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This paper concerns hysteresis and creep of a piezo-actuated nano positioning stage. The hysteresis and creep, considered as bounded

disturbance or uncertainty, are suppressed without a nonlinear model. An improved Fuzzy Adaptive Sliding Mode Control (FASMC)

with a Proportional-Integral-Derivative sliding surface is designed to cancel both hysteresis and creep. However, the constant slopes

of the sliding function may increase oscillations. Some variable gains with adaptive rules are introduced to overcome this drawback

by changing the sliding function values online. Fuzzy control is applied to tune the switching control part to improve performance.

Furthermore, an adaptation law is used to approximate the optimal value of the switching control. The stability of the sliding mode

control law is proved in the sense of Lyapunov stability theorem. To eliminate chattering and obtain a smooth signal, the switching

control is modified and a smooth function is introduced to substitute the signum function. An anti-saturation control is introduced to

keep the input voltage within safety scope. Experimental results show that FASMC can achieve faster response for step input and

sinusoid signal. Both hysteresis and creep of the piezoelectric actuator are suppressed by the proposed FASMC. Therefore, the FASMC

can reduce the tracking errors of the piezo-actuated stage.
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1. Introduction

The piezo-actuated nano positioning stage has become increasingly

prevalent in nanopositioning applications due to the excellent advantages

of high stiffness, large output mechanical force, fast response time, and

extremely high resolution in displacement.1,2 Nanopositioning stages

with piezoelectric actuator and flexure hinges have been recognized as

most appropriate platforms that utilize a piezoelectric actuator for

actuation purposes.3-6 These mechanisms possess several advantages

over conventional mechanical systems.

However, the major problem of the piezo-actuated nano positioning

stage originates from the nonlinearities in the piezoelectric actuator

attributed to hysteresis and creep. Hysteresis is a nonlinear behavior

between the applied electric field and the output displacement of the

piezoelectric, which leads to a loss of precision positioning. Therefore,

the hysteresis phenomenon must be suppressed to get high precision

positioning and good tracking performance. The compensation control

for the hysteresis system has been previously reported for a wide range

of application in piezoelectric actuators. Hysteresis compensation can be

realized by using feedforward control with either an inverse hysteresis

model or advanced control strategy without hysteresis model.

Li, Linlin proposed a new damping control with a high-gain

proportional-integral controller for the piezo-actuated nano positioning

stage to implement high-bandwidth operation.7 A novel feedforward-

nonlinear Proportional-Integral-Derivative (PID) control strategy and

the inverted Preisach hysteresis compensator is proposed to eliminate

hysteresis.8-10 Until now, many hysteresis models have been developed,1,11

such as the Preisach model,12 the Prandtl-Ishlinskii model,13 the Maxwell

model14 and the Bouc-Wen model.15 Through a literature review, control

techniques based on the hysteresis model have been developed to satisfy

high precision requirements. Feedforward control is the common

approach for the reduction of the hysteresis phenomenon. Feedforward

schemes based on Coleman-Hodgdon are designed to compensate for

the hysteresis of low frequency for the piezoelectric actuator.16 A
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hysteresis model is used to describe the piezoelectric scanner of an

atomic force microscope and then an inverse feedforward control

strategy is developed to obtain a good performance for AFM Nano

imaging.17 A fuzzy hysteresis model, identified and optimized via

uniform partition and recursive least squares, is applied to design a the

feedforward controller. A hybrid control combining the controller and

PID controller is favorable for canceling the hysteresis and

disturbances.18 A compensator, consisting of a feedforward control

based on an inverse Preisach operator and feedback with a Preisach

operator in the feedback path, is applied to alleviate the nonlinearity of

the piezoelectric actuator.19 A feedforward control based on the Prandtl-

Ishlinskii model is used to compensate the hysteresis.20 However, this

inverse model compensation technique requires a high precision model

and many hysteresis models are rate-independent. Therefore, a control

strategy based on the hysteresis model is not suitable for application of

frequency variation. Another compensation technique, which is

independent of the hysteresis model, is a good choice to compensate

for the nonlinearity of the piezoelectric actuator. Wang et al. proposed

an adaptive sliding mode control based on a parameter estimation

scheme to compensate for the hysteresis nonlinearity of the piezoelectric

actuator.21 The successful compensation of hysteresis relies on a

suitable control strategy. It considers hysteresis as a disturbance or an

uncertainty.22-25 Liu developed an active disturbance rejection controller

that treats the nonlinearity of the piezo-actuated stage as disturbance.26

To further improve the tracking performances in hysteresis of PZT,

several controllers are introduced. In many controllers, sliding mode

control is a good choice and has been successfully employed for the

piezo-actuated nano positioning stage.

Compared to the common sliding mode control, the traditional SMC

with PID sliding surface can offer faster transient response and less

error. The gains of the sliding function strongly affect the control

performance. To further obtain a good performance, these parameters of

the proposed FASMC can be adjusted online via adaptation laws. The

switching control part is improved by introducing fuzzy control and

adaptation law, and the signum function is replaced by a smooth function

to eliminate chattering. To keep the input voltage within safety scope,

an anti-saturation control is introduced into the control system. This

paper is organized as follows: The fuzzy adaptive anti-saturation sliding

mode controller design is presented in Section 2. Section 3 it describes

the experimental set-up and the application of the proposed FASMC to

the piezoelectric stage. The conclusions of the present research are

summarized in Section 4.

2. Fuzzy Adaptive Anti-Saturation Sliding Mode Controller

Design

2.1 Dynamic model of the piezoelectric stage

The dynamic model is the base for designing the control system. The

model of the piezo-actuated nano positioning stage has been investigated

in many previous studies. This structure can be equivalent to a mass-

damping-spring system. The dynamic model of the moving platform

and the flexure hinges is shown in Fig. 1.

In this paper, the piezo-actuated nano positioning stage consists of

a mass m, a viscous damper c, and stiffness k of the moving mechanism.

Although the piezo-actuated system can be described by a higher-order

model, a second-order model is presented due to its popularity. The

dynamic equation of the piezo-actuated nano positioning stage can be

obtained as

(1)

where x represents the output displacement of the stage, u denotes the

input voltage, b represents the coefficient, and d denotes the lumped

uncertainty including hysteresis and creep. However, the lumped

uncertainty has upper bound D, that is

(2)

To facilitate control design, the following form is used:

(3)

2.2 Fuzzy adaptive sliding mode control with PID sliding surface 

To design the SMC, an error coordinate is defined as 

(4)

where xd represents the desired state and e represents the tracking error.

The sliding surface, s(t) in the traditional SMC depends on the

tracking error, e(t) and derivative of the tracking error as

(5)

where λ is a positive constant.

To design a SMC with improved performance, a sliding surface of

PID-type is defined as follows:

(6)

In the above PID-type SMC, the slopes of the sliding function kP, kI,

and kD are assigned as positive constants during the control process.

Furthermore, the slopes determine the rate of decay of the tracking error.

However, constant slopes may increase the oscillations in the control

signal and induce the excitation of high-frequency unmodeled dynamics

in the system. To overcome this weakness, variable gains with adaptive

mx cx kx bu d+ + = +&& &

{ :| | }
d

d d d D∈Ω ≤

b c k d
x u x x

m m m m
= − − +&& &

( ) ( ) ( )
d

e t x t x t= −

s e eλ= + &

0

( )
t

P I D
s k e k e d k eτ τ= + +∫ &

Fig. 1 Dynamic model of the piezo-actuated stage
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rules are introduced into the SMC controller to change the values of the

sliding function online. Therefore, the PID-type sliding function with

variable gains is written as

(7)

The variable gains of the PID-type sliding function are computed by

the following adaption rules:

(8)

Taking the derivative of the PID-type sliding surface with respect to

time and use Eq. (7), then

(9)

The control effort being derived as the solution of  without

considering the lumped uncertainty (d = 0) is to achieve the desired

performance under the nominal model, the equivalent control ueq can

thus be obtained as

(10)

In general, the switching control usw can be chosen as:27,28

(11)

The control law for FASMC is assumed to take the following form:

(12)

From the above description, it is concluded that the reason for the

occurrence of chattering in traditional SMC lies in the existence of the

sign function and the constant coefficient, and the fuzzy control is

designed to replace the value of ks. The sliding mode function s works

as the input to the fuzzy control and  is the output of fuzzy control.

In fuzzy designing, P, Z, and N represent the fuzzy sets positive, zero

and negative, respectively. Four basic fuzzy subsets are used: positive

big (PB), positive medium (PM), positive small (PS) and zero (ZE). We

design the following fuzzy rules:

Rule 1: If s is P AND  is P THEN  is PB.

Rule 2: If s is P AND  is Z THEN  is PM.

Rule 3: If s is P AND  is N THEN  is PS.

Rule 4: If s is Z AND  is P THEN  is PS.

Rule 5: If s is Z AND  is Z THEN  is ZE.

Rule 6: If s is Z AND  is N THEN  is PS.

Rule 7: If s is N AND  is P THEN  is PS.

Rule 8: If s is N AND  is Z THEN  is PM.

Rule 9: If s is N AND  is N THEN  is PB.

Triangular-type functions are used to define the membership functions

of the IF-part and the THEN-part. Defuzzification of the control output

is realized via the method of center-of-gravity. The output fuzzy sets and

the center-of-gravity defuzzification are used:

(13)

where μi represents the weight of the i-th rule. The equation can be

rewritten as

(14)

where ξ is a regressive vector and θ is an adjustable parameter vector.

Let ks* be an optimal value of ks that satisfies the existence conditions

of the sliding mode, and ks* obtains the minimum control effort u*sw.

However, in practice, the ideal controller cannot be precisely

implemented. Therefore, due to ks*, it is very hard to obtain the precise

value in advance. Consequently, employing an adaptation control system

 to approximate ks*

(15)

For simplicity of discussion, the following form is defined:

(16)

The adaptation law is designed as

(17)

where γ represents a constant greater than 0. Since the optimal ks* is

constant, the derivative of Eq. (15) is given as 

(18)

This fuzzy adaptive sliding mode control can automatically calculate

the control voltage.

2.3 Stability

Defining the Lyapunov function V = s2 / 2, a sufficient condition for

achieving stability can be given as: 

(19)

where η represents a positive constant. The initial errors may be

arbitrarily located in the error state and are generally not zero. Eq. (19)

indicates that it causes the trajectories to move towards the origin.

Integrating both sides over the time interval [0, ts] and dividing by |s|,

the state will be reaching the sliding surface as t = ts, therefore

(20)

(21)

When |s(ts)| = 0, then one has

(22)
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Therefore, the state can converge to the sliding surface within the

finite time |s(ts)| = 0 / η.

Consider a Lyapunov function in the following form:

(23)

Substituting Eqs. (5)-(10) into (11) obtains:

(24)

If the gain  is chosen to satisfy the condition

(25)

then, it can be deduced that  is negative definite and satisfies Eq.

(19). From the above analysis, the sliding condition is satisfied and the

stability of the FASMC system is guaranteed since the derivative of the

Lyapunov function is a negative definite.

The discontinuous switching function can be approximated via

continuous function to avoid chattering. The new switching function

with an exponentially decaying boundary layer is used to reduce

chattering and improve performance. Therefore, a smoother function is

introduced to substitute the signum function, thus improving the control

effort as:

(26)

where ε is a positive constant.

A block diagram of the proposed FASMC is shown in Fig. 2. Thus

the control law can be written as:

(27)

In this paper, the anti-saturated control is introduced into the control

input. Therefore, the control input, u is given by:

(28)

3. Experimental Results

As shown in Fig. 3, an experimental platform is built to track control

of the piezo-actuated nano positioning stage. A piezoelectric actuator is

adapted to drive the flexure hinges guiding positioning stage. Turbo

PMAC, motion control card, generates excitation voltage signals (0-10

V) to the amplifier. The voltage signals, amplified by a high-voltage

amplifier with a fixed gain of 10, are applied to the piezoelectric actuator

to generate force and the stage will be actuated by the force. The output

displacement is measured by grating with 10-nanometer resolution.

Creep is the expression of the slow realignment of the crystal domains

in a constant voltage input over time. Fig. 4 shows the step voltage
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Fig. 2 Block diagram of the proposed FASMC

Fig. 3 Experimental platform
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response of the piezo-actuated nano positioning stage. The creep

phenomenon has a big impact on setting time and position precision of

the piezo-actuated nano positioning stage.

The hysteresis phenomenon is a remarkable phenomenon for the

piezo-actuated nano positioning stage. To demonstrate this hysteretic

behavior, a series of sinusoidal input voltages (0.5 Hz, 1 Hz, 5 Hz and

10 Hz) were generated via PMAC card and were applied to the piezo-

actuated nano positioning stage via an open loop. The hysteresis curves

obtained by the input voltage and the resulting displacement are shown

in Fig. 5. Fig. 5. shows that the width of the hysteresis loop will gradually

increase with increasing frequency of the input signal.

The creep and hysteresis phenomenon should be suppressed for

precise positioning and improved tracking performance. Therefore, a PID

controller and the proposed FASMC are applied to the piezo-actuated

stage. When the input signal is a 6 μm step displacement, the parameters

of traditional PID controller are: KPP = 190000, KII = 500000, KDD =

100. The results are shown in Fig. 6.

Experiments are performed to demonstrate improved positioning

performance using the proposed FASMC. The results of 10 μm and 16

Fig. 4 Step voltage response

Fig. 5 Hysteresis curves of the stage with different frequencies

Fig. 6 Response experiment with 6 μm step input

Fig. 7 Response experiment with 10 μm step input
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μm step signals are shown in Figs. 7-8. Experimental results indicate

that the proposed FASMC offers good reduction of creep and decreases

both rise time and setting time. The detail compared results are described

in Table 1.

In Fig. 9, the reference signal has a frequency of 0.5 Hz and an

amplitude of 6 μm. The maximum tracking error of the PID controller

is 0.182 μm and the root mean square (RMS) error is 0.103 μm. For the

proposed FASMC, the maximum tracking error is 0.057 μm and the

RMS error is 0.016 μm. In Fig. 10, when the input reference signal has

a frequency of 1 Hz and an amplitude of 6 μm, the maximum tracking

error of PID controller is 0.318 μm; however, the maximum error of the

proposed FASMC is 0.049 μm, while the RMS error of PID controller

is 0.207 μm, and the RMS error of the proposed FASMC is 0.013 μm.

The detail tracking-error results are presented in Table 2. The plots of

actual displacement versus desired displacement, as shown in Figs. 9-

12, indicate that the hysteresis phenomenon has been significantly

compensated. Compared to Fig. 5, the width of the hysteresis loop has

been reduced since the PID controller or FASMC are applied to this

piezo-actuated nano positioning stage. However, Figs. 11 and 12

indicate that the hysteresis compensation of the proposed FASMC is

Fig. 8 Response experiment with 16 μm step input

Table 1 Compared experimental results of step input with different

controllers

Parameters 6 μm 10 μm 16 μm

Rise Time
(s)

PID 0.064 0.053 0.042

FASMC 0.005 0.009 0.012

Setting Time
(s)

PID 0.144 0.136 0.119

FASMC 0.018 0.010 0.048

Table 2 Tracking-error results of different controllers under different

frequency

Frequency

0.5 Hz
-6 μm

1 Hz
-6 μm

5 Hz
-6 μm

10 Hz
-6 μm

Max Error
(μm)

PID 0.182 0.318 1.395 2.298

FASMC 0.057 0.049 0.164 0.317

RMS Error
(μm)

PID 0.103 0.207 0.965 1.565

FASMC 0.016 0.013 0.078 0.178

Fig. 9 Tracking results under 0.5 Hz with 6 μm sinusoidal input
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more obvious than that of the PID controller. It can use input frequency

of 10 Hz as high frequency if the piezoelectric actuator is applied for

precise positioning.

When the reference signal is a signal input with a frequency of 20

Hz and 4 μm, the maximum tracking error and the RMS error of PID

controller were 1.3703 μm and 0.9445 μm, respectively. However, the

maximum tracking error and RMS error were 0.2465 μm and 0.1270

μm. Therefore, the FASMC can improve the tracking error (see Fig. 13).

The actual application frequency of the piezoelectric actuator is generally

below 20 Hz.29

When y = 5*sin(2πf1t) + 2*sin(2πf2t), f1 = 0.5, f2 = 5, a multiple

frequency signal is a displacement input signal, the response is shown

in Fig. 14. The maximum error is about 0.23 μm and the root-mean-

square error is 0.133 μm after using FASMC; furthermore, the maximum

error of using PID controller is 2.5 μm and its root-mean-square error

is 1.22 μm. Therefore, the FASMC can significantly improve the

Fig. 11 Tracking results under 5 Hz with 6 μm sinusoidal inputFig. 10 Tracking results under 1 Hz with 6 μm sinusoidal input
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precision of the piezo-actuated nano positioning stage.

The tracking error of the piezo-actuated nano positioning stage will

gradually increase with increasing frequency. The PID controller can

also obtain good control results when the input frequency is small.

With increasing frequence, its control effect will weaken. However, the

proposed FASMC can always obtain favorable tracking performance.

Therefore, the performance of the FASMC exceeds than the PID

controller.

4. Conclusions

In this paper, an improved FASMC with PID surface is applied to

the piezoelectric stage to improve tracking control. Adaptation laws are

introduced to adjust the slope of the sliding function. Both fuzzy

control and adaptation law are applied to tune the parameters of the

switching control in the FASMC design. Due to the discontinuity of the

signum function, chattering may occur in the control system. To

eliminate this chattering, the switching control is modified via the

smooth function. Experimental results show that both rise time and

setting time are smaller with the proposed FASMC than with the PID

controller. Furthermore, the proposed control can obtain improved

tracking performance compared to the PID controller. The hysteresis

and creep compensation effect of the FASMC is more obvious than in

the PID controller.

Fig. 12 Tracking results under 10 Hz with 6 μm sinusoidal input

Fig. 13 Tracking results under 20 Hz with 4 μm sinusoidal input

Fig. 14 Tracking results of a multiple frequency signal
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