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ABSTRACT In this paper, based on backstepping technique and time delay estimation (TDE) technique,
an adaptive time delay compensation control scheme is developed for a class of piezoelectric positioning
mechanical systems with Bouc-Wen hysteresis and input saturation constraint. The nonlinear part of the
Bouc-Wen model is estimated online by TDE, and the TDE error introduced by TDE is compensated online
by an adaptive law. Furthermore, an auxiliary variable system is used to deal with the input saturation
constraint. Based on the Lyapunov method, the stability of the closed-loop system is analyzed and proved.
Two simulation examples are given to demonstrate the effectiveness of the proposed control scheme.

INDEX TERMS Hysteresis, time delay control, adaptive control, backstepping.

I. INTRODUCTION

Hysteresis widely exists in modern electromechanical sys-
tems, especially in the systems that contain actuators
and sensors made of intelligent materials, such as preci-
sion piezoelectric positioning mechanism [1], atomic force
microscopy [2], hydraulic piezoelectric valves [3], fast cut-
ting tool servo system [4] and so on. Without hystere-
sis compensation, it will seriously affect the performance
of electromechanical systems, and even cause instability
of the systems. For example, in an open-loop control,
the error caused by hysteresis can reach up to 10%-15% [5].
Therefore, in recent years, modeling and compensation con-
trol of hysteresis have attracted significant attention [6]—[8].
There are four main methods for hysteresis modeling. The
first is the physics-based modeling method, which mainly
includes Jiles-Atherton model [9], Maxwell-slip model [10]
and so on; The second method is based on differential equa-
tions, including Bouc-Wen model [11], Duhem model [12],
and so on; The third one is based on operators, which includes
Preisach model [13], Prandtl-Ishlinskii model [14], etc. The
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last one is intelligent modeling method based on computa-
tional intelligence, such as neural network model [15] and
support vector machine model [16].

Hysteresis has the properties of multi-valued mapping,
memory, rate-dependent, etc. Therefore, the control of sys-
tems with hysteresis is still an open question, which has
attracted many scholars’ interest [17]-[22]. Generally speak-
ing, there are three methods for compensation control of
hysteresis, the first is feed-forward compensation control,
the second is feedback-feedforward compensation control,
and the last is feedback compensation control.

Feedforward compensation method is a very effective
and low-cost hysteresis compensation control method, which
constructs a hysteresis inverse in the forward channel to
eliminate the impact of hysteresis on systems. However, due
to its open-loop mode, it completely depends on the accuracy
of hysteresis modeling and parameter identification and is
sensitive to external disturbances and model uncertainties.
Therefore, this method has rarely been used in practical
application.

Feedback-feedforward compensation control method is to
construct an inverse model in the forward path to eliminate
the hysteresis effects and design a controller in the feedback
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path to further improve the performance of the system and
enhance the robustness of the system. A Bouc-Wen hysteresis
inverse model is proposed in [17], which can eliminate the
effect of the Bouc-Wen hysteresis, and an adaptive controller
with hysteresis inverse is designed. The simulation results
show that the control strategy is still effective in the presence
of parameter perturbations of the hysteresis model. In [19],
the continuous Prandtl-Ishlinskii model is decomposed into
a finite number of discrete Prandtl-Ishlinskii operators, and
the hysteresis is compensated by using the analytical inverse
hysteresis model. For the error caused by the continuous
model being converted into a discrete model, an adaptive con-
trol technique is used to compensate online. The feedback-
feedforward compensation control method not only needs to
construct hysteresis inverse models (constructing the hystere-
sis inverse model is a very difficult thing in itself), but also
needs to know the exact parameters of the hysteresis model,
and the number of these parameters is generally not small.

Feedback compensation control method does not need to
construct the hysteresis inverse model or approximate inverse
model but treats the nonlinear part of the hysteresis as a distur-
bance, and then uses sliding mode control, robust control and
other methods to design feedback controllers. The Bouc-Wen
hysteresis is decomposed into a linear term and a bounded
nonlinear hysteresis term in [18]. Then, the nonlinear hys-
teresis term can be treated as a bounded disturbance. In [20],
the hysteresis is directly regarded as a part of disturbance,
and then the disturbance is eliminated by an adaptive sliding
mode controller. The stability of the closed-loop system is
proved theoretically. Although the feedback compensation
control method does not need to construct a hysteresis inverse
but treats the nonlinear term in the hysteresis as a bounded
disturbance, it will affect the control accuracy to a certain
extent.

Due to the limitations of physical conditions and sensors,
not all system states are available in the practical systems.
Therefore, state observer has become one of the main solu-
tions. In [23], [24], state observers based on fuzzy logic sys-
tem are designed for nonlinear systems. In [25], a nonlinear
state observer is proposed for a stochastic nonlinear strict-
feedback system. In [26], a high gain observer with updated
gain and homogeneous correction terms is used to estimate
the unknown states. Compared with the traditional observer,
the high-gain observer not only has the performance of the
state feedback controller when the gain is high enough, but
also can suppress the disturbance to a certain extent as long as
the gains design is reasonable [27]. Therefore, the high-gain
observer has been widely used in many control problems.

In addition, due to physical constraints, in practical control
systems, input saturation constraints are often encountered.
Saturation often leads to excessive overshoot and large track-
ing error, which greatly limits the performance of the system.
How to solve the problem of saturation nonlinearity is still
a challenging task. Auxiliary variable method [28], [29],
neural networks [30], [31], composite nonlinear feedback
method [32]-[34] are used to deal with the input saturation
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constrains. Moreover, the problems of different control sys-
tems with input saturation have also attracted much atten-
tion [35], [36]. However, to the best of authors’ knowledge,
few results are available for adaptive time delay control of
electromechanical systems with hysteresis.

The Bouc-Wen model is widely used in modelling hys-
teresis. And after the boundedness of the nonlinear hysteresis
term was proved in [18], applications of Bouc-Wen hystere-
sis in control systems have received considerable attention.
Based on time delay estimation(TDE) technique [37]-[39],
a novel feedback control method is proposed for a class of
electromechanical systems with Bouc-Wen hysteresis and
input saturation constraint. In this control method, the TDE is
used to estimate the nonlinear part of the Bouc-Wen model,
and then an adaptive controller is designed by backstepping
design method. The TDE error introduced by TDE is esti-
mated and compensated by the adaptive law, so that the con-
trol performance of the system is further improved. The main
contributions of this paper can be summarized as follows:

(i) A new method of hysteresis compensation control is
proposed. Compared with [18], [20], this method uses the
TDE technique to realize the on-line estimation of the non-
linear term of hysteresis, which can be directly used in the
controller design, instead of treating the hysteresis nonlinear-
ity as a bounded disturbance. Compared with the feedback-
feedforward control in [17], [19], the proposed method does
not need to construct the hysteresis inverse, and only one
parameter of the hysteresis is used in the controller, which
effectively reduces the calculation.

(i1) An adaptive method is proposed for the electromechan-
ical system, which does not require knowledge of system
dynamics.

(iii)) Compared with [17]-[22], the input saturation con-
straint is considered in this paper, which makes the control
method proposed in this paper can be better used in practical
engineering systems.

The rest of this paper is organized as follows. The problem
to be tackled is stated and the control objective is given
in Section II. The proposed control scheme is given in
Section III. In Section IV, simulation results are presented.
Finally, conclusions are provided in Section V.

Il. PROBLEM STATEMENT

Consider a piezoelectric positioning mechanic system [40],
[41] preceded by an actuator with input hysteresis and input
saturation:

ey

MX + Dx + Fx = w,
w = H[u](¢)

where x, x and X are the position, velocity and the acceler-
ation, M, D and F denote the unknown mass, damping, and
stiffness coefficients, u is the applied voltage to the piezoelec-
tric positioning platform, H [¢](¢) denotes the Bouc-Wen hys-
teresis nonlinearity, and the specific parameters are known.

176063



IEEE Access

Z. Li et al.: Adaptive Control of a Piezo-Positioning Mechanism With Hysteresis and Input Saturation

The expression of H[u](¢) is given as follows [17], [18]:
w=Hul@) = puxu+ (1 — )kt = piu+ p28  (2)

where 0 < pu < 1 is a weighting parameter, « is stiffness
coefficient, ;| and o are constants with the same sign, and
¥ is given by the following nonlinear first-order differential
equation:

& =i — Blal|9"" — xalo|" A3)

where parameters § and x describe the shape and amplitude
of the hysteresis, respectively, n governs the smoothness of
the transition from the initial slope to the slope of the asymp-
tote, and 8 > |x|.,n > 1.

Consider the voltage actuator input constraint, and u is
given by:

sign(Wimax, V] = Umax

v, V| < thmax

u = sat(v) = : @)
where v is the control signal to be designed, and u;,,y is the
known saturation limit.

Letx; = x,x = x,and I' = p» ¥, using (2), system (1)
can be rewritten as:

X1 = x2, )
M3x> = pyu+ T — Dxp — Fxy.

The control objective is to design a control scheme for
the system (1)-(4) such that the displacement x can track the
desired trajectory x,.

Lemma 1 [18]: For any piecewise continuous signals u
and i (bounded or not), the solution ¥ (¢) of (3) is bounded
by [9()| < max{|®(0), ] ﬂdfx }, where 9(0) is the initial
condition of (3).

Remark 1: The boundedness of the () means that it can
be considered as a bounded disturbance in the system. And
the initial value is usually set to 9 (0) = 0.

Remark 2: Although the piezoelectric positioning
mechanic system in [40], [41] is discussed herein, the control
method can also be used for the systems represented as
Equation (1), such as the piezo-actuated stage described
in [42] and the mechanical system in [43].

Assumption 1: The desire trajectory x; and its first and sec-
ond derivatives are known and bounded.

Lemma 2 [44]: Assume the function y(¢) and its first n
derivatives are bounded, thus |y®| < ¥ fork = 0,...,n,
where Y} are positive constants. Consider the following linear
system:

€w; = wiyl, fori=1,...,n—1,

€Wy = —Mw, — w1 — ... —w] + X1 (6)

where € is any small positive constant and the parame-

ters Ap, ..., Ay,—1 are chosen so that the polynomial sy

A15"~2> 4+ 1 is Hurwitz. Then there exist positive constants

Iy fork =2, ..., nand t*, such that for all r > #*, we have
kst

| _y(k)|Selk+1,f0rk=1,...,n_1- (7)
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lll. CONTROL DESIGN

In this paper, two cases are investigated for the piezoelec-
tric positioning mechanic system (5): (i) full state feedback
control design, that is, x; and x, are known; and (ii) output
feedback control design, that is, only x is known. For the sec-
ond case where x, cannot be directly measured, a high-gain
observer is proposed to estimate x».

A. FULL STATE FEEDBACK CONTROL
Before using the backstepping technique to design the control
law, the following change of coordinates is made:

1 = X1 — Xd,

. 3
2 =X2—X4 — o
where « is a virtual control law to be designed.
Step 1: From (5) and (8), we have
=22+ 9
then the virtual control law o is designed as:
ap = —c1z1 (10)

where ¢; is a positive parameter to be designed.
From (8)-(10), we obtain

2121 = —a1z} + 12 (11)
Step 2: From (5) and (8), we get
M7z = Mx» — MX; — Mda,
=uiu+T —Dxy — Fx; —Mxy —Ma;. (12)

The following auxiliary design system is used to deal with
the input saturation:

lzap1 Aul + (G ) (Auy?

—K& —

: _ §
il EEPATC) g >0

0, £l <o

where Au = u — v, € is the state of the auxiliary design sys-
tem, K is a positive parameter to be designed, and parameter
o is a small positive constant.

From (13), we have

. 1
£ = —Kg> — (Em)zmu)z — a1 Aul — i Auk. (14)

Then, considering the input saturation effect, we design the
following control law:

V= ,ul_lvo
vo=—21—22 —Ky(z2+&)—T +Dx> (15)
4+ Fx; + M(Xg + &) — Bsign(zp)
where parameters ¢, and K, are positive constants to be
designed, D, F and M are the estimates of the parameters

D, F and M, B is the estimate the bound B of the TDE error
which will be introduced in the following.
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Unlike traditional hysteresis feedback compensation con-
trol design methods, instead of treating I" as a bounded distur-
bance, we estimate it using the TDE technique. Let I denote
the estimation of I', then, with the help of (1) and (5), we can
obtain I’ using the TDE scheme

[' =Tt — h) = Miy(t — h) + Dxa(t — h)
+ Fx1(t — h) — pqu(t — h)
= w(t — h) — pu(t — h) (16)

where 4 is an adequate small delay time. In practice, A is set
to one unit of sampling time. According to the principle of
TDE technique, as long as /4 is small enough, then I'(f) =
't—h) = f’(t). However, there still be a TDE error

eqt)=T—T.

Using B to denote the bound of the TDE error, then we have
lea(t)| < B.

Remark 3: From Lemma 1, it is reasonable to assume that
eq(t) is bounded. Furthermore, in practice, I is computed
according to (16). Since u is given by the controller, u(t — h)
can be assumed to be known. If signal w is available, then we
can obtain I from w(t — h) — pu(t — h). Otherwise, we can
use f)(t —h), F (t—h)and M (t — h) to estimate the parameters
D, F and M, then get the estimation r.

The parameters updating laws are designed as

>

= —Yp22x2 7)
F = —yroox (18)
M= —ymz2(g + o) (19)
B = ypaasign(zn) (20)

where D=D—D,F=F —F,M =M —M,B=B-B,
and yp, yr, Ym and yp are positive constants to be designed.
Choose a Lyapunov function candidate as

1 1 1 1 -
Ve -4 M2 g2
2Z1+2 Zg‘i‘zé +2)/D
+ ! F2+ ! M?* + y 1)
2yrF 2ym 2yp
Using (11) and (12), take the time derivative of V,

we obtain

. PR I
V = —cizf + 2122 + 22Mi + £ — —DD
¥YD
1 -z 1 -~ x | R
——FF—- —MM — —BB
YF YM VB

= —611% +z2122 + 22(u + r +eq — Dx»

. |
—Mx; —May)+ EE — —DD

— Fxy
YD
1 -2 1 -~ x 1 -z
——FF— —MM — —BB. (22)
YF M VB
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Note that u = v + Au and z2e4 < |z2|B, and substituting
(15) into (22), we obtain

sz% + 22[—Dxy — Fxi
— M(Eq + 1)) + |22|B + 2211 Au
. 1 ~x
v — Kok +§6 — —DD
YD
1 -~z 1 ~ = 1

— —FF— —MM — —BB. (23)
YF YM VB

Substituting (14) and (17)-(20) into (23), we have

y 2
V = _CIZ] —

V< —c12t — b — KE* — K55 — Kook
- (Em)z(Amz — mAug.  (24)

Considering the facts:

1
0<$2+( LD (AU + 1 Aug — Kyt < 5z2+ ZKEs

From (24), we have

V < —c1z% — 7 — sz% — K, 20€

—(K — D&
< —c17} — 255 — Kvz3 — (K — 1)&?
+ %z% 11{35
< -1z} — 3 — (K, — —)Z2
(K1 - SKDE” (25)

Remark 4: To ensure the stability of the close-loop system,
the control parameters should satisfy the following condition:
K, — % >0and K —1— %sz > 0. Thus, V will be negative
definite.

Theorem 1: Considering the plant (1)-(4) under Assump-
tion 1, the adaptive backstepping time delay control scheme,
consisting of the control laws (10) and (15), auxiliary
system (13), the updated laws (17)-(20), and the TDE (16),
guarantees that all signals in the closed-loop system are
globally uniformly bounded and the asymptotic tracking is
achieved, i.e.

Jm [x(@) = xq(1)] = 0.

Proof: From (25) and Remark 4, it can be concluded
that V is globally uniformly bounded, i.e., the signals
71,22, &, D, F, M, B are bounded. Thus, D F M and B are
bounded. According to Assumption 1, (8) and (10), the states
X1, xp are also bounded. Therefore, v and v are bounded from
(15). By applying the LaSalle-Yoshizawa Theorem to (25),
we have that z;(z) — 0 as t — oo, which ensures that
Jim [x(@) = xa(1)] = 0.

B. OUTPUT FEEDBACK CONTROL

The proposed control law (15) is designed under the assump-
tion that all outputs are measurable. However, some out-
put information may not be measurable due to practical
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issues such as cost and dimensions. In this section, a high
gain observer is used to estimate the unmeasurable term x;.
According to Lemma 2, the high gain observer for the system
(5) is considered with n = 2, and the unmeasurable state
Xp = X can be approximated by

~ w?

X2 = (26)
€

Then, the unmeasurable backstepping state signal z; can be
estimated by:

~ w3 .

Q=_—%-a 27
where the dynamics of w, are given as follows:

€Wl = wy (28)
€Wy = —Ajwy — wy + Xx1. (29)

According to Lemma 2, there exist constants #* and /5 such
that Vr > t*, we have

w2 .
|— —x1| < eba. (30
€
Note that
522 = X2 — )ACZ
. (25)
= -xl _—
€
D=n—-2

. . w
=X1—Xd—0!1—?+x¢1+0t1

. w2
=X — —.
€
From (30), we have
B <(eh)Y’ =8 (31)
B<B (32)

Now the control law and parameter updating laws are
designed as follows:

V= ul_lvo
vo=-z1—cnz—dizz—Ki@+&)-T (33
+ Di> + Fxy + M (%q + 1) — Bsign(22)

b = —ypi(ats + opD) (34)
F = —ypiGoxi +orF) (35)
M = =y GaEa +61) + ou M) (36)
B = ypi Gasign(z) — opB) (37)

where c21, d1, Kvi, ¥p1, VF1, YM1, VB1, 0D, OF , 0y and op are
positive constants to be designed.
And the auxiliary design system is designed as follows:

5 LCINN. 2
R2prAul + (Z1)” + 5)(Au)

£ = &1 (38)
—Ki& + pui(v —u), 1] > o1
0, 1] < o1.
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where £ is the state of the auxiliary design system, K is a
positive constant to be designed, and parameter o is a small
positive constant.

Considering a Lyapunov function candidate as

1 1 1 1 . 1 .
Vi=czi+ Mg+ & + ——D*+ —F?
271 T 2T T 0 Ty 2yF1
3 1 ., 1
+ M>+ —B*+ -7, (39)
2ym1 2yB1 272

Note that %Z% < %,8, therefore, we only need to determine
the stability of V2 = Vi — 123,
Time derivative V> is

V2 =< _CIZ% +z2120 + 22(u + I+ eq — Dxp

. 1 ~=x
—Fxi —Mx; —Moady) + & & — —DD
VYD1

1 -2 1 -~ =
——FF — —MM. (40)
YF1 VM1

Substituting (33) into (40), we obtain
Va < —c1z] — ca1za%a + 2a(—Fxy — M(%y + 1)
+ Dy — Dx2) + 2201 Au — Kyizo(22 + £1)
o . . . 1 -2
+20eq — 22Bsign(z2) — di1z222 + 161 — V_DD
D1
1 .z 1 -~ =z 1 -2
- —FF— —MM - —BB. (41)
YF1 YM1 VB1
According to (34)-(38), from (41), we have
Va < —c12] — cnztn — waFxy + Fooxy + op FF
— Mg + 61) + Mg + @1) + oy MM
+ 22(D&y — Dx2) + D222 + opDD — di22%2
+np1 Au — Kyd — Knizél — Ki&f
1o 1 2 2
— [(EM) + 5](AM) — [22p1 Aul — 1 Aug;
+ z2eq — 22Bsign(Zy) — Biasign(2) + opBB. (42)
Note that
FF =F(F —F)=FF — F?
- 1. 1
FF < —F*+ —F2.
-2 + 2
Thus, the following inequality holds

i <_Lp + lFZ. (43)
) 2
Similarly, we have
PD < —Li? 4 Lp? (44)
-2 2
7 1 72 1 2
MM < —SM"+ M". (45)
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Considering the (3-5)th terms of (42), we have

—20Fx 4 Fzox) + op FF

—ZZF)Q + F(Z2 — Z)x1 + O'FFF
—Fszl - O’FFﬁ
—F7(z1 + x4) + o FF

= —F%z — Fixg + ofFF
1 1~ 1 1 OF ~ ofF
< 1f2 2,2 F2a 2322 _%Fp2, OF g
R S L S A e
OF F2 L B, B, oF »
< (L _npFr4f2 52 46
< (2 ) 2zl+ X 2+ > (46)
From (8)-(10), we have
@) = —c1z1 = —c1(k1 — Xg) = —c1(x2 — Xgq)
= —c1(z2 + 1) = —c1(z2 — c121)- @7

Considering the terms of the second line of (42), we have

—ZzM(k'd + aq) +1\;122(5c'd +ap) + UMMM

= —MZ%(ig + 1) + oMM
—MZig — MZ&y + oy MM
—~MZ%q — MZ(—c122 + ciz1) + oy MM

< Liv v 1z Sir 4 983+ Lip
+C—2%Z§z% — %MMZ + =M
1 _
+¥z§+ %z% %MMZ. (48)

Considering the terms of the third line of (42), we obtain

2(Diy — Dx3) + Diaky + opDD — di22%
= 20((D — D)% — Dx3) + D3%y + opDD — di22%

IA

(%2 + 22)(=Di» — D) + D223 + opDD — di 2%
—D72%) — D2oks + opDD — dyz0%

—D7 (3 + xq + a1) — Dzo¥o + opDD — di 2%
—DZ%z + DE% — DZoxg + ¢1D%z1 — D2oky
—opDD — di722(z2 — %)

1

T T I T
D4 PB4 DB+ D+ P+ 2 D?

27 T2 27 T2 2
+ EEZZ% + ;zz + ;szcz — (%DDZ + (%DDZ
—(%—%—g)é—(%’)—l—62—1—5)152+%1ﬁﬁ
+(=ED? + gxﬁ + leﬂ. (49)
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Considering the terms of the fourth and fifth lines of (42),
we obtain

2u1Au — K202 —

K261 — Ki£F
1 2 1 2 A
- [(—,ul) + —](AM) — |z2p1 Au| —

1
= —(Ki—1-3K TE -

n1Aué
1 2 ~
(K1 — E)Zz + K12222

1
+ zo1 Au — |(z2 — Zo)p1 Au| — §<Au)2

K
< —(K1 —1— K&l — Ky — 5)z§ 2” 3
1<A )
1 2K ’ 1
1
< —(Ki = 1= SKDE = (= = )3
B 1
1 2 2
+ \}2 + E 1Z2
K
2 2 1 2
= —(Ki—1- gKvl)sl — (5 =33
K18 Nllg
_ . 50
+ 3 + > (50)

Considering the terms of the last line of (42), we get

22eq — 22Bsign(22)

=
=

=<

=<

IA

IA

— B%ysign(2,) + ogBB
— B2sign(zy) + opBB
— Blzo| + opBB

|z2|B — (Zo + ﬁz)ésign(ﬁz)
|Z2|B + |22|B — ZBsign(z2) — B|Z2|
|%2|B — ZBsign(22) + op(B — B)B

oo s 1a 7 2
VBB + S2sign(@2)” + 5B + 0pBB — o

! oo OB OB 2
B+ B+ =B+ 2B+ 2B — 03B
\/E+2lﬂ+2 +21+2 op
—(= - 2)B B+ -8+ —B
(3 %) +VB +2/3+12
0, ~ 0,
—(—B—E)(B—B)z—i-fB—i-—ﬂ—i-—B

1
—(— — @B +2B%) + /BB + ﬂ + —B2

—(op — DB* + /BB + Eﬂ +(1- 7)32. (51)

According to (46) and (48)-(51), (42) can be rewritten as

. C C
Va s —ad - = 2+ﬂ/3—(——1)F2 gzl
,3 2 (o2 2 oM 1 C1l C% ~0
L SRy 2 Y e N 1Y
Tttt 2 2 2 2)
,3..2 Cl,Bz C%ﬁz oM, 2
+Exd+712+721+7M
d 1 B,  op c1 5
Y e e J ey | — B)D
77373275 y P
Ct 5 OD+p 0 B o dif
- D L -~
+2ﬁzl+( 2 ) +2xd+ >
1 2
_(Kl—l 1)51 5)2
”Zlﬂ+ ’3 (B—I)BZ+fB

: 1 B>
“rzﬂ‘*‘( _7)
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Remark 5: In order to guarantee that V5 is negative definite,
the parameters of the controller need to fulfil the following

2
criteria'cl—%—¥—% >0, 94— “ﬂ—l——— —’3+% >
0,Ki—1—-3K%>0,%2-1-% ﬂ>0,7—1>0,

UM_l_C_l_c_l —
M 5 5+ > 0,0 —1>0.

Theorem 2: Considering the plant (1)-(4) under Assump-
tion 1, the adaptive output time delay control scheme, consist-
ing of the control laws (10) and (33), auxiliary system (38),
the updated laws (34)-(37), and the TDE (16), guarantees that
the closed-loop system is semi-globally stable in the sense
that all the closed-loop signals are bounded. Furthermore,
the tracking error signal z; converges asymptotically to the
compact set 2 defined by

= {z1 € Rllz1] < VZ} (55)

where Z = 2(V»(0) + S—l‘) with Ci, k1 are given in (53)
and (54).

Proof: From (25), and following steps in [44], we can
can be concluded that z; converges to the compact set defined
by (55). By using the method of the proof for Theorem 1, it is
easily proved that all the signals in the closed-loop system are
bounded, and hence is omitted.

176068

- reference
Proposed scheme

Position X,

0 5 10 15 20
time(s)

FIGURE 1. Tracking performance of the proposed scheme under state
feedback control.

Remark 6: To avoid the possible chattering problem caused
by the sign function, the sign function in (15) and (33) can be
replaced by a hyperbolic tangent function as in [19]:

Zl

S

> (56)
<

where ¢ is a small positive constant. Using the inequality
0 < |z| — ztanh(®%) < 0.2785¢, it is easy to conclude
that Theorem 2 is still true and that the asymptotic tracking
performance in Theorem 1 would change to asymptotically
converge to a compact set as in Theorem 2.

Remark 7: The transient performance of the system can
be improved under the condition of ensuring the stability
of the system by the following tuning methods: (i) Large
c1, c2, c21 can improve the tracking error of the system, but
it may lead to system oscillation and large control energy.
Therefore, ¢y, ¢ and cy; should not be chosen too large
when the tracking error is guaranteed. (ii) The adaptive
scaling factors yp, Yr, Ym, VB, YD1, YF1, YM1, YB1 are usu-
ally designed to be small, and the other constants (such
as K, op and so on) are designed to meet the requirements
in Remark 4 and Remark 5, mainly to ensure the stability
of the system. Then, the fine-tuning of these parameters
is carried out to improve the transient performance of the
system.

Remark 8: Both the control laws and the adaptive update
laws have the same complexity as the classical adaptive
backstepping controller in [45]. The auxiliary variable system
consists of only a first order differential equation, and the
state of the auxiliary variable system remains unchanged
when the system enters a steady state (i.e. £& < o7). The
TDE is calculated from the system state and parameters at
time (¢ — h). Because the system state and parameters at time
(t — h) are known, the implementation is also convenient and
simple. Therefore, in general, the control scheme proposed in
this paper has clear objectives of each component and is easy
to implement.
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FIGURE 2. Control inputs of the four comparing control schemes under
state feedback control.
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FIGURE 3. Tracking errors of the four comparing control schemes under
state feedback control: (a) Tracking errors for t = [0 20]; (b) Local
enlargement of tracking errors for t = [5 20].

IV. SIMULATION STUDY
In this section, we will provide two cases to demonstrate the
effectiveness of our proposed controller (15) and (33) for

VOLUME 8, 2020
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FIGURE 4. Tracking performance of the proposed control scheme under
output feedback control.
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FIGURE 5. Control inputs of the four comparing control schemes under
output feedback control.

system (1)-(4), respectively, i.e. (i) full state feedback control
simulation; and (ii) output feedback control simulation. The
actual values of the system parameters are selected as follows:
D = 0.15 Ns/m,M = 1Kg,F = 1 M /m. The Bouc-Wen
hysteresis parameters are chosen as 8 = 1,n = 2, x =
0.5,u1 = 1, and wp = 1. The input saturation limit is
given as u,, = 3. The control objective is to drive the
system displacement x to track the desire trajectory x; =
25in(0.5mrt). The initial state is chosen as x(0)=0.2, and the
delay time of TDE is selected as 7 = 0.001s.

The simulation parameters satisfying Theorem 1 for the
full state feedback control scheme are chosen as: ¢; =
0.4, c; = 17.2, D(0) = 0.2, F(0) = 1.2, M(0) = 0.6, £(0) =
0.1,B(0) = 1,, yp = 0.005, yr = 20,y = 0.2, yp = 0.2,
K = 10,0 = 0.1, K, = 1. To avoid the chattering problem
caused by the sign function, the parameter in (56) is selected
as ¢ = 0.01.

The simulation parameters satisfying Theorem 2 for the
output feedback control scheme are chosen as:c; = 10, ¢c21 =
0.4,dy = 1,D(0) = 0.2, F(0) = 1.3, M(0) = 0.6, £(0) =
0.02,B0) = 0.8,, yp1 = 0.001,yr1 = 0.00001,
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FIGURE 6. Tracking errors of the four comparing control schemes under
output feedback control: (a) Tracking errors for t = [0 20]; (b) Local
enlargement of tracking errors for t = [5 20].

ym1 = 0.001,yp1 = 001, 0p = 35,0r = 2.1,04 =
145, op = 2, € = 0.0197, K1 = 10, o] = 0.01, Kvl =
1,¢ =0.1.

To illustrate the effectiveness of the proposed control
scheme, the schemes in [18], [46] and the classic PID
controller are also applied to the system (1)-(4). In [18],
the nonlinear part of the hysteresis is considered as a bounded
disturbance. In [46], the sliding mode control with per-
turbation estimation is used to deal with the hysteresis.
Fig. 1 shows the tracking performance using the proposed
method under state feedback control. It can be clearly seen
that the output of the system can track the desired trajectory
well. The control input under state feedback control is shown
in Fig.2. And Fig.3 shows the tracking error under the state
feedback control. Obviously, the proposed scheme is better
than the other three schemes under state feedback control.
As for output feedback control simulation, Fig.4-Fig.6 show
the tracking performance, control input and tracking error,
respectively. It can be concluded that the proposed scheme
is effective and gives better performance than the other three
control methods in comparison.
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It should be mentioned that simulations for several differ-
ent desired trajectories with different initial conditions have
also been conducted. Results show that they all have similar
behaviours as the one shown in this paper. The simulations
for h = 0.01, which means larger delay time for TDE,
give almost identical results. This further demonstrates the
effectiveness of the proposed control scheme.

V. CONCLUSION

In this paper, a new time delay feedback control strategy with
hysteresis compensation is proposed for a class of second-
order electromechanical systems with Bouc-Wen hysteresis
and input saturation constraint. The controller is designed by
backstepping design method. In the controller design pro-
cess, the TDE is used to estimate the nonlinear part of the
Bouc-Wen model, the adaptive law is applied to eliminate the
TDE error, and the auxiliary variable system is used to deal
with the input saturation problem. Based on Lyapunov direct
method, the corresponding controllers are designed for the
full state feedback control and the output feedback control,
respectively, and the stability of the closed-loop system is
analyzed. Finally, the effectiveness of the control scheme is
further demonstrated by simulations.

In the proposed control scheme, only a classic backstep-
ping feedback controller is designed with the help of the
time delay control. In the future, fractional order controller,
sliding mode controller, reinforcement learning controller can
be combined with the time delay control to compensate the
hysteresis. In addition, the hysteresis compensation control
scheme based on TDE can be applied to the controller design
of other systems with hysteresis, such as piezoelectric posi-
tioning stages, atomic force microscope, etc.
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