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ABSTRACT This paper is concerned with the issue of input-output finite-time stability (IO-FTS) for
a class of nonlinear discrete time-varying systems. A time-varying observer-based sliding mode control
method is proposed. In order to mitigate the transmission burden, an adaptive event-triggered mechanism
is proposed by adjusting the threshold. Taking consideration of the effect of time-delay phenomenon and
time-varying system matrices, a time-varying Lyapunov functional is designed. Based on the designed
Lyapunov functional and IO-FTS theory, sufficient conditions are established for the error estimation system
and closed-loop state estimation system. Moreover, the proposed observer-based sliding mode control
method makes sure the reachability of the quasi-sliding mode surface in finite steps. And conditions in terms
of recursive linear matrix inequalities (RLMIs) are attained to ensure IO-FTS during both reaching phase
and sliding mode phase. An algorithm is provided to solve the RLMIs and obtain the time-varying observer
gains. Finally, the effectiveness and superiority of the proposed method is demonstrated by an industrial
continuous-stirred tank reactor system.

INDEX TERMS Discrete time-varying system, adaptive event-triggered mechanism, observer-based sliding

mode control, input-output finite-time stability.

I. INTRODUCTION

In practice, time-varying systems represent effective tools
to describe different types of dynamical systems contain-
ing some time-varying attributes, such as, periodic systems,
sampled-data systems and switched systems, etc., see for
instance, [1], [2], and [3]. Moreover, aperiodic sampling in
networked control systems (NCSs) often results in that NCSs
are transformed to discrete time-varying systems (DTVSs).
Accordingly, it is of great significance to study DTVSs, and
they have gained increasing attention. Observer-based finite-
time Hy, control of nonlinear DTVSs was studied in [4].
The issue of finite horizon fault detection of linear DTVSs
was discussed in [5]. The consensus control problem was
studied for a discrete time-varying multi-agent system in [6].
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On the other hand, one fact has been observed that, in NCSs,
there are some sampled data packets that the information
carried by them is less fluctuating than the last transmitted
sampled data packets. This kind of transmission may intro-
duce some unnecessary communication burden. In response
to these problems, the event trigger mechanism (ETM) is
proposed, for example, [7], [8], and [9]. Compared with time-
triggered mechanism, ETM can reduce the network resource
occupancy as well as maintaining the control performance.
However, most of the proposed ETMs are designed with
fixed thresholds that is not easy to give them proper values
in advance, which is named as traditional ETM (TETM) in
this paper. To deal with this, the adaptive event-triggered
mechanisms (AETMs) with adjustable trigger conditions are
proposed in [10] and [11]. It has been proved that AETM can
save more network resources. Therefore, a critical issue is
yet to be addressed when considering DTVSs, that is, can we
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propose an AETM to save more resources while preserving
the desired control performance? To the author’s best knowl-
edge, there are few relevant results focus on DTVSs, which
motivates our present study.

Since sliding mode control (SMC) was proposed in 1977,
due to some appealing features of rapid transient response,
robustness, and simplicity of implementation, it has become
an effective method for suppressing disturbances in com-
plex systems. Some SMC results of uncertain nonlinear
systems, especially on advanced and optimization based algo-
rithms were given in [12]. For continuous systems, there are
many research results using SMC methods, see [13], [14],
and [15]. Due to the emerging digital technologies, many
practical systems are treated in the structure of discretized
forms and then discrete-time SMC (DSMC) has become an
increasingly hot topic, see, for instance [16] and [17]. In
[18], the SMC design problem for discrete-time piecewise
nonhomogeneous Markov jump nonlinear systems was dis-
cussed. In [19], dissipative-based DSMC of switched stochas-
tic hybrid systems was discussed. And in [20], an optimal
SMC approach was used to study the consensus of nonlinear
discrete-time high-order multi-agent systems. In addition,
there are many situations where the state variables can not
be measured. In response to this issue, the dynamic and static
output feedback SMC methods were studied in [21] and [22],
respectively. Ma et al. discussed the observer-based adaptive
sliding mode control problem for a kind of stochastic jump
systems in [23]. Nevertheless, it is witnessed that the study of
observer-based sliding mode control for DTVSs has not been
fully spread, which becomes to the second motivation of this
research.

It is noticed that most of the above mentioned literature
about SMC method was considered during infinite time inter-
vals. In fact, FTS proposed by Dorato in [24] and developed
by Amato is a more practical concept [25]. It is applied in
some cases where the required state or output variable does
not exceed some a threshold during a fixed time interval,
for example, flight control [26], terminal guidance system
[27]. Another research frontier proposed based on FTS is
IO-FTS, which defines that if a class of norm-bounded input
signals is given within a specified time interval, the outputs
of the system do not exceed the specified threshold during
the time interval [28]. The issue of input-output finite-time
generalized dissipative filter was studied for a kind of DTVSs
in [29]. Based on the definitions of FTS and IO-FTS, an SMC
design method was proposed in [30] and [31], respectively.
In these two papers, FTS of the considered systems can be
guaranteed during both reaching and sliding mode phase.
Subsequently, FTS problem of uncertain neutral time-delay
systems was discussed via the SMC approach in [32]. How-
ever, with regards to DTVSs, the research of I0O-FTS based
on observer-based sliding mode control method is still blank,
which also motivates the following study.

Based on the above discussion, in this paper, the problem
of IO-FTS is addressed for a nonlinear DTVS considering
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time-delay phenomenon and an AETM by the observer-based
sliding mode control method. The main contributions are
highlighted as: (1) Threshold of the proposed AETM can be
adjusted. Thus, the network communication resources can be
saved while sacrificing system performance as little as possi-
ble. (2) The reachability of quasi-sliding mode is guaranteed
in finite steps and the upper bound of quasi-sliding mode
surface is given under the proposed event-triggered SMC law.
(3) Based on a time-varying Lyapunov functional, IO-FTS
conditions during both reaching and sliding mode phase are
obtained in terms of RLMIs. And the time-varying observer
gains can be solved by an algorithm.

A. NOTATIONS

Throughout this paper, N is the set of natural numbers. R”
denotes the n-dimensional Euclidean space, and R"*" is the
set of n x m real matrices. For a scalar N > 0, denote
asetas 7 = {0,1,2,...,N}. For a symmetric matrix A,
A > 0 (A > 0) means that A is a symmetric positive-definite
(semi-positive-definite) matrix. M denotes the set of posi-
tive matrix-valued sequence. Ct denotes the set of positive
scalars. For Ry € M, define Wa(7, Ry) := {w € Lo7 :
||a)k||27!Rk <a},a € CT and ||w||27’Rk = > ieT OF Rewy. 1
and 0 denote the identity matrix and null matrix of the appro-
priate dimension, respectively. The symbol * means the sym-
metric terms in a symmetric matrix. Matrices without special
explanation are considered to have proper dimensions.

Il. PROBLEM FORMULATION
Consider a nonlinear DTVS as:

X1 = Agxg + B(ug + fio) + Dy oy
vk = Crxy (D

where Ay, Dy and Cy are time-varying matrix-valued
sequences, B is the input matrix with rank(B)=m. x; € R"
is the state vector, y; € R” stands for the system measured
output, uy € R™ is the controlled input, and wy is the
disturbance input satisfying w; € W2 (7, Ry).

Assumption 1: fy = f(k,x;) € R™ is a given nonlinear
vector function, which satisfies:

il < owllykll @)

where oy, € Ct is a series of known scalars.

Assumption 2: For Vk € T, it is assumed that (Ag, B) is
controllable and (Cy, Ay) is observable.

Then, we design an observer in the following form to
estimate the unmeasurable states:

K1 = Ak + Blu +fi) + LG — $)
Y = Cilk 3
where X is the estimation of the state, yi is the output of the

observer, i is the plant output after the network, fk £ [k, x1)
and Ly is the time-varying observer gain to be designed.
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A. MODELING BASED ON THE AETM

To alleviate waste of resources and avoid unnecessarily fre-
quent transmission, an event detector is adopted between the
sensor and observer as shown in Fig. 1 that describes the
control process.

Vi
Actuator Plant

Sensor

u i)

k

Controller

- +
— Observer - — ZOH
Xy Ve Vi

FIGURE 1. The schematic of the NCS with an AETM-based observer.

It is assumed that sensors are time-triggered and the mea-
sured instant is denoted as / € N. The measurement output is
only transmitted when the following condition is satisfied:

Okt — V)" Okt — V) = ViR, v, 4)

where s € N, kg + [ is the current measurement instant,
Yi,+1 = Y(ks + 1) is the current measurement output, k; is the
instant when an event happens and yy, is the transmitted state
output. ; € M™ are weighting matrices to be designed. y is
a series of scalars determined by the following condition:

Mk if yell® > €
My, if Iyell® <€ o)
Vio if [[yell® = €

Yi+1 =

where ye = Yk = Yk, A1 = 1 — Zatan(sllye|*), k2 =
1— %atan(—g”ye %), atan(-) is the arctangent function. It is
assumed that yx € [y, ¥m ], vm and yp are the lower and
upper bounds of yy, respectively, and €, ¢ € CT.

Remark 1: In (5), when y, is a constant, the adaptive
event-triggered condition (4) is reduced to a TETM. When
yx = 0, it is the time-triggered case.

Remark 2: Using the property of arctangent function, we
can see that if ||ye||2 > ¢, it holds that 441 = A1y%. Since
0 < A1 < 1, thus yx4+1 < k. It means that smaller g
will be used in the next event judgement, which leads to high
tranmission frequency. Oppositely, if ||y, ||> < €, it holds that
Yk+1 = A2yk. Since Ay > 1, thus y41 > yk. Then, larger
yx will be selected in the next judgement, the communication
bandwidth usage can be saved.

Remark 3: 1t should be noticed that introducing an ETM
may sacrifice some SMC performance. However, the pro-
posed AETM is adjusted by the transmission error, which can
help improving the performance while reducing the network
utilization.
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B. INDUCED-TIME DELAY MODELING
Let dy, denote the transmission delay at triggered instant k;
with the assumption di, € [0, du]. d,, is a positive scalar.
Considering the triggered condition (4) and during the hold-
ing interval [ks + di,, kg1 + dy, ), it holds that,
Okt = Yk Okt — Vi) < ViV, Vi, (6)

Based on [8] and [33], denoting 7 = [ky+dp,, ks+1+dk,, ),

the following two cases should be discussed.

Case L. If ks +dy + 1 > kyy1 +dg,,,, define the time delay
function dj, as:
dy =k —ky, kel
Thus, dks <dp < kgyp1 — ks + dkHl <dn+1.

Case IL. If ks + di + 1 < ksy1 + di,,» two intervals [ky +

dy,, ks +dp] and [kg +dy +1, ks +dp + 1+ 1] are considered.
Since di, < d,,, an integer ’g’ can be found satisfying:
ks +q+dn <ksp1+di,, —1<ks+q+dn+1
Denote
Zo = ks + di,, ks + dp + 1),
Iy =lks+dp+1Lks+dy+1+1), 1=1,2,...,q9—1,
Ty, = ks +dm + q, ko1 + di,,,)

Based on the above discussion, di and §; are given as:

k — kg, kel
di =1k—ki—1, keZ;,l=1,2,...,q—1
|k —ks—q, kely,
[0, ke
O = Y+l — Yk kel l=1,2,...,q9—1
| Yks+q — ks Kk € Za,

Then, it holds that 0 < d; < dy < dy, + 1 £ dy. d; and
d, are the lower and upper bounds of dj, respectively.
Thus, yx, can be rewritten as
Yk = Ykg = Yk—d; — Ok (N
where yi—q, £ y(k — di) = Cxx—g;.
Then, the error estimation system is obtained as follows:
ek+1 = Axex — LiCrek—g, + L CiXi — Li CrXk—a,
+ B(fc — fi) + Drwi + Ly )

where ex—q, = Xk—g, — Xk—d, -

C. SLIDING SURFACE AND SLIDING MODE CONTROLLER
We design the following sliding function as follows:

Sk = Giy ©))

where G = BT X, X > 0 thus GB is nonsingular.
To this end, an appropriate observer-based sliding mode
control law is given as follows:

up = —(GB)"'GAx&x — (GB) ™' GLy Gk — 1)
— ok sgn(Sk) (10)
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Using SMC law (10), the closed-loop state estimation sys-
tem can be obtained as follows:

X1 = Gl(Ax — Ly Ci)xk + Ly CiXr—q, + LiCrex—a,
— Li8x] + Bfy — B (11)

where G = I — B(GB)™'G and uy = opsgn(Si).

In the following, the definition of IO-FTS proposed in
[28] is extended for the overall closed-loop system composed
of (8) and (11).

Definition 1: (I0-FTS) For a given positive scalar N € N,
a class of input signal W, defined on 7, a matrix-valued
sequence Ry € M™, and an output constraint scalar 8 > 0,
the overall system (8) and (11) is IO-FTS with respect to
(W, R, T), if for all k € T, it holds that:

wk € Wa = 5] RS + Ok — 56T R — $x) < B

lIl. MAIN RESULTS
In this section, based on the discrete-time sliding surface
constructed in (9) and an event-triggered SMC law in (10),
IO-FTS conditions are given in Theorem 1 and reachability
for the quasi-sliding mode surface is analyzed in Theorem 2.
Synthesis of the time-varying observer is given in Theorem 3.
For the following proof process, we give some denotations
as:

0i=1[0---01 0---0],i=1,2,---,13,

i—1 13—i

dip =dy—dy,n} =& €1,

T T T T T T T T 7T T T
& = [m Mk—dy Mk—dy Mk—dy S o M S fi —fr ]l

A. I0-FTS ANALYSIS OF SLIDING MODE DYNAMICS
The TIO-FTS of the overall closed-loop system composed
of (8) and (11) is given in the following theorem.

Theorem 1: For given scalars di,d,a, B,N € CT,
matrix-valued sequence Ry € M, and input disturbance
in W», the overall system (8) and (11) is IO-FTS under
AETM (4) and SMC law (10), if there exist matrix-valued
sequences Py, Qx, O, O3k, @k € M™, and a scalar v €
C™, such that following conditions hold:

Ak + Ask+ Age + As AT, AL
% —Ply 0 | <0 (12
* * —P,;il
diag{CI Ry Cy, CT R Ci} < Py
(13)
where

Ay = diag{Q1x + Qo + O3k + d1201% — Pk,
O1k + Qo + O3k +d1201k — Pk, —Q2(k—dy)»
— Q2tk—dy)> —Q1tk—dy) + Y CL QuCr,
— Qu—dy) + vk Cf uCx,
= Q3(k—dy)> —D3k—dp)» (Vk — D2k,
—BRy, —v~'1,0,0},

3558

Ak =[GAr —LkCr) 0 0 0 GLCr GLiCi
00 —GLy 0 —B B 0],

Aoy = [LkCr A 0 0 —L;Cr — LiCy
0 0 Ly D 0 0 B],

Az = 2yk0s Cf QuCros — 2vik08 Cf Qo9
—2y106 C{ Q09

Ag = ool C] Cro1 — 0Th012,

Ase = 20f0] Cl Cror + 200! Cf Cron
+ 00l Cl Cror — olz013.

Proof: Define a time-varying Lyapunov functional as
follows:

5
Vk) = Z Vi(k) (14)
=1

where

Vitk) = 0 Peng
k—1

Vatk)y = >~ ol Quni
i=k—dj
k—1

sty = > 0l Quni
i=k—d,
k—1

Vaky = > nf Qaimi
i=k—dy
—di—1 k-1

Vstky= D" > nf Quni

j=—dp i=k+j

with Py = diag{Py, Py} and Qy = diag{Qu, O}, t =
1,2, 3.

Defining AV (k) = V(k + 1) — V(k), it can be obtained
that

AVi(k) = '71?+17)k+17lk+1 — n{ etk
=X 1 Prs1Ris1 + ep o Pryrers
— )’EkTPk)%k — e,{Pkek
_ LT AT T AT
=& A Prr1Akée + & Aoy Prv1 Aoikx

— )’EkTPk)%k — e,kaek (15)

AVa(k) < ni Queni — n;{_del(k—dk)nk—dk
k—d,
+ > alQumi (16)
i=k+1—d>
AV3(k) = 0 Qo — 1 g, Qak—dy)Tk—dy (17)
AVa(k) = n{ Qe — 0 gy Qk—d) Mk —d (18)
k—d,
AVs(k) = dian{ Qum — D, 1] Quini (19)
i=k+1—d;
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Based on Assumption 1, it holds that
Wi < o8 Cl ik
G = FOe — fi) < 0fGF + e)CL CrGrc + ex)

+ ozl cl i (20)
Considering (6), Vk € [k +dj,, ks+1 +dk,, ), it holds that,
ViYE, vk, — 8 Qb > 0 (21)

Define
Je = AV(K) = Bo{ Ry — v s (22)

where v € C* and f = pa=! — Nv~'moZa™".
Combining (15)-(21) and (7), it can be deduced that,
Je <EL(Ak + Ase + AT P Ak + A3 P Ak
+ Aar + Asi)ék

Then, by Schur complement lemma and (12), it can be
guaranteed that

(23)

AV (k) — Bl Rrax — vl iy <0 (24)

Summing (24) over {0, 1, 2, - - - , N — 1}, considering zero
initial condition and /x,{ Ui < makz, Yo, € W», it holds that:

N-—1
Vk) < B Z a)l-TRiwi + Nv_lmak2
i=0
= Blwld; .. y_1 +Nv 'mo}
2

< 50{ +N v_lmcrk
<B (25)
Then, it is true that
Vitk) < B (26)
From (13) and (26), one can see that

55 Ridx + Ok — 90" Rk — 5x)
= fgCngCkfk + e,{CkTRkaek
< nf Pum
=Vitk)<pB (27)

To sum up, the overall system (8) and (11) is IO-FTS with
respect to (Wa, Ry, 7). [ |

Remark 4: It is noticed that, in Lyapunov functional (14),
the Lyapunov matrices Py, Qix, Qwx, QO3 are time-
varying matrix-valued sequences. This design method greatly
improves the solvability of obtained conditions.

B. ANALYSIS OF REACHABILITY

In this section, we focus on the reachability of the
quasi-sliding mode surface of the overall closed-loop sys-
tem (8) and (11)’s trajectories in finite steps.

Theorem 2: Considering the overall system (8) and (11),
the state trajectories can be driven into a sliding region
S around the sliding mode surface (9) within finite steps
N* by SMC law (10), and IO-FTS during the reaching
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phase is guaranteed, if there exist matrix-valued sequences
Pi, Ok, O, O3k, Q € MT, and a scalar v € CT, such
that (13) and the following conditions hold and the sliding
region S is given as follows:

Ag+ Ask+ Age + Ase AT, AL

* Py 0 | <0(28)
* x =P
S £ {Sk ISkl =< 8¢} (29)

where

Ay = diag{Qk + Qx + Q3 + d12Q1k — Px
+0;C{ (GB)" C, Qu + Qi + Q3 + d12Q1k
— Py, —O2(k—dp)» —Q2k—dy)>
— Q1th—dp) + Y CF QuCy,
— Q1(—dy) + e CL QuCr,
— Q3(k—dy)» —D3(k—db)>
(vk — )%, —BRx, —v~'1,0, 0},

2)‘7710)6 GB r 2 .
ﬁ@—l— ep T ad e > Oisa

Amax GB ! 2 3 o
Raasl@B) L) G |2 with £

SE &
specified scalar satisfying ¢ =

is the initial value of Xy.
Proof: From (9) and (10), it can be obtained that

Sk+1 = GBfk — GBuy
Construct a Lyapunov functional as
1
Voo = V() + 5 8{ (GB) 'Sk (30)

where V (k) is defined in (14).
Then, it can be derived that

1
AVg = AV (k) + ES,ZH(GB)”SH]
1
— 38 (GB)'s,
_ | S
= AV(k)+ 2(fk ui) (GB)" (fie — 1)

1
— ES,Z (GB)™'S;

IA

AVK) + LGB fi + nl (GB)T 1y
1
~5S{(GB)7!S; 31)
Considering Jj defined in (22), one can obtain that
n N 1
Ji + LGB fie + 1l (GB)T i — 55{ (GB) 'Sk
< & (Ak + Ask + AT Pryi Ak + AL Py A

T T lor ~1
+ Ak + Asp)ér + uy (GB) uy — ES" (GB)™ S
(32)

Since outside the region S, it is true that
ISkl > S¢ (33)
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Then, considering (31), (32) and (33), one can deduce that
AVy < —¢ (34)

Thus, it means that state trajectories are strictly decreasing
outside the region S defined in (29).

Summing both sides of (34) from 0 to N* — 1, denoting Vo
as the initial value of Vi, it can be seen that

v = Vo _ el @B

€

Combining the definition of ¢ and (35), one can derive
N* < N. It means that, for a finite-time interval [0, V],
under the SMC law (10), the estimation state trajectory can be
driven onto the quasi-sliding mode surface of Sy within finite
step N*. The reachability is proved.

On the other hand, by condition (28), it is easy to see that
Jx < 0 can be guaranteed. Based on the proof in Theorem 1,
the overall closed-loop system composed of (8) and (11) is
IO-FTS during the reaching phase. ]

Remark 5: According to Theorem 1 and 2, it can be con-
cluded that trajectories of overall closed-loop system (8)
and (11) can be driven into the quasi-sliding mode region
S under the SMC law (10) and IO-FTS can be guaranteed
with respect to (W3, Ry, 7') by conditions (12), (13) and (28)
during both the reaching and sliding mode phase.

G0l (35)

C. SYNTHESIS OF THE TIME-VARYING OBSERVER
Obviously, inequality (28) ensures (12). Thus (28) and (13)
can guarantee Theorems 1 and 2. In what follows, design of
corresponding observer-based sliding mode controller will be
discussed.

Theorem 3: Given scalars di,dr, o, B € CT, matrix-
valued sequence R, € M, any scalars ¢, € CT, and
input disturbance in W5, select a matrix X > 0 such that
BTXB is nonsingular. The overall closed-loop system (8)
and (11) is IO-FTS during both the reaching and sliding mode
phase with respect to (Wy, Rg, 7), if there exist matrices
P, O1x» Ok O3k, Qr € MT, such that following conditions
hold:

Ak + Ask + Mg + Asi AT AT
* Ay O <0 (36)
* * A |

P 0 CI 0
<0 @37

where
Ay = —ZL%] + 4 Pry1.
Proof: Fory, € CT and Py; € M, it holds that
L PPt Py =0
Lk k+l k+] Lk k+l -
Thus, it is true that
—P !y < —2ul + Py
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Using Schur complement lemma, conditions (36) and (37)
can ensure Theorem 1 and Theorem 2, simultaneously.
And matrix inequalities (36) and (37) are RLMIs. Thus,
the time-varying observer gain L and triggered weighting
matrix-valued sequence €2 can be designed by solving (36)
and (37) using Matlab Toolbox. |

In the following, Algorithm 1 is given to solve RLMIs (36)
and (37).

Algorithm 1 The Procedure for Computing Ly

1: For given scalars di, da, tx «, B, ok, N € Ct and
matrix-valued sequence R,y € M, and select a matrix
X such that BT XB is nonsingular. Select initial values
for matrices Po, Q10, 020, 030, Q1(—dy)» Q2(—dy)> Q3(~dy)>
Qo satisfying (36), (37) and set k = 0;

2: Obtain  Pry1, Quirn, Q2+1)> O3+ Qlte—dp)s
Q2k—dy)» Q3k—dy)» 2+1 and Li by solving (36)
and (37);

3: For given ¢, v, Ym, calculate A1, A and judge E,, =
||ye||2 —eIfE, > 0, ip1 = My elseif B, < 0,
Ye+1 = A2Yis else yi1 = yi. Setk =k + 15

4: If k < N, then go to Step 2, else stop.

IV. NUMERICAL EXAMPLE

In this section, we consider an industrial continuous-stirred
tank reactor system (CSTRS) in network environment [22],
[34]. In the CSTRS, chemical species A reacts to form
species B. Denote C,; and C, as the input and output con-
centration of a key reactant A, T and 7T, being the reaction
and the cooling medium temperature, respectively. According
to [22], both parameter uncertainties and system nonlinearity
should be taken into consideration when model the CSTRS.
Since the system is in a network environment, we attempt to
use the proposed AETM in this paper to save communication
resources.

Take the state variable as ka = [CaT TT], control input
as uZ = [TCT CaTl.]. Considering the influence of disturbance,
the discrete model of CSTRS can be represented as system (1)
with the following system matrices:

0.9719 + 0.05sin(k)
| —0.0340 + 0.01¢70.9328
p_ [0083900232] o [0.1eF 0

~ 00761 041447 T 0 0.1
[0.01 + sin(k) [ 057 Co—1
0.5+ cosx}) | T | 0.4sin(k) | T

’

—0.0013 + 0.02cos(k):|

For simulation purposes, under the influence of time-
varying parameters, disturbance and nonlinearity, our goal is
to design a time-varying observer-based sliding mode con-
troller such that the estimation of C, and T’ can be bounded by
a given level. Give the parameters as y,,, = 0.47, yyr = 0.74,
d=1,db =3, a = 1,R, = I, N = 20. Let sgn(S) =

W for avoiding the chattering of signals.
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Solving the RLMIs (36) and (37), some of the time-varying
observer gain sequence L; can be tabulated in Table 1. The
minimum value of 8, denoted as f,,,, is obtained as B, =
4.40. Fig.2 depicts the trajectories of control signal uy. Fig.3
simulates the sliding mode surface function Si. The simula-
tion of state estimation errors is shown in Fig.4. Fig.5 depicts
the trajectories of ${ RJk + 0k — 31" Re(vk — 9) and Byin,
from which we can see that &,{Rkyk + Ok — TRk —
V&) < B can be guaranteed. That is, [O-FTS is ensured by the
proposed control method.

TABLE 1. Some of the observer gain sequence L.

% n

1 0.2085  0.2083
0.3622  0.4167

N ~0.0014 _—0.0360

02052 0.2295

02449 0.2567

N—1 0.2973  0.3570

N 02438 0.2567
0.2958  0.3570

20

-30

40 N s s
0 5 10 15 20
Time[k]

FIGURE 2. Trajectories of control signal uy.

The triggered instants of the proposed AETM are simu-
lated in Fig.6, from which we see that 50% communication
resources are used and then the network resources are econ-
omized effectively. On the other hand, we suppose yx = vy
such that the AETM is reduced to TETM. The release instants
are simulated in Fig.7, from which we can see that 75%
communication resources are used under the TETM. From
Fig.6 and Fig.7, it can been seen that when the norm of state
estimation error tends to zero, the proposed AETM can save
more communication resources. Therefore, in terms of saving
network resources, the proposed AETM is more effective
than TETM.

In the end, to investigate the influence of event-triggered
parameters yi, values of y, are given as some constants.
We aim to obtain the value of 8,,;, when y; takes different
values. The number of trigger instants N; and values of Sy,

VOLUME 11, 2023

Time[k]

FIGURE 3. Sliding mode surface Sj.
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FIGURE 4. Trajectories of state estimation error ey.
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L —0
! —— GiRkgt (yi— 99 "Ree(yn — 90)

35F

0 2 4 6 8 10 12 14 16 18 20
Time[k]

FIGURE 5. The trajectories of ﬁ,{ka'k + (k= J1)T R Wi — Vi) and Bpin-

are given in Table 2. From Table 2, it can be seen that larger
triggered parameter y, can save more network resources but
derive larger value of B,,. That is to say, saving network
resources may sacrifice system performance to some extent.
In conclusion, the AETM method proposed in this paper can
economize the network resources meanwhile sacrifice system
performance as little as possible.
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FIGURE 6. Release intervals and instants of the AETM.
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FIGURE 7. Release intervals and instants of the TETM.

TABLE 2. Values of N; and B,,;, by different y.

Yk 0.47

0.55
4.30

0.63
4.37

0.74
4.39

V. CONCLUSION

This paper has studied the issue of IO-FTS for a kind of
nonlinear DTVSs by an observer-based sliding mode control
method. An AETM with an adaptive law has been proposed
to save network resources. The reachability of the quasi-
sliding mode surface has been guaranteed in finite steps
and the upper bound of the quasi-sliding mode surface is
obtained. Moreover, IO-FTS during both reaching and sliding
mode phase has been guaranteed by a series of RLMIs. And
a time-varying observer has been designed by solving the
RLMIs. A CSTRS has been given to verify the effectiveness
and superiority of the proposed method.
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