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Abstract— The target of this paper is to model and to design a
controller for a piezoelectric actuator that is devoted to robotic
hand. The actuator is characterized by the following properties
simultaneously: strong asymmetrical hysteresis nonlinearity,
creep nonlinearity, and oscillations in its dynamics. Moreover,
the actuator is also exhibited to external disturbance which
is the manipulation force. To account for these specificities, we
propose to use the generalized Bouc-Wen model for the hystere-
sis, along with a lumped disturbance term that encompasses the
creep and the external force. We also propose to use a high order
model for the dynamics. Then, an active disturbance rejection
in combination with an extended state observer is suggested
and designed as control law. Experiments are carried out and
demonstrate the efficiency of the proposed approach.

I. INTRODUCTION

Piezoelectric actuators are widely used in devices that
require precise and high dynamic positioning. Examples
include: hard disk drive [1], medical microrobots [2], dental
machines [3], diesel engine injectors [4], scanning probe
microscopes [5], or robotic hands [6]. This recognition is
principally thanks to the high resolution they can offer (down
to nanometers), the high bandwidth they can perform (up to
tens of kiloHertz), the high force density some of them can
provide (up to 1kN for small piezostacks), and the fact that
they are powered electrically making them easily integrated.
Within the French ECOSYSPRO project, we develop a
robotic hand that is capable to pick fragile objects (high end
pieces of pottery) and to maintain them during automatized
carving and/or painting tasks. Piezoelectric actuators have
been chosen to actuate the robotic hand because the precision
of the carving/painting should be better than 5µm to ensure
high end art object. Moreover, such actuators will be able to
quickly reject the disturbances caused by the carving tasks
onto the object and thus to ensure the art quality (drawing,
machining...). Finally, if needed, advanced design methods
and approaches available in the literature for piezoelectric
actuators available can still be applied when designing the
robotic hand [7]–[9]. For stability concern, the robotic hand
is based on three piezoelectric actuators spaced of 120o as
displayed in Fig 1-a. The hand itself is used as the terminal
organ (or end-effector) of a parallel Delta-robot for large and
coarse distance pick and place.
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Despite the above cited advantages of piezoelectric actu-
ators, they also have drawbacks. First, they exhibit strong
nonlinearities that will degrade the overall performances if
ignored: the creep phenomenon and the hysteresis. Second,
most of the structures of these actuators - mainly bending
cantilevers and stack structures - are typified by badly
damped vibrations which affect the overall stability of the
tasks if not properly controlled. For the concerned robotic
hand, these negative properties will definitely degrade the
quality of the objects carving and painting whilst their
breakages could even occur in the worst situation. Conse-
quently the control of the actuators are mandatory. Control
of piezoelectric actuators have raised numerous studies in
the literature. They can be categorized into feedforward and
feedback architectures as briefly described below.
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Fig. 1: (a): parallel robotic platform. (b): robotic hand
with three piezoelectric actuated fingers. (c): Hammerstein
apporximation of a piezoelectric actuator.

Feedforward control architecture has been applied for
the creep [10], for the hysteresis [11], [12] and for the
vibrations [13], [14] independently. In [15], [16], all of the
three phenomena were controlled simultaneously by putting
the individual controllers in cascade. The advantages of
feedforward are the low cost and the high integration since
no external sensor is used. In counterpart, its principal limit
is the lack of robustness against models uncertainties and
against external disturbance. Due to this, feedforward control



architecture is not suitable to the studied robotic hand be-
cause the manipulated object itself acts as perturbation when
interacting with the actuators, additionally to the carving
task which also disturbs. In feedback control architecture,
numerous approaches have been used including: PID struc-
ture with experimental or analytical tuning [17], position
positive feedback approach [18], adaptive approach [19],
robust approach such as H∞ and interval techniques [20]–
[22], and Lyapunov based approach such as sliding mode
and backstepping techniques [23]. These previous works
permitted to reach the desired performances whilst guaran-
teeing a certain robustness. Overall, synthesizing feedback
control becomes very challenging when the above mentioned
properties (nonlinearities, badly damped vibrations) become
very strong. The challenge increases if these properties occur
simultaneously from the same system.

In this paper, we consider the feedback control of the
piezoelectric actuators of the robotic hand by taking into
account the following properties simultaneously:
- the creep nonlinearity which will be considered as internal
disturbance,
- the hysteresis nonlinearity which will be taken as strongly
asymmetric,
- the badly damped vibrations which will be lumped in the
dynamic model of the actuator,
- external disturbances which encompass the interaction force
between the actuator and the manipulated object.
The contribution of this work versus the literature is the fact
we we account for all these properties together. Moreover,
we will assume the hysteresis to be strongly asymmetrical,
contrary to that used in the previous works. This assumption
is motivated by the fact that the weight of the manipulated
object makes the piezoelectric actuators work and behave
asymmetrically for back and for forth movements. Moreover,
the hysteresis asymmetry is also due to imperfection of
fabrication and mechanical asymmetry in the system (ac-
tuator + mechanical support and amplifier). To reach the
target, we propose to approximate the hysteresis with the
generalized Bouc-Wen model, to rassemble the creep and
the manipulation force in a intermediary disturbance and to
account for the badly damped vibrations in a high order
dynamic representation. The overall model has therefore a
Hammerstein architecture combined with the intermediary
disturbance. Then, a nonlinear active distrubance rejection
control (ADRC) technique is suggested and adapted to
design a robust controller for the actuators. Simulation and
experiments are carried out which demonstrate the efficiency
of the controller.

The paper is organized as follows. In section-II, we present
the robotic hand and the actuator as well as the model.
The ADRC controller design is presented in section-III.
Section-IV presents the simulation and experimental results
respectively. Finally, conclusions and perspectives are given
in Section-V.

II. PRESENTATION OF THE SYSTEM AND MODELING

A. The robotic hand and its actuators

The three piezoelectric actuators based robotic hand serves
as the end-effector of a parallel robot, see . Each actuator of
the hand is a piezostack (Fig 1-b) with rectangular section of
5mm×10mm allowing it to provide force up to 2kN which
are sufficient to manipulate and hold ceramics pottery. The
length of the piezostack is 30mm. A screw based adjustment
block on the top of the robotic hand allows to open or close
simultaneously the three actuators and thus to adjust the
initial gap before actuation. Because the three piezoelectric
actuators are similar and are subjected to the same constrains,
we only study the modeling and control of one of them.

B. Modeling the piezoelectric actuator

The generalized Bouc-Wen (GBW) model is one of the
models capable to approximate an asymmetrical hysteresis
phenomenon. Like the classical Bouc-Wen model (CBW),
the GBW has an interesting structure allowing to do analysis
and synthesis much easier than the other hysteresis models
(Preisach, Prandtl-Ishlinskii). In [24], we used the GBW to
model the piezoelectric actuator of the robotic hand studied
in this paper. A first-order dynamics was added to this to
track the dynamics by assuming that the actuator did not
exhibit badly damped vibrations. In this paper, we propose
to consider these vibrations by considering a nth order
dynamics. Moreover, we account for the creep nonlinearity
and the interaction force with the manipulated object by
lumping them in a disturbance. Hence, we propose the
model:

y(n) + an−1y
(n−1) + · · ·+ a1ẏ + y = a0(v + dx) (1)

where: y[µm] is the displacement from the actuator, dx =
dcreep + Fm is the disturbance composed of the creep
phenomenon dcreep (internal disturbance) and the interaction
force Fm (external disturbance), and v is an intermediary
input which is described by Eq 2 to account for hysteresis
phenomenon: 

v = du− h

ḣ = u̇ (α− |h|m ϕ(u, u̇, h))
(2)

where u[V ] is the driving voltage and h is an internal
hysteresis state. Second row of Eq 2 corresponds to the state
equation. The set Eq 2 corresponds to the Bouc-Wen class
of models. Term ϕ(u, u̇, h) depends on the model itself.

In the model Eq 1-Eq 2, coefficients ai (i = 1 → n−1) are
the dynamic part parameters, d indicates an average slope of
the gain in the (u, y)-map, and α and m indicate the strength
of the hysteresis. ϕ(u, u̇, h) will be a specific nonlinear
function related to the GBW model for our case. Meanwhile,
another advantage of the proposed controller design in this
paper is that we do not need to explicit ϕ(u, u̇, h). Fig 1-
c is a schematic diagram of the model Eq 1-Eq 2 which
shows that it has a Hammerstein structure augmented with
an intermediary disturbance. In the figure, the dynamics of



the left-side of Eq 1 is represented by the transfer function
D(s).

III. ADRC CONTROLLER DESIGN

Integrating both sides of second equation of the GBW
model in Eq 2 results in:

h = g(u) =

∫
u̇ (α− |h|m ϕ(u, u̇, h)) (3)

Thus, v = du−g(u). Substituting v into the dynamic part
in Eq 1 leads to:

y(n) + an−1y
(n−1) + · · ·+ a1ẏ+ a0y = bu− a0g(u)+ a0dx

(4)
where b = a0d. Eq 4 can be rewritten as

y(n) = −an−1y
(n−1)−· · ·−a1ẏ−a0y+bu−a0g(u)+a0dx

(5)
Let f(t, y(n−1), · · · , y, u, u̇, h, dx) = −an−1y

(n−1) − · · · −
a1ẏ − a0y − g(u) + dx, then Eq 5 becomes

y(n) = f(t, y(n−1), · · · , y, u, u̇, h, dx) + bu (6)

The function f(.) is the total disturbance that contains all
nonlinear dynamics of the piezoelectric actuator, unknown
complex terms as well as the internal/external disturbances.

The main objective here is to design a suitable control
law u so that it is capable of actively rejecting the total
disturbance f and achieving a good transient profile. To
this end, the ADRC scheme, which consists of an Extended
State Observer (ESO) and a feedback controller as shown in
Fig 2, is used. The ESO allows the estimation of the total
disturbance, while the feedback controller aims to reject the
total disturbance while ensuring a good trajectory tracking
performance.

nonlinear
static

external force

piezo actuatorcontrol+observer

creep

ESO

ADRC

linear 
dynamics+

+

Fig. 2: ADRC control scheme with observer.

The nonlinear representation in Eq 6 can be defined as the
following state-space representation:

ẋ1 = x2

ẋ2 = x3

...
ẋn = f(t, y(n−1), · · · , y, u, u̇, h, dx) + bu

(7)

where xi (i = 1, 2, ..., n) are the system states. Now, let us
introduce xn+1 = f as an extra-state to form an augmented

state-space model from Eq 7:

ẋ1 = x2

ẋ2 = x3

...
ẋn = xn+1 + bu
ẋn+1 = p

(8)

such that f and p =
df(.)

dt
are assumed to be bounded

functions. For the purpose of estimating the total disturbance
f , an ESO can be constructed using the augmented state-
space model as follows [25]:

˙̂x1 = x̂2 + g1(e1)
˙̂x3 = x̂3 + g2(e1)

...
˙̂xn = x̂n+1 + gn(e1) + bu
˙̂xn+1 = gn+1(e1)

(9)

where e1 = x1 − x̂1 is the estimation error. gi (.) , i =
1, 2, ..., n + 1 are linear or nonlinear functions so that the
estimation error converges very closely to zero. For a linear
ESO, the functions gi are selected as gi (e1) = liei, i =
1, 2, ..., n + 1, where li are the ESO gains. In such a linear
case, Eq 9 can be rewritten in a compact form as follows:

˙̂x = (A− LC) x̂+ LCx+Bu

(10)

where

x =


x1

x2

...
xn

xn+1

 ; x̂ =


x̂1

x̂2

...
x̂n

x̂n+1

 ; A =


0 1 0 . . . 0
0 0 1 0
... . . .

. . . 0
0 0 0 . . . 1
0 0 0 . . . 0


(11)

and

B =


0
...
0
b
0

 ; L =


l1
l2
...
ln

ln+1

 ; C =
[
1 0 0 . . . 0

]
(12)

The ESO gains li are often obtained via the bandwidth
parameterization approach by placing the eigenvalues of
A−LC at a desired position −wo, where wo is the desired
observer bandwidth. Once the ESO is obtained, a state-
feedback control law can be constructed from the estimated
states to cancel the total disturbance and achieve a satisfac-
tory closed-loop transient profile. The general form of the
ADRC law which can be applied to the piezoelectric actuator
is expressed as [25]:

u =
1

b
(u0 − x̂n+1) (13)



u0 is a new control input to be defined so that the desired
closed-loop system performance and stability are met. Under
the assumption that the ESO provides a good estimation
of the states, the control law above allows the rejection of
the total disturbance and results in an nth-order integrator
system, i.e. y(n) ≈ u0. The control input u0 is selected as
follows:

u0 = k1(yr − x̂1)− k2x̂2 − · · · − knx̂n − x̂n+1

such that yr is the reference input. Equation Eq 13 can be
written as

u =
k1
b
yr −

1

b
[k1 k2 . . . kn 1] x̂ (14)

ki are the state feedback gains which can be obtained by
applying the bandwidth parameterization approach to place
the closed-loop system poles at a desired position −wc for
the purpose of ultimately achieving the desired closed-loop
performance specifications.

IV. EXPERIMENTAL APPLICATIONS

In order to verify the proposed control technique of the
previous section, we consider the piezoelectric actuator of
stack structure described in Section-II-A.

A. Characterization

First, we characterize the hysteresis phenomenon of the
actuator. For that, we apply a sine input voltage of 50[V ]
amplitude to it. Then we record the resulting output dis-
placement y[µm]. Fig 3-a presents the voltage and the dis-
placement respectively and Fig 3-b presents the input-output
map (u, y). This clearly reveals the presence of hysteresis
phenomenon of the actuator. Moreover, the hysteresis is
strongly asymmetrical. Here, this asymmetry is due to me-
chanical imperfection (non-symmetry) of the actuator and its
surrounding mechanical part. For this experimental response,
we extracted the following parameters which will be used
for further controller design: a0 = 1, d = 0.36[µm/V ],
α = 0.08 and m = 1. The hysteresis curve of Fig 3-b was
obtained with a sine input of 0.1[Hz] frequency. Different
experiments shown that when we increase the frequency until
several tens of Hertz, the hysteresis curve remains similar
to that of Fig 3-b. Beyond 50[Hz] the curve starts to be
different due to the phase-lag effect. Since the dynamics of
the actuator, and thus the phase-lag effect, is accounted by
the model D(s), identifying the hysteresis at low frequency
is acceptable. Such assumption was also confirmed and used
in previous literature [26], [27].

Then, to characterize the dynamics, we apply a step input
voltage u = 50V to the actuator. The applied voltage and the
output displacement step response are displayed in Fig 4-a
and b, blue respectively. It shows that the transient part is
characterized by oscillations that are of higher order. Since
a pure second order would not be sufficient to approximate
this step response, we applied the ARMAX (Auto Regressive
Moving Average with eXternal inputs) parametric identifica-
tion technique with MATLAB to find a precise model [28].
We obtain a 7th order model with 4-zeros as presented in
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Fig. 3: Hysteresis response of the actuator.

Eq 15. The simulation of the (scaled) model is presented in
red dashed-line in Fig 4-b which demonstrates its precision
compared to the experimental response. This model will be
used for the dynamic part when synthesizing the controller.

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
0

10

20

30

40

50

0 0.05 0.1 0.15
0

5

10

15

20

25

30

voltage u [V]

time [s]

time [s]

displacement y [µm]

Fig. 4: Step response of the actuator.

D(s) =
36(s2+394s+2.4×105)(s2+1.7×104s+9.3×107)
(s+24189)(s2+494s+6.6×104)(s2+57s+5.8×106)

(s2−2041s+2.9×108)
(s2+96s+2.5×108)

(15)
Finally, to characterize the creep phenomenon, we still

apply a step voltage u = 50[V ]. Contrary to the dynamics
characterization previously, we observe the step response for
a much longer time (600s). Fig 5 displays the observed step
response. In this, the creep is the slow drift that appears
after the transient part (0.18s) finishes. Such phenomenon
definitely decreases the precision of a manipulation task if
not controlled.

B. Feedback control

The controller and observer proposed in section-III have
been implemented using identified parameters from section-
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Fig. 5: Creep response of the actuator.

IV and the implementation scheme in Fig 2.
First, in order to check the suppression of the hysteresis,

we applied a sine reference input yr of 20[µm] amplitude.
Several frequencies have been used. Fig 7 displays the
result when using a frequency of 10[Hz] which demonstrates
the complete suppression of the hysteresis. Above certain
frequency (around 50[Hz]), the input-output map curve starts
exhibiting a phase-lag effect. Since the studied hysteresis is a
low-frequency phenomenon as per the Hammerstein approxi-
mation (see Fig 1-c) and the phase-lag is purely related to the
dynamics of the closed-loop, we can consequently confirm
that the hysteresis was removed by the controller.
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Fig. 6: Feedback input-output response to a sine reference.

Finally, we apply a step reference input of yr = 20[µm]
amplitude to the closed-loop. Fig 7 displays the result. It
reveals that we reduced the 5% settling time from in excess
of 50[ms] (calculated from the open-loop response in Fig 4-
b) to 10[ms] (calculated from Fig 7) additionally to the
suppression of the vibrations and of the overshoot. Moreover,
the final value of the closed-loop step response shows that
there is no static error and thus the accuracy is high.
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Fig. 7: Feedback step response to a reference yr = 20µm.

C. Discussions

The above experiments demonstrate the efficiency of
the feedback controller combined with the extended state
observer (ESO). The observer was used to estimate the
state and the additional state (disturbance) of the system.
To this, the output y was still measured using an external
sensor. In this work, we specifically used an inductive
sensor (ECL202 from Lion Precision company) tuned to have
1[kHz] bandwidth and some nanometers resolution. Despite
the good performances, such sensor is bulky and will not
be appropriate for the entire robotic hand. Integrated sensors
will therefore be needed. Several avenues are being evaluated
and will be studied as perspective of this work. The first
consists in implementing classical strain gage to each of the
three actuators. Their main advantage is the high integration
thanks to their small size. Moreover some commercialized
piezoelectric actuators are readily equipped with strain gage
sensors. In counterpart, these sensors are very fragile and
in some cases could have limited range of measurable
displacement. Another avenue of integrated measurement
consists in using the piezoelectric actuator as its proper
sensor. Called self-sensing, the princile consists in combining
the direct piezoelectric effect (sensing) with the converse
effect (actuation) thanks to a judicious electronic circuit
connected to the piezoelectric actuator. Piezoelectric self-
sensing was widely used for vibration damping [29], [30]
as it is efficient at high frequency and loses performances
at low frequency or constant signals. These last years were
witnessed by its adaptation to work at low frequency and
constant signals [31], [32]. Recently, an appropriate observer
combined with the electronic circuit of the piezoelectric self-
sensing allowed to work at both high and low frequency
and to estimate acceleration, velocity and position at the
same time [33]. This latter self-sensing approach has a very
interesting feature that could be combined with the ADRC
and ESO technique developed in this paper. Perspective
works will therefore be in this direction.



V. CONCLUSION

This paper presented the modeling and the control of
a piezoelectric actuator devoted to actuate a robotic hand.
The actuator was characterized by strong nonlinearities (hys-
teresis and creep) as well as oscillations in its dynamics.
Furthermore, the actuator was aimed to be in contact with
manipulated objects and thus subjected to external force
disturbance. We proposed to model the hysteresis, assumed
to be asymmetrical, with the Bouc-Wen modeling approach
and rassembled the creep and the force as one single dis-
turbance. Moreover, we considered a high order dynamics
to account for any oscillations. Afterwards, we proposed an
active disturbance rejection control (ADRC) law to control
the actuator by accounting for the above properties. Since
the ADRC needed a real-time knowledge of the disturbance
which was unknown for our case, we proposed to consider
this latter as an additional state and thus we designed an ex-
tended state observer (ESO) for its estimation. The proposed
combined ADRC ESO control technique was tested and its
performances were demonstrated. Because the ADRC ESO
still needed real-time knowledge of the output displacement,
we utilized an external sensor for its measurement. Such
external sensor is not appropriate for future application with
the robotic hand. Perspective work will consist therefore in
studying embeddable measurement technique such as the
piezoelectric self-sensing.
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