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ABSTRACT The compensation of nonlinear hysteretic behavior is one of the mandatory requirements in
order to achieve precise reference tracking performance from a piezoelectric positioning stage. A common
practice of employing an inverse hysteresis model as a feed-forward compensator must deal with modeling
complexity; consequently, real-time tracking performance suffers due to modeling errors. In this paper, a two
degree-of-freedom robust digital feedback controller design scheme in the presence of a simple Bouc-Wen
hysteresis feed-forward compensator is proposed to deal with the dual challenge of modeling complexity
and modeling errors. The proposed control scheme takes into account the performance and robustness
requirements simultaneously. The desired performance and robustness requirements are expressed by means
of constraints on the shapes of closed-loop sensitivity functions (CLSFs). Then, pole placement with
sensitivity function shaping methodology is adopted so that the CLSFs respect their respective constraints
and the desired performance with robustness could be achieved. The presented experimental results verify
the effectiveness of the proposed control scheme in achieving the peak-to-peak reference tracking error
of 0.36% for the desired displacement of 12 um with tracking frequency of 10 Hz, whereas the peak-to-
peak tracking error of 4.33% is observed with a Bouc-Wen hysteresis feed-forward compensator (without
the feedback controller). Overall, 91% improvement is achieved in reducing the reference tracking error with
the proposed control scheme.

INDEX TERMS Bouc-Wen hysteresis compensator, piezoelectric positioning stage, system identification,

two degree-of-freedom robust digital feedback controller.

I. INTRODUCTION

Piezoelectric actuators are very commonly used in
micro/nanopositioning stages for different applications [1].
An important application of a positioning stage based
on piezoelectric actuator is in Scanning Probe Micro-
scopy (SPM). Here, a probe, attached with the piezoelectric
positioning stage, is used to scan over the material’s surface
for its manipulation and interrogation at an atomic scale [2].
The probe movement is required with ultra-high positioning
precision and speed. Piezoelectric positioning stages are
also used for the servo system of hard-disk drives [3] as
well as for probe-storage devices [4], where ultra-precise
positioning at nanometer-scale is required. These position-
ing stages are also an important part of advanced lithog-
raphy tools used in the manufacturing of semiconductor

integrated circuits [5]. Piezoelectric positioning stage is
also very vital in molecular biology for imaging and nano-
manipulation as required in cell tracking and DNA analy-
sis [6]. However, the requirement of ultra-precise positioning
in all these vast ranges of applications is limited to a small
displacement range due to the presence of nonlinear hystere-
sis effect in piezoelectric actuators. Hence, the compensa-
tion of nonlinear hysteresis effect is one of the mandatory
requirements in order to achieve precise reference tracking
performance for long range from a piezoelectric positioning
stage. If the nonlinear hysteresis effect is not compensated, it
may cause oscillations in the system response and even the
closed-loop system can become unstable [7].

An accurate mathematical model of hysteresis is required
in order to design the compensator for this nonlinearity.
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FIGURE 1. Closed-loop control scheme with two DOF feedback controller in the presence of Bouc-Wen hysteresis compensator.

For this purpose, a number of mathematical models have been
analyzed in the literature to represent hysteresis nonlinearity
of piezoelectric actuators [8]. Some of the famous hystere-
sis models are: Bouc-Wen model [9], Duhem model [10],
Jiles-Atherton model [11], Krasnosel’skii-Pokrovskii
model [12], Maxwell-based model [13], Prandtl-Ishlinskii
model [14] and Preisach model [15]. Generally, two kinds
of approaches are commonly adopted in the literature
to compensate the nonlinear hysteresis effect. The first
approach is to employ an inverse hysteresis model, as a
feed-forward compensator, cascaded with a piezoelectric
actuator in an open-loop system. Based on this first approach,
many research papers have been written where authors have
investigated the performance of a piezoelectric positioning
stage in the presence of open-loop feed-forward compen-
sator [16]-[18]. This approach of hysteresis compensation
requires formulation of inverse hysteresis model which is
often a challenging task. So, the modeling complexity is the
main challenge of this first approach. Other than this model-
ing complexity, effective real-time tracking performance with
an open-loop feed-forward compensator is difficult to achieve
in the presence of unknown disturbances and modeling errors.
The second approach of hysteresis compensation is to use a
feedback controller with or without a feed-forward compen-
sator. Usually, a feed-forward compensator is designed as an
inverse hysteresis model to deal with hysteresis nonlinearity
and then a feedback controller is designed to further enhance
the tracking performance of the positioning stage. Different
kinds of control algorithms, such as classical proportional-
integral-derivative control [19], robust control [20], [21],
fuzzy control [22], adaptive control [23], model-predictive
control [24] and hybrid control [25] have been investigated
in the literature without or with inverse hysteresis model as
a feed-forward compensator to analyze the tracking perfor-
mance of a piezoelectric positioning stage.

In this paper, a Bouc-Wen hysteresis model, which is
widely used to represent the nonlinear hysteresis effects of
an actuator due to its accuracy [26], is directly used (without
model inversion) as a feed-forward compensator to avoid
modeling complexity. To further enhance the tracking per-
formance of the considered piezoelectric positioning stage,
a two degree of freedom (DOF) robust digital feedback con-
troller is also used in the presence of Bouc-Wen hysteresis
compensator. The main advantage of this feedback control
design approach is that it takes into account the robustness
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and performance requirements simultaneously for the closed-
loop system. According to author’s knowledge, such a combi-
nation of Bouc-Wen hysteresis compensator with a two DOF
robust digital feedback controller has never been investigated
in the literature so far for the compensation of nonlinear
hysteresis phenomenon and also for the tracking performance
of a piezoelectric positioning stage. In order to demonstrate
the effectiveness of the proposed control scheme, the experi-
mental results are also presented in this paper. Better results
are achieved with the proposed control scheme as compare to
author’s previous work [20], [21] for the same system.

Section 2 of this paper describes the working principle of
the considered piezoelectric positioning stage with necessary
details about the experimental setup. Bouc-Wen hysteresis
model, feed-forward compensator design and system identi-
fication are presented in Section 3. Design methodology of
two DOF robust digital feedback controller is presented in
Section 4. Experimental results are given in Section 5. Finally,
Section 6 draws some conclusions.

Il. PIEZOELECTRIC POSITIONING STAGE

In this section, working principle of the considered piezoelec-
tric positioning stage with all the necessary details about the
experimental setup is presented.

A. WORKING PRINCIPLE

The block diagram of the closed-loop control scheme is
presented in Fig. 1. This control scheme has a two DOF
robust digital feedback controller as well as a Bouc-Wen
hysteresis compensator. The Bouc-Wen hysteresis compen-
sator is designed to mitigate the effect of nonlinear hysteresis
of piezoelectric actuator, whereas a two DOF robust digital
feedback controller is designed to further enhance the track-
ing performance of the positioning stage with robustness and
stability. Piezoelectric actuator has vibrational dynamics as
well as hysteresis nonlinearity. The output displacement (x,)
of the piezoelectric actuator is sensed by a capacitive dis-
placement sensor. The capacitive sensors are widely used in
different micro/nanopositioning applications as they provide
non-contact measurements with sub-nanometer resolution
and high bandwidth. The output voltage (vy) of this sensor
is given back to feedback controller. Another input for the
feedback controller is the reference voltage (v,) which corre-
sponds to the desired displacement of the piezoelectric actu-
ator. The feedback controller performs the necessary action
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and generates the control signal (u) for the Bouc-Wen hys-
teresis compensator. The output voltage (vj) of the Bouc-Wen
hysteresis compensator is amplified by a voltage amplifier
in order to generate the input voltage (v,) for piezoelectric
actuator. Details about experimental setup are presented in
the next sub-section.

B. EXPERIMENTAL DETAILS

The experimental setup consists of a micro/nanopositioning
stage having a single-axis piezoelectric actuator (P752.21)
and a non-contact capacitive displacement sensor (D015).
The considered piezoelectric actuator provides a positioning
range up to 35 um with a resolution of 0.2 nm. The capacitive
displacement sensor has a measuring range of 45 um and a
resolution of 0.01 nm with a bandwidth of 10 kHz. The capac-
itance of the sensor, which is directly related to the distance
between the plates, is converted into a signal analogous to
the displacement. The piezoelectric actuator is driven by a
high-power piezo amplifier (E505.00) having gain of 10 and
bandwidth of 3 kHz. The control algorithm is developed
in a computer having LabVIEW environment for the real-
time implementation. The amplifier and displacement sensor
communicate with control computer through data acquisition
card (PXIe6361). Fig. 2 shows the experimental setup and
Fig. 3 shows the considered piezoelectric nanopositioning
stage.

LabVIEW Amplifier

Computer

DAQ Module

Nanopositioning
Stage

FIGURE 2. Experimental setup for piezoelectric positioning stage.

FIGURE 3. Piezoelectric nanopositioning stage (P-752.21).

Ill. HYSTERESIS MODEL AND FEED-FORWARD
COMPENSATOR

In this section, the Bouc-Wen model is first presented to
model the hysteretic phenomenon of the piezoelectric actu-
ator. Then, the identification of different parameters of the
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hysteresis model as well as linear dynamics of the considered
system is presented. Finally, a simple feed-forward compen-
sator, based on Bouc-Wen hysteresis model, is also presented.
The simulation results with the feed-forward compensator are
also presented in this section.

A. BOUC-WEN HYSTERESIS MODEL

The reason of using the Bouc-Wen hysteresis model to repre-
sent nonlinear hysteresis effect of the considered piezoelec-
tric actuator is its interesting simplicity in representing a large
class of hysteresis with accuracy. Generally, this model can be
described by the following differential equation:

S (1) =av, ()= B 1va O O D (1) —yva (1) | ()"
(1)

where @ represents the hysteretic nonlinear term and @ is
its first derivative with respect to time, v, is the applied
voltage to piezoelectric actuator, «, 8, Y and n > 1 are the
parameters which govern the shape and amplitude of hystere-
sis loop. Detailed discussion about effect of the Bouc-Wen
model parameters can be found in [27]. The above presented
hysteresis model can be transformed into discrete time for
the purpose of designing a digital controller. So, a discrete
time Bouc-Wen hysteresis model can be described by the
following difference equation:

Ok + 1) — D(k)

AT
ok + 1) — vk S+ 1) — vk B
D ) bt D)
ok +1) —vu(k
ORALAR LT @

where AT and k are sampling period and sampling instant,
respectively. Now, the displacement of the piezoelectric actu-
ator can be expressed as:

Xa(k) = gpva(k) — @(k) 3

where x, represents the displacement of the piezoelectric
actuator, gp represents the piezoelectric coefficient and is
strictly positive and & is hysteretic nonlinearity which can
be described from (2) as follows:

Va (k) —va (k —1)

® (k) = ATa ~
e = vk = 1) el
ATB NG 1Dk — D"k —1)
va (k) = va (k = 1) ; ~
— ATy AT [@k—-DI"+ Pk —-1) 4

All the parameters («, 8, y, n) of Bouc-Wen hysteresis model
as well as the value of piezoelectric coefficient (gp) are
identified from the real-time experimental data. System iden-
tification is presented in the next sub-section.
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B. SYSTEM IDENTIFICATION

In this sub-section, the identification of nonlinear hysteresis
model parameters as well as the linear dynamics of consid-
ered piezoelectric positioning system is presented. A compar-
ison of experimental and simulated results is also performed.
The identified Bouc-Wen hysteresis model will be employed
as a feed-forward compensator without performing model
inversion.
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FIGURE 4. Experimental and simulated hysteresis loop with identified
parameters of Bouc-Wen hysteresis model.

In order to identify different parameters (¢, 8, y, n) of
Bouc-Wen hysteresis model as well as piezoelectric coeffi-
cient (gp), a sinusoidal input voltage of 40 V with a frequency
of 10 Hz is applied to the piezoelectric actuator. The measured
voltage from position sensor will generate the experimental
hysteresis loop as shown in Fig. 4. In all the experiments,
the real-time data acquisition is performed with a sampling
frequency of 10 kHz. Now, to identify the parameters of
Bouc-Wen hysteresis model, a nonlinear curve fitting prob-
lem is solved in a least-square sense by using the nonlinear
least-square optimization toolbox in MATLAB. The iden-
tified parameters’ values are: « = 0.7091, 8 = 2.0476,
y = 0.1949,n = 1 and gp = 1.143. After identifi-
cation, simulated hysteresis loop is generated as shown in
Fig. 4 based on identified parameters’ values of Bouc-Wen
hysteresis model. A close match between the experimen-
tal and simulated hysteresis loops can be observed which
validates the presented Bouc-Wen hysteresis model for the
considered piezoelectric actuator.

Now, in order to identify the linear dynamics of the con-
sidered piezoelectric positioning system, a sinusoidal chirp
input signal of small amplitude (so that hysteresis effects
are negligible) and increasing frequency is applied to the
system. A recursive least square (RLS) parameter adaptation
algorithm is used for estimating the parameters of the dis-
crete time dynamic model of the considered system. Detailed
discussion about RLS parameter adaptation algorithm can
be found in [28]. The parameter adaptation algorithm uses
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the error between the actual system output and the output
predicted by the model and modifies the model parameters
at each sampling instant in order to minimize this error. The
linear dynamic model will be used to design the proposed
two DOF robust digital feedback controller. The identified
4™ order discrete time dynamic model of the considered
system is given as follows:

6() = N ()
D(z")

_omz e mzr 4 mr gt 5

T4 diz doz 2+ d3z 3 H dyz?
where N and D are numerator and denominator polynomi-
als of the plant. The identified parameters of these poly-
nomials are: ny = 0.652,n, = —0.806,n3 = 0.398,
ng = 0.0003,d; = —1.646,d, = 1.658,d3 = —1.125
and d4 = 0.387. Experimental and simulated response with
identified discrete time model for a chirp input is presented
in Fig. 5. Again, a close match between the experimental
and simulated responses can be observed which validates the
identified model of the considered system. A small difference
between these experimental and simulated plots will be dealt
with the robustness of the proposed two DOF robust digital
feedback controller.

Measured Voltage (V)

Input Voltage (V)

FIGURE 5. Experimental and simulated chirp response for the
identification of linear dynamics.

C. BOUC-WEN HYSTERESIS COMPENSATOR

In order to compensate hysteresis nonlinearity of the con-
sidered piezoelectric actuator, a simple Bouc-Wen hystere-
sis compensator is designed based on identified hysteresis
model (&) with identified value of piezoelectric coefficient
(gp) as shown in Fig. 6. In contrast to classical approach
of hysteresis compensation where inverse hysteresis model
is designed as a feed-forward compensator, here the pre-
sented approach does not require any inversion except for
the piezoelectric coefficient (gp) which is strictly positive.
So the inverse modeling complexity can be avoided with the
presented approach [26].
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FIGURE 6. Block diagram of Bouc-Wen hysteresis model with
compensator.

For Bouc-Wen hysteresis model, if x, is the actual dis-
placement of piezoelectric actuator and v, is the applied
voltage then the objective is to achieve x, = x, (as shown
in Fig. 6) where x, is the input displacement for hysteresis
compensator. Now, the equation for hysteresis compensator
from (3) can be written as:

va (k) = L (xr (k) + @ (k)) (6)
8p
where @ represents the nonlinear hysteresis term which is
used in feedback of the compensator as shown in Fig. 6.
For this hysteresis compensator design, there is no need to
perform inversion of actual hysteresis model.
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FIGURE 7. Simulation result of (a) hysteresis loop (b) output voltage of
Bouc-Wen hysteresis compensator.

The simulation results of hysteresis loop and the output
voltage of hysteresis compensator with identified Bouc-Wen
hysteresis model are presented in Fig. 7(a) and Fig. 7(b),
respectively. Fig. 8 shows the simulation result of hystere-
sis compensation with Bouc-Wen hysteresis compensator.
This simulation result shows the capability of Bouc-Wen
hysteresis compensator in compensating the hysteresis non-
linearity effectively. However, slight hysteresis nonlinear
still can be observed during real-time experimentation with
Bouc-Wen hysteresis compensator due to small mismatch
between actual and simulated hysteresis loops. To further
enhance the performance of considered piezoelectric posi-
tioning stage in terms of hysteresis compensation and precise
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FIGURE 8. Simulation result of hysteresis compensation with Bouc-Wen
hysteresis compensator.

reference tracking, a two DOF robust digital feedback con-
troller in the presence of Bouc-Wen hysteresis compensator
is analyzed and presented in the next section.

u |Bouc— an Uy PEA vy
Hysteresis

Compensator

A4

N

System

Two DOF Feedback Controller

FIGURE 9. Block diagram of two DOF robust digital controller design for
piezoelectric actuator (PEA) positioning stage.

IV. TWO DOF ROBUST DIGITAL CONTROLLER DESIGN

In this section, design methodology of a two DOF robust digi-
tal feedback controller, having three polynomials (R, S and T)
as shown in Fig. 9, is presented. These three polynomials
of the controller are designed by using pole placement with
sensitivity functions shaping methodology [29]. The advan-
tage of this methodology is that it can take into account the
robustness and performance requirements simultaneously.
The desired performance and robustness requirements are
expressed by means of constraints on the shapes of closed-
loop sensitivity functions.

The desired performance of the piezoelectric positioning
stage is to achieve peak-to-peak reference tracking error of
less than 1% for the desired displacement of 12 pum. This
precise tracking performance is indeed required with robust-
ness and stability. Three closed-loop sensitivity functions are
considered here which are given as follows:

D) s ()

() = semsenenenrey O
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where Sp is output sensitivity function, Ty complementary
sensitivity function and Ky is input sensitivity function. R, S
and T are three polynomials of the controller, and N and D
are polynomials of the plant. The considered constraints on
the shapes of closed loop sensitivity functions are described
in Table 1.

TABLE 1. Considered constraints on the shapes of sensitivity function.

Condition Reason

1Sollo < 6 dB,Vaw
IToll < 3.5 dB, V&

[1KSolleo < 20dB,Vw

Constraint
Constraint 1

For sufficient stability and
robustness margin

Constraint 2

To avoid instability due to
actuator saturation
To achieve maximum of 1%

Constraint 3

Constraint 4 ISo| < —30dB, peak-to-peak tracking error
0<w<wr with maximum tracking
frequency of wr = 10 Hz
Constraint 5 [To| < —104dB, To attenuate noise at system
w > 103 Hz output

The constraints mentioned in Table 1 are used for the
controller design as well as for the performance analysis
of the considered piezoelectric positioning stage. A proper
shaping of closed- loop sensitivity functions is required so
that each sensitivity function respect its respective constraint.
This shaping of closed-loop sensitivity functions can be done
by appropriate selection of desired closed-loop poles and
pre-specified polynomials in the controller polynomials. The
desired closed-loop poles are specified by a polynomial C of

the form:
c(e)=cn(")-ca (<) (10)

where Cp represents the desired dominant poles and Cy rep-
resents the auxiliary poles of the closed-loop system. Three
polynomials of the controller are considered as follows:

A A T
S)-nlul) o
T(z_1> — R(1) (13)

where Pr and Pg correspond to pre-specified polynomi-
als of R and S polynomials of the controller respectively
and 7 polynomial is considered as R(1) in order to ensure
steady-state unity gain between the reference and output
of the system. The unknown polynomials of the controller
Ur and Uy are obtained as a solution of the following poly-
nomial (Bizout equation):

() =) () e () () s

where C polynomial can be taken as given in (10) and R
and S polynomials of the controller as given in (11) and (12)
respectively. The controller design procedure is summarized
in Fig. 10.

In order to design the two DOF robust digital feedback
controller, the desired dominant closed-loop poles are placed
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Compute plant model -
(N and D polynomials) {R polynomial
Choose desired dominant Solve Bizout Eq. (14) to
(Cp) and auxilliary (Ca) compute unknown S polynomial
closed-loop poles polynomials (Ug and Us)
Choose pre-specified H T polynomial
polynomials (Pg) and (Ps)
of controller

FIGURE 10. Block diagram of controller design procedure.

at 800 Hz with damping coefficient of 0.7 so that the closed-
loop and open-loop natural frequencies remain almost the
same. Four high frequency desired closed-loop auxiliary real
poles are added at 0.3 in order to enhance the robustness of
the closed-loop system and also to shape the output sensitivity
function. In order to shape the input sensitivity function, a real
zero has been introduced at 0.5fs (where fs is sampling fre-
quency) as a pre-specified polynomial (Pg) of the controller.
An integrator is also used as a pre-specified polynomial (Pg)
of the controller. Now, after solving (14), following polyno-
mials of the two DOF robust digital feedback controller are
achieved:

R (z_l) =ro+nz ! +rng i s

S (z_l) =1+sz '+ szz_2 + 532_3 + S4Z_4 + ssz_5

T (Zil) =1
where rg = 0.6691,r; = —1.0195,» = 0.2919,r; =
0.7968, r4 = —0.8738,r;5 = 0.3099,s1 = —1.3074,sp =
0.0093,s3 = 0.6172,s4 = —0.3188,s5 = —0.0002
and fp = 0.1745. Closed-loop sensitivity functions with

designed two DOF robust digital feedback controller are
presented in Fig. 11. It can be observed that all closed-
loop sensitivity functions respect their respective constraints
as mentioned in Table 1. Respecting the constraints by the
sensitivity functions indicate that the desired performance
is achieved with the proposed controller. The desired per-
formance at higher tracking frequency with the proposed
control scheme can also be achieved if the constraints on the
shapes of the closed-loop sensitivity functions and the pre-
specified polynomials of the controller are chosen accord-
ingly. Real-time experimental results are presented in the next
section.

V. EXPERIMENTAL RESULTS AND DISCUSSION
In this section, real-time experimental results of the con-
sidered piezoelectric actuator system are presented. For all
presented experimental results, a sinusoidal reference input
displacement of 12 um with a tracking frequency of 10 Hz
is considered. Data acquisition is performed with sampling
frequency of 10 kHz.

Three different cases are thoroughly examined here in
order to analyze the performance of the piezoelectric
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FIGURE 11. (a) Output sensitivity function (b) Complementary sensitivity
function (c) Input sensitivity function.

actuator system in terms of hysteresis compensation and
reference tracking. The considered three different cases
are:

Case I: Open-loop system without any compensator.

Case 1I: Open-loop system with feed-forward Bouc-Wen
hysteresis compensator.

Case III: Closed-loop system with proposed two DOF
robust digital controller in the presence of feed-forward
Bouc-Wen hysteresis compensator.

The experimental results which are achieved in above men-
tioned three cases are discussed below:

Case I: Fig. 12(a) and Fig. 12(b) show the experimen-
tal results of hysteresis loop and reference tracking error
respectively, in open-loop configuration without any com-
pensator. A large hysteresis loop with hysteresis percentage
of 20.82% can be observed in the output displacement of
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FIGURE 12. CASE I: Experimental results in open-loop without any
compensator (a) hysteresis loop (b) reference tracking error.

piezoelectric actuator. Similarly, a large peak-to-peak track-
ing error of 2.6 um, which is 21.67% of the desired dis-
placement (12 um) of piezoelectric actuator, is also observed.
These experimental results demonstrate the necessity of
designing a compensator for hysteresis nonlinearity, which
will also reduce the reference tracking error.

e
w

Displacement (um)
6 e ¢
L © a N

Tracking Error (pm)
o
Y

o
t

-0.4

0 0.1 0.2
Time (sec)

Input Voltage (V)

FIGURE 13. CASE II: Experimental results with Bouc-Wen feedforward
compensator (a) hysteresis loop (b) reference tracking error.

Case II: Fig. 13(a) and Fig. 13(b) present the exper-
imental results of hysteresis loop and reference tracking
error respectively, in open loop configuration in the presence
of Bouc-Wen hysteresis compensator. Hysteresis percentage
of 1.25% is still observed in the output displacement of the
piezoelectric actuator as shown in Fig. 13(a). The observed
slight hysteresis nonlinearity is due to a small mismatch
between the measured experimental hysteresis loop and the
output of identified hysteresis model. In the presence of
a Bouc-Wen hysteresis compensator, the observed peak-to-
peak reference tracking error, shown in Fig. 13(b), is 0.52 um
which is 4.33% of the desired displacement (12 pum) of
piezoelectric positioning stage. Overall, the Bouc-Wen hys-
teresis compensator has improved the performance of the
considered piezoelectric actuator system in suppressing the
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hysteresis nonlinearity by 93.9% and in reducing the peak-
to-peak tracking error by 80.1% from the open-loop sys-
tem without any compensator (Case I). In order to further
enhance the performance of piezoelectric positioning stage
in terms of hysteresis compensation and reducing the ref-
erence tracking error, a closed-loop configuration with two
DOF robust digital feedback controller in the presence of the
feed-forward Bouc-Wen hysteresis compensator is analyzed
in Case III.
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FIGURE 14. CASE IlI: Experimental results with 2 DOF robust digital
feedback controller in the presence of Bouc-Wen feed-forward
compensator (a) hysteresis loop (b) reference tracking error.

Case III: Fig. 14(a) and Fig. 14(b) present the experi-
mental results of hysteresis loop and reference tracking error
respectively, in closed-loop configuration with two DOF
robust digital feedback controller in the presence of feed-
forward Bouc-Wen hysteresis compensator. Better results in
terms of hysteresis compensation and reference tracking are
observed in this Case III. A very small hysteresis loop with
hysteresis percentage of 0.16% can be observed in the output
displacement of piezoelectric actuator as shown in Fig. 14(a).
Overall, the proposed two DOF robust digital controller with
Bouc-Wen hysteresis compensator has improved the perfor-
mance of considered piezoelectric actuator in suppressing
the hysteresis nonlinearity by 99.2% from the open-loop
system without compensator (Case I) and by 87.2% from the
open-loop system with feed-forward Bouc-Wen hysteresis
compensator (Case II). Better compensation of hysteresis
nonlinearity will accordingly reduce the reference tracking
error. A very small peak-to-peak reference tracking error
of 0.043 pm, which is 0.36% of the desired displacement
(12 um) of piezoelectric positioning stage, is observed
in this Case III as shown in Fig. 14(b). As compared
to Case I and Case II, the reference tracking error is
reduced in Case III by 98.3% from the open-loop sys-
tem without any compensator and by 91.6% from the
open-loop system with a feed-forward Bouc-Wen hysteresis
compensator.

The summary of achieved results in Case I, Case II and
Case III is presented in Table 2.
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TABLE 2. Summary of achieved experimental results.

Case ] Case II Case 11
Hysteresis 20.82% 1.25% 0.16%
Improveme?nt in hysteresis _ 93.9% 99.2%
compensation from Case I
Improveme.nt in hysteresis _ _ 87.2%
compensation from Case II
Tracking error 21.67% 4.33% 0.36%
Improvement in reducing o o
tracking error from Case I 80.1% 98.3%
Improvement in reducing _ _ 91.6%

tracking error from Case II

VI. CONCLUSION

In this paper, the tracking precision of a piezoelectric posi-
tioning stage has been analyzed in three different cases: open-
loop configuration without any compensator (Case I), open-
loop configuration with a Bouc-Wen hysteresis feed-forward
compensator (Case II) and finally, closed-loop configura-
tion with two DOF robust digital feedback controller in the
presence of Bouc-Wen hysteresis feed-forward compensator
(Case III). Before analyzing the performance of piezoelec-
tric positioning stage, the linear dynamic model of consid-
ered piezoelectric actuator system with different parameters
of Bouc-Wen hysteresis model have been identified from
the real-time experimental data. The achieved experimental
results in Case III demonstrate improved performance in
terms of suppressing the hysteresis nonlinearity and reducing
the tracking error as compared to Case I and Case II. Hys-
teresis percentage of 0.16% has been achieved in Case III,
which is almost 99% improvement from Case I and 87%
improvement from Case II. As far as peak-to-peak reference
tracking error is concerned, 0.36% of the desired displace-
ment of 12 um has been achieved in Case I1I, which is almost
98% improvement from Case I and 91% improvement from
Case II. All these achieved experimental results demonstrate
the effectiveness of the proposed control scheme.
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