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Abstract It is both theoretically and practically
important to investigate the problem of event-triggered
adaptive tracking control for a class of uncertain non-
linear systems subject to actuator dead-zone, which
aims at reducing communication rate and compensat-
ing actuator nonlinearity simultaneously. In this paper,
to handle such a problem, an event-trigger based adap-
tive compensation scheme is proposed for the system
preceded by actuator dead-zone. The challenges of this
work can be roughly classified into two categories: how
to compensate the nonsmooth dead-zone nonlinearity
and how to eliminate the quantization signal effects
caused by event-triggered strategy. To resolve the first
challenge, a new decomposition of dead-zone math-
ematical model is employed so that dead-zone non-
linearity can be successively compensated by using
robust approach. In addition, an adaptive controller and
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its triggering event are co-designed based on the rela-
tive threshold strategy, such that an asymptotic tracking
performance can be ensured. The proposed scheme is
proved to guarantee the globally bounded of all closed-
loop signals and the asymptotic convergence perfor-
mance of tracking error toward zero. The simulation
results illustrate the effectiveness of our proposed con-
trol scheme.

Keywords Event-triggered - Adaptive -
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1 Introduction

In practical Networked Control Systems (NCSs), trans-
missions between sensors, controllers, and actuators
are provided by a shared communication network. Due
to the limitation of communication channel bandwidth
and computation abilities, the problems of energy, com-
munication, and computation constraints ubiquitously
exist during signal transmission. Besides inherent such
problems in hybrid system, nonlinearities such as dead-
zone may also occur in practical mechanisms, caus-
ing severe performance deterioration and sometimes
leading to instability. Thus, it is of great significance
to investigate the problem of reducing communication
rate and compensating actuator dead-zone for uncertain
nonlinear systems.

In recent researches, the event-triggered control
scheme has received considerable attention for its abil-
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ity in deciding which control task is executed at any
given instant, such that the communication rate in the
NCSs can be reduced, which has been developed in
[6,7,9,10,20,21,24,32,36]. In [24], an event-triggered
scheduling algorithm is employed to execute the con-
trol task whenever some corresponding errors become
magnitude, while the stabilizing properties of such con-
trol strategy are set, which are further applied to the
nonlinear systems by designing a novel framework for
event-triggered stabilization in [10,21]. However, it is
worthy to point out that the mentioned results are based
on the input-to-state stability (ISS) assumption, which
is difficult to satisfy since one cannot find a suitable
controller to guarantee an ISS assumption with certain
measurement errors even for some affine nonlinear sys-
tem, as described in [8]. To remove the ISS assump-
tion, in [1,2], a controller and its triggering event
are co-designed for the complex networks of nonlin-
ear dynamic systems. The results are finally extended
to combine with adaptation mechanism by proposing
an event-triggered adaptive control scheme for uncer-
tain nonlinear systems, as shown in [31]. Such pro-
posed scheme successfully removes the ISS assump-
tion and is available in handling the system uncertain-
ties. What’s more, numerous results concerning about
event-triggered control have been investigated, such as
the output feedback control problem [35], the Markov
jump systems control problem [5,22,23], and the fault
detection problem [15]. However, most of the exist-
ing studies about event-triggered tracking control are
commonly based on another assumption that actuator
effects of dynamic systems are neglected, while in prac-
tice, nonlinearities such as dead-zone occurred in actu-
ators are of great importance and necessity to be com-
pensated because it would deteriorate the performance
of the system regularly.

For the isolated (without considering network con-
trol) systems preceded by actuator dead-zone, adaptive
compensation control schemes are developedin[11,12,
25,29,30].In[16,17,33,34], based on a direct decom-
position method (DDM), dead-zone model is regarded
as an external bounded disturbance effect that can be
eliminated by using robust approach. Apart from the
DDM, another effective control scheme named adap-
tive inverse compensation method (AICM) is proposed
to estimate unknown dead-zone parameters online, as
shown in [25]. Different from the DDM, the AICM
can absolutely cancel dead-zone effects by establishing
an inverse compensator through parameters identifica-
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tion. Furthermore, the AICM approach is utilized to
construct an advance adaptive controller for uncertain
nonlinear systems preceded by dead-zone nonlinearity
in [37]. But the mentioned results generally suppose the
input of the actuator is smooth enough, which cannot
be guaranteed under hybrid system since the input sig-
nals are quantized. Such constraint is removed in [18]
by proposing an adaptive neural network (NN) tracking
control scheme for a discrete-time system with dead-
zone input. However, to the best knowledge of authors,
no result has been reported to investigate the problem of
event-triggered adaptive tracking control for the NCSs
preceded by dead-zone input.

Through tremendous studies, the most challenge for
solving such a problem is that we should take both
quantized transmission signal effects and dead-zone
behavior into account when develop an adaptive con-
troller. In addition, it is of great difficulty to find an
appropriate design method to accommodate such sys-
tems and finally ensure an asymptotic tracking perfor-
mance. To overcome these troubles, in this paper, a
new adaptive controller and its event-triggered mecha-
nism are proposed for the nonlinear systems preceded
by dead-zone nonlinearity, which are based on robust
approach and adaptive control scheme. The contri-
butions of the proposed scheme are summarized as
below:

1. The present available results concerning about the
event-triggered strategy, for example, [9,21,24,
31], are trying to solve the problem of energy con-
sumption and communication constraints, but the
existence of actuator dead-zone is always ignored.
In this paper, an event-triggered controller is pro-
posed for the hybrid systems preceded by the dead-
zone actuator, which is feasible to reduce commu-
nication rate and eliminate the effect of dead-zone
behavior simultaneously.

2. Since the input of the actuator has been quantized
by utilizing event-triggered strategy, the inverse
compensation scheme in [37] is not applicable to
the hybrid system with discrete dead-zone input. To
remove this constraint, a new decomposition model
of dead-zone is employed and then a dynamic con-
trol coefficient is brought, which can be addressed
by robust approach.

3. Note that there is no result recently available in
developing an adaptive control scheme to ensure
both the asymptotic tracking performance and the
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transient tracking performance for event-trigger
based systems. Such restriction is successfully
removed by our proposed strategy, whose asymp-
totic tracking performance can be rigorously proved
by Barbalat’s lemma and transient performance can
be improved by tuning design parameters.

The outline of this paper is organized as below. In
Sect. 2, a statement about the control problem is pre-
sented. In Sect. 2, we propose a new dead-zone decom-
position and the objective controller is designed, and
the stability analysis is given at the end of this sec-
tion. The simulations for a specific nonlinear system
in the presence of the mentioned problem are shown
in Sect. 3, which verify our assumptions. Finally, con-
clusion and further study for this paper are given in
Sect. 4.

1.1 Nonlinear system model

Considering a class of uncertain nonlinear systems pre-
ceded by actuator dead-zone as follows.

)'c,-:xH_l—i—(piT(xl,xz,...,xi)G,izl,Z,...,n—1
X = @o(x) + @ ()0 + D(u)
y = X1, (1)

where x = [x1, x2,...,x,] € R" are state variables,
y € 9N is the system output, and # € N is the con-
trol input. ¢; for i = 0,1, ..., n are known smooth
nonlinear functions. vector # € R" contains unknown
structural parameters. D(u) denotes the actuator dead-

zone nonlinearity.

Remark 1 Comparing with the existing literature [31]
on which the event-triggered adaptive control design
is focused, this paper considers the problem of event-
triggered adaptive tracking control for uncertain non-
linear systems with actuator dead-zone nonlinearity,
as shown in Fig. 1. The techniques of new dead-zone
decomposition model and event-triggered strategy are
employed in the controller design to, respectively, elim-
inate actuator dead-zone effect and reduce communi-
cation rate.

To handle the mentioned problem and finally achieve
a desired tracking performance, the control objectives
of this paper are summarized as follows:

— All the closed-loop signals are globally bounded.
— The tracking error e(t) asymptotically converges to
zero, 1.e., lim; o0 (y — ) = 0.

The following assumption is needed for our control
design, as pointed out in [13,37].

Assumption 1 The reference signal y, and its first n-
th order derivatives y,(l)(i =1,2,...,n) are known,
bounded, and piecewise continuous.

1.2 Dead-zone model

As previous descriptions, the actuator of physical sys-
tem may suffer from dead-zone nonlinearity, as shown
in Fig. 1. For the visualization, the generalized dead-
zone model is shown in Fig. 2. Based on the mean value
theorem, the following equations are obtained as
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Fig. 2 Dead-zone model

D(u)

gr<u>—0=% (u — by)
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u u=ujo

Thus, the generalized dead-zone dynamic model is
computed as

pr(ty)(w —by) u> by
Du)=130 by <u<b,, €©))
() —Dbr) u=<b

where b; < 0,b, > 0 are the unknown constants,
normally, the break points |b,| 7# |b;|. Besides, the
unknown constants p,(#,) and p;(#;) are depended on
the time values #, and f;, which satisfy

8gr(u)
or(ty) = T'u(1)=u(tr)
ogi(u)
ot = 8—u|u(t)=u<n)’ @

where u(t,) > b, u(t;) < by.

Assumption 2 The functions g, (u), g; (1) are smooth,
and there exist unknown positive constants b, b;, such
that 0 < p,(t,) < 400, Yu € [b,,+00) and 0 <

0 (0. @) V U — OO, D

Ol LaC N Zyl_ﬂbl

2 Event-triggered robust adaptive control design
2.1 Relative threshold event-triggered strategy

As described in [31], the fixed threshold strategy
originally presented in [9] is more effective in the
NCSs while the value of control signal u is huge
enough. However, it is difficult to choose an appro-
priate threshold m to obtain a desirable control result
when the control signal u approaches zero, such con-
straint is removed by proposing a relative threshold
event-triggered strategy in [24]. In this paper, the con-
trol signal is assumed small enough; thus, it is more
effective to choose the relative threshold strategy to
design an event-triggered adaptive controller, such that
better system performance can be achieved. The mea-
surement error e(f) and the triggering event are given
as:

e(t) =w (1) —u(), vt € [1g, tky1) &)
@ (1) le)] = 8lu()] +m
u(ty) others '

u(fy+1) = (6)
where @ (¢) and u(¢) are the adaptive controller and the
real control signal, respectively. #(k € ZT) denotes
the controller update time, and |e(t)| > &|u(t)| + m
is treated as the triggering event, where 0 < § < 1
and m > 0. From the event-triggered control scheme
in (5)—(6), we discover that the control signal u(¢) will
be updated as @ (#;) at the time of the event-triggering,
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ie., |le(t)| = §lu(t)| + m, or it will keep the previous
value as u(ty).

Lemma 1 During the interval [ty, ty+1), the input sig-

nal u(t) in the NCSs can be expressed as u(t) =
w (1) M (t)m

T2 (08— T+Aa(0)3°

Proof Define two continuous time-varying parameters
A1(t), Ao (), which satisfy |A1(z)] < 1 and |A2(2)] <
1, respectively. From (6), we have |@ (f) — u(t)| <
Slu(t)| +m,then @ (t) — u(t) = A (1)ou(t) + A2 (t)m
is obtained. Hence, during the interval [, tx+1), u(t) =

w (1) M (t)m
(05 — 1+2A1(t)5 can be proved. O

2.2 Decomposition of dead-zone model

To make a compensation for dead-zone effect in the
actuator of practical mechanical systems, the following
decomposition of dead-zone nonlinearity is employed.

D(u) = c(u)u +d(u) (7

By comparing with the Eq. (3), the following coef-
ficients are obtained as

pr(ty) u = by

c(u) =140 by <u < b, 3)
pit) u=b

—pr(t)by u > by

du) =140 b <u < b, 9
—pi(tbr  u < b

Lemma 2 In the dead-zone decomposition (7), the
dynamic control coefficient c(u) and the disturbance-
like term d(u) satisfy that

O<c<c) <c<+4o0 (10)
¢ =min{p,(t,), pr(1)}, ¢ =max{p-(t;), pr(11)}

(1)
ldw)| < max{p, ()b, —pi ()b} = & 12)

where ¢, ¢, € are unknown positive constants.

Remark 2 In the event-trigger based control system,
the real control signal @z (¢) will be quantized in the
event-triggered mechanism, and the quantized control
signal u(¢) is transmitted to the actuator over the net-
works successively, as shown in Fig. 1. Because of such
quantized signal, the proposed inverse function scheme

in [37] is not applicable to compensate for the actuator
dead-zone. To remove such constraint, a new decom-
position of dead-zone dynamic model is employed in
(7), and the bounds of the relevant coefficients c(u) and
d(u) are obtained in (11) and (12), respectively.

Remark 3 1t is important to point out that the dynamic
coefficient c¢(u) is included in the dead-zone decom-
position, which adds a nontrivial task to design a con-
troller for compensating dead-zone effects, since c(u)
contains unpredictability. Besides, the disturbance-like
term d (1) may impose damaging effects on the system
performance and even results in instability of the sys-
tem.

2.3 Event-triggered robust adaptive control scheme

Based on tuning function scheme, an event-triggered
adaptive control design is proposed. The details of Step
1 to Step n are elaborated, and the error variables are
firstly defined as

21 =X1— Yr

fi=x—ai—y$ D i=2.3,. . n (13)

Step 1 The derivative of the first error variable zp is
obtained as

L=z 4 a1+ ol (x1)0 (14)

Define a Lyapunov function candidate as V; =
%z% + %BNTF_IQN, where I is a symmetric positive
definite matrix. The virtual controller o1 and tuning
function t; are designed as

a) = —ciz1 —wlf (15)
1 = wiz1 (16)
wi = @1(x1), (17)

where ¢ is a positive design parameter and 6 = 6+0,
0 is the estimation of 6. Then, the derivative of V| can
be rewritten as

Vi=—ci+z2122+0" (11 — I19) (18)

The second term z;z> will be eliminated at the next
step.
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Step 2 As previously analyzed, the virtual controller oy w(t) =k, (27)
and tuning function 7, are given as

where & = (K1, K2, &3)T is the estimation of k =

~ 0
o) = —71 — €222 — szQ + —lxz
8x1
dag . dory
+ —I'n (19)
oy, " a0
) =T + W22 (20
dorg
Wy =@ — —¢1 (21)
3)61

The derivative of the second Lyapunov function can-
didate V3 is computed as

2 .
Va==) czi+nu+0 (n-TI""0)
i=1

Ju X
+ 2 -6 (22)
20

Step i, (i = 3,...,n) The corresponding parameters
of the ith step are summarized as

74 00
o = —zi-1 — ¢z —w; 0+ Y I't

dari— y(n}
—
gy P

30['_1
+> ajé Tw;z; (23)

21
= (w-w) | (24)
<i
i—1 ot
wi=gi =) =) (25)
J

where c¢; are positive design parameters. The update
law in the final step is chosen as

b=ru, (26)

With the event-triggered mechanism (5)-(6), the
adaptive controller @ (¢) is finally established by our

Ol LN Zyl_i.lbl

\T
%, @, W) ,m > .k is updated by

theifollov;/ing up(iate law
k= —Levz, (28)

where [ is a symmetric positive definite matrix.
In addition, v = [v;, va, v3]7 is chosen as

2
A
Vzzip?r +e(1)? V2 +e(t)?
Z
V= (29)
Vzi +est)
p=g0—an—y", (30)

where €; (¢) fori = 1, 2, 3 are chosen as positive inte-
grable functions, such that fooo € (H)dt < 4o0.

Lemma 3 Note that the inequality kvz, < 0 can be
always satisfied in the case of k; (0) > O fori = 1,2, 3.

Proof By substituting (29) into (28), /é,- (t) = 0is
obtained.Via the integral operation, ; () > 0 can be
deduced when «; (0) > 0 is chosen. With the definition
of v in (29), we have

2.2 2
Kvz, = — K1 Znff — K2 o
Vzip? + e (1)? V2 +e(t)?
PSR
’ Vz2 +es(t)?
<0 (€1Y)
Proof has been completed. O

Remark 4 The property vz, < 0is so constructed for
our newly proposed control framework. The reason is
that for any value of z, (¢), the dynamic control coeffi-
cient c(u) of dead-zone decomposition (7) now can be
addressed for our stability analysis, as shall be found
in the following subsection.

2.4 Stability analysis

Theorem 1 Under Assumptions 1-2, consider the
event-trigger based adaptive control systems (1) with
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the actuator dead-zone input (3) consisting of the con-
troller (27) and update laws (26) and (28). The results
can be held that all the boundedness of the closed-loop
signals is ensured and the asymptotic tracking perfor-
mance is obtained, i.e., lim;__, o, z1(t) = 0. Further-
more, the £2-norm of the tracking error is guaranteed
within an explicit bound.

Proof With our proposed scheme, an adaptive con-

troller (27) and its event-triggered mechanism (5)—(6)

are established for the NCSs with actuator dead-zone.

For stability analysis, the final Lyapunov function is

chosen as follows:

V() = %sz + %éTF‘lé + % ' iakTF,;llz,
(32)

wherez = [z1, 22, - .., zn]7 is the error variable vector.

Combining with the plant (1) and the definition (13),
the derivative of the error variables z; i = 1,2, ...,n)
can be achieved as

fi=2+a+ol ()0 (33)
=gt ol (xn, . x0)0 — iy,
i=23,....,n—1 (34)

Zn = @0(x) + oI ()0 + D(u) — 61 — Y™ (35)

With the error variable z,,+1 = 0 and the designed
virtual controllers ¢; in (15), (19), and (23), the deriva-
tive of V(¢) is computed as

n
Vi) =21+ 9]0+ Yz (Zi+1 +ai+¢] 0

i=2
— i) + 2 (90 + D) = 5" — )
5T =17 € T 12
-0 r G—I—HK FK K

n n n
= ZZiai + Z w!0z; + Zzizi—l
i=1 i=1 i=2
n

a1

i 00
daj—1 dai—1 ()
- 2.7 Xj+1+ )
> | 3| St o 2t

j=1

+ Zn (‘pO + D(u) — yr(") - “n)

_gTr'— £ gt

ol Lar N Ayl_llsl

n
==Y ciz} + 2. (D) + p)
i=1

+4Tr! (Frn —é) __£

~T ~—1A
I,
5% [tk 6o

As mentioned in [28], the inequality is obtained as

ZZ
0<|Z| - —— <o, 37)
VZ?2 + o
where o > 0. m|

Based on Lemma 1 and the Eqgs. (7) and (27), the
remaining second term in V (¢) can be rewritten as fol-
lows:

Zn (D(u) + p)
= zp (cu +d(u) + p)
c(w)w (1)

= d It
np + z2pd(u) + 1 +A1(t)8Z"

M (t)c(u)ym
T+ ()0 "
ATU
< zup + z2pd(u) + cm|z,| + T 1 + 8
ckTvy 252
< - lapl - 2
148" Vzip? +e(1)?

2
Z
& lznl = ﬁ
Vzi +el(r)
2
- Z
+om | lzal = %

Vi +es(t)

=T

<- f”+‘;zn Fe(t) + ee(t) + émest)  (38)

Remark 5 By employing the decomposition model of
dead-zone in (26) and the relative threshold event-

triggered strategy in (6), a dynamic coefficient %

and a disturbance term m are emerged, which
obstruct the adaptive control design. To handle such
issue, a new adaptive controller is designed with the
property z,&Tv < 0; furthermore, the dynamic con-
trol coefficient and the disturbance term are replaced
as its lower bound and its upper bound, respectively, in
backstepping procedure.
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Thus, V(t) is obtained as

V() <= izt +at) +eext) + bies(r)

i=1
+4rr! (Frn —é)
cikT

1+56

1! (e, +#) (39)

With the update laws (26) and (28), V(t)is presented
as

V(1) <= iz} +a(t) + ee(t) + émez (1) (40)

i=1

Integrating on both sides of the inequality (40), we
have

n T
V() <V(©O0) + A— Zc,-/ Z2dt
i=1 Y0
< V(0) + A, (41)

where A = [ €1(t) + g€x (1) + cres(1)dt is regarded
as a positive constant. Since the initial value V (0) is
bounded, it is concluded that V (¢) is bounded too, then
2(1),0(1),k(t) € £o are given. Furthermore, based
on our assumptions, y,, 6, k € £, are achieved, then
x1(1), é(t), K(t) € £ are deduced. The continuous
function ¢ (x1) and «; are bounded; thus, x2(¢) € £
is proved. As previous analysis, x3(f), ..., x,(?) € £
can be achieved in sequence. With (27), (29), and (30),
the boundedness of the control signal @ () can be
obtained. For now, the conclusion that all closed-loop
signals are globally bounded has been proved.

In addition, z1(¢#) € £, can be derived by (40). By
combining with the proved conclusion z;(f) € £4
and employing Barbalat’s lemma, the tracking error
asymptotically converges to zero can be proved, i.e.,
lim; o z1() = 0.

The stability analysis is completed already. And the
conclusion can be eventually made that the NCSs with
actuator dead-zone can maintain steady-state perfor-
mance and ensure the tracking error asymptotically
converges to zero by our proposed scheme.

By integrating the inequality (40) and combining the
definition of V (¢) in (32), the bound for the £5-norm of
the tracking error is obtained as

@ Springer

~

Izt 20,71 = /z%(t)dt
0
1

s
< m(e ) ~'6(0)
1
[ 1~ 2
Tk O K(O)+2A) (42)

Now, the proof of the Theorem 1 is completed.

Remark 6 The £5-norm of the tracking error is guar-
anteed within an explicit bound, as shown in (42), such
that the transient performance is able to improve by
tuning the control coefficients ¢y, I, ;.

3 Simulation results
3.1 A numerical example

In this subsection, a numerical example is presented
to verify the previous methodology for the NCSs with
dead-zone nonlinearity.

Consider the uncertain nonlinear system defined
globally as

X1 =xp+ x129
—x

. 1—e
Xy = X1x2 + me + D(u), (43)

where 6 € 9, D(u) represents the dead-zone input.
For simulation, the dead-zone parameters in (3) are
chosen as follows:

pr(ty) = 1.1, pi(t1) =0.9,b, =0.6, by = —0.8 (44)

With our proposed scheme, the controller and its
event-triggered mechanism are co-designed as (27) and
(6), respectively. The parameters of triggering event are
given as § = 0.8, m = 0.2. Besides, the other param-
eters of the controller are set as x;(0) = 0.2, x2(0) =
0,06 = l,c0 = o = 5T = 3, I, = 32,
and the positive integrable functions are defined as
€(t) = 0.1 %1 for i = 1,2, 3. The reference sig-
nal is y, = sin(0.1z7).

The control objective is to guarantee the track-
ing performance of the hybrid system with dead-zone
input; furthermore, the tracking error can be ensured
asymptotic approaching to zero, i.e., lim;_, oo (y—y,) =
0.
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Fig. 3 Tracking 1.5 T T

performance
1

0.5

Fig. 4 Designed controller
w(t) and control signal u(r)

15 20 25 30 35 40
t(sec)

Fig. 5 Control signal u(t)
suffers from dead-zone

-5 -

With the above parameters, an event-triggered robust
adaptive controller is constructed by utilizing the pro-
posed scheme, and the simulation results are shown
in Figs. 3, 4, 5, and 6. Figure 3 shows the tracking
performance between the system output x; and the ref-
erence signal y,. In Fig. 4, the controller w(¢) and the
control signal u(t) are obtained, while the dead-zone

15 20 25 30 35 40
t(sec)

phenomenon of the input signal u(¢) is presented in
Fig. 5. In addition, as shown in Fig. 6, the tracking
error e(t) is ensured asymptotic approaching to zero,
ie., lim;,_,e(t) =0.

Remark 7 1. Dead-zone phenomenon can be obser-
ved from Fig. 5, i.e., the control signal u(¢) suf-

Fig. 6 The tracking error 0.2 T T
e(t
® 0.15|
0.1

0.05

T T T T T

—n]

or

ol Lalu Zyl_ﬂbl

15 20 25 30 35 40
t(sec)
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Fig.7 Robotic manipulator D(u)
system
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Fig. 9 Designed controller
w(t) and control signal u(t)

fers from dead-zone nonlinearity in actuator. By
applying our proposed scheme to the considered
system, the dead-zone effect can be compensated
and a perfect performance of the tracking error can
be obtained.
2. As previous descriptions, the transmissions bet-
ween control signal and dynamic systems are usu-
ally shared by limited bandwidth. To reduce the
communication rate, an event-triggered strategy is
employed in our control design. The effectiveness

ezl ih|

of such scheme is presented by comparing the two
signals in Fig. 4.

. In contrast to the scheme in [31], the proposed
methodology in this paper also ensures that the
tracking error asymptotically converges to zero.
The simulation presented in Fig. 6 verifies the
established theoretical results in Theorem 1.
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Fig. 10 Control signal u(z) 4 T T
suffers from dead-zone
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4 5 6 7 8 9 10

Fig. 11 The tracking error 0.2 T T
e(t)

0.1

0.05

-0.05 ! !
0

3.2 A practical example

A network control-based robotic manipulator system
with dead-zone nonlinearity is considered in this sub-
section for simulation. For the visualization, the practi-
cal model is shown in Fig. 7. The dynamic of the robotic
model is given as below.

JG(t)+ Bq(t) + MgL x sin(q(t)) = D(u), (45)

where x| = g and x» = ¢ denote the angle and angular
velocity of the rigid link, respectively. J is the rota-
tion inertia of the servomotor, and B represents the
damping coefficient. The link’s total mass is defined
as M, and the length from the joint axis to the mass
center is denoted as L. g is the value of gravitational
acceleration.

For simulation, the parameters are defined as J =
1, MgL = 10, B = 2, the initial values and the design
parameters are chosen as x1(0) = 0.8, x2(0) =0, c; =
¢ =06,y =2, =2,8; =& = 0.38, and the
parameters of triggering event are set as § = 0.8, m =
0.1. D(u) is regarded as dead-zone input of the system,
whose parameters are given as the same as (44).

The control objective of this robotic manipulator is
to ensure the output accurately tracks the desired tra-
jectory y, = sin(0.1¢). By applying our proposed con-
trol approach to the system, the results are shown in

4 5 6 7 8 9 10
t(sec)

Figs. 8, 9, 10, and 11. It can be seen from Fig. § that
the angle x; tracks the reference signal y, perfectly.
In Fig. 9, the designed controller w(#) and the control
signal u(¢) are presented, which implies that our pro-
posed scheme is feasible to reduce communication rate
during signal transmission. The dead-zone nonlinearity
is occurred in gearing connection, which is shown in
Fig. 10. Finally, it is exhibited in Fig. 11 that the track-
ing error e(¢) asymptotically converges to zero, which
verifies our assumption and illustrates the superiority
of our scheme.

From the above observations, the proposed adaptive
controller successfully suppresses the nonsmooth actu-
ator effects and event-triggered effects and guarantees
an asymptotic tracking performance.

4 Conclusion

The problem of event-triggered robust adaptive track-
ing control for the NCSs with dead-zone input is con-
sidered. By constructing a new decomposition model of
dead-zone nonlinearity and utilizing the relative thresh-
old event-triggered strategy, a new controller is estab-
lished in this paper to solve the problem. It is proved that
all the closed-loop signals are globally bounded and the
excellent asymptotic tracking performance is ensured
by our proposed approach. Besides, an explicit bound

@ Springer
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for the £5-norm of the tracking error is obtained to guar-
antee the transient performance with our scheme.

However, the event-triggered tracking control prob-
lem for nonparametric strict-feedback system still
remains as a question for future research, which is pos-
sible to combine with the results in [3,4,19,26-28] for
solving. Besides, the transmission problem mentioned
in [14] needs to be investigated further, which considers
another wireless network connection between plant and
controller. These will be significant topics for future
research.

References

1. Adaldo, A., Alderisio, F., Liuzza, D., Shi, G., Dimarogo-
nas, D.V., Bernardo, M.d., Johansson, K.H.: Event-triggered
pinning control of complex networks with switching topolo-
gies. In: 53rd IEEE Conference on Decision and Control,
pp- 2783-2788 (2014). https://doi.org/10.1109/CDC.2014.
7039816

2. Adaldo, A., Alderisio, F., Liuzza, D., Shi, G., Dimarogo-
nas, D.V., Bernardo, M., Johansson, K.H.: Event-triggered
pinning control of switching networks. IEEE Trans. Control
Netw. Syst. 2(2), 204-213 (2015). https://doi.org/10.1109/
TCNS.2015.2428531

3. Chen, C.L.P, Wen, G.X., Liu, Y.J., Liu, Z.: Observer-based
adaptive backstepping consensus tracking control for high-
order nonlinear semi-strict-feedback multiagent systems.
IEEE Trans. Cybern. 46(7), 1591-1601 (2016). https://doi.
org/10.1109/TCYB.2015.2452217

4. Cheng, J., Park, J.H., Liu, Y., Liu, Z., Tang, L.: Finite-time
H fuzzy control of nonlinear Markovian jump delayed sys-
tems with partly uncertain transition descriptions. Fuzzy
Sets Syst. 314(Supplement C), 99-115 (2017). https://doi.
org/10.1016/j.£s5.2016.06.007

5. Cheng, J., Park, J.H., Zhang, L., Zhu, Y.: An asynchronous
operation approach to event-triggered control for fuzzy
Markovian jump systems with general switching policies.
IEEE Trans. Fuzzy Syst. PP(99), 1-1 (2016). https://doi.
org/10.1109/TFUZZ.2016.2633325

6. Dimarogonas, D.V., Frazzoli, E., Johansson, K.H.: Dis-
tributed event-triggered control for multi-agent systems.
IEEE Trans. Autom. Control 57(5), 1291-1297 (2012).
https://doi.org/10.1109/TAC.2011.2174666

7. Donkers, M.C.F., Heemels, W.P.M.H.: Output-based event-
triggered control with guaranteed-gain and improved and
decentralized event-triggering. IEEE Trans. Autom. Con-
trol 57(6), 1362-1376 (2012). https://doi.org/10.1109/TAC.
2011.2174696

8. Freeman, R.: Global internal stabilizability does not imply
global external stabilizability for small sensor disturbances.
IEEE Trans. Autom. Control 40(12), 2119-2122 (1995).
https://doi.org/10.1109/9.478336

9. Garcia, E., Antsaklis, P.J.: Model-based event-triggered con-
trol with time-varying network delays. In: 2011 50th IEEE
Conference on Decision and Control and European Con-

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

trol Conference, pp. 1650-1655 (2011). https://doi.org/10.
1109/CDC.2011.6160257

Girard, A.: Dynamic triggering mechanisms for event-
triggered control. IEEE Trans. Autom. Control 60(7), 1992—
1997 (2015). https://doi.org/10.1109/TAC.2014.2366855
Hu, C., Yao, B., Wang, Q.: Performance-oriented adaptive
robust control of a class of nonlinear systems preceded by
unknown dead zone with comparative experimental results.
IEEE/ASME Trans. Mechatron. 18(1), 178-189 (2013).
https://doi.org/10.1109/TMECH.2011.2162633

Ibrir, S., Xie, W.E,, Su, C.Y.: Adaptive tracking of nonlin-
ear systems with non-symmetric dead-zone input. Auto-
matica 43(3), 522-530 (2007). https://doi.org/10.1016/j.
automatica.2006.09.022

Lai, G., Liu, Z., Chen, C.L.P,, Zhang, Y.: Adaptive asymp-
totic tracking control of uncertain nonlinear system with
input quantization. Syst. Control Lett. 96, 23-29 (2016).
https://doi.org/10.1016/j.sysconle.2016.06.010

Lee, T.H., Xia, J., Park, J.H.: Networked control sys-
tem with asynchronous samplings and quantizations in
both transmission and receiving channels. Neurocomputing
237(Supplement C), 25-38 (2017). https://doi.org/10.1016/
j-neucom.2016.07.006

Li, H., Chen, Z., Wu, L., Lam, H.K., Du, H.: Event-triggered
fault detection of nonlinear networked systems. IEEE Trans.
Cybern. 47(4), 1041-1052 (2017). https://doi.org/10.1109/
TCYB.2016.2536750

Li, Y., Tong, S.: Adaptive fuzzy output-feedback control of
pure-feedback uncertain nonlinear systems with unknown
dead zone. IEEE Trans. Fuzzy Syst. 22(5), 1341-1347
(2014). https://doi.org/10.1109/TFUZZ.2013.2280146

Li, Y., Tong, S., Liu, Y., Li, T.: Adaptive fuzzy robust out-
put feedback control of nonlinear systems with unknown
dead zones based on a small-gain approach. IEEE Trans.
Fuzzy Syst. 22(1), 164-176 (2014). https://doi.org/10.1109/
TFUZZ.2013.2249585

Liu, Y.J., Tong, S.: Adaptive NN tracking control of uncer-
tain nonlinear discrete-time systems with nonaffine dead-
zone input. IEEE Trans. Cybern. 45(3), 497-505 (2015).
https://doi.org/10.1109/TCYB.2014.2329495

Liu, Y.J., Tong, S.: Barrier Lyapunov functions for Nuss-
baum gain adaptive control of full state constrained non-
linear systems. Automatica 76, 143—152 (2017). https://doi.
org/10.1016/j.automatica.2016.10.011

Mazo, M., Tabuada, P.: Decentralized event-triggered con-
trol over wireless sensor/actuator networks. IEEE Trans.
Autom. Control 56(10), 24562461 (2011). https://doi.org/
10.1109/TAC.2011.2164036

Postoyan, R., Tabuada, P., Nesi¢, D., Anta, A.: A framework
for the event-triggered stabilization of nonlinear systems.
IEEE Trans. Autom. Control 60(4), 982-996 (2015). https:/
doi.org/10.1109/TAC.2014.2363603

Shen, H., Wu, Z.G., Park, J.H.: Reliable mixed passive and
h filtering for semi-Markov jump systems with randomly
occurring uncertainties and sensor failures. Int. J. Robust
Nonlinear Control 25(17), 3231-3251 (2015). https://doi.
org/10.1002/rnc.3255

Shen, H., Zhu, Y., Zhang, L., Park, J.H.: Extended dissi-
pative state estimation for markov jump neural networks
with unreliable links. IEEE Trans. Neural Netw. Learn. Syst.

www.manaraa.


https://doi.org/10.1109/CDC.2014.7039816
https://doi.org/10.1109/CDC.2014.7039816
https://doi.org/10.1109/TCNS.2015.2428531
https://doi.org/10.1109/TCNS.2015.2428531
https://doi.org/10.1109/TCYB.2015.2452217
https://doi.org/10.1109/TCYB.2015.2452217
https://doi.org/10.1016/j.fss.2016.06.007
https://doi.org/10.1016/j.fss.2016.06.007
https://doi.org/10.1109/TFUZZ.2016.2633325
https://doi.org/10.1109/TFUZZ.2016.2633325
https://doi.org/10.1109/TAC.2011.2174666
https://doi.org/10.1109/TAC.2011.2174696
https://doi.org/10.1109/TAC.2011.2174696
https://doi.org/10.1109/9.478336
https://doi.org/10.1109/CDC.2011.6160257
https://doi.org/10.1109/CDC.2011.6160257
https://doi.org/10.1109/TAC.2014.2366855
https://doi.org/10.1109/TMECH.2011.2162633
https://doi.org/10.1016/j.automatica.2006.09.022
https://doi.org/10.1016/j.automatica.2006.09.022
https://doi.org/10.1016/j.sysconle.2016.06.010
https://doi.org/10.1016/j.neucom.2016.07.006
https://doi.org/10.1016/j.neucom.2016.07.006
https://doi.org/10.1109/TCYB.2016.2536750
https://doi.org/10.1109/TCYB.2016.2536750
https://doi.org/10.1109/TFUZZ.2013.2280146
https://doi.org/10.1109/TFUZZ.2013.2249585
https://doi.org/10.1109/TFUZZ.2013.2249585
https://doi.org/10.1109/TCYB.2014.2329495
https://doi.org/10.1016/j.automatica.2016.10.011
https://doi.org/10.1016/j.automatica.2016.10.011
https://doi.org/10.1109/TAC.2011.2164036
https://doi.org/10.1109/TAC.2011.2164036
https://doi.org/10.1109/TAC.2014.2363603
https://doi.org/10.1109/TAC.2014.2363603
https://doi.org/10.1002/rnc.3255
https://doi.org/10.1002/rnc.3255

Event-triggered robust adaptive control for uncertain

231

24.

25.

26.

217.

28.

29.

30.

28(2), 346-358 (2017). https://doi.org/10.1109/TNNLS.
2015.2511196

Tabuada, P.: Event-triggered real-time scheduling of sta-
bilizing control tasks. IEEE Trans. Autom. Control
52(9), 1680-1685 (2007). https://doi.org/10.1109/TAC.
2007.904277

Tao, G., Kokotovic, P.V.: Adaptive control of plants with
unknown dead-zones. IEEE Trans. Autom. Control 39(1),
59-68 (1994). https://doi.org/10.1109/9.273339

Wang, B., Cheng, J., Al-Barakati, A., Fardoun, HM.: A
mismatched membership function approach to sampled-
data stabilization for T-S fuzzy systems with time-varying
delayed signals. Sig. Process. 140(Supplement C), 161-170
(2017). https://doi.org/10.1016/j.sigpro.2017.05.018
Wang, B., Cheng, J., Zhan, J.: A sojourn probability
approach to fuzzy-model-based reliable control for switched
systems with mode-dependent time-varying delays. Nonlin-
ear Anal. Hybrid Syst. 26(Supplement C), 239-253 (2017).
https://doi.org/10.1016/j.nahs.2017.05.006

Wang, C., Wen, C., Lin, Y.: Decentralized adaptive backstep-
ping control for a class of interconnected nonlinear systems
with unknown actuator failures. J. Frankl. Inst. 352(3), 835-
850 (2015). https://doi.org/10.1016/j.jfranklin.2014.11.019
Wang, X.S., Hong, H., Su, C.Y.: Model reference adaptive
control of continuous-time systems with an unknown input
dead-zone. IEE Proc. Control Theory Appl. 150(3),261-266
(2003). https://doi.org/10.1049/ip-cta:20030398

Wang, X.S., Su, C.Y., Hong, H.: Robust adaptive control of a
class of nonlinear systems with unknown dead-zone. Auto-
matica 40(3), 407-413 (2004). https://doi.org/10.1016/j.
automatica.2003.10.021

31.

32.

33.

34.

35.

36.

37.

Xing, L., Wen, C., Liu, Z., Su, H., Cai, J.: Event-triggered
adaptive control for a class of uncertain nonlinear systems.
IEEE Trans. Autom. Control PP(99), 1-1 (2016). https://
doi.org/10.1109/TAC.2016.2594204

Yue, D., Tian, E., Han, Q.L.: A delay system method for
designing event-triggered controllers of networked con-
trol systems. IEEE Trans. Autom. Control 58(2), 475-481
(2013). https://doi.org/10.1109/TAC.2012.2206694

Zhang, T., Ge, S.S.: Adaptive neural network tracking
control of MIMO nonlinear systems with unknown dead
zones and control directions. IEEE Trans. Neural Netw.
20(3), 483-497 (2009). https://doi.org/10.1109/TNN.2008.
2010349

Zhang, T.P,, Ge, S.S.: Adaptive neural control of MIMO
nonlinear state time-varying delay systems with unknown
dead-zones and gain signs. Automatica 43(6), 1021-1033
(2007). https://doi.org/10.1016/j.automatica.2006.12.014
Zhang, X., Han, Q.: Event-triggered dynamic output feed-
back control for networked control systems. IET Con-
trol Theory Appl. 8(4), 226-234 (2014). https://doi.org/10.
1049/iet-cta.2013.0253

Zhang, X.M., Han, Q.L., Yu, X.: Survey on recent advances
in networked control systems. IEEE Trans. Ind. Inf.
12(5), 1740-1752 (2016). https://doi.org/10.1109/TI1.2015.
2506545

Zhou, J., Wen, C., Zhang, Y.: Adaptive output control of non-
linear systems with uncertain dead-zone nonlinearity. IEEE
Trans. Autom. Control 51(3), 504-511 (2006). https://doi.
org/10.1109/TAC.2005.864200

@ Springer

www.manaraa.


https://doi.org/10.1109/TNNLS.2015.2511196
https://doi.org/10.1109/TNNLS.2015.2511196
https://doi.org/10.1109/TAC.2007.904277
https://doi.org/10.1109/TAC.2007.904277
https://doi.org/10.1109/9.273339
https://doi.org/10.1016/j.sigpro.2017.05.018
https://doi.org/10.1016/j.nahs.2017.05.006
https://doi.org/10.1016/j.jfranklin.2014.11.019
https://doi.org/10.1049/ip-cta:20030398
https://doi.org/10.1016/j.automatica.2003.10.021
https://doi.org/10.1016/j.automatica.2003.10.021
https://doi.org/10.1109/TAC.2016.2594204
https://doi.org/10.1109/TAC.2016.2594204
https://doi.org/10.1109/TAC.2012.2206694
https://doi.org/10.1109/TNN.2008.2010349
https://doi.org/10.1109/TNN.2008.2010349
https://doi.org/10.1016/j.automatica.2006.12.014
https://doi.org/10.1049/iet-cta.2013.0253
https://doi.org/10.1049/iet-cta.2013.0253
https://doi.org/10.1109/TII.2015.2506545
https://doi.org/10.1109/TII.2015.2506545
https://doi.org/10.1109/TAC.2005.864200
https://doi.org/10.1109/TAC.2005.864200

Reproduced with permission of copyright owner. Further reproduction
prohibited without permission.

www.manaraa.

Ol LA ZIJI_F.LI



	Event-triggered robust adaptive control for uncertain nonlinear systems preceded by actuator dead-zone
	Abstract
	1 Introduction
	1.1 Nonlinear system model
	1.2 Dead-zone model

	2 Event-triggered robust adaptive control design
	2.1 Relative threshold event-triggered strategy
	2.2 Decomposition of dead-zone model
	2.3 Event-triggered robust adaptive control scheme
	2.4 Stability analysis

	3 Simulation results
	3.1 A numerical example
	3.2 A practical example

	4 Conclusion
	References




