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ABSTRACT Piezoelectric actuators (PZTs) are essential elements in high-precision systems. However,
the hysteresis nonlinearity introduced by PZTs degrades the control accuracy. In this paper, a high-order
terminal sliding mode enhanced hysteresis observer is designed, which compensates the error between the
Bouc-Wen model and the actual hysteresis. Subsequently, a novel terminal sliding mode control (TSMC) is
proposed. Unlike the conventional TSMC, the novel TSMC method makes the tracking error in the sliding
mode converge to the origin within a finite time regardless of the initial conditions, which improves the
performance of conventional TSMC. The stability of the proposed control method is verified through the
Lyapunov theory. Finally, simulations and experiments are implemented to validate the effectiveness of the
proposed control method. Experimental results demonstrate that the proposed method has a more superior

performance than conventional TSMC.

INDEX TERMS Piezoelectric actuator, hysteresis, terminal sliding mode control, observer.

I. INTRODUCTION

Piezoelectric actuators (PZTs) have become one of the key
components in various precision engineering applications,
such as atomic force microscopy [1], tilting mirrors [2],
biological micromanipulation [3], and high-precision manu-
facturing machines [4]. The reason lies in the fact that PZT
provides the advantage of ultrahigh resolution, high stiffness,
rapid response, and large output force [5]. However, the PZT
introduces nonlinear effect into the system, which is mainly
attributed to hysteresis. The hysteresis is a nonlinear relation-
ship between the applied voltage and the output displacement
of PZT, which induces a severe open-loop positioning error as
much as 15% of the travel range [6]. Therefore, it is essential
to overcome the hysteresis nonlinearity to achieve a high
precision control for a PZT driven motion system [7].
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Various control strategies have been proposed to coupe
with this problem, which can be generally classified into
two categories in terms of hyteresis model-based feedfor-
ward control and hyteresis model-free feedback control [6].
The feedforward controller can compensate the hysteresis
effect by cascading an inverse hysteresis model. For instance,
hysteresis identifications using Preisach model [8], Prandtl—
Ishlinskii model [9], Duhem model [10], and Bouc—Wen
model [11], etc., have been widely carried out. As an ana-
lytical model, the Bouc—Wen model possesses the advantage
of computational simplicity because only one nonlinear dif-
ferential equation is used to describe the hysteresis loop [12].
However, the Bouc-Wen model are effective to describe the
rate-independent hysteresis. As a matter of fact, the hysteresis
effect of PZTs is rate-dependent [13]. Besides, the open-loop
controller is sensitive to the modeling accuracy. An error
always exists between the hysteresis model and the actual
hysteresis of the PZT system.
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In contrast, the robust feedback control, which considers
the piezoelectric nonlinearity as an unmodelled disturbance
to a nominal model. Various types of robust controllers have
been developed to tackle the hysteretic nonlinearity, such as
Hy control [14], adaptive control [15], intelligent control
[16], [17], sliding mode control (SMC) [18], and so on.
Among these methods, SMC has been proven to be an effec-
tive method to maintain the system stability and consistent
performance in the presence of parameter perturbations and
disturbances [19]. In [20], an adaptive SMC is designed to
deal with the uncertainties of Markov jump systems with
actuator faults. In addition, there is no need to establish the
hysteresis inverse model when using SMC in PZT system
[21]. The control structure is simple and clear.

However, the convergence rates of conventional linear slid-
ing surface can only ensure exponential with infinite settling
time [22]. Finite-time control method have attracted much
attention because finite-time convergence usually demon-
strates faster convergence rates and stronger robustness, such
as finite-time state feedback control [23], [24], finite-time
convergent observer design [25], [26] and finite-time out-
put feedback control [27], [28], etc. Terminal sliding mode
control (TSMC) method with a nonlinear sliding surface
combines the finite-time method and SMC together, which
can guarantee that the states converge to the origin in finite
time [29]. Nice features such as better disturbance rejection
properties and robustness are brought into the system as
a result of finite-time convergence [30]. Additional, non-
singular TSMC [31] has been developed to avoid the singu-
larity of TSMC.

Moreover, the robustness of SMC can normally be
obtained by the selection of a large switching gain, which will
cause undesired chattering phenomenon [32]. The boundary
layer method is usually used to reduce chattering of SMC
and the method suppressed the hysteresis effect in the piezo-
actuated stages effectively [33]. High-order terminal sliding
mode is also an effective way to reduce chattering. In [34],
a new continuous third-order sliding mode control scheme
is proposed and achieves remarkable robust tracking perfor-
mance for piezoelectric-driven motion system.

It is worth noting that the settling time of TSMC is a func-
tion of the initial conditions of the system [35]. In general,
different initial values lead to different estimations of conver-
gence time. Moreover, it is difficult to obtain the initial condi-
tions of the actual system accurately in advance, which makes
settling time inaccessible and deteriorates the performance of
the system. In order to solve the problem, a novel terminal
sliding mode control scheme is designed of which the con-
vergence time is independent of the initial state of the error.
However, only using the controller, the disturbance rejection
performance of the system is still limited. Therefore, a high-
order terminal sliding mode enhanced hysteresis observer
which compensates the error between the hysteresis model
and the actual hysteresis is devised in this paper to improve
the control accuracy of the PZT system. Different from the
traditional disturbance observer, the high-order terminal slid-
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ing mode enhanced hysteresis observer is based on Bouc-
Wen model to solve the problem of hysteresis observation.
The primary contributions of this work are briefly outlined as
follows:

1) A high-order terminal sliding mode enhanced hys-
teresis observer is designed, which compensates the
error between the Bouc-Wen model and the actual hys-
teresis using high-order terminal sliding mode. Thus,
the precision of the hysteresis estimation is improved.
Besides, the chattering of high-order terminal sliding
mode is reduced using an integral function;

2) A novel terminal sliding mode surface is proposed,
which not only can provide a finite-time convergence,
but also makes the tracking error in the sliding mode
converge to the origin within a maximum settling time
regardless of the initial conditions;

3) The stability of the combined controller is analyzed
using the Lyapunov stability theory; and the tracking
performance of the resulting control system as com-
pared to that of the conventional TSMC and the novel
TSMC is demonstrated by experimental investigations
on a PZT driven tip/tilt platform.

The remainder of this paper is organized as follows.
Section II describes the Bouc-Wen model of the PZT.
Section III introduces the conventional TSMC method.
Section IV provides the design process of the novel TSMC
based on high-order terminal sliding mode enhanced hystere-
sis observer, and the stability analysis is proved by the Lya-
punov theory. Section V provides the simulation results which
verify the effectiveness of the proposed controller. Section VI
gives the comparison experimental results of the proposed
controller and other control methods. Finally, Section VII
provides the conclusions of this paper.

Il. DESCRIPTION AND IDENTIFICATION OF THE
BOUC-WEN MODEL

The hysteresis effect of PZT system can be expressed using
the following static Bouc-Wen model [36]

X =aox +aju+ah+d

. 1
h = ait— Blulhh|"~' — yilh|" W

where x denotes the output displacement of the PZT system,
u is the input voltage, ag, a; and a, represent the nominal
parameters of the system, & denotes the hysteresis term of the
Bouc-Wen model, the coefficients «, 8 and y determine the
amplitude and shape of the Bouc-Wen model respectively, d
represents the unknown external disturbances of the system
and n governs the smoothness of the transition from elastic to
plastic response. For the elastic structure and material, n = 1
is assigned in (1) as usual.

Due to the complexity of Bouc-Wen model, it is difficult to
identify the parameters of the parameters using conventional
approaches [37]. In this study, the bat-inspired optimization
algorithm [38] is facilitated to identify the parameters
of Bouc-Wen model (1). The bat-inspired optimization
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TABLE 1. Identified model parameters of the PZT with Bouc-Wen
hysteresis.

Parameters Value Units
ao -1332 -
al 359 -
az -1332 -
@ 1.0642 | mrad/V
B 5.2644 v-1
~ -2.3694 v-1

oo

Bouc-Wen model
r |— — —Experiment

(=)} -3
T

[
T

Displacement(mrad)
w IS

(S}
T

30
Voltage(V)

()

Error(mrad)

-0.3

(b)

FIGURE 1. Results of the identified Bouc-Wen model. (a) Comparison of
Bouc-Wen model and experimental result; (b) Prediction errors of
identified Bouc-Wen model.

algorithm is adopted in the current problem because it possess
a faster convergent rate and stronger robustness compared
with the other optimization algorithms. The specific identi-
fication process can be referred in [21].

The identified model parameters are listed in Table 1,
and the comparison of the obtained model and experimental
results is shown in Fig. 1(a). The prediction error of the
obtained model is shown in Fig. 1(b), and it can be observed
that the maximum (MAX) error is 0.2164 mrad, which is
2.79% of the whole range of the PZT system.

In consideration of the parameter uncertainties, the PZT

system based on Bouc-Wen model is described as
X = (ao + 8o)x + (a1 +8)u+ (a2 + 2)h +d )
h = ait— Blilh — yilh

where &g, 61 and 8 are the uncertain parameters parts, ® =
dox + 81u + 8h + d represents the lumped disturbance
caused by the external noise, parameter uncertainties, which
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is bounded and satisfies |®| < ®q, where ®g is a positive
constant.

The control problem becomes how to achieve a precision
tracking of the motion trajectory x; in the presence of the
lumped disturbance ®. In order to achieve a precision motion
control, a robust control scheme is devised in Section IV.

Ill. CONVENTIONAL TSMC DESIGN

In this section, a conventional TSMC method is introduced to
eliminate hysteresis of the PZTs. At first, the tracking error is
defined as follows

e=Xx4—X 3)

where x, is the desired displacement of the PZT system.
A terminal sliding mode surface [39] is designed as

t
oc=ce¢+ A/ sigf(e(t))dt 4
0

where L > 0,0 < p < 1 are positive constants, sigl(x) =
|x|Psign(x) is introduced in the following analysis for sim-
plicity of expression.

The conventional TSMC is designed as

1
u= —(xg —aopx — axh + Asigl(e) + ksig(o))  (5)
ai

where k > 0 and O < € < 1 are constants to be designed.

Theorem 1: For system (1), under control law (5), the track-
ing error can convergence to zero in finite time.

Lemma 1 [40]: Consider the nonlinear system x =
f(x,u), f(0) = 0, xeR", where x is a state vector, u is the
input vector. Suppose that there exist « > 0,0 < p < 1 and
0 < A < oo such that the continuous function V (x) satisfies

V(x) < —kVP(x)+ A. (6)

Then, the trajectory of system is practical finite time stable.
The reaching time is bounded by
1—p
< VP (x(0))
kro(1 — p)

where 0 < kg < 1, and V(x(0)) is the initial value of V (x).
Proof: Choosing Lyapunov function as

(N

V=1l (8)
= =0
2

By taking the time derivative of (8) gains
V =06 = o(e+ rsighe))
= o(Xg —apx — aju — aph — ® + Asigh(e))  (9)
Substituting (5) into (9) yields
V = o (kg — agx — ash — ® + Asigl(e)
— (kg — apx — aph + AsigP(e) + ksig€(a)))
= —klo|t' —o®

< 25 S LoD, (10)
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According to Lemma 1, the TSMC manifold o () = 0 can be
reached in finite time, then, we have

é = —xsigh(e) (11)
Thus, the convergence time is obtained as
le(0)' 7
= ——— (12)
Ml —=p)

Hence, the error can convergence to zero in finite time. [

Remark 1: Tt notes that the error can convergence to zero
in finite time, which is dependent on the initial value of error.
It is hard to obtain the initial conditions of the actual system
accurately in advance, which makes the settling time of the
system difficult to achieve and degrades the control precision.

To this end, a novel terminal sliding mode surface is pro-
posed in Section IV, which not only can provide a finite-
time convergence, but also makes the tracking error in the
sliding mode converge to the origin within a maximum set-
tling time regardless of the initial conditions. By selecting
appropriate parameters, the convergence rate of system error
can be improved, and then the performance of the system can
be enhanced.

IV. PROPOSED CONTROLLER DESIGN
A. HYSTERESIS OBSERVER DESIGN
Although the Bouc-Wen model is effective to describe the
rate-independent hysteresis, the hysteresis effect of PZTs
is rate-dependent, an error between the identification and
the practice of the hysteresis model always exists. To this
end, a high-order terminal sliding mode enhanced hysteresis
observer is designed in the following subsection.

Define f(u,h) = pBlulh + yilh|. Equation (1) can be
rewritten as

. (13)

X =apx +aju—+ ah
h=ai—f(u,h)

The high-order terminal sliding mode enhanced hyteresis
observer is designed as

Y =apX +aju+ah+u
i‘ 0. 1 2 tsmol (14)

/:l =l —f(u, il) + Utsmo2

where X represents the estimated value of the displacement,
Ussmo1 and usgm0o represents the designed control law. The dis-
placement estimated error X and system hyteresis estimated
error /i are defined as ¥ = x — X, h=h-—h Besides,
Fu, h, h) = f(u, h) — f(u, h). It can be concluded from [41]
that & is bounded and satisfies |h| < hg, where hg is a positive
constant. In the meantime, the derivative of the control input
u is bounded for a practical system, satisfying |iz] < w, where
w is a positive constant. So it is reasonable to assume that f
is bounded and satisfiesf < (B8] + |y Dw(lho| + |}Az|). Then,
the error dynamics becomes

(15a)
(15b)

X = aoX + azh — Ugmol
h = —f — usmo2
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A fast terminal sliding surface is designed as follows,
on =X + £X + Esigd(®) (16)

where 0 < g < 1, ¢ and & are positive constants to be
designed.

The high-order terminal sliding mode is designed to
achieve chattering-free control by shifting the discontinuous
control to the derivative of the control law. The sliding mode
function is designed as

Ussmol = (ao + §)X + &Esig?(X) +v (17a)
v+ T,v = lisign(oy) (17b)
Ursmo2 = lpsign(op,) (17¢)

where 0;,(0) = 0, [; is the control gain, /; is the feedback
gain, and T, > 0 is the designed parameter. The observer can
obtain satisfactory observation performance by appropriately
adjusting the parameters /1, l>, and T,,.

Theorem 2: For error system (15),if 1] > |T,V| apd b > [f|
holds, under control law (17), the error state x and X converge
to zero in finite time.

Proof: The sliding surface o, can be written by substi-
tuting (15a) and (17a) into (16),

op :azil—v (18)

The derivative of o, with respect to time ¢ by combining
(17b) and (17c¢) can be expressed as follows

6 = arh — ¥
= —f — tgmon + Towv — [1sign(oy)

= —f — bsign(op) + T\yv — [1sign(oy) (19)
Define Lyapunov function
1 2

V= - 20
h 2h ()

By selecting I} > |Tyv| and I, > [f|, according to (19),
the derivative of Vj, with respect to time ¢ yields,

V= o0y
= oy(—f — bsign(oy) + T — Iisign(on))
= —foy — blop| + Tywvop — lilop] <O (21)

Therefore, the system dynamics can converge to the fast
terminal sliding surface (16) within finite time. Then, the fol-
lowing equation holds,

on =X+ X+ Esigl(®) =0 (22)

By solving the above equation, the exact time to reach X =
0 can be calculated as

_ L L@l T+ E
) q

Therefore, the state ¥ and X can converge to zero in finite time.
O

th (23)
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Remark 2: Convergence of h: By applying o;, = 0in (17b),
we can obtain

v=Ce v, (24
By substituting (24) into (18), we can obtain
- 1
h=—Ce v, (25)
a

To guarantee the convergence of hysteresis estimation error
fz, the control parameter should be selected as 7), > 0. And
the convergence rate of & can be optimized by adjusting T,

Remark 3: Chattering Suppression Analysis: The chatter-
ing suppression of the proposed high-order terminal sliding
mode enhanced hysteresis observer is analyzed. From (17a)
and (17b), it can be concluded that the chattering signal
l1sign(op,) is smoothed by an equivalent low-pass filter. The
transfer function from /;sign(oy) to v can be expressed as

G(s) = (26)

s+ T,
where T, represents the bandwidth of the low-pass filter.
Therefore, the proposed observer possesses smooth distur-
bance observation.

B. NOVEL TSMC DESIGN
A novel TSMC is designed in the following subsection, which
can provide a finite-time convergence independent on the
initial value of error.

The novel TSMC surface is defined as

t
o= +/ [hisig T (e) 4+ Aosig T (e)ldr  (27)
0

where i > 1, A1, A2 > 0 are parameters to be designed.
Based on the sliding surface (27), the novel TSM controller
is designed as

I, g P
u=—(Uxg —apx — axh + Asig " #(e)
ay

L .
+ Aosig! TH (o) + kisig€ (o) + kao).  (28)

where k1, ko > 0and 0 < € < 1 are constants to be designed.
Theorem 3: For system (1), under control law (28),
the error can convergence to zero in a finite time, which is
independent on the initial value of the error.
Proof: Define Lyapunov function as

1 2
V=0 (29)

Its differential with respect to time is

. 1 1
V=0cd=o0o(+ MsigHTt(e) + Agsigl_ﬁ(e))
= o0(Xqg —aopx —aju —ayh — @
1 11
+asigh T (o) + Aasig ¥ (e) (30)
Substituting (28) into (30) yields

. 1 1
V = 0 (g — agx — axh — ® + Aysig! T (e) + Aasig! T (e)
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e Sliding a Controller u X
)—P‘ H —>
_ surface (27) 35) ) PZT

).

Hysteresis
observer (14)

FIGURE 2. Control system block diagram.

1 1
— (Xxg — apx — ash + AlsigHﬁ(g) + )»zsiglfﬁ(e)

+ kisigt (o) + k20))
= —ki|o|t! — ko’ —0®
e+l e+l
< 27kV72 +lo|P (€29

According to Lemma 1, the tracking error reaches the
sliding surface in finite time, then, we have 6 = 0. Then
the sliding mode dynamics is derived as follows

6=+ asigTE(e) +dasig H(@ =0  (32)

The settling time of (32) is determined by

e(0)] de
[l :/ ’ 1 1 - (33)
0 Ae tu + hpe

1 .
We choose an alternate variable z = e#, Then, we obtain

1
/E(O)I“ /LZ”_le
l‘l = _—
0 Azt 4 apzil

1
/|e(0>M dz

= I[,L R

0 MZ2+ Az

1 Moy E
= —— —arctan(, [ — |e(0)| )
VATA2 A2

T
2/ M A

Therefore, the tracking error can reach the origin in a
maximum settling time, which is independent of initial state
e(0). O

Remark 4: Tt can be implied from (34) that a smaller u
and larger A1 and XA, provide a shorter settling time, which
implies a faster response speed and higher tracking accuracy.
However, this will amplify the measurement noise in the
actual system.

If the observed hysteresis is taken into consideration,
the controller can be modified as

=<

(34)

I . .1+ L L1=1
u=—(xg —apx + r1sig " #(e) + rosig “(e)
ay

+ kisigé(o) + koo — azh).  (35)

The block diagram of the proposed controller is illustrated
in Fig. 2.

Remark 5: Boundary layer method [42] is employed to

smooth the control signal. The saturation function (36) is
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adopted to replace the signum function to decrease the chat-
tering of the signum function.

1 o> A
sat(c) = {o/A |o| < A (36)
—1 o< —A

where A > 0 is the thickness of the boundary layer. Outside
the boundary layer, the control is identical to the ideal switch-
ing characteristic. Within the boundary layer, the continuous
approximation of the switch function is chosen to replace the
signum function, and the control law becomes the feedback
control of the continuous state. The larger the thickness of
the boundary layer A is,the smaller the chattering is, but the
control gain will decrease and the robustness of the controller
is weaker. A is chosen as 0.1 in the subsequent experiments
through trial-and-error method.

V. SIMULATION RESULTS

In this section, simulations are carried out to determine the
parameters of the proposed method using Matlab/Simulink.
The established hysteresis system model which includes
Bouc-Wen model and linear dynamics part is used to replace
the actual PZT system in the simulations. The tracking error
is obtained by subtracting the model output from the desired
displacement. Parameter uncertainties and white Gaussian
noise are added to the system. The speed command is set
as sinusoidal signal with the amplitude of 3 mrad and the
frequency of 1 Hz. The simulation results of system tracking
error versus the control parameters are shown in Fig. 3. It can
be implied from (34) that A; and A, determines the decay
rate of the tracking error. Thus, larger A1 and A, provide a
higher tracking accuracy as shown in Fig. 3(a). However, too
large X1 and A, have limited improvement on the tracking
accuracy, and noise is introduced into the system. Similarly,
a smaller value of u results in a smaller convergence time
as seen in (34), which implies smaller tracking error as seen
in Fig. 3(b); however, this will amplify the measurement
noises. The choice of k| and € requires a tradeoff between
system robustness and chattering. From Fig. 3(c), a larger k|
can improve the control accuracy, but too large k; will make
the system chatter. Analogously, k; increases the stiffness of
the closed-loop system, and a large k; injects excess noise
into the system.

VI. EXPERIMENTAL RESULTS

A. EXPERIMENTAL SETUP

The experimental setup is depicted in Fig. 4. The platform
is driven by a PZT with the tip/tilt angle stroke of 10 mrad
(model: S-330.8SL, from Physik Instrumente Co., Ltd.).
The integrated controller (model: Namiway, E-P04.2S0/10D,
from Physik Instrumente Co., Ltd.) is composed of an electric
strain gauge sensor and a high-voltage amplifier. A real-time
controller (model: HRT1000, from HwaCreate Co., Ltd.) with
16-bit AD and DA converters is adopted as control hardware.
The DA channel produces a voltage control signal, which is

223936
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FIGURE 3. Simulation results of system tracking error versus the control
parameters. (a) Error versus the parameter 1, 1,; (b) Error versus the
parameter p (c) Error versus the parameter ky, ky, .

then amplified ten times via the high voltage amplifier to
provide a voltage ranging from -20 to 120V for driving the
PZT. In addition, the output signals of the two capacitive sen-
sors are processed by the signal conditioner module, which
produces analog voltages ranging between 0 and 10V and
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=1 Volt:
oage PZT

3 amplifier =
3
MATLAB/ S
Simulink g
Real-time =
workshop o}
— X
- Signal g
‘ - 2 Sensor 3

conditioner

FIGURE 4. Experimental setup of a tip/tilt platform driven by a PZT.

TABLE 2. Control parameters of the developed controllers.

C-TSMC(5) | TSMC (28) [ Proposed (35)

A = 2800 A1 = 1400 A1 = 1400
A2 = 1400 A2 = 1400

k = 300 k1 = 300 k1 = 300
ko = 150 ko = 150

p=20.9 pn=10 w=10

e=20.9 e=20.9 e=09

- - 1 =0.25

_ - lo=1

- - q=0.7

- ; (=01

- : £=10.05

then acquired by the AD channel. A personal computer with
Matlab/Simulink is used to implement real-time control of
the tip/tilt platform system. The experiments are conducted
with a sampling frequency of 5kHz. Owing to the motion
decoupling in the two working axes, only one axial motion
of the system is employed for the control validation in this

paper.

B. EXPERIMENTAL TESTING RESULTS

The performance of the piezoelectric actuator system with
different controllers is tested by experiments in this section.
Specifically, conventional terminal sliding mode control (C-
TSMC) method (5) and the novel terminal sliding mode con-
trol (TSMC) method are (28) implemented at the same time.
The control parameters of the three controllers are shown
in Table 2, which are tuned by trial and error method. For
a fair comparison, the switching gains of the controllers are
selected as the same value. With the developed controllers,
several experimental studies are carried out to examine the
performance.

1) SINUSOIDAL MOTION TRACKING

A sinusoidal signal with amplitude of 3 mrad and frequency
of 5 Hz is tracked using the above methods. The results
are shown in Fig. 5. The MAX tracking error and the root
mean square (RMS) error of the proposed control method are
0.0206 mrad and 0.0074 mrad, respectively. In contrast with
the C-TSMC method, the proposed control method attenu-
ates the MAX tracking error and the RMS error by 61.1%
and 73.1%; compared with the TSMC method, the proposed
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FIGURE 5. Results of sinusoidal signal motion tracking with amplitude
of 3mrad and frequency of 5 Hz.
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FIGURE 6. RMS tracking error versus input frequency.

control method reduces the MAX tracking error and the RMS
error by 39.8% and 55.7%, respectively.

Furthermore, a series of experiments are carried out as
the frequency of the sinusoidal signal is gradually increased.
As the input frequency of the sinusoidal trajectory increases
from 1 Hz to 50 Hz, the RMS tracking errors of the three con-
trollers are shown in Fig. 6 . The advantage of the proposed
method compared with the other two controllers is evident for
sinusoidal signal motion tracking at both low and high input
frequencies.
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TABLE 3. Control results of triangular motion tracking.

Controller ~ MAX error (mrad)  RMS error (mrad)
C-TSMC 0.1679 0.0238
TSMC 0.1670 0.0187
Proposed 0.0929 0.0135
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FIGURE 7. Results of triangular signal motion tracking with amplitude
of 3mrad and frequency of 5 Hz.

To further verify the performance of the proposed con-
troller, the digital sliding mode prediction control method
[43] is compared with the proposed method. The digital
sliding mode prediction control method produces the MAX
tracking error rate of 2.17% and RMS error rate of 0.61% for
a sinusoidal signals with 10 Hz. In particular, the proposed
control method can alleviate the MAX tracking error and
RMS error by 45.0% and 20.5%, respectively. Therefore,
the proposed control method is superior to other robust con-
trol method.

2) TRIANGULAR MOTION TRACKING

The triangular signal with the amplitude of 3 mrad and the
frequency of 5 Hz is used as the desired signal to prove the
effectiveness of the proposed controller on the PZT system.
The position tracking results of the triangular signal based on
the three different controllers are shown in Fig. 7. The MAX
tracking errors and the RMS errors are described in Table 3.
It can be observed from Table 3 that, in contrast with the
C-TSMC method, the proposed control method attenuates the
MAX tracking error and the RMS error by 44.7% and 43.3%,
respectively. Moreover, the proposed control method reduces
the MAX tracking error and the RMS error by 44.4% and
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TABLE 4. Control results of multi-frequency signal motion tracking.

Controller ~ MAX error (mrad)  RMS error (mrad)

C-TSMC 0.0311 0.0147
TSMC 0.0251 0.0096

Proposed 0.0149 0.0042
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FIGURE 8. Results of multi-frequency sinusoidal signal motion tracking.

27.8% in comparison with the TSMC method, respectively.
It is obvious that the proposed controller can effectively elim-
inate the hysteresis nonlinearity of the PZT system and has
the best performance in terms of the triangular signal motion
tracking. In addition, compare with continuous third-order
SMC [34] that achieved the RMS rate error rate of 0.75% for a
triangular signal with frequency of 5SHz, the proposed control
method decrease the RMS error by 40.0%. This further proves
the effectiveness of the proposed method.

3) MULTI-FREQUENCY MOTION TRACKING

To further validate the proposed approach in regulating
the minor loop properties of the hysteresis effect, a multi-
frequency harmonic signal x; = 1.841.2sin(2wt —0.57) +
0.6sin(10r¢) mard was applied. The tracking results are
demonstrated in Figs. 8. In Table 4, the comparative tracking
results of the three controllers are listed. Compared with
the C-TSMC method, the proposed control method miti-
gates the MAX tracking error and the RMS error by 52.1%
and 71.4%, respectively; compared with the TSMC method,
the MAX tracking error and the RMS error of the proposed
control method decrease by 30.1% and 56.3%, respectively.

VOLUME 8, 2020



X. Che et al.: Finite-Time Control for PZTs With a High-Order Terminal Sliding Mode Enhanced Hysteresis Observer

IEEE Access

Therefore, the tracking errors caused by both the major-loop
and minor-loop hysteresis nonlinearities are significantly
suppressed. Further, the proposed method is compared with
[21] which achieved the MAX tracking error rate of 0.94%
and the RMS error rate of 0.35% for a complex harmonic
signal of 1Hz and 5Hz. The proposed method attenuates the
MAX tracking error and the RMS error of [21] by 55.8%
and 66.7%, respectively. It is clearly seen that the proposed
method achieves the best suppression effect on the hysteretic
nonlinearity.

VIi. CONCLUSION AND FUTURE WORKS

In this paper, the hysteresis nonlinearity of the PZT is
described using the Bouc-Wen. Based on the obtained Bouc-
Wen model, a high-order terminal sliding mode enhanced
hysteresis observer is designed to compensate for the error
between the identified Bouc-Wen model and the real hystere-
sis of the PZT system. A novel TSMC is designed which not
only can provide a finite-time convergence, but also makes
the tracking error in the sliding mode converge to the origin
within a maximum settling time. The experimental results
validate that the proposed control method can effectively
suppress the hysteresis nonlinearity effect and realize the high
precision tracking control of the PZT system.

Although the hysteresis observer is based on the Bouc-Wen
model, the idea of high-order terminal sliding mode enhanced
observer and the novel TSMC can be easily extended to
other systems. In future work, we will try to transplant the
algorithm to other systems. In addition, the control param-
eters in this paper are fixed parameters selected by trial-
and-error method. The future direction of work will focus
on developing adaptive strategy to automatically adjust the
control parameters.
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