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Due to the inherent hysteresis characteristics of the smart material, the positioning accuracy of the piezo-driven manipulator was
always decreased. Especially in multi-degrees-of-freedom (MDOFs) compliant manipulators driven by multismart actuators, the
cross-coupled hysteresis among MDOFs decreased the positioning accuracy of such compliant platforms significantly. In this
paper, the hysteresis feature identification and coupled hysteresis compensation of a piezo-driven XY manipulator was in-
vestigated. To establish the hysteresis characteristics of the piezo-driven manipulator, a modified Bouc–Wen model has been
proposed, and a Genetic Algorithm-based Particle Swarm Optimization (GA-PSO) was adopted to recognize the parameters of
the model. To improve the output performances of the manipulator, the decoupling controller of the XY micromanipulator was
designed, and the driven voltages were modified using the estimated coupling displacements. *e experiments validated that the
modified Bouc–Wen model featured the ability to present the hysteresis process effectively, and the maximum prediction errors
are 0.19 μm and 0.16 μm in the two directions separately. *e coupled hysteresis displacement before and after implementing the
decoupling controller in the X-direction was reduced from 0.56 μm to 0.15 μm, and the coupling effect is reduced by 73.2%, while
in the Y-direction, the coupling effect was also decreased by 72.9%.

1. Introduction

Precision positioning manipulator was an important tech-
nology in advanced manufacturing field, which was widely
used in aerospace, weapons, semiconductor manufacturing,
and medical microscopy [1–3]. Piezoelectric actuators (PZT
actuators), as the smart-material-based actuators, featured
the characteristics of fast response, low power consumption,
and high positioning resolution [4] and, hence, were
commonly adopted in the manipulator with high posi-
tioning accuracy [5, 6]. However, the nonlinear character-
istics which existed in piezoelectric actuators [7] caused by
hysteresis and creep decreased the positioning accuracy of
the corresponding compliant manipulators. Especially for

manipulators with MDOFs, the mutual interference among
multiple piezoelectric actuators resulted in a coupled hys-
teresis effect, which further degraded the positioning ac-
curacy of the manipulator and even caused the system to
deviate from the equilibrium state.*erefore, to compensate
the coupled hysteresis effects, the decoupling controller [8]
of the piezo-driven compliant platform was usually designed
using the identified hysteresis model to improve the output
performances of the platform.

Many models had been used to present the nonlinearity
of the piezoelectric actuator. To describe the hysteresis
features founded in PZTactuators, Wang et al.[9] developed
an improved Preisach model, and the results demonstrated
that the derived model keeps a bias with the real hysteresis
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curves. In order to investigate the effect of the rate de-
pendence features, Liang [10] proposed an improved
Prandtl–Ishlinskii (PI) model to update the recoil operator
according to the input rate, which effectively increased the
precision of the proposed model. Another commonly used
model was the Bouc–Wen model [11–13], which could
describe most of the hysteresis characteristics by only
changing several model parameters. In [14], an asymmetry
item was integrated into the classical model, forming a
modified Bouc–Wen model featuring the asymmetric hys-
teresis description ability. Wang et al.[15] developed an
asymmetric Bouc–Wen model, and the experimental results
showed that such model can effectively describe the
asymmetric hysteresis curve with less tracking error com-
pared to the classical Bouc–Wen model. Based on the in-
telligent algorithm of GA-PSO, the inverse compensation
control for a piezoelectric actuator using a modified
Bouc–Wen model was conducted in [16]. Moreover, the
model parameters identification was also the key issue to
enhance the hysteresis modelling ability, which will further
increase the inverse compensation precision of the ma-
nipulator. *erefore, a GA-PSO algorithm with strong
global search ability and high efficiency was adopted in this
study to recognize the model parameters. Zhang et al.[17]
adopted a GA method to identify the parameters of the
proposed model of a lithium ion battery, and the simulation
data were consistent with the experimental data. Such in-
telligent algorithms were also wildly applied in many other
mechanical systems [18, 19]. Otherwise, the numerical
simulation algorithms were also significant before the ex-
periments [20–22].

*e hysteresis coupling effect referred to the mutual
interference among several smart actuators with the hys-
teresis features in different directions. Taking the decoupled
XY piezo-driven compliant manipulator as an example,
ideally, the two directions of the platform were orthogonal,
and there was no mutual influence in the two directions
theoretically. However, due to the manufacturing and design
error, the decoupled mechanical structure could hardly
achieve the totally decoupled feature. Hence, the hysteresis
coupling effects among multiple DOFs were caused, leading
the positioning precision of the manipulator to decrease
greatly, especially under the nanolevel positioning precision.
Another significant reason was that the presented decoupled
XY compliant manipulators were usually designed with the
particular mechanical structures to achieve the independent
DOF, such as the symmetric parallel four-bar mechanism,
which made the manipulator not belong to the complete
decoupled mechanism such as the serial mechanism.
Nowadays, some decoupling controllers based on nonlinear
coupling models have been developed [23–25]. Among
them, a hybrid control approach using to compensate the
interacted hysteresis between two different DOFs while
tracking the reference trajectory was developed byWang and
Tang.[26]. In [27], the force-displacement relationship of the
stage was analyzed using a motion control mathematical
model, and the analytical models for displacement and
cross-coupling error in the XY-directions were derived. In
addition, Habineza et al.[28] developed a nonlinear

controller based on the differential geometry decoupling
theory to control an eddy current damper, and the proposed
approach was validated to have the ability to realize the
motion in horizontal and vertical directions. In this study, to
decrease the effect caused by the coupled hysteresis, a
feedforward decoupling controller was adopted using the
identified inverse Bouc–Wen model, and such approach
features the advantages of low cost and no changing of the
structure of the initial platform. Since the coupling hysteresis
effect in the piezo-driven manipulator was a complex
nonlinear phenomenon, it was a challenging work to design
the decoupling controller withmultiactuators.*erefore, the
model identification and the decoupling controller design of
the compliant manipulator withMDOFs were required to be
further studied.

*e rest of the paper is arranged as follows: An improved
asymmetric Bouc–Wen model featuring the hysteresis de-
scription ability is developed in Section 2.*en, in Section 3, a
modified GA algorithm optimized by PSO is established. A
decoupling control approach using the identified Bouc–Wen
model has been investigated to reduce the coupling hysteresis
effect of the XY piezo-driven manipulator in Section 4. *en,
the experiments are conducted, and the results are discussed in
Section 5. At last, Section 6 gives the conclusion of the paper.

2. The Modified Asymmetric Bouc–Wen Model

*e Bouc–Wen model owned the ability to establish the
complicated hysteresis characteristics with relatively fewer
parameters. It can identify the hysteresis model based on the
displacement data acquired by the experiment. Figure 1 shows
the hysteresis model established by the Bouc–Wen model,
and the corresponding expression is given as follows [29]:

F(x, z) � αk · x +(1 − α)k · z, (1)

_z � A · _x − β · | _x| · |z|
n− 1

· z − c · _x · |z|
n
, (2)

where the specific definition of the parameters can be found
in [16].

*e conventional Bouc–Wen expression usually de-
scribes a symmetric hysteresis loop, as shown in Figure 1(a),
and in practice, the piezoelectric actuator usually exhibits
asymmetric hysteresis features. Hence, the conventional
Bouc–Wen expression was required to be modified to de-
scribe the features of asymmetric hysteresis. *us, by in-
troducing an asymmetrical item to equations (1) and (2), the
new expression of equation (2) is shown as follows:

_h(t) � A · _u(t) − β · | _u(t)| · |h(t)|
n−1

·h(t) − c · _u(t) · |h(t)|
n

+ Δε,

Δε � δu(t) · sgn( _u(t)).

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(3)

Combined equations (1) and (3), the description of an
independent hysteresis curve can be simplified as follows:

ybw(t) � H[·] � p · u(t) + q · h(t), (4)

where H[·] is the hysteresis model, A, β, c, and n can be
identified by the data acquired through the experiments, and
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δ is the added asymmetric hysteresis item. As observed in
Figure 1, with the variation of variable δ, the shape of the
hysteresis curve changed to different asymmetric curves.

3. The Intelligent GA-PSO Approach

When the hysteresis model was established, all the pa-
rameters of the model were initial values which required to
be further identified based on the experimental data. In this
paper, a GA-PSO approach featuring both the advantages of
GA and PSO was adopted to implement the parameter
recognition. *e particle swarm optimization algorithm can
solve a large number of nonlinear and noncontinuous
problems and was widely used in science and engineering.
Genetic algorithmwas a global optimization algorithm using
the effective optimization of genetic principles. Combining
the advantages of PSO and GA algorithms, the GA-PSO
algorithm adopted in this paper had a faster convergence
speed and global search ability.*e procedure of the adopted
GA-PSO algorithm is illustrated in Figure 2.

Usually, the exact solution of the Bouc–Wen model is
unknown, and whether the identified parameter was a global
optimal solution or not was required to be estimated.
*erefore, the only criterion for judging whether the rec-
ognized result was suitable was the coincidence extent be-
tween the model results and the test data. *e fitness
function is presented as follows:

F(p, q, A, β, c, n, δ) �

����

1
L



L

i�1




y − ybw( 
2 , (5)

where the specific definition of the parameters in equation
(5) can be found in our previous research [16].

4. Decoupling Control of the XY Piezoelectric
Positioning Platform

Before designing the decoupling controller, the linearization
method used to reduce the hysteresis effect in independent
direction without considering the coupled effects was re-
quired first. According to Wang et al. and Habineza et al.
[11, 28], the feedforward compensation control methods are
adopted, and the hysteresis compensation controller for an
independent direction was developed. Combined with
formula (4), its inverse model expression is

v(t) � H
− 1

[·] �
1
p

yr − q h(t), (6)

where yr is the reference displacement for the input, v(t) is
the required drive voltage, andH− 1[·] is the inverse model in
the X-direction. *e compensation principle is shown in
Figure 3.

In order to realize the hysteresis compensation control in
the X- and Y-direction, combined with the feedforward
compensation control principle, the feedforward compen-
sation controller shown in Figure 4 was designed in
Simulink. *e controller was divided into four areas: signal
input, hysteresis inverse model parameters, hysteresis, and
feedforward control.

In the ideal state of the positioning platform, as shown in
Figure 5, the X-direction and Y-direction of the decoupled
XY manipulator should be orthogonal and have no coupling
effect. However, influenced by the hysteresis of the piezo-
electric actuator, the parallel structure, and assembly errors
of the actuators, the hysteresis coupling effects between the
X- and Y-direction were found to exist.

When a sinusoidal signal with the amplitude of 5 V and
frequency of 2Hz was applied in the Y-direction and the
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Figure 1: Asymmetric hysteresis curves with different δ.
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signal of 0 V was applied in the X-direction respectively, the
output displacement in the X-direction should be zero if all
the conditions were ideal. However, the coupling dis-
placement of in the X-direction caused by the coupled
effects was measured, as shown in Figure 6(a). Figure 6(b)
shows the measured hysteresis curve in the Y-direction. It
can be observed in Figure 6(a) that the output displacement
in the X-direction was also a hysteresis curve, which further
validated the coupled hysteresis characteristic between the
X- and Y-direction. Similar results can be obtained by
exchanging the excited voltage. Figure 6(c) presents the
output displacement in the Y-direction when a sinusoidal
signal with an amplitude of 5 V and a frequency of 2Hz was
applied in the X-direction and the input voltage 0 V was
applied in the Y-direction, respectively. *e coupling
hysteresis output characteristic had also been observed.
Figure 6(d) presents the measured hysteresis curve in the X-

direction. *ese results further verify the fact that, in a
piezo-driven manipulator with MDOFs, the output dis-
placement in one direction was not only affected by the
hysteresis from its driven actuator but also suffered the
coupled hysteresis effect from other actuators.

Based on the proposed asymmetric Bouc–Wen model
which can present the coupling process of the platform, a
decoupling controller was further designed to reduce both
the independent hysteresis and coupled hysteresis effect of
the XY platform. *e basic principle of the decoupling
control was to calculate the displacement in the X-direction
which is caused by the excitation from the Y-direction, and
then, the displacement caused by the coupling hysteresis
effect was compensated by applying an opposite driving
voltage in the X-direction. *e relationship between the
input voltage and the output displacement is defined as
follows:

yr Dxv (t)
H–1[·] A single axis

Figure 3: *e principle of the feedforward compensation control.
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Figure 2: *e procedure of the adopted GA-PSO algorithm.
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Figure 5: Schematic diagram of the XY piezoactuated compliant platform.
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Dx(t)

Dy(t)
⎡⎣ ⎤⎦ � H

vx(t)

vy(t)
⎡⎣ ⎤⎦, (7)

where vx(t) and vy(t) represent the driving voltages in the
X- and Y-direction, Dx(t) and Dy(t) represent the output
displacements of the platform in the X- and Y-direction,
respectively, and H[·] is the hysteresis mathematical model
of the platform.

*e control methods of the manipulator in the two
directions are the same. When only considering the output
displacement in the X-direction, the coupled model in the X-
direction should satisfy the following relation:

Dx(t) � HXX vx(t)  + HXY vy(t) , (8)

where Hxx[·] is a hysteresis model between the input voltage
vx(t) and the output displacement Dx(t) in the X-direction
and Hxy[·] represents an effect model between the input

voltage in the Y-direction and displacement in the X-di-
rection caused by the decoupling effect.

Based on the decoupling control principle and formula
(8), the decoupling control model is

Dx(t) � HXX vx(t) + vxy(t)  + HXY vy(t) , (9)

vxy(t) � H
−1
XXHXY vy(t) , (10)

where H−1
xx is the inverse model of the hysteresis in the X-

direction, vxy(t) is the driving voltage for compensating the
coupling effect in the X-direction, and Hxy[vy(t)] is a
coupling displacement in the X-direction caused by the
voltage vy(t) applied in the Y-direction.

We combined formula (9) with the feedforward com-
pensation formula (6) and replaced the driving voltage vx(t)

in the X-direction and the coupling compensation control
voltage vxy(t) in formula (9) with the reference displace-
ments ux(t) and uxy(t):
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Dx(t) � HXXH
−1
XX ux(t) + uxy(t)  + HXY vy(t) . (11)

According to the feedforward control principle, vy(t)

can be obtained by combining formula (6):

vy(t) � H
−1
YY uy(t) . (12)

According to formula (9), the required coupling com-
pensation reference displacement uxy(t) is

uxy(t) � Dx(t) − HXX vx(t) + vxy(t) . (13)

*e decoupling controller in the Y-direction is the same
with that derived in the X-direction, and the decoupling
control model in the Y-direction can be obtained:

Dy(t) � HYYH
−1
YY uy(t) + uyx(t)  + HYX vx(t) , (14)

uyx(t) � Dy(t) − HYY vy(t) + vyx(t) , (15)

vx(t) � H
−1
XX ux(t) . (16)

*e working principles of the decoupling controller of
the two-dimensional piezoelectric positioning platform can
be obtained by formulas (11) and (14), as shown in Figure 6.
Despite for the compensate voltage computed from the
independent hysteresis effect in the actuation direction, the
decoupling controller in the X-direction also calculated the
compensate displacement caused by the voltage applied in
the Y-direction through the coupling model. *e com-
pensate displacement can be calculated by the inverse
hysteresis model of the piezoelectric actuator in X-direction.
*en, the compensate voltage computed from the coupled
displacement was combined with the original control voltage
to form the final drive voltage in the X-direction.

According to the abovementioned decoupling control
principle, combined with the design of the feedforward
control method, the decoupling controller in Figure 7 was
established in Simulink, as shown in Figure 8. *e decou-
pling controller in the Y-direction was the same as the design
in the X-direction.

5. Experimental Verification

5.1. Experimental Setup. In order to verify the performance
of the decoupling controller, a test system was designed
based on the XY200S piezoelectric positioning table
（Harbin Core Tomorrow Co., Ltd）. *e stroke of the
platform in the X-direction was 144.37 μm, and the stroke in
the Y-direction was 149.27 μm. *e entire platform is fixed
on an isolation platform to reduce the environmental vi-
bration.*e output of the XY piezo-driven platform is tested
using a laser interferometer. *e experimental setup is
shown in Figure 9.

5.2. Inverse Compensation Control without Hysteresis
Coupling. Firstly, independent feedforward inverse com-
pensation control experiments were performed on the
output of the platform in one direction without considering

the influence of hysteresis coupling. *e input voltage in the
Y-direction is set as 0V, a sinusoidal signal with a frequency
of 2Hz and a magnitude of 10V is applied in the X-di-
rection, and then, the output displacement is measured in
the X-direction. *e GA-PSO was used to identify the
hysteresis model in the X-direction based on the experi-
mental data, and the feedforward inverse decoupling
compensation controller was used based on formula (6) to
verify the compensation ability. *e experimental method in
the Y-direction was the same as that derived in the X-di-
rection; the input voltage in the X-direction is set as 0V, a
sinusoidal signal with a frequency of 2Hz and a magnitude
of 10V is applied in the Y-direction, and then, the output
displacement is collected in the Y-direction. *e parameter
identification results of the hysteresis model in the X- and Y-
direction are shown in Table 1.

Figures 10(a) and 10(b) show the comparison between
the identified asymmetric Bouc–Wen model and the ex-
perimental acquisition displacement in the X-direction.
Figure 10(c) demonstrates the displacement error tracked
between the identified model and the actual acquired data,
and the tracking error range was −0.19 μm to 0.11 μm in the
X-direction, which verified the predicting precision of the
identified model.

Figures 11(a) and 11(b) show the comparison of the
asymmetric Bouc–Wen hysteresis model in the Y-direction
with the experimental acquisition displacement after the
model parameters were identified. Figure 11(c) presents the
displacement error tracked between the model and the
actual acquired data, and the tracking error range in the Y-
direction was calculated to be −0.09 μm to 0.16 μm.

According to result in Figures 10 and 11, the identified
model can effectively describe the hysteresis nonlinearity in
the X- and Y-direction. *en, the parameter identification
results in Table 1 were, respectively, substituted to the
feedforward compensation controller shown in Figure 4 for
the feedforward compensation control experiment. After the
feedforward compensation control, the compensation re-
sults, as shown in Figures 12 and 13, were obtained, and the
hysteresis phenomenon in two directions of the piezoelectric
positioning platform was obviously improved.

*e maximum linearity error of the feedforward control
based on the Bouc–Wen hysteresis model is defined as

Δmaxe � max de − d


, (17)

where de is the displacement of the output in one direction
after the feedforward compensation control and d is the ideal
displacement in one direction.

*e nonlinearity calculation formula is defined as

η �
Δmaxe

dt

, (18)

where dt is the maximum output displacement of the output
in one direction after the feedforward compensation control.

When the amplitude of the reference displacement input
in the X-direction was 1.25 μm and the sinusoidal signal was
2Hz, the maximum linear error in the X-direction was
calculated as 0.10 μm, and the nonlinearity was 8%; when the
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Figure 9: Experimental setup.

Table 1: Parameter identification results of the hysteresis model in the X- and Y-direction.

Parameter HXX HYY

p 8.70969×10−4 2.13628×10−4

q −1.67281 −0.707036
A 4.5108×10−4 8.93308×10−5

β 17.354 8.7715
c 3.6121 −0.523075
n 2.5 1.5
δ −0.003487 1.423×10−3
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Figure 8: Decoupling control design in the X-direction. (a) Decoupling control in the X-direction. (b) *e coupling model from the
Y-direction. (c) *e corresponding control voltage from the Y-direction (input signal of the coupled model).
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reference displacement was 2 μm and the frequency was
2Hz, the maximum linearity error in the Y-direction was
0.11 μm and the nonlinearity was 5.5%.

5.3. Hysteresis Decoupling Control. Taking the decoupling
control in the X-direction as the example, the coupling
model was established using the proposed modified
Bouc–Wen model with the parameters recognized by the
GA-PSO approach. *e coupling model was developed to
estimate the offset resulted from the Y-direction. *e cou-
pling voltage was applied in the X-direction to achieve the
purpose of decoupling control in the X-direction.

*e key to decoupling control was to establish a coupling
model. According to the coupled displacement data in
Figure 5, the GA-PSO algorithm was adopted to recognize
the coupled model in the X- and Y-direction through the

modified Bouc–Wenmodel. Table 2 shows the parameters in
the coupled model in the X- and Y-direction, namely, the
HXY and HYX in formulas (8) and (11). Combined with the
designed feedforward compensation controller, the decou-
pling controller in the X-direction was designed in Simulink,
as shown in Figure 13(a)， and the decoupling controller
design method in the Y-direction was the same as the design
procedure in the X-direction.

Decoupling experiments were performed to verify the
effectiveness. In the Y-direction, a sinusoidal signal with
amplitude of 2 μm and a frequency of 2Hz was set as the
input signal. When the input of the X-direction is 0V, the
amplitude of the coupled displacement in the X-direction
was 0.56 μm before the decoupling control, and the dis-
placement error was reduced to 0.15 μm after the decoupling
control, as shown in Figure 14. *e coupling effect in the X-
direction is reduced by 73.2%. Figure 15 shows a sinusoidal
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Figure 10: X-direction identification results. (a) Comparison between the hysteresis model and the experimental data. (b) Displacement
tracking of the hysteresis model. (c) Tracking error in the X-direction.
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Figure 11: Y-direction identification results. (a) Comparison between the hysteresis model and the experimental data. (b) Displacement
tracking of the hysteresis model. (c) Tracking error in the Y-direction.
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Figure 13: *e feedforward compensation results in the Y-direction. (a) *e hysteresis inverse model in the Y-direction. (b) *e output
hysteresis curve. (c) *e linearized output.
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signal with amplitude of 2 μm and a frequency of 2Hz in the
X-direction. When the input in the Y-direction was 0 v, the
displacement before and after the decoupling control in the
Y-direction was measured. *e amplitude of the coupling

displacement in the Y-direction was 0.48 μm before the
decoupling control, and the displacement error is decreased
to 0.13 μm after the decoupling control. *e coupling effect
in the Y-direction was decreased by 72.9%. Due to the

Table 2: Parameter identification results of coupling models in the X- and Y-direction.

Parameter HXY HYX

p 2.03378×10−5 5.15847×10−5

q 2.38428×10−3 0.0255589
A 0.04192 0.00182372
β 10.7864 19.1426
c 1.80684 4.23868
n 1.9 1.8
δ −0.00983677 0.00047382
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Figure 14: Decoupling control in the X-direction.

–0.4

–0.2

0

0.2

0.4

0.6

0.8

Y-
di

re
ct

io
n 

di
sp

la
ce

m
en

t (
μm

)

0.5 1 1.50
Time (s)

Before decoupling control
Decoupling control

Figure 15: Decoupling control in the Y-direction.

Shock and Vibration 13



limitation of the experimental setup, a special case of the
decoupling experiment was conducted to validate the ef-
fectiveness of the proposed method.

6. Conclusions

In this paper, an improved Bouc–Wen model featuring the
ability to depict the hysteresis characteristics of an XY
micromanipulator was investigated. *e inverse hysteresis
model was developed in order to design the decoupling
controller of the XY micromanipulator, and the model
parameters were identified based on a GA-PSO algorithm.
Experiments showed that the proposed Bouc–Wen can ef-
fectively track the hysteresis characteristics. *e hysteresis
coupling effect of the platform was reduced efficiently with
the application of the designed decoupling controller. *e
coupling displacement amplitude in the X-direction was
decreased from 0.56 μm to 0.15 μm, and the coupling effect
was reduced by 73.2% during the experiment. *e coupling
displacement amplitude in the Y-direction was decreased
from 0.48 μm to 0.13 μm, and the coupling effect was re-
duced by 72.9%.*e results validated that the proposed
identification and decoupling control approaches owned the
ability to counteract the coupling hysteresis effect of the
piezo-driven manipulator with MDOFs, and the positioning
precision of the MDOFs piezo-driven manipulator can be
improved without changing the initial structure of the
manipulator.
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