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Abstract—Nano/micro-positioning has become a fundamental
technology in many practical applications where piezoelectric
actuators (PEAs) are widely used as the core component.
However, the displacement range of PEAs is limited because
of the intrinsic characteristics of the material. Therefore, the
piezoelectric-actuated stick-slip device is developed, which have
theoretically unlimited motion and high positioning precision.
The dynamical model of the end-effector’s displacement is of
significance for its precise control. Due to the complicated stick-
slip movement mode and the hysteresis nonlinearity existing in
PEAs, modeling of the piezoelectric-actuated stick-slip device is a
challenging task. In this paper, a piezoelectric-actuated stick-slip
device is implemented first, which consists of one end-effector
and one PEA. Then, instead of considering the end-effector and
the PEA separately, the entire system is treated as a whole
plant. Taking advantage of its strong approximation ability, a
multilayer feedforward neural network is applied to describe
the complicated nonlinear relation between the control input
voltage of the PEA and the output displacement of the end-
effector. In order to validate the effectiveness of the proposed
modeling method, some experiments are carried out on a self-
designed piezoelectric-actuated stick-slip prototype, which shows
a satisfactory modeling performance (the maximum modeling
error is less than 0.05 μm).

Keywords—Piezoelectric actuator, stick-slip principle, neural
network, modeling.

I. INTRODUCTION

Recently, ultra-precision positioning has become a vital
technology in advanced manufacturing. Piezoelectric actuators
are the mostly adopted component for the ultra-precision posi-
tioning (nano/mirco-scale level) because they are characterized
by the high stiffness and fast response. However, the motion
range of piezoelectric actuators is usually limited. Taking
one commercial product (P-753.1CD, Physik Instrumente,
Karlsruhe, Germany) for example, its motion limit is up to
15μm, which cannot satisfy many practical applications. To
deal with this challenge, the piezoelectric-actuated stick-slip
device has been proposed. Based on the stick-slip principle,
the end-effector can move on the upper surface of the PEA
with theoretically unlimited motion range while still keep a
relatively high positioning precision. The working principle of
the piezoelectric-actuated stick-slip device is briefly introduced
below. Interested readers are referred to the survey papers [1]–
[3] for details.
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Fig. 1. Working principle of the piezoelectric-actuated stick-slip device [4].

The piezoelectric-actuated stick-slip device is usually com-
posed of one PEA1 and one end-effector. The end-effector is
placed on the upper surface of the PEA and can move on the
surface of the PEA. The motion of the end-effector usually
includes three states: the initial state, the stick period and the
slip period, which are shown in Fig. 1.

• Initial state: in this state, the entire piezoelectric-
actuated stick-slip device remains at the resting state.
There is no input voltage applied to the PEA and there
is no relative motion between the PEA and the end-
effector.

• Stick period: in this period, the control input voltage
is applied to the PEA, which increases very slowly.
This control effort can drive the PEA rightward to
a displacement Δstep with a low acceleration. Since
the PEA’s acceleration is very slow, the friction force
between the end-effector and the PEA remains below
the threshold of the static friction. In this case, the end-

1In Fig. 1, the PEA is described by the black box. A driving object (the
white box) is also adhered to the PEA to increase the motion range of the
end-effector. For the sake of simplicity, we treat the PEA and the driving
object as a “big” PEA.
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effector moves along the PEA to the same displace-
ment Δstep without any relative motion, which looks
like that the end-effector is “stuck” on the surface of
the PEA.

• Slip period: in this period, the input voltage of the
PEA is rapidly decreased to zero. Then the PEA
moves leftward to its initial position with a very high
acceleration. The friction between the end-effector and
the PEA goes beyond the static friction threshold and
there is a relative motion between the end-effector and
the PEA. The end-effector “slips” on the surface of
the PEA. At the end of the slip period, the moving
displacement of the end-effector is Δe

step.

From the above working principle, the positioning of
the end-effector can be made by the following two control
phases: the one-step control phase (coarse positioning) and
the sub-step control phase (fine positioning). The one-step
control phase is composed of one stick period and one slip
period. By repeating the one-step control phase, the end-
effector continuously moves on the surface of the PEA with
a resolution of Δe

step. Therefore, the end-effector can have
a theoretically unlimited motion range. For example, if the
end-effector is required to move a displacement of L e, then
the one-step control phase should be repeated by �L e/Δe

step�
times (�x� denotes the largest integer less than x). Following
the one-step control phase, the positioning of the end-effector
enters the sub-step control phase. In this phase, there are two
control options. One is to increase the control input voltage
very slowly such that the PEA has a very small acceleration
and there is no relative motion between the PEA and the end-
effector (like the stick period). Then by accurately positioning
the PEA to a displacement of Le − �Le/Δe

step�Δe
step, the

desired displacement Le of the end-effector can be reached
[4]. Another sub-step control approach is to allow the relative
motion between the end-effector and the PEA. And use the
advanced control algorithms to achieve the fine positioning
Le−�Le/Δe

step�Δe
step of the end-effector under the existence

of relative motion.

By the aforementioned introduction, the ultra-precision
control of the piezoelectric-actuated stick-slip device is mainly
depended on two factors: one is the accurate positioning of
PEAs; and the other is the relative motion between the end-
effector and the PEA. There is a rich literature regarding the
accurate positioning of PEAs. The positioning approach of
PEAs can be roughly divided into three categories: the feed-
forward control approach, the feedback control approach and
the feedforward-feedback control approach. The feedforward
control approach is to obtain a dynamical model of PEAs first,
then use the inversion of the PEA’s model to compensate the
dynamics of PEAs (ideally, cascading the PEA by the inversion
of its dynamics leads to an unit mapping). The dynamical
model of PEAs is usually dominated by the hysteresis non-
linearity. The hysteresis modeling method can be divided into
the following types: the operator based model like the Preisach
model [5] and the Prandtl-Ishlinskii model [6]; the differential
equation physical model like the Duhem model [7] and the
Bouc-Wen model [8]; and the data-driven based model like
the neural network based model [9]–[11] and the fuzzy logic
model [12], [13]. The feedback control approach can be further
divided into the model-free control algorithm and the model-

based control algorithm. The model-free control algorithm is
designed without knowing the exact model information such
as the active disturbance rejection control [14] and the fuzzy
PID control [15]. Since the model information is utilized, the
model-based control algorithm has a relatively high control
performance, which includes the sliding mode control [16],
[17], the H∞ control [18], the robust adaptive control [19]
and the model predictive control [20]–[22]. The third control
strategy is the feedforward-feedback control which employs
the feedforward control to compensate the hysteresis nonlin-
earity and uses the feedback control to suppress the external
disturbances and model inaccuracy. Based on this control strat-
egy, combinations of different inverse hysteresis models and
different feedback control methods are studied [23]–[27]. The
second factor affecting the control accuracy of piezoelectric-
actuated stick-slip devices is the relative motion between the
end-effector and the PEA, which is highly dependent on the
friction. Many friction models (i.e., the Coulomb model, the
viscous model, the Dahl model, the LuGre model and the
elasto-plastic model) have been introduced in the literature [3].
Unfortunately, these friction models are usually nonlinear and
very complicated which are rarely used in the controller design
of the end-effector. To the best of the authors’ knowledge,
advanced control of piezoelectric-actuated stick-slip devices
has not been well studied. The proportional control is still
the dominant method of dealing with the friction and the
hysteresis nonlinearity [3]. Some advanced results include the
iterative learning control [28], the hybrid charge control [29]
and the velocity compensation approach [30]. One recent paper
proposes a neural network based control approach for the
piezoelectric-actuated stick-slip device [31]. By collecting the
displacement of the end-effector and the displacement of the
PEA, the relatively motion between the PEA and the end-
effector is approximated by a neural network model. Then the
inversion of this neural network is calculated. Therefore, the
desired displacement of the PEA can be determined by the
desired displacement of the end-effector and the inversion of
this neural network model. To achieve the desired displacement
of PEAs, the model predictive control approach is employed.
It is obvious that the controller proposed in [31] treats the PEA
and the end-effector separately. It is interesting to investigate
whether it is possible to find the relationship between the
displacement of the end-effector and the control input voltage
of the PEA directly, which gives the motivation of the study
carried out in this paper.

This paper proposes a neural network based modelling
approach for the piezoelectric-actuated stick-slip device. D-
ifferent from the existing methods built on various friction
models, the proposed method treats the piezoelectric-actuated
stick-slip device as a black box and directly uses the data-
driven approach to characterize the input-output relationship
of the device. By collecting the input-output data of the
device through experiments, a multi-layer feedforward neural
network is trained to approximate the relationship between the
displacement of the end-effector and the PEA’s control input
voltage. Compared to the previous result [31], the proposed
modeling approach does not need to know the displacement of
the PEA. Furthermore, the model predictive control approach
can be easily designed by this neural network based model,
while the controller proposed in [31] should know the inversion
of the neural network to determine the desired displacement
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Fig. 2. Structure of the three-layer feedforward neural network for modeling
the piezoelectric-actuated stick-slip device [31].

The rest of this paper is organized as follows. Section
II explains how to model the piezoelectric-actuated stick-slip
device by neural networks. Experimental results are presented
in Section III and the hardware implementation of the PEA’s
controller is introduced in details. Section IV concludes this
paper with the final remark.

II. NEURAL NETWORK BASED MODELLING APPROACH

Borrowing the idea proposed in [20], [22], it can be
assumed that the input-output relationship of the piezoelectric-
actuated stick-slip device can be determined by the following
“nonlinear auto-regressive moving average with exogenous
inputs” structure

p(tk) = F(
p(tk−1), · · · , p(tk−na), u(tk), · · · , u(tk−nb

)
)
,
(1)

where p(tk) denotes the displacement of the end-effector at tk
and u(tk) is the control input voltage of the PEA at tk. na and
nb are positive integers representing the displacement lag and
the input lag, respectively. na and nb should be determined by
the identification approach through experiments.

Due to the function approximation ability, the multi-layer
feedforward neural network has been widely adopted to ap-
proximate the unknown function. This paper adopts the neural
network shown in Fig. 2 to implement the “nonlinear auto-
regressive moving average with exogenous inputs” mapping
defined by (1).

p(tk) = W oσ(W hZ(tk)), (2)

where W h ∈ �(m+1)×n is the weight matrix
between the input layer and the hidden layer. It is
assumed that there are n neurons in the hidden layer.
Z(tk) =

(
1, p(tk−1), · · · , p(tk−na), u(tk), · · · , u(tk−nb

)
)T

and m = na + nb + 1. W o ∈ �1×(n+1) is the weight matrix
between the hidden layer and the output layer; σ(W hZ(tk)) =(
1, σ(Wh

r1Z(tk)), σ(W
h
r2Z(tk)), · · · , σ(Wh

rnZ(tk))
)T ∈

�n+1 (W h
ri represents the ith row of matrix W h). σ(·)

denotes the tangent sigmoid function, which is the activation
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Fig. 3. The prototype of the piezoelectric-actuated stick-slip device developed
in [31].

function of the neuron in the hidden layer. For the neurons in
the input layer and the output layer, the activation functions
are the unit mapping.

Through experiments, the input-output data pair
(Z(tk), p(tk)) can be measured. Then, the neural network
defined by (2) can be trained by the Levenberg-Marquardt
algorithm.

III. EXPERIMENTAL RESULTS

To verify the proposed modelling approach, the
piezoelectric-actuated stick-slip prototype developed in
[31] is employed for the experiment. This prototype is
composed of one PEA (P-753.1CD, Physik Instrumente,
Karlsruhe, Germany) and an end-effector. The end-effector is
vertically placed on the PEA. The contact surface between
the PEA and the end-effector is of the “V-shape” where
the polished silicon wafers are adhered. Details about this
prototype can be found in [31]. It should be noted that the
commercial voltage controller (E-665.CR, Physik Instrumente)
of the PEA used in the prototype has been replaced by a
self-developed controller whose working frequency (800Hz)
is much higher than the commercial one (less than 250Hz).
The detail of this self-developed controller is introduced in
the following subsection.

A. Design of the Self-Developed Controller of PEAs

The designed controller consists of the power supply mod-
ule, control module and voltage amplifier.

1) Power Supply Module: Power supply module provides
a stable direct current power source for the controller, where
3.3V, ±5V, ±15V and 150V voltages are needed. Considering
the diversity of the power supply voltages, adjustable positive
and negative DC power supply circuits are designed. 3-terminal
adjustable regulator LM317 is selected as the core component
of the adjustable positive DC power supply circuit because of
its wide output-voltage range (1.25V to 37V) and high output
current (greater than 1.5A). Similarly, 3-terminal adjustable
regulator LM337 is chosen for the adjustable negative DC
power supply circuit, which is capable of supplying -1.5A
output current over an voltage range from -1.2V to -37V.
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Fig. 4. The self-developed controller for PEAs.

Supply voltages of 3.3V, ±5V and ±15V are obtained by
adjusting the resistor in the circuit. Supply voltage of 150V and
the input voltage of the adjustable DC power supply circuits
are provided by commercial power supply products.

2) Control Module: Control module is responsible for
generating control voltage, collecting signals from the dis-
placement sensor of the PEA and communicating with host
computer, which is composed of the microcontroller unit (M-
PU), digital-to-analog converter (DAC) and analog-to-digital
converter (ADC). 32-bit microcontroller STM32F407 (STMi-
croelectronics) is selected as the MCU because of its abundant
interfaces and ease of use. A complete 16-bit D/A converter
AD669 (Analog Devices, Inc) and a high precision ±10V
external voltage reference AD688 are utilized to design DAC
module. The core components of ADC module are 16-bit
resolution, 500kSPS throughput A/D converter AD7693 (Ana-
log Devices, Inc) and high-performance 5V voltage reference
AD586. Both of DAC and ADC are well-designed to fully
satisfy the system demand.

3) Voltage Amplifier: Voltage amplifier is the key module
of the piezoelectric nanopositioning system, which amplifies
the small voltage and directly drives the piezoelectric ac-
tuators. A composite circuit structure with two operational
amplifiers is adopted to design a high-power high-frequency
voltage amplifier. With the expected output voltage range
from 0V to 120V and the maximum output current of 1A,
PA96 (300V, 1.5A, Apex Microtechnology) is selected as
the power operational amplifier. In order to reduce the input
offset voltage, the precision amplifier ADA4638-1 is applied
as the preamplifier. It’s noted that piezoelectric actuators are
equivalent to capacitive loads, which increase the difficulty
of the circuit design. Therefore, the phase compensation is
taken into consideration to ensure the stability of the voltage
amplifier. The maximum working frequency can be calculated
by

f =
Io

2πCVo
,

where Io is the output current, Vo is the output voltage, and C
is the equivalent capacitance of piezoelectric actuators. When
working at the state of Io = 1A, Vo = 120V and C = 1.4μf ,
the working frequency f is up to 947Hz, and higher working
frequency is achievable if the output voltage or the equivalent
capacitance is small.

Fig. 5. Controller performance test: (a) DC voltage; (b) static ripple; (c)
sinusoidal output with low peak-to-peak voltage; (d) sinusoidal output with
high peak-to-peak voltage. (Tektronix TDS 2024C digital oscilloscope)

4) System Synthesis and Performance Testing: After all the
module have been designed, the overall controller is obtained,
which is shown in Fig. 4. Extensive experiments are conducted
to test the performance of the designed controller. Figures 5(a)
and 5(b) illustrate that the static ripple is below 10mv even at
the situation of the maximum output voltage, which means
that the voltage amplifier has a very high precision. It can
be found in Figs. 5(c) and 5(d) that 800Hz sinusoidal output
voltage is achieved with a peak-to-peak voltage of 121V, and
for a sinusoidal output with 11.6V peak-to-peak voltage, the
working frequency is up to 6KHz.

B. Verification of the Proposed Modelling Approach

First, the time-lags na and nb should be determined. Vari-
ous experiments on different na and nb have been conducted.
The experimental result is given in Table I, from which it can
be seen that the best choice of na and nb is na = 2 and
nb = 2.

TABLE I. EXPERIMENTS ON DETERMINING THE THE OUTPUT LAG
na AND THE INPUT LAG nb .

na nb Root of
mean square
error (μm)

Maximum
error (μm)

Minimum
error (μm)

0 1 0.6218 0.5709 -1.0952
0 2 0.8546 0.2089 -1.5302
0 3 0.8984 0.2195 -1.4743
0 5 0.8650 0.0569 -1.5556
1 1 0.1187 0.1966 -0.2421
1 2 0.0083 0.0649 -0.0542
1 3 0.0066 0.0697 -0.0657
1 5 0.0055 0.0540 -0.0589
2 1 0.0084 0.1018 -0.0499
2 2 0.0050 0.0281 -0.0203
2 3 0.0064 0.0339 -0.0403
2 5 0.0077 0.0297 -0.0439
3 1 0.0072 0.0734 -0.0939
3 2 0.0065 0.0360 -0.0304
3 3 0.0075 0.0574 -0.0381
3 5 0.0095 0.0469 -0.0743
5 1 0.0084 0.0506 -0.0486
5 2 0.0052 0.0651 -0.0712
5 3 0.0054 0.0264 -0.0284
5 5 0.0107 0.0440 -0.0437
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Fig. 6. Performance verification of the proposed modelling approach: (a) f = 1Hz; (b) f = 10Hz; (c) f = 20Hz; (d) f = 50Hz; (e) f = 80Hz; (f) f = 100Hz.

Second, the modelling performance of the proposed ap-
proach is verified. The input voltage of the PEA is set as the
following references

u(t) = 4 sin(2πft− π/2) + 4,

where the frequency f is set to be 1Hz, 10Hz, 20Hz, 50Hz,
80Hz and 100Hz, respectively. The experimental results are
given in Fig. 6. It can be seen from the experiments that
the maximum modelling error is smaller than 50nm, which
is satisfactory for many practical applications.

IV. CONCLUSION

This paper proposes a neural network based modelling
approach for the piezoelectric-actuated stick-slip device. The
proposed approach treats the PEA and the end-effector as a
whole and directly uses the input (the control input voltage of
the PEA) and the output (the displacement of the end-effector)
of the device to train the neural network. The advantage of this
modelling approach can avoid the complicated friction models
and there is no need to measure the displacement of the PEA.
Some experiments have been made to determine the structure
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of the neural network and verify the modelling performance.
According to the experimental results, the maximum modelling
error is within 50nm, which can meet the requirement of many
nanopositioning applications. For the future work, more efforts
are to be made towards designing the advanced controller for
the piezoelectric-actuated stick-slip device. Since the neural
network based model has been obtained, the model predictive
controller is expected to have a good control performance by
the previous results [22], [31], which is to be verified in the
future.
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