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Abstract—This paper presents the characteriza-
tion, modeling and precise control of a 2-dof piezoac-
tuator dedicated to precise and automated microp-
ositioning tasks. The piezoactuator is characterized
by a strong hysteresis and a high coupling between
the two axes making the synthesis of a controller
very difficult. We therefore propose to compensate
first the hysteresis (feedforward control) in order to
obtain an approximate linear system. Afterwards, an
internal model control (IMC) structure is applied
(feedback control) to enhance the performances of the
piezoactuator. The main advantage of the proposed
approach is its simplicity both for computation and
for implementation making it very convenient for real-
time embedded systems. Finally, the experimental
results demonstrate its efficiency and conveniency for
precise positioning.

I. Introduction

Piezoelectric materials are very prized for the design
and development of devices working at the micro/nano-
scale. This recognition is due to the large bandwidth,
high resolution and high force density that they can
offer.Their applications are various: surface scanning
and microforce measurement (AFM microscopy), mi-
croassembly (gripper, etc.), medical surgery in confined
space, reader in hard-disk drivers, high precision po-
sitioning (micro/nanopositioning), etc. In the field of
micro/nano-positioning where the required accuracy is
micrometric or submicrometric, several principle of de-
vices have been developed: stick-slip [1][2][3], inch-worm
[4], ultrasonic [5] and bending microactuators [6]. In
bending microactuators, the principle is that a cantilever
based on two or several piezoelectric layers (piezolayers)
bends when a voltage is applied to the latters. These
actuators are particularly of interest in high speed tasks
because it is possible to increase the bandwidth beyond
the kiloHertz if they are appropriately controlled.

The development of single degrees of freedom (1-dof)
bending piezoactuators has been very broad [6]-[10].
They allowed the precise positioning of small objects
with micrometric or submicrometric accuracy and with a
settling time less than a hundred milliseconds. However,
these actuators exhibit a hysteresis nonlinearity when
the bending range is increased by applying higher input
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electric field. This nonlinearity undeniably makes the loss
of accuracy if not controlled. In the literature, the control
of nonlinear 1-dof bending piezoactuators has reached its
maturation and can be classified into three categories:
feedforward, feedback and feedforward-feedback control.
In feedforward control, the hysteresis as well as other
nonlinearities (creep) and vibration are precisely mod-
elled. Then a kind of inverse model (called compensator)
is put in cascade with the process in order to enhance
its performances [11]-[13]. The main advantage is the
packageability of the whole system since no sensor for
feedback is required. However, as soon as the process
is subjected to external disturbances or if the model
used is uncertain, the performances are lost. In feedback
category, the nonlinearities are approximately modelled
and a linear closed-loop control based on these approxi-
mate models is synthesized ([14] and references herein).
Finally, feedforward-feedback consists in first linearizing
the process by using a compensator in cascade, and
then applying a simple linear feedback controller. As the
hysteresis is compensated, the main advantage of this
approach is the possibility to make the actuator work in
a very large bending range [15].

While the development and control of 1-dof bending
piezoactuators are almost well established, this is not
the case for 2 or multiple dof actuators. First, the de-
velopment of bending piezoactuators having more than
1-dof is new [16][17]. In fact, certain recent applications
such as spatial (x-y-z) micropositioning or those which
combines positioning and orientation require dexterous
devices and thus single dof actuators are not anymore
efficient. The control of multiple dof piezoactuators is
also recent. Additionally to the hysteresis of the material,
the main difficulties of the controller design lie on how
to account the coupling between the different axis. For
that, in our previous work [18], we proposed an approach
to control the 2-dof piezoactuator developed in [16]. In
this approach, we first used a feedforward compensator
to linearize the system. Afterwards we synthesized a H∞
controller in order to improve the performances of the
actuator. However, the technique led to a high order con-
troller that made it impossible for real-time embedded
applications. Furthermore, the synthesis of the H∞ con-
troller required to precisely identify the coupling between
axis, which finally made the approach very complex.
In this paper, we propose a more simple feedforward-
feedback approach to control 2-dof piezoactuators. While
the hysteresis is compensated with a Prandtl-Ishlinskii
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approach, an internal model control (IMC) structure is
proposed for the feedback. The main advantages rela-
tive to previous works are the simplicity of the control
scheme and the low-order of the controller making it very
adaptable for real-time embedded systems. Furthermore,
the modeling aspect is very simplified since no specific
characterization and modeling of the coupling is required.
Indeed, the coupling is automatically accounted by the
IMC structure.

The paper is organized as follows. In section-II we
present and characterize the nonlinear 2-DOF piezoac-
tuator to be controlled. Section-III is dedicated to the
feedforward control of the hysteresis. Finally, in section-
IV, the modeling and the IMC-feedback control synthesis
are detailed and the experimental results are presented.

II. The 2-DOF piezeoactuator

A. Presentation of the piezeoactuator

The 2-DOF piezocantilever used in this paper has the
same principle than the 2-DOF bilayered piezocantilever
developed in [16] but is made of 36 piezoelectric layers
instead of 2. Such high number of layers allows using low
voltage to obtain the same output deflection. Indeed, as
we will see in the next subsection, it is possible to reach
up to 30µm of deflection with only 10V of input voltage
with the new multylayered cantilever against 40V with
the bilayered one. Fig. 1 presents a photography of the
piezocantilever. The total dimensions of the active part
are: 25mm× 1mm× 1mm. The piezocantilever has two
input voltages Uy and Uz and can perform a deflection
along y-axis or z-axis.

x

y

z

2-DOF multilayered

piezocantilever

Fig. 1. The 2-DOF multilayered piezocantilever.

The whole experimental setup is composed of:
• the piezocantilever,
• two optical sensors allowing the measurement of y

and z deflections. The sensors (from Keyence) have
10nm resolution and ≈ ±100nm accuracy,

• a computer and a dSPACE-board working in real-
time with a sampling-time of 0.2ms. The Matlab-
Simulink software is used to implement the con-
troller and to manage the different signals,

• and two synchronized high-voltage amplifiers that
amplifies the control signals from the dSPACE-
board.

B. Characterization of the piezeoactuator

In this part we characterize the 2-DOF piezoactuator.
First we study the static part in order to evaluate the
range of deflections in the two axis as well as the coupling
between them. For that, we apply a sine input voltage
Uy and let Uz = 0V . While the amplitude is 10V (and
then 5V ), the frequency is chosen to be relatively low
(f = 0.1Hz) in order to be sure that the dynamics of
the cantilever will not affect the static characteristics
through the phase-lag [14]. Then, the deflections y and
z are measured and plotted w.r.t. Uy (see Fig. 2-a and
c respectively). Afterwards, we set Uy = 0V and apply
a sine input Uz. Again the amplitude is 10V (and then
5V ) and the frequency is chosen to be f = 0.1Hz. After
measuring the deflections y and z, they are plotted w.r.t.
Uz (see Fig. 2-b and d respectively). As we can see, the
direct transfers Uy → y and Uz → z are typified by
hysteresis (Fig. 2-a and d respectively). Furthermore, we
can see the remarkable existence of coupling transfers
Uz → y and Uy → z (Fig. 2-b and c respectively). Both
the hysteresis and the coupling make the piezocantilever
lose accuracy. This is why they have to be minimized
thanks to a feedforward and/or a feedback control.
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Fig. 2. Static characteristics of the piezocantilever.

We now characterize the dynamics of the cantilever.
For that we use step input signals and regard the corre-
sponding step responses. First, let us apply a step Uy =
10V and set Uz = 0V . The resulting output deflection
y is plotted in Fig. 2-a while that of z is in Fig. 2-c.
Afterwards, we set Uy = 0V and apply a step Uz = 10V .
The resulting deflection y is plotted in Fig. 2-b while
that of z is in Fig. 2-d. Again, we confirm the presence of
coupling in the axis (Fig. 2-b and c). Furthermore, we see
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that the direct step responses are very oscillating. Such
oscillation is not desirable in micropositioning because
the overshoot can cause unwanted unstability of the
positioned objects.
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Fig. 3. Step responses of the piezocantilever.

Each axis y and z of the piezocantilever is character-
ized by a hysteresis nonlinearity. On the other hand, the
actuator undergoes undesirable couplings: when a volt-
age Uy (resp. Uz) is applied to the cantilever, the axis z
(resp. y) also bends. The 2-DOF cantilever can therefore
be seen as a bi-input-bi-output (BIBO) nonlinear system
(Fig. 4). In the following, we propose first to linearize
it by applying a feedforward controller to compensate
the hysteresis. Afterwards, a linear feedback controller is
proposed.

2-DOF

nonlinear

piezocantilever
Z

U

y
U y

z

Fig. 4. The 2-DOF piezocantilever: a nonlinear BIBO system.

III. Hysteresis compensation

The compensation of hysteresis in piezoelectric mate-
rials have attracted many attention. Several approaches
have been proposed for that but the Prandtl-Ishlinskii
(PI) one is recognized for its accuracy, ease of compu-
tation and implementation allowing it very convenient
for real-time applications [12][13]. This approach will be
used in our application.

A. Modeling and parameters identification
In the sequel, the definitions and equations are given

for only y, but they also hold for z. A PI hysteresis model

is based on the sum of elementary hysteresis called play-
operator. A play operator is defined by:

{
y(t) = max {Uy(t)− r, min {Uy(t) + r, y(t− T )}}
y(0) = y0

(1)
where T is the sampling time and r the radius of the

play-operator.
So, a hysteresis modeled by the PI approach is given

by:

 y(t) =
n∑

i=1

wi ·max

{
Uy(t)− ri,

min {Uy(t) + ri, y(t− T )}

}
y(0) = y0

(2)
where n is the number of play-operators and wi the

weighting. If n is high, the model is more precise but
may become complex.

The identification of the parameters wi and ri, well
detailed in [13], is performed by using a sine input voltage
Uy (Uz for z-axis). The amplitude of the sine (Uy = 10V )
is chosen to cover the expected range of deflection. After
different trial, a number n = 15 for each model (y and
z) is a good compromise. Fig. 5 give a comparison of the
experimental hysteresis and the identified models which
show that they well fit.
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Fig. 5. Hysteresis characteristics: experimental results and models
simulation.

B. Compensation
To compensate a hysteresis approximated by the PI

model, another PI-model is used as compensator. This
compensator has as input a reference yhc (resp. zhc)
and as output the control votage Uy (resp. Uz). The
principle of compensation is such that the two hysteresis
are symmetrical relative to the straightline with slope
equal to unity. If the compensator is denoted by:
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 Uy(t) =
n∑

i=1

w′
i ·max

{
yhc(t)− r′i,
min {yhc(t) + r′i, Uy(t− T )}

}
Uy(0) = Uy0

(3)
thus, the weighting w′

i and the radius r′i are computed
as follows [19]:

r′k =
k∑

j=1

wj · (rk − rj) ; k = 1 · · ·n (4)

and

w′
1 = 1

w1

w′
k = −wk 

w1+
kP

j=2
wj

!
·
 

w1+
k−1P
j=2

wj

! ; k = 2 · · ·n (5)

Using the calculation in (Eq.4) and (Eq.5), the two
compensators (for y and for z) were computed and
implemented. Fig. 6 presents the block-scheme of the
compensators and of the piezoactuator.
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nonlinear

piezocantilever

PI

hysteresis

compensator

PI

hysteresis
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Z
U

y
U

hc
z

hc
y y

z

Fig. 6. Block scheme of the feedforward control of the hysteresis.

To characterize the efficiency of the two compensators,
a sine reference input yhc is first applied. Then, the
resulting outputs y and z are recorded and plotted w.r.t.
yhc (see Fig. 7-a and c respectively). Afterwards, a sine
reference zhc is applied and the corresponding outputs y
and z are also plotted (see Fig. 7-b and d respectively).
As we can see in the figures, the initial hysteresis for
the two axis are clearly reduced (Fig. 7-a and d) which
enables us to consider the system as linear. However, the
system still undergoes coupling because the influence of
yhc (resp. zhc) on z (resp. y) still remains (Fig. 7-b and
c respectively). In the next section, a feedback controller
is proposed to remove this coupling. The controller also
ensures that all external disturbance will be rejected.

IV. IMC control

In this section, we synthesize a feedback controller for
the 2-DOF piezocantilever with hysteresis compensators
presented in Fig. 6. An IMC (internal model control)
scheme is proposed. Its main advantages are the ease
of computation and the low order of the controller.
Furthermore, there is no requirement to have a model
of the coupling. First, we model and identify the new
system to be controlled (piezocantilever + hysteresis
compensators).
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Fig. 7. Static characteristics of the linearized system.

A. Modeling

From the results in Fig. 7, it can be deduced that the
model of the compensated system in Fig. 6 is BIBO and
linear. In [18], it has been demonstrated that couplings
are additive relative to output signals for piezocan-
tilevers. Taking into account that result, we derive the
model of our system:{

y = KyDy(s)yhc + cy + dext−y

z = KzDz(s)zhc + cz + dext−z
(6)

where Ki (i ∈ {y, z}) are the static gains, Di(s)
are the dynamic part such as Di(0) = 1, cy (resp.
cz) is the coupling due to zhc (resp. yhc), and dext−i

are the eventual external disturbances. The couplings
cy and cz can be precisely modeled using Fig. 7-b and
c respectively, however we propose to consider them as
also external disturbances. The objective is that only
the linear characteristic that corresponds to the direct
transfers (see Fig. 7-a and d) has to be modeled and
no characterization of the couplings is performed. So, we
assemble the coupling ci with the external dext−i such
that di = ci + dext−i. Thus, the final model is:{

y = KyDy(s)yhc + dy

z = KzDz(s)zhc + dz
(7)

B. Identification

The identification of the static gains Ky and Kz are
straightforward by calculating the slopes ∂y

∂yhc
and ∂z

∂zhc

respectively from Fig. 7-a and d. We have: Ky = Kz = 1.
The identification of the dynamics Dy(s) and Dz(s) is

be performed by using step responses of the system to
be controlled, i.e. of the piezocantilever with hysteresis
compensators. However, the used PI hysteresis compen-
sators being static and rate-independant, they are not
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affected by and conversely do not affect the dynamics of
piezoactuators [13]. The dynamics Dy(s) and Dz(s) can
therefore be identified using the step responses of the
piezocantilever without hysteresis compensators which
are pictured in Fig. 3-a and d. Applying systems identi-
fication [20] and Matlab, we obtain: Dy = −0.015(s+7461)(s−3601)

(s+2328)(s+172)

Dz =
0.0107(s2+8997s+3×107)

(s+1992)(s+165)

(8)

C. Controller synthesis

If Cy(s) and Cz(s) denote the controller for y and
z axis respectively, the bloc-scheme of the closed-loop
which is based on the IMC-scheme is given in Fig. 8.
In this, a model Ĝi(s) = KiDi(s) (i ∈ {y, z}) is put
in parallel with the real process. Signals di are the
previously defined disturbances and yr and zr are the
reference points.
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Fig. 8. Closed-loop scheme of the 2-DOF piezocantilever.

Denote Gy(s) and Gz(s) the real models for each axis.
Thus,

(
Gy − Ĝy

)
and

(
Gz − Ĝz

)
quantify the model

errors (uncertainty). From Fig. 8, we derive the equations
of the outputs:


y = CyGy

(1+Cy(Gy−Ĝy))yr + (1−CyĜy)
(1+Cy(Gy−Ĝy))dy

z = CzGz

(1+Cz(Gz−Ĝz))zr + (1−CzĜz)
(1+Cz(Gz−Ĝz))dz

(9)

From (Eq.9), we can see that if Ci(s) = 1
Ĝi(0)

=
1

Ki
= 1 (i ∈ {y, z}) and if Ĝi(s) = Gi(s) (i.e. perfect

models are used), then perfect constant setpoint tracking
and constant disturbance rejection is achieved. However,
even if Ĝi(s) 6= Gi(s), perfect disturbance rejection is
still realised provided Ci(s) = 1

Ĝi(0)
. To improve the

robustness by minimizing the effects of model errors
which usually occur at high frequency, a low-pass filter
Fi(s) is introduced and the controllers become: Cy(s) =

1
Ĝy(0)

Fy(s) = Fy(s) and Cz(s) = 1
Ĝz(0)

Fz(s) = Fz(s).
The order of the filter is chosen such that the controller

is proper. Furthermore, the behavior of the closed-loop
can be imposed by this filter. In our case, we choose a
first-order behavior with a settling time of 20ms for the
closed-loop both in y-axis and z-axis. These specifications
yields Fy(s) = Fz(s) = 1

1+ 20
3 s

. Finally, we have:

Cy = 1
1+ 20

3 s
and Cz = 1

1+ 20
3 s (10)

As we can see, the controllers have a very low order,
contrary to that proposed in [18] which yields controllers
with orders up to 4.

D. Experimental results

The calculated controllers Ci(s) as well as the models
Ĝi(s) were implemented in Matlab-Simulink following
the scheme in Fig. 8. The first experiment consists in
analyzing the step response and evaluating the general
performances. For that, we apply first a step reference
input yr = 23µm while zr = is left equal to zero. As
we can see in Fig. 9-a, the statical error is null and the
settling time is nearly 20ms. The effect of yr to z-axis is
pictured in Fig. 9-c. It demonstrates that the coupling is
negligible (≤ 0.3µm

23µm ) and quickly rejected. Afterwards, a
step reference input zr = 11µm is applied and yr is set to
zero. Fig. 9-d shows that the statical error is null and the
settling time is also respected (≈ 20ms). In Fig. 9-b, it is
shown that the coupling ≈ 0.5µm

11µm is also rejected. These
step responses (Fig. 9-a and d) show that the behaviors
of the closed-loop follow that of a first-order system as
required in the specifications.
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Fig. 9. Step responses of the closed-loop.

The next experiment consists in applying a series of
steps. The results are pictured in Fig. 10. First, we re-
mark that the couplings are completely negligible face to
the different steps since they are confused with the noises
of the sensors (Fig. 10-b and c). We also appreciate the
closed-loop piezocantilever which well tracks these step
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inputs. These results confirm the efficiency of the IMC-
feedback control scheme combined with the hysteresis
feedforward control as proposed in this paper.
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Fig. 10. Responses of the closed-loop to a series of steps.

V. Conclusion

This paper presented the control of a 2-DOF piezo-
cantilever dedicated to precise and further automated
positioning. The piezocantilever exhibits hysteresis non-
linarity and strong coupling between the two axis which
make lose its accuracy. Furthermore, these characteristics
also make difficult the synthesis of linear, simple and
embeddable controllers. We therefore proposed to first
linearize the system by feedforward controlling the hys-
teresis. The Prandtl-Ishlinskii approach is used because
of its conveniency to real-time applications and to its
accuracy. Afterwards, we apply a feedback controller
in order to enhance the performances and to reject
the coupling between the axis as well as eventual ex-
ternal disturbances. The internal model control (IMC)
scheme is used for the feedback. Its main advantages
are the robustness relative eventual model uncertainty,
the ease of computation of the controller and its low-
order. The experimental results confirm the efficiency of
the proposed approach to control the nonlinear 2-DOF
piezocantilever.
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