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Abstract: This paper presents the characterization, modeling, and control of piezoelectric
actuators of a robotic system by considering the temperature effect. Besides the sensitivity to
temperature variation, quite often the behavior of piezoelectric actuators is negatively affected
by badly-damped vibrations and nonlinear phenomena such as strong hysteresis and creep.
An analysis of the sensitivity of piezoelectric actuators to temperature variations (thermo-
mechanical displacement) is first presented and the characterization results are discussed. The
effect of the temperature mainly on the hysteresis loops, the creep, and vibrations is presented.
Then, a temperature-dependent model of piezoelectric actuators is derived based on the study
and characterization results obtained. Finally, the model of piezoelectric actuators obtained
is used to design a robust RST (Regulation-Sensitivity-Tracking) controller to improve their
behavior and achieve a good quality of positioning tasks. Experimental validation is given to
demonstrate the efficacy of the presented modeling and control methods.
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1. INTRODUCTION

The past few decades have been witnessed by considerable
interest in the development of devices and technologies
for precise positioning. In particular, piezoelectric actu-
ators based devices are becoming increasingly important
and attractive in a wide range of precise positioning ap-
plications where very high accuracy and resolution are
required. Piezoelectric actuators applications mainly in-
clude hard disk drive [1], medical microrobots [2], dental
machines [3], diesel engine injectors [4], scanning probe
microscopes [5], microgripper [6], or robotic hands [7].
The wide range of piezoelectric actuators applications
is mainly due to their appealing properties such as: 1)
actuators do not have moving parts or exhibit friction;
2) high resolution because of their ability to provide
motion in the sub-nanometer range; 3) large actuating
force and high bandwidth; and 4) their relatively small
size and easy physical integration. Considering all the
aforementioned properties, we aim, within the French
ECOSYSPRO project, at developing a robotic hand based
on piezoelectric actuators capable of effectively manipu-
lating high end pieces of pottery in automated carving
and painting tasks. Such robotic hand, which is utilized
as an end-effector of a parallel Delta-robot, consists of
three piezoelectric actuators equally spaced on the surface
of an equilateral triangular prism and are spaced 120o

apart as shown in Fig 1-a. The parallel Delta-robot is
⋆ This work is supported by the national CPER ECOSYSPRO
project.

used to realize long-distance pick and place tasks, while
the piezoelectric robotic hand is intended to perform both
carving and painting tasks with a high precision better
than 5µm so that high-end art objects are successfully
produced. Beside their advantages outlined above, piezo-
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Fig. 1. (a): parallel robot and robotic hand with three
piezoelectric actuators. (b): piezoelectric actuator.

electric actuators suffers from some inherent issues such
as hysteretic behavior and creep phenomenon. Moreover,
beyond these characterestics, the hysteresis loops are very
sensitive to the surrounding temperature variations [8].
Temperature effect on piezoelectric structures has been



exploited to design a hybrid thermal piezoelectric actuator
in [9] but this remains exceptional and cannot be applied to
robotic hand which is devoted to handle sensitive objects.
Thus, the general effect of temperature on piezoelectric
actuator for robotic hand has to be considered as dis-
turbance rather than advantage. It is well known that
all the above complex characteristics (hysteresis, creep,
temperature effect) of piezoelectric actuators degrade the
performance of the tasks performed and cause undesirable
vibrations or instability. These properties may negatively
affect the quality of the objects carving and painting. As
a conclusion, suitable control techniques, for piezoelectric
actuators used in high precision applications, are needed
to overcome the above problem. Several methods for the
control of piezoelectric actuators, including feedforward
and feedback schemes, have been reported in the literature.
The feedforward control scheme has been applied to deal
with the creep phenomenon [10], the inherent hysteresis
nonlinearity [11, 12, 13], and the vibrations [14], indepen-
dently. Other related works based on the feedforward con-
trol architecture considered all phenomena simultaneously
by cascading the individual controllers [15, 16]. Generally,
feedforward control scheme has many features such as
the low cost and the high integration, however, its lack
of robustness does not makes it suitable for the studied
robotic system. This is mainly due to the fact that studied
robotic system is subject to different disturbances caused
by the carving task and the manipulated objects, which
are of different types and shapes and act as a disturbance
when interacting with the actuators. For this reason, sev-
eral works using feedback control architecture have been
proposed: experimental/analytical tuning of PID feedback
controller for piezoelectric actuators[17], adaptive control
method [18], sliding mode and backstepping control tech-
niques [19] and robust control approaches including po-
sition positive feedback approach [20], H∞ and interval-
based control [21, 22, 23, 24].

The works above propose to reach the desired perfor-
mances and to ensure robustness against possible uncer-
tainties and possible external disturbances. Meanwhile,
when all the phenomena (hysteresis, creep and oscillations)
act together, the robustness is reduced and the loss of
performances or even the stability is observed. In this
paper, we are interested in the modeling and control of the
piezoelectric actuator under these phenomena all together
observed. Moreover, the actuator will work in an environ-
ment where the temperature varies. More precisely, the to
be manipulated pieces and pottery are assumed to be at
”high” temperature since either they come from precedent
process of fabrication or they are subjected to process
(laser or other kinds) while being kept by the robotic hand.
This temperature variation strongly affect the piezoelectric
actuator behavior and thus its performances to handle the
pieces. In this paper therefore, we propose to design a
control law robust enough to keep certain performances
while rejecting the effects of temperature variation and of
the above actuator properties.

The paper is organized as follows. In section-2, we charac-
terize first the effect of the temperature variation on the
piezoelectric actuator behavior after which we propose a
model of the latter. Section-3 is devoted to the controller

design and the resulting experimental aplication. Finally,
conclusion and perspectives are presented in section-4.

2. THERMAL EFFECT ANALYSIS AND MODELING

The piezoelectric actuator we study is a piezoelectric stack
as displayed in Fig 1-b. Its input is the driving voltage u
and the output is the displacement y

2.1 Analysis

First, we analyze the effect of a varying ambient temper-
ature on the actuator output displacement. Fig 2-a shows
the evolution of the temperature T that we imposed to
vary from 28o to 45o, and then to decrease back to 28o. As
shown in Fig 2-b (blue), the displacement y drifts from its
initial value. Then the drift is slew down like a saturation
even if the temperature continues to increase. Fig 2-b (red
and black) show the same result but when the voltage
applied to the actuator is not zero. Overall, from these
results, the temperature introduces a drift of the actuator
displacement until saturation. From the time domain re-
sults of Fig 2-a and -b, the temperature-displacement map
is plotted. Fig 2-c gives the results which reveals that the
thermal behavior of the actuator is hysteresis.
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Fig. 2. (a): the applied temperature. (b): drift of the
displacement. (c): displacement versus temperature .

Certain piezoelectric actuators conspicuously exhibits hys-
teresis and creep nonlinearities between the driving voltage
and their output displacements. Let us check now the
effects of the temperature on these phenomena. For the
hysteresis, we applied a sine voltage u(t) to the actuator.
Then, after recording the resulting output displacement y,
we plot the input-output map. Fig 3-a show the obtained
curves obtained at four different frequencies. For each fre-
quency used, we also subject the actuator to two different



temperatures. As from the results, the hysteresis charac-
teristics of the actuator is not significantly affected by
the temperature. To characterize the creep phenomenon, a
step voltage is applied. It is defined as a slow displacement
drift appearing after the transient part when a step voltage
is applied to the actuator. According to the characteriza-
tion reported in Fig 3-c, this creep phenomenon is higher
when the actuator is under higher ambient temperature.
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Fig. 3. Effect of the temperature on the hysteresis (a) and
on the creep (b) curves.

The last verification deals with the dynamics of the actua-
tor when applying a voltage. Fig 4-a presents the response
of the actuator to a step voltage when it is subjected
to two different temperatures. From the figure, it is ap-
proximately observed that the effect of the temperature
on the step response is negligible. For more precision,
a harmonic analysis was performed. Fig 4-b shows the
resulting magnitude which confirms the low effect of the
temperature on the dynamics of the actuator. The figure
indicates that the (slight) difference is observed at low
frequency which corresponds to creep phenomenon and
possibly to hysteresis.

2.2 Modeling

To model the actuator behavior by considering the creep
and the temperature effect, we consider the structure
proposed in [25]:

y(t) = Γd (u(t)) + yc(t) + yT (t) (1)

where Γd (u(t)) is a nonlinear operator that represents the
rate-dependent hysteresis of Fig 3-a, yc(t) is the additional
drift observed in Fig 3-b and yT (t) is all additional
displacement caused by the temperature.

Using the Hammerstein architecture to approximate the
rate dependent-hysteresis Γd (u(t)), and employing a
Bouc-Wen approach for the resulting rate-independent
hysteresis [25], Γd (u(t)) can be replaced with D(s)(u(s)−
h(s)) where h(s) is the internal state of hysteresis, and
D(s) is a transfer function representing the dynamics to
be identified. Considering yc(t) and yT (t) as output dis-
turbance that one can translate to input disturbance uc

and uT by transformation [25], we obtain:

y(s) = D(s)(u(s)− h(s) + uc(s) + uT (s)) (2)

Thus, the final model becomes:

y(s) = D(s)(u(s) + d(s)) (3)

where d(s) = −h(s) + uc(s) + uT (s) is the input distur-
bance.

Using the experimental transient part in Fig 4-a and
ARMAX (autoregressive–moving-average model with ex-
ogenous inputs) method of identification with Matlab, we
obtained:

D(s) =
107(s2 + 1.4× 104s+ 6.1× 107)

(s+ 651)(s2 + 42s+ 1.5× 107)
(4)
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Fig. 4. Effect of the temperature on the dynamics.

Fig 5 presents the comparison between the simulation
of the above identified model and the experimental step
response. It shows that the identified model is precise
enough for further controller design.
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3. ROBUST RST CONTROL OF THE
PIEZOCANTILEVER

In this section, we attempt to design an RST structured
feedback controller for piezoelectric actuators represented
mathematically by the Hammerstein architecture given in
Subsection 2.2. The canonical structure of the RST control
is a two degree of freedom control based on three polyno-
mials, namely R(s), S(s), and T (s), as shown in Fig 6.
yr, y, and u are the reference input, displacement of the
piezoelectric actuator, and the input voltage, respectively.
d is the total disturbance acting on the actuator that is
assumed to include the effect of the creep, temperature
variations effects, vibrations. It should be mentioned that
RST controllers were originally designed in z-domain, how-
ever, without loss of generality, we aim here to design
them in Laplace domain. Consider the linear dynamics of

Piezoelectric
_

y
T(s) +yr

ActuatorS(s)

R(s)

1

d

+u

Fig. 6. RST feedback controller architecture.

the piezoelectric actuator defined by the following transfer
function:

D(s) =
B(s)

A(s)
=

bmsm + bm−1s
m−1 + · · ·+ b1s+ b0

sn + an−1sn−1 + · · ·+ a1s+ a0
(5)

where A(s) and B(s) are co-prime polynomials of degrees
n and m, respectively, such that n ≥ m. A(s) is monic.
From the closed-loop system of Fig 6-b, the displacement
of the piezoelectric actuator can be expressed as

y(s) =
B(s)T (s)

A(s)S(s) +B(s)R(s)
yr +

B(s)S(s)

A(s)S(s) +B(s)R(s)
d

(6)

The RST controller polynomials have the following form:

R(s) = αrs
r + αr−1s

r−1 + · · ·+ α1s+ α0

S(s) = sk + βk−1s
k−1 + · · ·+ β1s+ β0

T (s) = γps
p + γp−1s

p−1 + · · ·+ γ1s+ γ0

(7)

where α’s, β’s, and γ’s are the RST controller parameters.
S(s) is selected to be a monic polynomial. To ensure the

causality of the RST controller, r ≤ k and p ≤ k. Here,
the following condition is used:

r = k (8)

The key question is to tune the RST controller parameters
so that satisfactory performance and robustness against
the disturbance d are achieved. Generally, the closed-
loop system stability and regulation performance can be
improved using the polynomials R(s) and S(s), while
a good tracking performance is ensured by a suitable
selection of all polynomials. To enhance the capability of
RST structure controller in terms of disturbance rejection
and reference tracking, the loop transfer function should
involve at least one integrator, i.e. polynomial S(s) should
contain at least one root at the origin. This fact makes
the weight of d in (6) very small, and hence, it allows
rejection of low frequency disturbances. In this paper, the
disturbance d is mainly due to errors related to hysteresis
and creep effects and temperature variations that are
supposed to be significant in the low frequency range only.
Hence, let us consider that S(s) has one root at the origin,
i.e. β0 = 0, and hence S(s) becomes:

S(s) = sk + βk−1s
k−1 + · · ·+ β1s

One possible solution to the control design problem out-
lined above is based on the idea of adjusting the closed-
loop system setpoint response according to a desired
closed-loop response defined by a reference model. This
is known as the pole placement method which is based on
solving the so-called Diophantine equation [26, 27]. It can
be seen from (6) that the closed-loop system zeros are the
zeros of B(s) and those of the feedforward part T (s) used
to compensate the static gain and ensure a zero steady-
state error. The closed-loop system poles are roots of the
characterestic equation below:

∆(s) = A(s)S(s) +B(s)R(s) = 0

The reference model, which can be selected from the de-
sired closed-loop performance specifications, is expressed
as:

H∗(s) =
Bm(s)

Am(s)
=

B(s)Bmaux
(s)

Amdom
(s)Amaux

(s)
(9)

where

Am(s) = sδ + pδ−1s
δ−1 + · · ·+ p1s+ p0

Bm(s) = lρs
ρ + lρ−1s

ρ−1 + · · ·+ l1s+ l0
where p’s and l’s are the coefficients of the polynomials
Am(s) and Bm(s) respectively. Am(s) is monic and δ = n+
k so that a solution of the Diophantine equation can be
found as detailed below, while ρ = m+p. Generally, Am(s)
can be factorized asAm(s) = Amdom

(s)Amaux
(s).Amdom

(s)
is desired characterestic polynomial which specifies the
desired location of the closed-loop system dominant poles,
for which both stability and performance are ensured,
while Amaux

(s) is an auxiliary polynomial with faster
poles (at least 10 times smaller than the dominant poles)
used to add a certain number of degrees of freedom. The
polynomial Bm(s) is supposed to contain the zeros of the
system (roots of B(s)) and other zeros introduced to have
more degrees of freedom in the tuning process. Hence, it
can be factorized as Bm(s) = B(s)Bmaux(s). Bmaux(s) can
be selected as a low-order polynomial with zeros located
the farthest possible to the left in the complex plane
(relative to the dominant poles). The objective is to make
the closed-loop system behaves as the reference model (9).



Hence, the problem above can be solved by equating the
actual closed-loop transfer function (from yr to y) to the
reference model as follows [27]:

B(s)T (s)

A(s)S(s) +B(s)R(s)
=

Bm(s)

Am(s)
=

B(s)Bmaux(s)

Amdom
(s)Amaux

(s)
(10)

which is reduced to
T (s)

A(s)S(s) +B(s)R(s)
=

Bmaux
(s)

Amdom
(s)Amaux

(s)
(11)

To ensure the desired dynamical behavior of the closed-
loop system, one can solve Diophantine equation:

A(s)S(s) +B(s)R(s) = Amdom
(s)Amaux

(s) (12)

The order of the desired characterestic polynomial should
be equal to δ = n+k (order of A(s) + order of S(s)). This
allows the derivation of n + k equations by equating the
coefficients of identical powers of both sides of Diophantine
equation. Moreover, Diophantine equation above involved
k − 1 unknown coefficients in S(s) and r + 1 = k + 1
other unknowns in R(s) (according to (8)), which makes
a total of 2k unknows. To solve the n + k equations for
the unknowns, the order k of the polynomial S(s) should
satisfy the following condition:

n+ k = 2k =⇒ k = n

Hence, updating the order of polynomials R(s), S(s) and
Am(s) results in:

R(s) = αns
n + αn−1s

n−1 + · · ·+ α1s+ α0

S(s) = βns
n + βn−1s

n−1 + · · ·+ β1s
Am(s) = Amdom

Amaux
= s2n + p2n−1s

2n−1 + · · ·+ p0
(13)

Considering the fact that order ofAm(s) = Amdom
(s)Amaux

(s)
is 2n, one can select the order of both polynomials
Amdom

(s) and Amaux(s) to be n. Using Equations (11)
and (12), one can select T (s) = Bmaux(s), such that
T (0) = Bmaux(0) = R(0) to achieve zero steady-state error
(unit static gain of the closed-loop system). This leads to
γ0 = l0 = α0.

3.1 Experimental results

The above controller has been applied to the piezoelectric
actuator by using the scheme in Fig 6. Then the closed-
loop was characterized experimentally.

First, we apply a step reference input displacement yr =
20µm to the closed-loop. After the output y reaches the
reference, we vary the ambient temperature from 28o to
almost 45o and then back to 30o as displayed in Fig 7-
a. From Fig 7-b, the output displacement is not at all
influenced by the temperature variation and remains equal
to the reference.

In order to evaluate the dynamics of the closed-loop, we
zoomed on the transient part of the step response of the
system to an input of 10µm. Fig 8-a shows the result
which indicates good performances: the oscillations of the
natural system (see Fig 4-a) are removed, the statical error
is almost zero. In Fig 8-b is shown the harmonic response
of the system which confirms the removal of the peak.
The step response and the harmonic response were carried
out at two different temperatures and the results show
(see the figures) that the performances remain the same,
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which demonstrates the efficiency of the controller to reject
temperature effects.
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4. CONCLUSION

The paper presented the characterization, modeling and
control of a piezoelectric actuator for robotic hand for
working in environment with varying temperature. The
characterization shown that for a given voltage, the output
displacement of the actuator is strongly affected and mod-
ified by the temperature when the latter varies. We also



concluded that while the hysteresis and the dynamics char-
acteristics of the actuator were not significantly affected
by the temperature, the creep phenomenon was strongly
affected. We therefore proposed to model the actuator
by considering the temperature effect and by lumping
it, along with the creep and the hysteresis terms, in an
input disturbance. Then, we proposed to use a robust RST
controller that showed both performance improvement and
disturbance rejection capabilities. Experiments on the real
system were carried out and demonstrated the efficiency
of the controller to maintain the same performance despite
the temperature variation. The feedback control was per-
formed using an external sensor. However, the sensor itself
can be affected by temperature variation as well. Moreover,
within a robotic hand, implementing such external sensor
will be a challenge. As an alternative to this, we propose to
study in the future the self-sensing method. It will consist
in using the same piezoelectric actuator as its proper
sensor. To this, we will study and extend the previous
work [28, 29] in order to account and thus to reject the
temperature effect in the self-sensing measurement.
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