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The inherent hysteresis nonlinearity of piezoelectric actuators seriously deteriorates the tracking performance of piezo-actuated
nanopositioning stage, especially in large stroke applications. Usually, the model of piezo-actuated stage is given by cascading a rate-
independent hysteresis submodel with a linear dynamics submodel. This paper develops a composite model predictive control (MPC)
with feedforward hysteresis compensation based on the inverse multiplicative structure. The feedforward controller has the merit of
non-inverse requirement. The linear MPC is utilized as a feedback controller with the feature of simple solution for the feedforward
compensation system. Experimental tracking results of sinusoidal signals at different frequencies as well as complex signals show that
the proposed method can improve the tracking performance of the piezo-actuated stage, verifying its effectiveness.
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NOMENCLATURE

PID = Proportional-Integral-Derivative
SMC = Sliding Mode Control

MPC = Model Prediction Control
RMS = Root-Mean-Square

1. Introduction

Many precision instruments, such as nanomanipulators,' scanning
probe microscopies (SPMs),® atomic force microscopes (AFMs),* are
indispensable in various fields of engineering and science. The piezo-
actuated nanopositioning stages are the core components of precision
instruments. They are usually designed as flexure-hinge-guided
mechanisms driven by piezoelectric actuators (PEAs) with the merits of
small size, high positioning resolution and quick frequency response.’
However, the PEAs are incapable in some high-precision situations
without effective controller because of the inherent hysteresis
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nonlinearity.

To improve the tracking performance, a wide variety of control
techniques have been developed to remove hysteresis effect in recent
literatures.® Proportional-integral-derivative (PID) control with simple
structure and straightforward implementation is widely applied in
industrial applications.” The PID has also been used to compensate the
nonlinearity of PEAs in commercial piezo-actuated stages. Due to the
intrinsic defect of traditional PID, the tracking performance is limited
on the low rate signals and simple trajectories. An adaptive PID® and
a nonlinear PID with extended state observer’ have also been adopted
for better performance. To overcome such limitations, researchers have
made great efforts to design control laws with some modern control
techniques such as repetitive control,'” iterative learning control,'"'> H,,

1,13 and sliding mode control.'*'® A repetitive controller (RC) is

contro
designed for tracking periodic reference trajectories for systems that
exhibit hysteresis.'"” The hysteresis has effect on the stability of the
designed RC. But when the hysteresis effect exceeds the maximum
bound, an inverse-hysteresis feedforward controller based on the Prandtl-
Ishlinskii (P-I) hysteresis model is used to compensate the nonlinearity.
Feedback PID combined with iterative learning control (ILC) is adopted

to compensate nonlinearity, which guarantees improvement of
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performance in both single-axis tracking and biaxial contouring tasks."
Owing to its ease of design and robustness in the presence of
disturbances, sliding mode control (SMC) has been widely used for
piezo-actuated stages.'® By considering the hysteresis as disturbance,
SMC can be completed without inverse-based feedforward hysteresis
compensator. The effect of conventional SMC compromises with its
two disadvantages, namely the infinite settling time and the chattering
phenomenon.'® Many researchers aim to obtain a finite-time convergent,
chattering-free robust control by overcoming the two shortcomings. For
example, a high-order adaptive terminal SMC is presented for single-
input single-output uncertain nonlinear systems.”” This approach
combines the high-order SMC for finite convergence time and terminal
SMC for chattering phenomenon.

Recently, model predictive control (MPC) has been successfully
applied to compensate hysteresis nonlinearity of PEAs.>' Moreover,
MPC has a well-established theoretical foundation and has demonstrated
great performance in the industrial applications owing to its robustness
and disturbance rejection properties.”>** A MPC is applied in digital
sliding mode control to reduce the error bound and to attenuate the
chattering effect.? It is combined with a digital integral terminal sliding
mode control to further mitigate the control error as well.?® Besides, the
MPC can deal with physical constraints in the generation of control
actions or signals. An inverse-based MPC is presented, >’ in which it is
used to deal with a linear dynamics submodel. Hysteresis compensation
is realized through inverse feedforward of the ferromagnetic hysteresis
model. A nonlinear MPC method is realized through solving a
complicated nonlinear optimization problem.”® In order to avoid the
computation of the inverse hysteresis model and nonlinear optimization
problem, an inversion-free predictive controller,” and an adaptive
Takagi-Sugeno fuzzy model-based predictive controller*” are proposed.
It is notable that MPC is practical and less complicated when it is
designed according to the linear dynamic part of PEAs. It is reported
that MPC has been successfully applied to achieve faster imaging in
AFMs.>*3! But the hysteresis is not considered in their applications.

The effect of hysteresis on the tracking performance of PEAs will
be more evident with the increasing of the amplitude and frequency of
the input signal. The hysteresis must be considered when large stroke
and high frequency is required. A rate dependent LSSVM model is
directly used for hysteresis identification and compensation.’ In Ref.
32, the piezoactuated system is formed as a second-order linear system
plus the hysteresis. The proposed approach based on the feedforward
compensation is computational effective and has great potential for
application in smart actuators. Micky Rakotondrabe develops a new
feedforward hysteresis compensation method based on the inverse
multiplicative structure.” He also extends the method to a two-degrees-
of-freedom (2-dof) piezoactuator with the P-I hysteresis model.** The
results show that the hysteresis has been completely removed through
this method under low frequency range. The compensator is obtained
as soon as the direct model is identified without complicated inversion.

In the literature, classical feedback controls have been employed,
such as PID control, high-gain feedback control, state feedback control,
etc., owing to their easy implementation.*® In Ref. 36, an internal model-
based feedback control combining feedforward compensation is designed.
The internal model control is based on the inverse linear model and a
low order filter. Compared with these methods, the MPC scheme is

I Hysteresis Linear dynamics ]
Input I model model | Output
voltage ] G | displacement
4]—’ Hlul( > >
u(r) e w(r) | »(1)

Fig. 1 The cascaded model of the piezo-actuated stage

capable to achieve highly efficient control and operate for long periods
of time. When the plant’s model is well described, the MPC based
method has good control performance, not compromised with higher
order model and non-minimum phase system. Inspired by the inverse
multiplicative structure, we propose a composite controller that a linear
model predictive control with hysteresis compensation based on the
inverse multiplicative structure. The feedforward compensator based
on inverse multiplicative structure is effective and simple. The MPC
plays as feedback control.

The nonlinear dynamic behavior of a piezo-actuated stage is usually
described by cascading hysteresis nonlinearity submodel with linear
dynamics submodel. First, the inverse multiplicative structure based on
the hysteresis nonlinearity submodel is used as the feedforward
compensator. The classical Prandtl-Ishlinskii (P-I) model is an effective
method to describe the hysteresis nonlinearity.** This paper adopts the
classical P-I model for constructing the feedforward compensator. Then
the MPC is designed according to the linear dynamics submodel, where
it plays like a variable gain proportional controller. As a result, an
integral type error compensation term is added to enhance the tracking
performance, especially when the PEA’s model is not well described.
Experiments are conducted on a commercial nanopositioner to verify
the effectiveness of the proposed composite controller. Furthermore, the
proposed method is compared with the feedforward hysteresis
compensation method*® and MPC?* alone. The main contribution of this
work is the development of a composite control algorithm for precision
motion tracking of piezo-actuated nanopositioning stage in large stroke
applications.

The remainder of this paper is organized as follows. Section 2 is a
brief description of the system and identification approach. The
composite controller design progress is presented in Section 3. Section
4 discusses the verification of the proposed controller. Finally, the paper
is concluded in Section 5.

2. System Description and Identification

The piezo-actuated stage is modeled by cascading the nonlinear
hysteresis and the dynamics, namely the Hammerstein-like model

structure'-*°

as shown in Fig. 1, where H[u](r) denotes the hysteresis
nonlinearity, G represents the linear dynamics. In this paper, H[u](?) is

described by a rate-independent P-I hysteresis model.

2.1 P-I Hysteresis model
The classical P-I model is a class of hysteresis models in which the
model is a superposition of several elementary operators. The one-side

play operator’’ is adopted in this study due to the positive displacement
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nature of the piezo-actuated stage. The operator F,[x](f) is defined by
the following equations:

{ £ )(0)= 1 (u(0),0) N
F[u](t)= 1. (u(t),w(t - ts))
fr(u,w):max(u—r,min(u,w)) )

where, 7 is the threshold and #s is the refresh time.
The hysteresis model output w(#) can be obtained by several operators
each one having a threshold r; and being weighted by ¢

()= H{e]0)
= IZ;:C],- F, [u](l) = i:’l:qi -max(u —ri,min(u,w))

i

3)

where, » is the number of operators.
The parameters to be identified are the thresholds »; and weight
coefficients g;.

2.2 Experimental setup

The experimental setup is developed and shown in Fig. 2. According
to Fig. 2, the setup is composed of a three-axis nanopositioner (P-
561.3CD), a dSPACE MicrolabBox, a piezo amplifier module (E-503.00,
Physik Instrumente) with a fixed gain of 10, a sensor monitor (E-
509.C3A, Physik Instrumente) and the host PC. The control input
voltage range is (0-10 V). And the output voltage range is (0-10 V),
which is normalized with respect to 0-100 um. Details about the signal
flow refer to Fig. 5(b). The control algorithm is designed in Matlab/
Simulink block diagram on the host PC, and then downloaded and
executed on the target ASSPACE MicroLabBox in the real-time software
environment of dSPACE ControlDesk. When conducting experiments,
only the x axis is adopted to implement the proposed controller and the

sample rate is set to 5 kHz.

2.3 Identification approach
2.3.1 the dynamics model identification

From the previous discussion, there are two parts to be identified
using the input and output data from the stage respectively. It is well
known in the literature that the effect of hysteresis can be ignored in the

displacement response if small-amplitude input excitation signals are

Magnitude (dB)

Phase (deg)

107! 10" 10 10° 10° 10°

Fig. 3 bode plot of the identified linear dynamics model

applied. In the first step, to obtain the dynamic model, a small amplitude
sine-sweep input voltage is able to identify the transfer function of the
linear dynamics submodel. The model can be identified by the system
identification toolbox in matlab.

The linear dynamics model is identified by applying a sine-sweep
input voltage with a constant amplitude of 200 mv between 0.1 Hz and
500 Hz to the x axis. Notice that the low amplitude of the input voltage
is used to excite the system for avoiding the effect of hysteresis
nonlinearity. In this case, the hysteresis H[u](f) is approximated as a
constant 1. the input voltage and the output displacement data taken
from the sensor are imported to matlab system identification toolbox to
identify the model. The identified frequency response is shown in the
Fig. 3.

The discrete dynamic model can be written in a state-space form,

{x(k+l):Adx(k)+Bdu(k) A
y(k)= Cx(k) + Du(k) @
With,
(3236 -2.627 1.401 -0.979 0.4128 -0.321]
2 0 0 0 0 0
0 2 0 0 0 0
A, =
0 0 1 0 0 0
0 0 0 1 0 0
| 0 0 0 0 0.25 0 |

B,=[05 0 0 0 0 0]
C,=[0.001362 0.1425 -0.113 0.06919 -0.00259%4 -0.09873]
D, =[0]

2.3.2 the hysteresis model identification

With the identified linear dynamics model, it is ready to identify the
parameters of the classical P-I hysteresis model. In this step, the input
signal is restricted in low frequency. Thus, the identified linear dynamics
model can be directly recognized as a constant gain.

The frequency of the input signal is restricted as 0.1 Hz. Under this
situation, the linear dynamics is a constant G(0.2j7) = 0.84 as shown in
Fig. 3. A sine input voltage is applied to the system. The amplitude of

the sine signal is set as 5 V, corresponding to 50% of the maximum
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Table 1 The identified parameters of the P-I hysteresis model

Number 1 2 3 4 5
7 0 0.5 1.0 1.5 2.0
qi 0.8353 0.1803 0.0636 0.0821 0.0665
Number 6 7 8 9 10
7 2.5 3.0 35 4.0 4.5
q; 0.0653 0.0534 0.0756 -0.0170 0.2653

allowable input. Using the sine signal u(f) = 5sin(0.27¢) fed to the
system, the output displacement y(f) is recorded and pretreated before
identification. We plot the output y(f) versus to the input u(f). The
pretreatment includes intercepting the steady state part and removing
the bias constant.

The number of operator » needs to be chosen reasonably. Generally,
the model is more accurate with the increasing of n. However, a high
number means increaseing its complexity. There is a compromise
between accuracy and complexity. In our case, the number » is set as
10. The thresholds r; are given by uniform partitions in the voltage
domain.

i—1
7 =7Hu(t)

i

x,i=1,2,"'n (5)

Due to the input signal is u(f) = 5sin(0.277), the thresholds is obtained.
Then, weight coefficients ¢; is to be determined through identification
algorithms. Many algorithms have been developed for the identification
of the hysteresis models. In this study, the least square method is adopted
as an illustration. Table 1 lists the identified parameters of the P-I
hysteresis model.

In order to evaluate the above identified model, Figs. 4 and 5 show
the comparisons of the experimental data of the plant and the predictive
results of the P-I model. In Fig. 4, the input voltage is a sine wave with
variable amplitude. Fig. 4(c) shows that the maximal prediction error is
about 0.92% and the root mean square (RMS) error is about 0.42% as
a percentage of the full displacement range. The input voltage is a
complex signal in Fig. 5. The maximal prediction error is about 1.8%
and the root mean error is about 0.78%. According to the results shown
in Figs. 4 and 5, the root mean errors between the experiment date the
P-1 model are all less than 1%. These results demonstrate that the
identified model is effective in characterizing the hysteresis.

3. Design of the Composite Controller

The proposed controller in this paper is shown in Fig. 6, including
feedforward hysteresis compensator based on the inverse multiplicative
structure and the linear MPC. y,(¢) is the desired reference trajectory,
v(¢) is the control signal, () is the manipulated variable, and y(7) is the
output displacement.

3.1 Inverse multiplicative structure for hysteresis compensation
Considering the feedforward hysteresis compensator in Fig. 6, it is
presented in Fig. 7 for analysis.
The control law is written by:

u(t)=v(t)+u(t—1s)—Hu](r—1s) (6)

| Experimental data = = = Mo‘k:lpruliclim]
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Fig. 4 Experimental verification of the identified P-I hysteresis model
with a sine wave of variable amplitude; (a) Input voltage, (b)
Displacement, (c) Error, (d) Hysteresis loop
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Fig. 5 Experimental verification of the identified P-I hysteresis model
with a complex signal; (a) Input voltage, (b) Displacement, (c)
Error, (d) Hysteresis loop
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Fig. 6 Block diagram of the composite control structure

where, H[u](z) is defied by Eq. (3).
Rewrite the model in Eq. (3),
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h(t)=H[u](t)=—u(t)+u(t)+H[u](r) (7

Assume the relationship between the actual output /(z) and the
control signal v(7) is:

h(t)=v(1)+0(1) ®)
Union Egs. (6) and (7), the expression of O is obtained,
O=u(t—ts)—u(t)+H[u](t)- H[u](r—1s) )

Calculate the derivative of the output /(f) with respect to the control
signal v(r) by Eq. (8):

(10)

From Eq. (9), we have:

a(0(1)) _ d(ult=)-u(0) , d(H[)()=H[u)(r-1))
d(v(r)) d(v(r)) d(v(1))
:{6u(t—ts) B Gu(t)}{aH[u](t) o [u](t-15)

ov(t)  ov(r) ov(1) ov(1)
On the one hand, since the model H[u](¢) is independent of the
control signal w(f), it is inevitable:
oH[u)(r) oH[u](t—1s)
ov(t) ov(t)

an

=0 (12)

For a sampling time with #s, that is small enough relative to the
period of the control signal v(¢), we have,

6u(t—ts)_6u(t) (13)
ov(r)  ov(r)
The detailed proof is presented in Ref. 34.
Combing Eqgs. (11), (12) and (13), we get that,
d(0)=~0 (14)

Substitute Eq. (14) into Eq. (10),

d(n(r)) . o0(r)

=1+ 01 (15)

d(v(r)) (1)

(b)

Fig. 8 (a) The equivalent diagram. (b) The equivalent diagram with
integral error compensation

Eq. (15) implies:

h()=v() (16)

Thus, it can be concluded that the hysteresis H[u](f) is nearly
compensated through this method.

It should be mentioned that when it comes to the practical application,
the hysteresis model is required to be accurate respect to the actual

hysteresis of PEAs for great compensation performance.

3.2 MPC with error compensation

Notice that the feedforward compensator is effective for removing
the hysteresis nonlinearity. So The proposed control scheme in Fig. 2
can be reasonably reduced to the equivalent diagram in Fig. 8(a) for the
design of MPC. The main goal of MPC is to enable the plant to track
the reference signal. In MPC, a class of computer control algorithms use
the identified process model to predict the future behavior of a plant.
The control action is generated by minimizing the difference between
the desired output and the predictive output.

3.2.1 Design of MPC
The linear dynamics model can be written as the discrete state-space
model in the form,

{x(k+1):Adx(k)+Bdu(k) 17)

(k)= Cx(k)
where, Ad, B, C, define the discrete state-space model, u is the

manipulated variable, y is the predictive output.
Making,

Ax(k+1)=x(k+1)—x(k)
Ay(k+1)=y(k+1)-y(k) (18)
Au(k+l):u(k+1)—u(k)

Eq. (17) can be rewritten as

(19)

Ax(k+1) = 4,Ax(k)+ B,Au(k)
{y(k+1)= C,4,Ax(k)+y(k)+C,B,Au(k)
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Letting x(k) = [Ax(k) y(k)]", Eq. (19) is simplified as,

{x(kﬂ): Ax(k)+ BAu(k) o)

y(k)=Cx(k)

where, 4, B, Care the augmented system matrices.

4; 0 B,
A= ,B= ,C=[01]
A, I C,B,

The predictive output sequence in the matrix form are then derived as,

Y = Fx(k)+ ®AU @1
in which,
y(k+1]k) Au(k)
| v(k+2]k) | du(k+)
y(k+N, k) Au(k+N, -1)

N,, N, are the prediction horizon and the control horizon respectively.

The F matrix with the dimensions of (N, n) and the ® matrix with

the dimensions of (N, N,) are:
CA CB 0 0
c4’ CAB CB
F= . R b= . .
cA™ ca™ 'B ca™ ’B ca™ "B
The cost function is defied by,
J=[Y-R] O[Y-R]+AU"RAU 22)

in which, O and R are the adjustable weight matrices.

Q[) RO
Q — QO , R — RO '
O, R,
R, is the reference signal,
r(k +1] k)
r(k +2] k)
r(k+N,|k)

The control law is obtained by minimizing the value of the cost
function J.

If the constraints of the manipulated variable are not considered, the
control law can be obtained by taking the derivative of the cost function
and setting it to zero, i.e.,

oy
P 0 (23)

This results in,
AU =(®"0® +R) ' ®'Q(R, (k) - Fx(k)) (24)

By considering the constraints, the control law is solved by

minimizing J, subject to the linear inequality constraints on the

manipulated variable, i.e.,

¢ 25
AummSAu(k-i—i—l)SAu i=L-,N, @)

max > c

{ Uy Stu(k+i=1)<u,, i=1N,

Upin and u,,,. are the lower and upper bounds on the manipulated
variable respectively, Au,,;, and Au,,, lower and upper bounds on the
control increments respectively.

The constrained MPC problem can be expressed as a quadratic
programming (QP) problem, similar to that in Ref. 29.

3.2.2 MPC with integral error compensation
The first entry of AU in Eq. (24) is used for the controller design,

Au(k)="¥YR, = VF,y (k) - VFAx(k) (26)

Herein, the real control law can be written as follows:
u(k)=u(k-1)+Au(k)
= (1-z "Ju(k)=WR, - WF,y(k) - YFAx(k) @7
=>u(k)=¥\R -¥ Fy(k)-¥ FAx(k)
where, P is the first row of (®'QD+RY'®’Q, F = [F, F,], and ¥, =
Y/(1-z).
It can be seen that the control law is similar to a proportional
control. When the PEA’s model is not well described, the steady-state
error is obvious. An integral type error compensation term is useful for

reducing the steady-state error.
The error compensation term is defined as,

Au, (k)= K, (r(k)-y(k)) (28)

in which, K is the gain of the integral term.
The final control law is obtained by using the error compensation
term to modify,

u(k)=V¥\R -V Fy(k)- ¥ FAx(k)+Au, (k) (29)

The block diagram of the control loop based on Eq. (22) is illustrated
in Fig. 8(b). d is the input disturbance.

4. Experimental Results

4.1 Verification of MPC with integral error compensation

The linear MPC is effective in tracking the reference spiral line in
Ref. 31 without considering the hysteresis. It is reasonable not to
consider the hysteresis phenomenon with the small scanning range.
When the application is extended to large stroke, the effect of hysteresis
nonlinearity is obvious. The linear dynamics model can’t approximate
the behavior of the plant well. In this case, the steady-state error is
relatively large with only using the linear MPC.”” The integral error
compensation is useful to reducing the steady-state error. The
corresponding parameters are set as N, = 4, N, = 3, K; = 595, Oy = 1,
Ry = 0.1. Fig. 9 shows the comparison.

4.2 Verification of the proposed controller
The experiments are conducted to verify the effectiveness of the
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Fig.

proposed controller. Sinusoidal waves with different frequency and
complex signals are applied in the tracking experiments. The prediction
and control horizon parameters N, and N, (V, > N,) are determined
through simulation. Under the premise of ensuring tracking accuracy,
we choose N, = 4, N = 3 for reducing the computational burden. The
other parameters are set as K; = 350, Oy = 1, R, = 0.1 by trial and error.
And the proposed method is compared with the feedforward hysteresis
compensation method and the linear MPC. For a quantitative analysis,
the root-mean-square error (RMSE) and maximum absolute error

(MAXE) are defined as follows:

Cans = (zzle,z)/N

eunx = max(|e]

(30)
G

where, N is the number of data sets.

First, the motion tracking of a 1 Hz sinusoidal trajectory is tested,
as shown in Fig. 10. The RMSE and MAXE of 3.878 and 7.173 um
exist in open loop without controller, which are equivalent to 7.329%
and 13.558% of the motion range. And the proposed controller achieves
best performance with the RMSE and MAXE of 0.043 and 0.085 um,
equivalent to 0.087% and 0.169% of the motion range. As a result, the
positioning accuracy with the proposed controller has been improved
by 98.8% compared with open loop without controller.

It is observed that the feedforward hysteresis compensation method
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produces RMSE and MAXE of 0.346 and 0.500 um. The linear MPC
alone produces RMSE and MAXE of 0.123 and 0.198 um. As compared
with the feedforward hysteresis compensation method, the linear MPC
reduces RMSE and MAXE by 64% and 60%, and the proposed method
reduces RMSE and MAXE by 87% and 83% respectively.

Moreover, the tracking results of references with different frequency
10 Hz, 20 Hz and 50 um amplitude are generated, shown in Figs. 11
and 12 respectively.

Next, the motion tracking of complex signals CS, with f£,,,, = 0.9 Hz
and f,,,. = 9 Hz is examined, as shown in Figs. 13 and 14 respectively.
The complex signal CS contains different amplitude and frequency
components. Similarly, the proposed method achieves best performance.

cs = 0‘77(1 - cos(z”fmawD + 0,69(1 _ cos[% ,D
? 9 (32)

+1.05(1- cos (27 f;,,1))

For a clear presentation, Tables 2 and 3 list the value of RMSE and
MAXE tracking errors of the three controllers and the corresponding
percentage versus the total stroke. It can be learned that the proposed
controller performs better than the feedforward hysteresis compensation

method and the linear MPC in terms of motion tracking accuracy.
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Table 2 The value of RMSE and percentage versus the total stroke
Input signal Frequency (Hz) Without (um / %) FF (um / %) MPC (um / %) The proposed (um / %)
1 3.878 /7.329 0.346 / 0.692 0.123/0.245 0.043/0.087
Sine 10 6.588 /12.78 3.629/7.137 1.269/2.518 0.407/0.819
20 10.76 / 20.47 7.846 / 15.03 2.899 /5.540 0.837/1.727
cs Jmax = 0.9 2.839/5.404 0.136 /0.270 0.038/0.075 0.021/0.042
Joax =9 3.512/6.773 1.421/2.789 0.380/0.754 0.210/0.416
Table 3 The value of MAXE and percentage versus the total stroke
Input signal Frequency (Hz) Without (um / %) FF (um / %) MPC (um / %) The proposed (um / %)
1 7.173 / 13.558 0.500/0.999 0.199/0.397 0.085/0.169
Sine 10 11.52 /2235 5.151/10.129 1.992/3.952 0.751/1.511
20 18.55/35.31 11.723/22.46 5.423/10.363 1.343/2.771
cs Jax = 0.9 6.147/11.69 0.279 /0.554 0.102/0.203 0.059/0.118
Joax =9 8.063 / 15.55 2.715/5.329 1.053/2.088 0.526 / 1.044
5. Conclusions REFERENCES

In this paper, a composite controller is proposed for precision tracking
of a piezo-actuated stage. It consists of a linear MPC with integral error
compensation and a feedforward static hysteresis compensation based
on inverse multiplicative structure. The main advantages lie in avoiding
the inverse of hysteresis model and the simple solution of the linear
MPC. After setting of the prediction horizon and the control horizon of
MPC, there are only three parameters to turn. The implement of the
proposed control is convenient in practical applications. The tracking
experiments are conducted on the constructed test platform. The results
verify its effectiveness.

In this work, the steady-state error is reduced by an integral error
compensation term. However, the control with constraints can be hardly
dealt with. We will try to incorporate the integral term in the MPC
algorithm in the future work.
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