics of the transient response is independent of
the amplitude of the voltage. Thus, in the following, the transient part will be assumed to be the normalized G,

transfer function (i.e. with an unitary static gain).

u dynamic 5
” hysteresis »
@)
u static O . )
——" hysteresis H(U) »| transientpart |—
(b)

Figure 15: Dynamic hysteresis equivalence.

5.1.2. Hysteresis compensation using the Prandtl-Ishlinskii (PI) static hysteresis model

To perform the linearization, the inverse static model H;' (u) is put in cascade with the system (Fig. 16). The

Prandtl-Ishlinskii (PI) model has been chosen due to its simplicity and accuracy . This one is based on the
superposition of several elementary backlash operators characterized by their threshold r and weighting coefficient A.
Let H,, [u, d;0(#)] be the i-th backlash operator characterized by its threshold r; and initial state ;9. The static deflection
o, is given by the following equation according to PI operator:

6 =T(u) = [h) . [H,, [u,6n,] @], (19)

where H,,, [u, 0y, (t) = [H,, [u,S0,] t) ... H,, [u,6,,] ()] is the (n + 1) vector of backlash operators and [A] = [hg...h,]’
is the weighting factor.
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Figure 16: Scheme of the hysteresis compensation.

The computation of the inverse PI model is another static PI hysteresis, considering that the deflection is the input
and the voltage is the output. Based on the same principle as the direct PI model, the new thresholds r;, and weighting
elements h, are given as follows :

i
r;:Zhj(ri_rj>’ i=(),...,n (20)
j=0
and
-1
h = — 21
0= @1
—h; .
W, = i —— , i=l....n (22)
(h() + Z ]’lj)(ho + Z hj)
J=1 =1

The PI model has been identified with 18 backlash operators, considering a 80V sine voltage applied to the
piezoelectric device. The output tip displacement ¢ is directly measured from the laser sensor. A 0.5 Hz low frequency,
far below the resonant frequencies, has been selected for experiments to avoid the dynamic effects on the hysteresis
shape. Following the identification procedure (Fig. 17), the inverse model is implemented in the controller and shows
a good effectiveness in the compensation of the hysteresis (Fig. 18).

IS >

Y

[

Detlection (in um)
°

&

&

20 o 20
Voltage (in V)

Figure 17: Identification of the static experimental hysteresis.

5.1.3. A HAC/LAC damping strategy for in-plane motion control

This approach combines two different loops as shown on Fig. 19: the active damping regulator H; (LAC) reduces
the settling time of transient response, while a (HAC) compensator H;, achieves integral action at low frequency and
significant modifications to the open-loop system poles. The HAC controller deals with the trade-off between the
conflicting requirements of performances-robustness-stability. The outer loop of the compensator is designed on the
damped structure.

If we consider that the two first vibrational modes are dominant, i.e. reduced identified model can efficiently
approximate the full model, a very simple LAC controller can be designed. This one provides good intrinsic stability
properties for such king of systems. Considering the trajectory of the closed-loop system poles in the complex plane,
the use of a pure gain H; (s) = g = 7 as a feedback H, controller is chosen to decrease the influence of the first resonant
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Figure 18: Experimental results of hysteresis linearization in quasi-static (before PI compensation - maximum hysteresis of 31% and after PI
compensation - maximum hysteresis of 3%) and low-frequency sine input trajectory reference tracking ().
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Figure 19: Scheme control of the cascaded HAC/LAC loops.

mode of the compensated system (Fig. 20). This gain value is chosen based on simulation analysis through the root

locus of the system.

—— Open-oop system
Closectioop system with LAG controler

10"
Frequency (kHz)

Figure 20: Bode diagrams in magnitude of the open-loop transfer 6(s)/u(s) and pre-compensated closed-loop transfer with H; (s).

To increase the gain at low frequency, the HAC compensator includes a simple integral action, to eliminate the
static error and to reject disturbance. At high-frequency, it provides sensor noise rejection and stability robustness.
A simple multiplicative term has been added to the integrator Hy, (s) = kg, /s to increase the bandwidth of the pre-

compensated loop transfer up to 220 rad/s.
Hi(5)Geo
L(5)Geo (5) 23)
1+ Hl (S) GL'() (S)

The resulting regulator provides interesting gain and phase margins, M, = 23 dB and M, = 82 deg at wp = 256 rad/s
15
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respectively. Steps were experimentally applied to the device to validate the performances of the whole HAC/LAC
controller along with the P.I. compensator, providing a settling time of #s¢, = 12.5 ms (Fig. 21). Let us note that the
bandwidth that is reached by our low-order control scheme is compatible with micromanipulation tasks requirements
and similar to bandwidth of other control schemes
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Figure 21: Experimental step response to a 2.8um-amplitude reference for the HAC/LAC compensated system.

5.2. Control using proprioceptive electric charge observation

In this section, we present the design of a position observer that take into account the benefits obtained by the
observability-based criteria J** during the design of the system. This observer permits to efficiently reconstruct the
tip deflection estimate & through a modal state observer based on the proprioceptive sensor (Fig. 5). The algorithm
uses a modal observer to reconstruct the linear dynamics of the tip deflection. This one is completed with additional
features to take into account nonlinearities that may occur in the piezoelectric induction of electric charges.

5.2.1. Observer poles placement
To observe the linear dynamics of G,,(s), a Luenberger state observer, is implemented as:
x=A%+Bu+K -9
{ X ; i ob YVob = Yob) (24)
Yob = 4 = CopX

The observer gains of the (4 X 1) vector K, are chosen such that the prediction error € = x — X vanishes according to
e = (A - KobC(,b) €.

Robustness analysis of the whole observer-based control scheme is performed. The HAC/LAC control action is
expressed in the Laplace domain as follows:

u(s) = Hp(s)(6,—0)—H;(5)6 (25)
According to previous section, H; (s) = g and Hy (s) = kg, /s and thus:
k k
u(s) = =6, - (g + %) Cot (26)
The open-loop system including modal state observer and controller is then deduced from (24) and (26) as:
Lop (5) = Gop (5) K (5) 27
where
-1
kHL kHL
u(s) =K(s)yop () =—|g+ e CeoKob [ 5T — A + KopCop + [ g + e BCeo| Yob (s) (28)

The four gains of the K}, vector are computed following a root-clustering procedure, with an observation dynamics
four times faster than the control dynamics. In addition, observation poles are chosen real to avoid oscillations. The
resulting regulator provides interesting gain and phase margins, M, = 26 dB and M, = 77 deg respectively.
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5.2.2. Non-linearities modeling and compensation

Electric charges modeling is a linear function of the mechanical strain in piezoelectric materials . Nevertheless
and as it was previously shown, there is an hysteretical behavior between applied voltage and the actuated beams strain.
But this non-linearity affects also sensing parts strain, because actuation deforms the whole structure, and therefore
affects the strain of the sensing parts. The hysteresis non-linearity between applied voltages and controlled output
Yeo = 0 was efficiently corrected with the help of PI operator H;!. Nevertheless, as measured output y,, = ¢ are not
controlled output y., = 9, this compensation is not able to linearize the transfer between the observed output y,, and
the input applied voltage u (Fig. 22).
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Figure 22: Measured charge hysteresis of the sensitive area of the system for various frequency voltage inputs.
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Figure 23: Complete observation/control scheme based on proprioceptive measurement.

The non-linearity compensation of ¢/u transfer operator have to be done in a second step after the reconstruction of
the output y,, = & as 4. A curve fitting technique is used to linearize the steady-state hysteresis phenomenon that affect
the charge induction. This compensation algorithm permits a fast and efficient corrective action (Fig. 23). The modal
state observer estimates the linear contribution of the & deflection through the K,,, matrix. It captures the transient part
of the deflection. The observer output 4 is then corrected by the curve fitting technique into a new deflection & which is
send to the controller. A characterization process that maps 6 into 6. was achieved off-line, considering all the various
signals combination of variable amplitudes, with a 0.2 um resolution compatible with the manipulation requirements.
The values of the steady-state deflection 6Ac (measured with exteroceptive laser sensor) and the estimated deflection 5
(estimated with the Luenberger observer) are collected and compared for each set point stage, and classified in rising

and falling edges. Each ratio r;; = (:4 is calculated and stored into a table for interpolation. It depends on the index

i of the considered stage set point, and the index j on whether the current reference is rising or falling (equal to 1 or
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2). Then, in operating mode, the corrected ¢, deflection is computed on-line according to (ASC,.J, =7 jSi ;. Experimental
results of the full observation process, i.e. linear state observer and compensation, shows the effectiveness of the
proposed method to reconstruct the tip deflection: the vibrational dynamic is well captured and the static nonlinear

effect is well compensated (as can be shown on Fig. 24).
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Figure 24: Step responses of the deflection for different operating voltages.

5.2.3. Experimental results of the deflection control using proprioceptive observation

The whole control system depicted on the Fig. 23 was tested with a step position reference signal. The response
of the experimental system does not exhibit any overshoots, and the response time is approximately ts¢, = 13 ms.
Furthermore, the use of an observer tends to filter the measurement noise phenomenon which appears when the
exteroceptive laser sensor is used (Fig. 25). Using proprioceptive information seems therefore very attractive for the
end-effector control. To emphasize the effectiveness of this observer/controller architecture, reference steps of various
amplitudes were experimentally applied to the device. For each of theses reference signals, the tracking performances
are validated without overshoot and the deflection hysteresis is also well compensated (Fig. 25).

3

VTP T A 2f peasiesmesstasdacssannin,

Aoda g

laser measurement
— — controlled deflection {
reference

Deflection (um)
Deflection (um)

—— laser measurement
—— controlled deflection

05

0015 002 0025 003 0035 004 0.045
Time (in s)

A . A A N n N N N
0 0005 001 0015 002 0025 003 0035 004 0045 0.05
Time (in s)

0.005 0.01

Figure 25: Experimental step response (on the left) and tracking response (on the right) for the HAC/LAC system including observer and non-linear
compensation (Fig. 23).
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6. Discussions and conclusions

In the micromechatronic field, designers of integrated systems are faced with complex multi-objective design
problems. The strategy proposed in this paper led to the design of a compliant microactuator that optimally inte-
grates actuating and sensing areas in monolithic structures. We took advantage of versatile criteria to synthesize high
performance microrobotic flexible mechanism designs. In addition to classical mechanical criteria currently encoun-
tered in topology optimization (i.e. force and displacement maximization), it is of great interest to consider efficient
observability-based criteria simultaneously. These criteria can fully and optimally integrate the actuation and sensor
capabilities into the structure, as regards to the performances achievable by the controller.

Considering dynamic effects from the first design steps is of a particular interest when dealing with flexible struc-
tures as it was demonstrated for the design of a piezoelectric microgripper. Indeed, taking advantage of our frequency-
based criterion, the dominant vibrational modes which govern the tip deflection of the device are now fully observable
from the integrated sensing area of the device. From a topological point of view, considering observability-based
criteria to shape the open-loop frequency response of both the controlled deflection and observed electric charges
gives an efficient and well designed full microrobotic device. In particular, this effectiveness allows an efficient and
confident observer-based reconstruction of the tip-deflection.

Regarding the reduced modal content of the deflection transfer function, a very simple HAC/LAC control ap-
proach can ensure good performance in tracking. Even if HAC/LAC methods are not new in control literature, this
paper is one of the few to show its power for flexible microactuators control. In comparison with classic robust control
approaches, this one is competitive in terms of robustness and performances. Based on the pseudo-optimal proprio-
ceptive sensing capabilities of our device, a simple modal observation process reconstructs efficiently the dynamics of
the deflection of the microactuator.

More complex charge integration techniques for low frequency signals could be considered in future works. In
particular, electronic circuitry based on analog-to-digital converter could be used to integrate and to numerically cap-
ture peak values of electric charge signal that is generated by the sensor when subjected to a static load. Measurement
accuracy could also be improved by utilizing feedback techniques to compensate for the signal loss due to charge

leakage.
The problem of high-pass filter created by capacitive source impedance of piezoelectric sensors can also be over-
come by using a low-frequency bypass technique . In this approach, the low-frequency component of the mea-

sured signal is replaced by an estimate based on the system input and an open-loop model. The actual output of the
piezoelectric sensor is complemented with an estimate at frequencies below the crossover frequency and do not add
dynamics to the control loop.

The optimal integration of piezoelectric actuation and sensor capabilities within the structure from both the me-
chanical and control-/observation- points of view illustrates the concept of smart adaptronic system. Natural perspec-
tive of these works are the possible integration of this control structure into system-on-chip.
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