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ABSTRACT
This paper presents the modeling and control methodology for a piezoactuated compliant XYZ manipulator toward precision position-
ing. The manipulator was fabricated using a wire electrical discharge machining technique, and the system identification was conducted to
obtain the dynamic model based on the frequency response. To reduce the effects of hysteresis, creep, and external disturbances, a feedfor-
ward/feedback hybrid controller is proposed, which contains a dynamic dependent Prandtl-Ishlinskii (DDPI) hysteresis model and a novel
sliding mode controller. The DDPI hysteresis model has excellent modeling accuracy at high operating frequencies with consideration of
the dynamic characteristics of the micromanipulator. The novel sliding mode controller integrated with uncertainty and disturbance esti-
mation (SMCUDE) technique is developed, which has the advantages of fast response, strong robustness, and resistance to chattering. The
performance of the DDPI hysteresis model and the novel sliding mode controller is validated and compared using experimental tests. The
experimental results indicate that the DDPI model provides better positioning accuracy than the traditional Prandtl-Ishlinskii (P-I) model
and the rate-dependent P-I model, and furthermore, the SMCUDE controller can improve the response speed without loss of stability, which
demonstrates that precision positioning operations can be implemented by the developed manipulator using the proposed control strategy.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5116094., s

I. INTRODUCTION

With the rapid development of micro/nanotechnology, micro/
nanomanipulators capable of precision positioning have played
an increasingly important role in micro/nanomanufacturing and
packaging, micro/nanomeasurement and manipulation.1–5 In recent
years, micromanipulators actuated by piezoelectric actuators (PEAs)
attract considerable attention in various precision engineering appli-
cations since PEA provides a number of merits including fast
response, high resolution, and large bandwidth.6 However, inher-
ent hysteresis and creep nonlinearity of the PEAs limit the accu-
racy of piezoactuated micromanipulators.7 In addition, external
disturbances should also be considered and strictly controlled in
micro/nanopositioning applications.8 Therefore, the modeling and
control methodology for micromanipulators is one of the important
issues for improving the static and dynamic performance, and thus,
it has received extensive attention both in academic and industrial
sectors.

Recent efforts have been directed toward the control method-
ologies including feedforward, feedback, and feedforward/feedback
controls for micromanipulators. Based on the inverse hysteresis
model of the micromanipulators, the feedforward control pro-
vides a simple and effective way to reduce system hysteresis errors,
and thus, the accuracy of the system can be improved to some
extent. However, the shortcoming of feedforward control is that
it usually lacks robustness to environmental changes and exter-
nal uncertainties.9 Feedback control is another effective control
method for piezoactuated manipulators. Both hysteresis and exter-
nal disturbance can be reduced/eliminated through closed-loop
feedback control. However, the tracking performance of feed-
back control for piezoactuated micromanipulators will degrade
at high frequency-domain due to the drawback of the low gain
margin vibration dynamics.10 Combining the merits of feed-
forward and feedback controls, the hybrid feedforward/feedback
control provides an excellent way for the precision control of
micromanipulators.

Rev. Sci. Instrum. 90, 105007 (2019); doi: 10.1063/1.5116094 90, 105007-1

Published under license by AIP Publishing

https://scitation.org/journal/rsi
https://doi.org/10.1063/1.5116094
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5116094
https://crossmark.crossref.org/dialog/?doi=10.1063/1.5116094&domain=pdf&date_stamp=2019-October-23
https://doi.org/10.1063/1.5116094
https://orcid.org/0000-0001-8884-9874
https://orcid.org/0000-0001-8989-5485
mailto:meytian@tju.edu.cn
https://doi.org/10.1063/1.5116094


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

For feedforward/feedback control, two issues should be consid-
ered: feedforward controller design and feedback controller design.
As for the feedforward control, a variety of hysteresis models have
been proposed to provide a precision output motion for micro-
manipulators, and these include the Preisach model, the Bouc-
Wen model, and the Prandtl-Ishlinskii (P-I) model.11–13 Among
these hysteresis models, the P-I model has been widely utilized
due to the simple structure, easy modeling identification, and ana-
lytical inverse.14 Ang et al. observed that the hysteresis slope of
the PEA was affected linearly by the actuation rate, and they
accordingly designed a rate-dependent P-I (RDPI) hysteresis slope
model.15 Qin et al. established a novel direct inverse modeling
approach to directly obtain the inverse P-I model based on exper-
imental data.16 For hysteresis modeling, the system dynamic error
will seriously deteriorate the performance of the feedforward con-
trol, so recent research studies focus on the hysteresis modeling
considering the system dynamic performance.17 Referring to the
feedback control, proportional-integral-derivative (PID) controllers
have been widely employed in industrial applications.18 Compared
with PID control, advanced control schemes with excellent con-
trol precision were proposed, such as adaptive control, robust
control, and neural networks control.19–21 However, computation-
ally expensive calculations limit their applications in high speed
and precise positioning.22 Sliding mode control (SMC), a nonlin-
ear approach, is popularly applied in precision positioning sys-
tems due to fast response and strong robustness for the distur-
bances.23 However, the chattering phenomenon is still one of the
unsolved issues in the SMC system. Many control strategies have
been introduced to suppress the chattering phenomenon, such as
high-order sliding mode strategy,24 digital sliding mode scheme,25

boundary layer method,26 and uncertainty and disturbance estima-
tion (UDE) technique.27 Among these proposed techniques, UDE
is a simple and effective way to reduce chattering without com-
plex control model, and thus, it is increasingly utilized in SMC
implementation.

This paper is motivated to implement the high speed and pre-
cision positioning of an XYZ micromanipulator, which is limited
by the hysteresis, creep, and external disturbances of the piezoac-
tuated system. In order to overcome the above problems, a hybrid
feedforward/feedback controller is designed, which incorporates
a dynamic-dependent P-I (DDPI) hysteresis model and a novel
sliding mode controller with uncertainty and disturbance estima-
tion (SMCUDE) technique. The DDPI hysteresis model combines
a rate-dependent P-I model and a system dynamic model, and
it is not only related to the operating frequency but also to the
dynamic performance of the system. The developed SMCUDE con-
troller integrates the uncertainty and disturbance estimation tech-
nique to achieve excellent dynamic performance. Compared with
the traditional SMC, the SMCUDE controller reduces the chatter-
ing phenomenon and improves system robustness with fast response
capability. The remainder of this paper is organized as follows: the
mechanism of the XYZ micro/nanomanipulator is introduced in
Sec. II. Section III presents the prototype development and system
identification. The design and parameter identification of the DDPI
model is described in Sec. IV. The SMCUDE controller is proposed
in Sec. V. Experimental tests are implemented in Sec. VI, and the
conclusions are drawn in Sec. VII.

II. MECHANISM OF THE MICROMANIPULATOR
The overall mechanism of the piezoelectric actuated manipu-

lator is shown in Fig. 1. For the sake of high stiffness and com-
pact structure, the Z platform is embedded in the moving platform
of the parallel XY positioning stage. The XY stage is composed of
four symmetric arms, and each two adjacent arms are orthogonal
to reduce parasitic motion and obtain motion decoupling in the X
and Y directions. Moreover, the influences of thermal deformation
and external vibration can be reduced by utilizing symmetric con-
figuration. To enlarge the motion range of the moving platform, a
hybrid amplification mechanism is introduced, which consists of a

FIG. 1. Mechanism of the XYZ micromanipulator.

Rev. Sci. Instrum. 90, 105007 (2019); doi: 10.1063/1.5116094 90, 105007-2

Published under license by AIP Publishing

https://scitation.org/journal/rsi


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

FIG. 2. Experimental setup.

pair of rotational levers (RLs) and a half-bridge (HB) mechanism.
The rotational lever mechanism is utilized to obtain displacement
amplification and change the motion direction. A pair of rotational
levers is symmetrically utilized to counteract lateral parasitic motion,
which is connected with a half-bridge mechanism in series to fur-
ther improve the displacement amplification ratio. To enhance lat-
eral stiffness, the leaf-type double parallelogram (DP) mechanism is
incorporated into the input end of the hybrid amplifier. The hybrid

amplification mechanism has a compact structure and a large lat-
eral rigidity with considerable amplification ratio. To protect the
PEA from bending and torsional moments, a hemisphere ceramic
adapter (HCA) is applied to transform the concentrated force into
distributed force on the top surface of PEA. Besides, the input end
of the mechanism is designed as a concave surface cooperated with
the hemisphere surface to provide excellent automatic centering and
locating functions. The hybrid amplification mechanism and the Z
stage are connected by double parallelogram mechanisms, which
have a large lateral stiffness to act as a guiding mechanism suppress-
ing lateral motion error. Meanwhile, the mechanism has a low axial
stiffness to isolate the interaction of drivers in different directions
and reduce the input coupling error.

III. PROTOTYPE FABRICATION AND SYSTEM
IDENTIFICATION
A. Prototype fabrication

The prototype of the XYZ micromanipulator system is illus-
trated in Fig. 2. The manipulator was fabricated of aluminum alloy
T7075 by a wire electrical discharge machining (WEDM) technique.
The overall dimension of the manipulator is 134 × 134 × 27 mm3.
The manipulator is driven by three PEAs (PSt150/5 × 5 × 20 L
from COREMORROW, Inc.) to achieve high precision input dis-
placement. A dSPACE DS1103 R&D control board is utilized to
implement control signals. The analog voltages were amplified by
a THORLABS voltage amplifier by 10 times to drive PEAs. The
displacements of the manipulator are measured by three capacitive

FIG. 3. System identification results of
the manipulator. [(a) and (b)] X-axis. [(c)
and (d)] Y-axis. [(e) and (f)] Z-axis.
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sensors (C8-2.0 Lion, Inc.), whose output signals are collected in
real time by a computer through the dSPACE controller. In order to
reduce external disturbance, the entire experiments were conducted
on a vibration isolation Newport RS-4000 optical table.

B. System parameter identification
In order to design the manipulator controller, the frequency

response based on the system parameter identification technique
was conducted to obtain the dynamic model of the micromanip-
ulator. The PEA was actuated by the dSPACE controller using a
sinusoidal wave sweep with the amplitude of 0.1 V and the frequency
varying from 0.1 Hz to 2500 Hz. The resonance amplitude was mea-
sured by capacitive sensors at a sampling rate of 10 kHz. Then, the
collected data were processed using a Matlab System Identification
Toolbox, and the results are shown in Fig. 3. It can be observed
that the natural frequencies of the manipulator along the X, Y, and
Z directions are 362.8 Hz, 365.9 Hz, and 1861.4 Hz, respectively,
and the identification results are in good agreement with the exper-
imental results. According to the identification results, the transfer
functions of the micromanipulator can also be obtained from the
input-output relationship and given as follows:

Gx(s) =
−2.068 × 107

s2 + 22.94s + 5.178 × 106 ,

Gy(s) =
−2.101 × 107

s2 + 37.62s + 5.237 × 106 ,

Gz(s) =
−5.505 × 108

s2 + 113.7s + 1.3 × 108 ,

(1)

where Gx(s), Gy(s), and Gz(s) represent the transfer functions of the
system along the X, Y, and Z directions, respectively.

IV. DESIGN AND PARAMETER IDENTIFICATION
OF THE DDPI MODEL
A. DDPI model design

PEA is widely used in micro/nanopositioning systems due to
many advantages. However, its inherent hysteresis seriously affects
the positioning accuracy of the manipulator. To show this issue,
sinusoidal voltage signals with frequencies of 1 Hz, 10 Hz, and 20 Hz
are chosen to drive the PEA under open-loop control, and the mea-
sured results are shown in Fig. 4. It can be found that when an
input voltage is given, there are two corresponding displacements
in the extension and retraction processes of PEA, which indicates
severe hysteresis existing. In addition, the hysteresis of PEA is rate-
dependent. The discrepancies of the hysteresis loop increase with the
increasing operating frequencies, and it indicates that the hysteresis
becomes more serious.

The traditional P-I hysteresis model consisting of parallel-
connected backlash operators has been proposed and expressed as
follows:

Hr[u](t) =
⎧⎪⎪
⎨
⎪⎪⎩

max{u(t) − r, min{u(t) + r,Hr[u](t − T)}}, t > 0,

max{u(0) − r, min{u(0) + r, 0}}, t = 0,
(2)

FIG. 4. Hysteresis loop of the manipulator at different frequencies.

where u(t) is the input function, Hr[u](t) and r are the output
and threshold of the backlash operator, respectively, and T is the
sampling period.

The shape of the hysteresis operator is centrosymmetric, but
the actual PEA hysteresis loop is noncentrosymmetric. In order to
obtain the asymmetric hysteresis model, dead-zone operators are
introduced, which can be expressed as

Sd[u](t) =
⎧⎪⎪
⎨
⎪⎪⎩

max{u(t) − d, 0} d > 0,

u(t) d = 0,
(3)

where Sd[u](t) and d are the output and threshold of the dead-zone
operator, respectively.

Thus, the classic P-I hysteresis model can be given as

x(t) = ws
TSd[wh

T
⋅Hr[u](t)], (4)

where x is the output displacement, u is the input voltage, wh
T =

[wh1, wh2, . . ., whm]T and ws = [ws1, ws2, . . ., wsn]T are the weight vec-
tors, Hr[u] (t) = [Hr1[u](t), Hr2[u](t),. . ., Hrm[u](t)]T and Sd[u](t)
= [Sd1[u](t), Sd2[u](t), . . ., Sdn[u](t)]T represent backlash and dead-
zone operator vectors, respectively.

The classic P-I model is rate-independent, and thus, several
researchers proposed the RDPI model,28 where the weight of the
backlash operators changes linearly with the input rate. The linear
relationship between the weight and the input rate can be given as

wh = ku̇(t) + b, (5)

where k = [k1, k2, . . ., km]T and b = [b1, b2, . . ., bm]T are the slop and
intercept vectors, respectively.

The hysteresis is also affected by the dynamic performance of
the system. To overcome this issue, a novel DDPI model is pro-
posed. The dynamic equations of the system have been obtained by
the system identification and can be expressed as

G(s) =
X(s)
U(s)

=
b0

s2 + a1s + a2
. (6)
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FIG. 5. Modified hysteresis model configuration: (a) DDPI
model and (b) inverse DDPI model.

Transforming the dynamic equations of the system into differ-
ential representation,

ẍ(t) + a1ẋ(t) + a2x(t) = b0u(t). (7)

Thus, the impact of the dynamic performance of the system on
the input can be expressed as

uD(t) =
l
b0
(ẍi(t) + a1ẋi(t) + a2xi(t)), (8)

where xi is the ideal displacement trajectory and l is the fit coefficient.
In order to reduce the hysteresis caused by the dynamic per-

formance of the system, the dynamic equations of the system are
connected in parallel to the hysteresis model. Then, the DDPI hys-
teresis model and the inverse model configuration can be obtained
and shown in Fig. 5. Therefore, the governing equation of the DDPI

inverse hysteresis model can be given as follows:

uDDPI(t) = Γ−1
(xi, ẋi, ẍi) = (ku̇I(t) + b)THr[wS

T
⋅ Sd[xi(t)]]

+
l
b0
(ẍi(t) + a1ẋ1(t) + a2xi(t)). (9)

B. Parameter identification of DDPI model
In practical applications, it is necessary to identify the param-

eters of the inverse hysteresis model. The inverse operation is gen-
erally required in the traditional process of parameter identification
of the hysteresis inverse model. In order to avoid the complicated
inverse operation, the direct parameter identification method16 is
utilized to obtain the parameters of the hysteresis inverse model.

The number of operators is proportional to the model accuracy
and inversely proportional to the computational speed. According

TABLE I. Identified parameters of the DDPI hysteresis model in the x, y, and z directions.

x y z

i ki (10−2) bi wsi ki (10−2) bi wsi ki (10−2) bi wsi

1 0.914 4.563 0.379 1.030 5.674 0.323 7.501 47.57 0.313
2 −1.326 −3.292 −0.028 −1.497 −4.093 −0.019 −12.10 −25.63 −0.058
3 0.356 0.462 −0.146 0.385 0.584 −0.112 3.944 1.417 −0.045
4 0.082 −0.748 0.025 0.118 −0.864 0.019 0.940 −7.892 0.011
5 0.142 −1.138 0.029 0.160 −1.324 0.008 0.009 −6.002 −0.016
6 −0.414 2.216 −0.031 −0.438 2.445 −0.026 1.259 −6.745 −4.041
7 0.172 −2.003 . . . 0.141 −2.138 . . . −4.574 24.93 . . .
8 1.668 −2.931 . . . 1.800 −3.099 . . . 4.585 −35.79 . . .
9 −1.907 3.953 . . . −1.983 4.006 . . . 4.641 10.02 . . .
10 0.370 −1.157 . . . 0.341 −1.174 . . . −5.910 4.360 . . .
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FIG. 6. Identification result of the DDPI
model in the x direction: (a) inverse hys-
teresis loop; (b) time plot.

to the trial and error processes, the model accuracy and operation
speed are trade-off. It is found that the 10th order backlash operators
and the 6th order dead-zone operators can achieve enough model
accuracy. The thresholds of the dead-zone and backlash operators
are, respectively, set as

d = [0, 1, 2, 3, 4, 5]Tximax/5,

r = [0, 0.2, 0.5, 1, 3, 5, 7, 9, 9.5, 10]TuI max/20,
(10)

where xi max is the maximum ideal displacement and uI max is the
maximum intermediate voltage.

The input signal with low frequency and high frequency super-
position is selected for the parameter identification so that the estab-
lished hysteresis model is suitable for a high bandwidth.29 The super-
position signal is composed of three sinusoidal signals with the
frequencies of 1 Hz, 10 Hz, and 20 Hz and can be expressed as

u(t) = 50 + 10 sin(2πt −
π
2
) + sin(20π −

π
2
) + 40 sin(40π −

π
2
).

(11)

According to the least squares fit method, the objective function
is set as

F = ∥uDDPI − u∥2
2. (12)

The three-axis identified parameters of the backlash and dead-
zone operators are listed in Table I, and fit coefficients l are 2.093
× 10−2, 3.144 × 10−2, and 6.939 × 10−4, and fitting errors are 0.253,
0.272, and 0.217, respectively. The x direction identification result is
shown in Fig. 6, indicating that the proposed DDPI hysteresis model
can well match the experimental results.

V. SMCUDE CONTROLLER DEVELOPMENT
The DDPI hysteresis model can compensate the hysteresis of

the PEA, but other errors including creep and external disturbances
cannot be effectively compensated. This will seriously deteriorate the
performance of the micromanipulator. For the sake of high position-
ing accuracy of the manipulator, the hybrid feedforward/feedback

controller is developed. The SMC method is chosen as the feed-
back controller due to its fast response capability, which is suit-
able for high-frequency trajectory tracking. However, the chatter-
ing phenomenon may exist in a traditional SMC system. Recently,
many research results indicate that the UDE technique has signifi-
cant potential to weaken the influences of chattering and uncertain
perturbation.30 The key idea in the UDE-based control is to utilize
the system information in the recent past to obtain an estimate of
the uncertainty. Inspired by this idea, a novel SMCUDE controller is
designed. According to the DDPI hysteresis model, the ideal trajec-
tory signal is converted into a voltage signal to drive the manipulator
by PEAs. Then, the output displacement is detected by a capacitive
sensor in real time. In addition, the proposed SMCUDE controller
is applied to adjust the voltage signal so that the actual trajectory is
close to the ideal trajectory.

Considering disturbances of the system, the differential equa-
tion of the system is

ẋ(t) = Ax(t) + Bu(t) + p(u, x, t). (13)

Then, the disturbance error can be expressed as

p(u, x, t) = ẋ(t) − Ax(t) − Bu(t). (14)

Based on the UDE technique,31 the disturbance error p (u, x, t)
can be estimated by passing it through a filter. Thus, the estimated
value of the disturbance error can be obtained,

p∗(u, x, t) = p(u, x, t) ∗ gf (t) = (ẋ(t) − Ax(t) − Bu(t)) ∗ gf (t),
(15)

where gf (t) is the impulse response of a strictly proper stable filter
Gf (s) with the unity gain and zero phase shift over the spectrum
of p∗(u, x, t) and zero gain elsewhere. The form of the filter can be
set as

Gf (s) =
1

1 + τs
, (16)

where τ is a time constant.
The displacement model of the system can be expressed as

ẍ + a1ẋ + a2x = b0u + p∗(u, x, t). (17)
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The control objective is to make the actual trajectory x(t) close
to the ideal trajectory xi(t), and the tracking error of the system can
be defined as

e(t) = xi(t) − x(t). (18)

The PID-type sliding mode control surface can be represented
as

s(t) = c1e(t) + c2 ∫

t

0
e(τ)dτ + ė(t), (19)

where ci is positive parameter and should be chosen to satisfy the
Hurwitz condition.

Design the sliding control law as

uSMCUDE =
1
b0
[(a1 − c1)ẋ + (a2 − c2)x + ẍi + c1ẋi + c2xi

+ λ1 sgn(s) + λ2s − p∗], (20)

where λ1 and λ2 are positive control gains, and sgn(s) is a sign
function.

To demonstrate the stability of the controller, a Lyapunov
function is defined as

V =
1
2
s2. (21)

Differentiating Eq. (21) with respect to time yields

V̇ = sṡ
= s(c1ė + c2e + ë)
= s[c1(ẋi − ẋ) + c2(xi − x) + ẍi − ẍ]

= s[c1(ẋi − ẋ) + c2(xi − x) + ẍi + a1ẋ + a2x − b0u − p∗]. (22)

Substituting Eq. (20) into Eq. (22), the following equation can
be obtained:

V̇ = s(−λ1 sgn s − λ2s)

= −λ1∣s∣ − λ2s2
< 0. (23)

It can be seen that for |s| ≠ 0, the derivative of the defined Lya-
punov function V̇ < 0. When t→∞, the sliding mode variable s→ 0.
According to Eq. (19), we can obtain lim

t→∞
e(t) = 0 and lim

t→∞
ė(t) = 0.

Then, x → xi and ẋ → ẋi. Therefore, the SMCUDE controller satis-
fies the reachable condition and the trajectory can reach the sliding
surface in a limited time, which proves the stability of the proposed
controller.

Due to the change of the sgn(s), when s approaches 0, unde-
sirable chattering may appear. In order to avoid this problem, a
continuous function θ(s) is utilized instead of sgn(s),

θ(s) =
s
∣s∣ + δ

, (24)

where δ is a very small positive constant.
Then, the sliding control law can be expressed as

uSMCUDE =
1
b0
[(a1 − c1)ẋ + (a2 − c2)x + ẍi + c1ẋi + c2xi

+ λ1
s
∣s∣ + δ

+ λ2s − p∗]. (25)

Finally, the hybrid feedforward/feedback controller is estab-
lished, and the schematic diagram is shown in Fig. 7. The proposed

FIG. 7. Hybrid feedforward/feedback control diagram.
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novel controller can reduce the effects of hysteresis, creep, and exter-
nal disturbances. In addition, compared with the traditional slid-
ing mode controller, the most remarkable feature of the controller
is the ability to reduce chattering. Below, the specific application
how to use the hybrid feedforward/feedback controller in the exper-
imental measurements is introduced. In the parameter adjustment
process, the number of operators in the hysteresis model should
be determined first. The number of operators of the model should
increase as the output displacement of the system increases. Increas-
ing the number of operators can effectively improve the accuracy
of the model, but it will reduce the calculation speed. The number
of operators is constantly increased until the desired model accu-
racy is achieved. The coefficients of the dynamic equation have
been obtained by the system parameter identification. For the feed-
back controller, it is necessary to adjust the proposed sliding surface
parameters ci and the approach law parameters λi. In the process of
the sliding surface adjustment, the proportionality coefficient c1 is
increased to improve the response feed, but a larger value will cause
oscillation of the system. The integral coefficient c2 is increased to
reduce the oscillation, but it will reduce the response speed. In the
process of the approach law adjustment, the velocity term coefficient
λ1 is continuously decreased and the exponential term coefficient
λ2 is constantly increased, constantly increasing the approach speed
and reducing the chattering. Based on the trial-and-error approach,
controller parameters are properly turned to generate a tracking
error as small as possible.

VI. EXPERIMENT
The feedforward control experiments are first carried out to

evaluate the proposed DDPI hysteresis model. Because the P-I
model, RDPI model, and DDPI model have the similar structure,
comparisons among them are conducted. In the comparison study,
all of the models are built using the same experimental data and

TABLE II. Sinusoidal motion tracking errors of the three hysteresis models.

Frequency Error (μm) P-I RDPI DDPI

5 Hz Maximum 2.59 1.54 1.02
rms 0.72 0.40 0.36

20 Hz Maximum 5.19 4.56 2.52
rms 1.64 1.38 0.81

identification method under the same number of backlash and dead-
zone operators, and the working frequencies are set as 5 Hz and
20 Hz, respectively.

The tracking results and the position errors of the three hystere-
sis models at different frequencies are shown in Fig. 8. For a clear
presentation, the maximum and root-mean-square (rms) tracking
errors of the three hysteresis models are tabulated in Table II. It can
be seen that the accuracy of the DDPI model is slightly better than
the RDPI model for the frequency of 5 Hz, and the accuracies of both
models are much higher than the traditional P-I model. The track-
ing errors of the DDPI model are 50.8% and 12.1% times less than
those of the P-I model and the RDPI model, respectively. However,
the accuracy of the three models will drop at a high frequency of
20 Hz. Among these models, the accuracies of the P-I model and the
RDPI model drop sharply. The tracking errors of the DDPI model
are 50.7% and 41.6% times less than those of the P-I model and RDPI
model, respectively. Thus, it can be concluded that the RDPI model
and the DDPI model can greatly improve the accuracy of the tradi-
tional P-I model at low operating frequencies. However, in the case
of high operating frequencies, the performance of the RDPI model
is extremely degraded and only the DDPI model can still maintain
high precision, which verifies the effectiveness and accuracy of the
DDPI model.

FIG. 8. Comparison among the P-I
model, RDPI model, and MIPI model at
(a) 5 Hz and (b) 20 Hz.
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FIG. 9. Step response results of PID, SMC, and SMCUDE.

Through hysteresis model experimental tests, it can be observed
that the DDPI model can reduce the hysteresis characteristic to
some extent, but the trajectory tracking accuracy is still not ideal
at high operating frequencies. In order to further improve con-
trol accuracy and reduce the effects of the external disturbances,
the hybrid feedforward/feedback control is adopted. To verify the
validity of the proposed SMCUDE controller, the PID, traditional
SMC, and SMCUDE controllers are combined with the DDPI hys-
teresis model to form three feedforward/feedback controllers for
comparison studies.

Step response was investigated and the desired displacement
trajectory was defined as a step signal with a final value as 10 μm. All
controllers are tuned to obtain transient response as quick as pos-
sible and overshoot as small as possible. The step response results
are shown in Fig. 9, and the corresponding performance parameters
are tabulated in Table III. It can be found that the SMC controller
can improve the response speed by 37% in comparison with the PID
controller; however, the overshoot will also increase. The proposed
SMCUDE controller has a close settling time to the SMC controller,
but the corresponding overshoot is only 0.51%, which indicates that
the SMCUDE controller can improve the response speed without
loss of stability. In addition, the SMCUDE controller enhances the
rms steady-state error by 45% and 33% in comparison with the PID
and SMC controller, respectively.

The motion tracking of a 20 Hz sinusoidal trajectory has been
examined for three controllers, and the results are shown in Fig. 10.
Due to the low response speed, the measured trajectory of the PID
controller obviously lags behind the ideal trajectory and thus leads
to large trajectory tracking error, which can be well reduced by the
SMC controller. However, the traditional SMC controller produces
a strong chattering phenomenon due to the discontinuous switch-
ing control action, as shown in Fig. 10(b), which will deteriorate

TABLE III. Step response performance parameters of the three controllers.

Parameters PID SMC SMCUDE

Settling time (ms) 121 72 68
Maximum overshoot (%) 0.63 1.08 0.51
Steady-state error (RMS) (μm) 0.011 0.009 0.006

FIG. 10. Sinusoidal motion tracking results. (a) Position tracking results. (b)
Position tracking error.

the positioning accuracy of the positioner. The proposed SMCUDE
controller can effectively avoid chattering and reduce external dis-
turbance. Quantitatively, the PID, SMC, and SMCUDE controller
create the rms errors of 0.77, 0.49, and 0.31 μm, respectively. The
accuracy of SMCUDE has improved by 60% and 37% in comparison
with PID and SMC controllers, respectively. The motion tracking of
the 20 Hz sinusoidal trajectory demonstrates that the proposed feed-
forward/feedback hybrid controller can achieve well fast precision
positioning.

VII. CONCLUSION
This paper developed the methodologies for the modeling and

control of a piezoactuated XYZ micromanipulator toward fast pre-
cision positioning. Based on the frequency response approach, the
system dynamic model was obtained. A DDPI hysteresis model
including backlash operators, dead-zone operators, and the system
dynamic model has been established to achieve hysteresis compensa-
tion. The direct parameter identification method is utilized to avoid
the complicated inverse operation and obtain the hysteresis inverse
model. Compared with the P-I model, RDPI model through trajec-
tory tracking tests, the proposed DDPI model shows higher position-
ing accuracy at high operating frequencies, which can be attributed
to the consideration of manipulator dynamic performance. The
effectiveness of the developed DDPI can be confirmed.

In order to avoid creep and external disturbances, a novel
SMCUDE controller based on the sliding mode control as well as
the uncertainty and disturbance estimation technique is added to
form a hybrid feedforward/feedback controller. The developed con-
troller has fast response capability and strong robustness to further
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improve fast precision positioning performance. The step response
shows that the settling time is 68 ms, the overshoot is 0.51%, and
the steady-state error is 0.006 μm under the proposed control strat-
egy. Compared with the traditional SMC, the SMCUDE controller
can improve the response speed without loss of stability. Finally, the
sinusoidal trajectory track was carried out to demonstrate that fast
precision positioning can be achieved with an RMS error of 0.31 μm
and the influences of chattering can be reduced by utilizing the
SMCUDE controller.
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