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Abstract—This paper investigates the robust control of discrete
delayed networked systems with stochastic communication pro-
tocol (SCP), quantization and packet loss. Considering limited
communication resources and network bandwidth, SCP is firstly
designed to coordinate the network environment and avoid node
conflicts. Then, the logarithmic quantifier is employed to quantize
the signal transmitted over the network, and a Bernoulli random
variable is constructed to characterize the packet loss with
uncertain occurrence probability. By combining these factors,
a comprehensive signal transmission model is established to
approach the engineering practice and is stabilized by the
designed observer-based H., sliding mode controller (SMC).
Sequentially, both the stability conditions and unknown gain
matrices are rigorously derived in terms of linear matrix inequali-
ties (LMIs). Simulation and experimental results demonstrate the
effectiveness of the proposed scheme.

Index Terms—Networked control system, sliding mode control,
stochastic communication protocol (SCP), quantization, packet
loss

I. INTRODUCTION

Networked control systems (NCSs), as the mainstream
framework of modern industrial automation, have been widely
applied in various engineering areas, significantly improv-
ing industrial production efficiency and reliability [1]-[3]. In
NCSs, the information interaction between each device is
conducted via a bus or wireless network, so some network-
induced phenomena, such as transmission delay, packet loss,
and packet jam, will inevitably occur. During the past two
decades, extensive research has focused on the analysis and
synthesis of NCSs, mainly including quantization control [4],
[5], scheduling control [6], [7], security control [8], etc.

In NCSs, information needs to be packed into data packets
with a specific size before transmission. Most existing results
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rely on the assumption of single-packet transmission [4], [5],
[9], i.e., all sensor and controller signals from different nodes
need to be packaged into a single packet before being sent over
the network respectively. However, it is generally unrealistic
in engineering practice where nodes are distributed in space
and network bandwidth is limited [10]. When using the multi-
packet mechanism, the transmission order of each node must
be determined to avoid data conflict. Thus, some scheduling
protocols have been proposed to arrange sending sequence
and coordinate network resources, including event-triggered
protocol [4], [13], round-robin protocol (RRP) [7], try-once-
discard protocol (TODP) [11], and stochastic communication
protocol (SCP) [10], [12]. Naturally, system synthesis and
analysis under scheduling have become a hot issue. For ex-
ample, in [7], a fuzzy PID controller is designed for nonlinear
systems with RRP and multiple network-induced factors. In
[11], the set-membership filtering problem for time-varying
systems with TODP and mixed time-delay is studied, where a
switch model is proposed to inscribe the impact of scheduling
strategy. In [12], the output feedback problem for NCSs under
SCP is investigated and the stability of closed-loop systems
are analyzed rigorously.

In addition, due to the complex working environment and
limited network bandwidth, data quantization and packet loss
are also tricky challenges for NCSs. Both of them will
cause signal transmission errors and thus degrade the system
performance, and in severe cases, make the system completely
unstable [13]-[15]. Since most network factors can be char-
acterized as bounded disturbances, linear control with H,
technique has been widely used for anti-disturbance control.
In [5] and [13], the state feedback and output feedback are
designed respectively to suppress network uncertainty. In [7],
a PID-based H, controller is constructed to further improve
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system robustness. However, as these schemes focus mainly
on stability and are derived by LMIs, the closed-loop system
may suffer from poor response performance.

Sliding mode control (SMC), owning the characteristics of
fast response and strong robustness, has attracted extensive
attention in recent years, especially in NCSs [16]. Some
exploratory works on stability analysis and synthesis of NCSs
with network induced factors, such as delay, packet loss and
quantization, have been investigated in [17]-[21]. For instance,
Hu et al. [17] proposed a robust adaptive SMC for discrete
singular systems subject to randomly mixed time-delays under
uncertain occurrence probabilities. In [18], a robust SMC
was designed for a class of discrete nonlinear systems with
mixed-delays and random packet losses. Considering that the
system state cannot be obtained directly, observer-based SMC
schemes have been studied in [19]-[21], where the state of
observer was employed to construct the sliding surface and
control law. However, there is still a gap for the analysis and
synthesis of observer-based SMC for discrete delayed systems
with disturbance, scheduling protocol, quantization and packet
loss, which motivates this work.

Based on the above discussion, this paper aims to investigate
the robust control of discrete delayed NCSs subject to SCP,
quantization and packet loss. Three challenges need to be
addressed: 1) how to characterize the SCP and network-
induced factors; 2) how to combine multiple factors and
construct an appropriate observer to track the system state;
3) how to design a robust controller to ensure the system
is asymptotically stable. Based on these challenges, the main
contributions are as follows.

o A novel augmented system, including distributed sensors,
quantizer, observer, communication network and schedul-
ing protocol, is established to approach the engineering
practice, and its stability analysis and synthesis problems
are investigated.

o An observer-based H., sliding mode controller is de-
signed to stabilize the system, which can use compro-
mised signals to generate control actions and be robust
against multiple uncertainties.

o Both the stability criterion and gain matrices are rigor-
ously derived in terms of LMIs. Moreover, it is theo-
retically proved that the designed controller satisfies the
improved reaching condition.

II. PROBLRM SETUP AND PRELIMINARIES

Consider the following discrete delayed systems with dis-
turbance:
Tpy1 = Az + Agxg_r, + Buy, + Dwy, W
yr = Cy,
where z;, € R™ is the state vector, ui € R™ is the control input,
wy, €RY is the external disturbance belonging to /2[0, c0), and
yr € RP denotes the system output. The delay 75 is time-
varying and bounded satisfying 7,,, < 73, < 75y with 7, and
7 being the lower and upper bounds, respectively. A, Ay, B,
C and D are constant matrices with appropriate dimensions.
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Fig. 1. Networked control system with stochastic communication protocol.

A. Signal Transmission Model Construction

The whole framework is shown in Fig. 1, where the follow-
ing devices are considered for control synthesis: distributed
sensors, quantizers, zero-order holders (ZOH), observer and
controller. They achieve signal transmission and communi-
cation over a network. In view of the resource constraints,
at each sampling instant, only one sensor node can get the
permission to transmit output signals over the network, which
is determined by the stochastic scheduling protocol.

Define the random variable oy € {1,2,...,p} to denote the
authorized node at time k. Then, the scheduling process can
be characterized by a discrete-time Markov chain [10], and
the transition probability from node 7 at time k to node j at
time k + 1 is expressed as

Prob{oyt1 =jlox =i} =m; (2)

where Z§:1 m;; = 1. Under the SCP scheduling, the actual
output signal at time k is

Yor (k) = Qsakyk: (3)

where ¢,, = diag {d(1 — ox)I,6(2 —ox)I,...,0(p — o)1},
and d(a) is a Kronecker function satisfying d(a) = 1 for a =
0, otherwise d(a) = 0.

Considering the limited network bandwidth, the logarithmic
quantizer is introduced to quantize the output signal ,, (k) for
further encoding and transmission. To simplify the analysis,
the sector bound [22] is applied to estimate the quantization
error. Then, the signal actually transmitted through the network
is given by

Goi (k) = f (o, (k) = (I + Af) Yo, (k) 4)

where Ay is the quantization uncertainty with Ay € [—d,d¢],
and d; is the preset quantization constant.

Furthermore, the Bernoulli variable «j is employed to
characterize the packet loss

Prob(ay =1) =0+ Af 3

where oy, =1 indicates the data 9, is successfully transmitted,
and E{ay, } = 6+ A6 holds, where 6 is a given scalar, and Af
is unknown but bounded with |Af| < e. Then, the available
signals of the i-th sensor satisfies

Jop (k), ifop =4 and oy, =1

i(k) = { (6)

7;(k — 1), otherwise
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By combining (3)-(6), the actual signal received by the
observer is given by

Ok = oI + Af) o, yi + (I — o, )Ur—1 (7)

Note that a tricky challenge in this paper is to design an
efficient observer to estimate the actual system state by using
the compromised signal y.

B. Observer Design

Based on the output signal g, the following observer is
constructed

Tp1 = Ay + Ag@r—r, + Bug + L(Gx — f(9x)) ®
Ur = Cyp

where z; € R™ denotes the observer state, 7, € RP is the
observer output, and L € R"*P is the gain matrix to be
designed. For simplicity, we use f({x) to replace 4, which
can be easily achieved by adding a quantizer after the observer.
Then, together with (1)—(8), the error dynamics of the observer
is derived as

{ ehr1=Acer + Agep—r, + Acali+AcyUrp—1+Dwy,

)
Ye(k)=Cey,

where ey, is the tracking error, and
Ac=A—-L(I+ Ay)ods, C, Aey = —L(I — as,)
Acx = LI+ Ap)(I — oo, )C

C. Sliding Surface Design

To improve the robustness of the system, the following
discrete integral-like sliding mode function is designed

Sk = Gik - G(A + BK)i’k_l (10)

where G € R™*"™ is needed to be chosen such that GB is
nonsingular. Based on the quasi-sliding mode, the following
condition holds

Y

Then, from (8), (10) and (11), we can deduce the equivalent
control law as

ueq(k) = K2y — (GB)_lGAd.i‘k,-,—k

Spr1 =5, =10

. ~ . (12)
—(GB)”" GL(yr — f(ik))
Subsequently, the observer dynamics is rewritten as
Br1 = Agity, + GAgi—r, + Ageer + Agyfi—1 (13)

where G = I — B(GB)™'G, and
A, = A+ BK — GL(I + Ap)(I — agdy, )C
Ape = GL(I + Ap)ag o, C, Agy = GL(I — iy,

By defining &, = [&] ef ngfl]T and combining (7), (9)
and (13), the augmented closed-loop system is given by

Epr1 = A&y + Agbp—r, + Dwy, (14)

with
Ay Age Agy
A=A Ac Ay, Aye = Aye = ar(I + Af)¢o, C
Aye Ay A,
GA; 0 0 0
Ag=1 0 Ay 0|, D= |D|, Ay=1— o,
0 0 0 0

Remark 1: Note that the augmented system (14) considers
the effects of multiple network-induced factors and simul-
taneously characterizes the dynamics of both the observer
and plant, which can better simulate the signal transmission
process in real engineering.

D. Problem Statement

The whole signal transmission process is shown in Fig.
1, where distributed sensors are employed to measure the
system output. Before transmission over the network, the
SCP determines the authorized node and quantizes the output
signal. With the help of ZOH, the observer is constructed by
using the compromised signal gy to estimate the system state.
Finally, an observer-based SMC is designed to stabilize the
closed-loop system.

Based on the above statements, the main purposes of this
article are threefold.

o Construct an efficient observer to estimate the actual
system state by using the compromised signal yj.

o Design an observer-based SMC to ensure the robust-
ness of the closed-loop system under multiple network-
induced factors.

o Give a solution for the unknown gain matrix and analyze
the stability of the closed-loop system.

IIT. MAIN RESULTS

In this section, we will give the design scheme to solve the
formulated problem. Before starting this section, the following
lemmas are given to facilitate the subsequent proof.

Lemma 1: [23] Given a symmetric matrix R, arbitrary
matrices M, N and F'(k). The inequality R + M F (k)N +
NTFT(k)MT < 0 holds for any matrix F(k) satisfying
FT(k)F(k) < I, if and only if there exists scalar ¢ > 0
such that R+ eMM”* + e 'NTN < 0.

Lemma 2: [24] Given matrices X and Y, there exists an
invertible matrix L such that 2X7Y < XTLX +YTL- 'Y
holds.

Lemma 3: [25] Given matrices P, W, ) and S with
appropriate dimensions. When the following inequality holds

W
R
then we can obtain
W QS
l x  sym{—S}+ P
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A. Stability Analysis

Theorem 1: Given scalars v>0, >0, >0, Tp; > 7, >0,
gain matrices L € R"*P and K € R™*", if there exist scalar
> 0, positive-definite matrices P; € R™*" (; = 1,2, ..., p),
Q; € R (j = 1,2,3), R € R™™™ and X; € R"*"
(I = 1,2) satisfying (15), then the augmented system (14)
is asymptotically stable with a given H ., performance ~.

= Si

* 222

=6) — <0, (i=1,2 .,p (15

where
n=6n+p, E() ‘I’;(L)+‘I)2+<I’3+‘I)4+\I/()+\I’(Z)

@gl) = e Pje; — ] Piey, ®3 = dej Rey — €] Rey

Dy = €5 Qrez—¢f (Q1—Q2)es—¢f (Q2—Q3)ea—ef Qses

Oy =ef'CTCey —y2eles, d=1y — T + 1

v = sym{Im"}y, T=[1 0 0 0 0 0"

M0 =[x AP 0 a0 A, 8 = sym{7Y)

) = [0 2D 0 0 0 0},5:9%, G = — 0

X (A+BK) 0 0 X1GAq 0 0

A = 0 XoA 0], do=| 0 X440

00,C  06;C ¢; 0 0 0

0 —X1GL¢;C 6X,GL¢;C X1GL;

A= | XoD| A =| XoLd,C —0X,Le,C —XoLy
0 0 0 0

Yo = [M MNT], Yoo = diag {—p, — p}
M =col{MT™,0,0,0,0,0}, M =col{(X,GL)T, —(XoL),0}
N=[0 N 0 0 0 0], N=[-0;6,C 6;06;,C 0]

Proof: Consider the following Lyapunov—Krasovskii func-
tional

Vie =Vir + Var + Vs (16)
—Tm+1 k—1
where Vlszgpl{k, Vap= > > ¢TRe,, and
j=—Tar 1 s=k—14j
—Tm — —T—1
Vor, = Z Q&+ Z 5 Q2§g+ Z £7Qs¢;
j=k—Tm j=k—Tx j=k—7m

where P; (i = 1,2,...,p), @Q; ( = 1,2,3) and R are positive-
definite matrices with appropriate dimensions.

Assume that the node ¢ obtains the network communication
license at time k, and node j is selected to transmit signal
over the network at time k£ + 1, i.e., o, = ¢ and 041 = J.
To simplify the derivation, the following augmented vector is
defined

T
Nk = [££+1 513 Elzl‘rm flzl‘rk glzl‘rM wg} (17)
Then, the difference of V is

AV = Vi1 — Vi = E{AViy, + AV + AV} (18)

with

E{AViy} = 1] (T Per — e Piea)ny = nf @, (19)

E{AVor} = L Quér — &, (Q1 — Q2)ék—r,,
—& Q2 = Qs)éh—r, — &, Q3Ckry  (20)
=1l Pam
Tt r T
E{AVs:}=E > (& RE&G—&1 4 RE—145)
j=—Tm+1
k—Tm
=E{(rm—Tm +DETRE— X &SRS
j=k—Tm
T
<} [(Ts —7m + 1)ed Rea — €] Rey) ni
= nkT‘I’snk
~ (21)
where P; = Z;’:l mi; Py, e; (1 = 1,2,...,6) is a row vector

with the ith element as I and other elements as 0, i.e., e; =
[I 0000 O].
Moreover, consider the following free weighting matrix

EA [~&rir + AL+ Agbp—r, + D] =0 (22)
According to (19)-(22), we have
E{AV,} < nl(E {sym {AH“) }}+¢>§” F Byt By (23)

where 1) = [-T A 0 Ay 0 D], and we choose A =
[XT 0 000 0] with X = diag {Xy, X5, T}, then the
following inequality holds

E {Sym {AH“’) }} <0 4+ ¥l 4 sym {I’ﬂgi)} (24)
where \Ilgi), \Ilg) and I are defined below (15), and
i =lo A 0 0 0 o
~X,GLA;$:C 0X,GLA;¢;C 0
XQLAféiC —éXQLAf(biC 0
0 0 0
By Lemma 1, there exist scalar ;z > 0 such that

A =

E {sym {AH(i)}} < U400 4y MM T+ uNT N (25)
Then, together with (23)—(25), we have
AV < pf (0 + 0§ + ' MMT + uNTN
+0\ 4 By 4 D3)p 20

When the external disturbances wj, # 0, let the following
inequality hold

AVi + y! (k)ye (k)

By integrating (27) from 0 to +o0o0, we have

Z Ye (k)ye(k

— 2wl wy, <0 27)

)= wiw, <V(0) = V(o) 0 (28)
k=0
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Obviously, the inequality ||y (k)||, < v|lwk||, holds for any
wy, € L]0, 00). Thus, from (27), we have

4
O+ 0 4 MMT 4 uNTN 0 + Y @) < 0 (29)

j=2

where <I>4:e?C’TC’el—vzegeG and C = [0 C 0]. With the
aid of schur complement, (15) can be easily obtained. This
completes the proof. (I

Remark 2: The delay-dependent Lyapunov functional is
constructed in Theorem 1, where the upper and lower bounds
of time-varying delays are considered in V5 and V3. Mean-
while, to simplify the analysis, the variable {41 is directly
used to replace the expansion terms of (14). Moreover, the free
weighting matrix is employed to deal with the conservatism
issue of the results.

B. Solution of Gain Matrix

Theorem 2: Given scalars v >0, 0 >0, >0, Tp; > 7, >0, if
there exist scalar ;1> 0, positive-definite matrices P; € R"*"
(i =12..,p), Q € R (j =1,2,3), R € R"™" and
X; € R™*™ (I = 1,2), constant matrices W, U and © with
appropriate dimensions satisfying (30), then the augmented
system (14) is asymptotically stable with a given H, perfor-
mance index 7.

=4 %, EIUTBTB 0
S 0
2 <0 (30)
« % sym{-BTBW} BTX] - wTBT
* * * -0

where 1 = 1,2, ...,p, and

20 = Zgzl) 12 ) iﬁ) = <I>§i) + Dy + Pz + D4 + \T/gi)
| * Yoo
O = sym {0 10 = [-x A0 0 a0 A
[ X1A+ BU 0 0
A= LyC XoA—0LeC —Léy
0;C 0:C i

Sip= [N uNT), M=[" 0 0 0 0 o
M=[0 —L7 0", Sp=T ZT E 0]
Y=[Y1 0000000,V =[GxF 00"
Z=X:2,E,=[1 0000000, T=[T00
Ex=[0 10000 0 0] Sy=diag{-X,, — X5, -0}
Then, the gain matrices can be given by
K=W7'U L=X;'L
Proof: Note that (15) is equivalent to

=) + sym{YTZ} +sym{FE1JE>} <0 (€1}

where J = (X;B—BW)(W~'U), 20, Y, E; and E, are
defined below (30), and

Z=[0 2,000 0 L 0], Z=[-L&C LI$;C L]

Based on Lemma 2, there exist invertible matrices T and

© such that the following inequality holds
EO +yYTY-lY + ZTYZ + Ee <0 (32)

where Eg = E1OFE] +EIJTO©71JE,. Define T = X, and
based on schur complement, (32) can be further expressed as

=0 v, ETw-u)"
* Moo 0 <0,i=1,2,....p (33)
% k 233

where
212 = [YT zT E1@] , i22 = diag{_X27 - Xa, — 9}
Y33 = —[(XlB — BW)TG)(XlB — BI/V)]_I7 Z = X7

Subsequently, by Lemma 3, we can get that

20 ¥y, ETUTBTB
* * sym{—BTBW} + Y33

Finally, by applying schur complement to (34), the inequal-
ity (30) can be obtained. This completes the proof. (]

C. Design of Sliding Mode Controller

As in [26], the following reaching condition is introduced
for the augmented system (14)

{ Asp < —asp — e VFsgn(sy), if s, >0

(35)

Asy > —asy — e VEsgn(sy), if s, <0

where 0 < o < 1, 8 > 0 and v > 0. Then, the design scheme
of SMC is given by the following theorem.

Theorem 3: Consider the system (1) with the observer (8)
and sliding surface (10), then the reaching condition (35) can
be ensured if the controller is designed as

up=K(i—ax—1)+(GB) " Giy — GATp_y 36)

~GAgZp—r, —as,—PBe "k sgn(sy) —sgn(sg)]

where I' = ||GLgg|| + [|GLf(§x)||- The gain matrices K and
L is solved by Theorem 2.
Proof: By combining the sliding surface (10), the state

observer (8) and sliding mode controller (36), we have
Asy = sp+1 — sk = GL(Jr — f(9r)) — I'sgn(sy) 37)
—asy — Be""Fsgn(sy,)

Note that when s; > 0, the following inequality holds
GL(Jk — f(9r)) — Isgn(sk)

< NGL(gx = (Gl = (1G Lgk [+ GLF (G )1)
<0

(38)
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Fig. 2. Response curves of the closed-loop system.
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Fig. 3. Trajectories of sliding variable sy.

Obviously, the reaching condition (35) is satisfied. Similar
results can be yielded when s;, < 0, we omit it for simplicity.
Then, under the proposed controller (36), the system state can
be driven into the prescribed neighborhood of sliding surface
within a finite time. This completes the proof.

IV. NUMERICAL EXAMPLE

In this section, we will verify the validity of the proposed
method with a numerical example.

Example: Consider a discrete-time delayed system with the
following parameter matrices

0.15 —0.25 0 —0.08
A= 0 013 001 |, D= 0.011
0.03 0 —0.05 —0.019
—-0.02 0.06 0.04 0.08 -0.017
Ag=10.04 0.01 —-0.03|, B=|0.2 0.3
0.01 0.02 0.05 0.13  0.26

C = diag {0.04,0.04,0.06} , wy = 17k> cos k/e"

Set the sampling period 7'=0.02, initial state 2(0) =2 (0) =
[1 0.5 —1]T, quantization parameter 6 = 0.10, matrix G =

»
n

3

IS
T

2

w
0
T

1

T T T T T T
T T T T
00.20.40.60.811.21.41.61.82
1 ‘ |
1 1 1 1 1

1 1
00.511.522.533.544.55

w

~
%

Scheduling

o

n

il
fhl

Fig. 4. Transmission sequence of output signal o, (k) under SCP.
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Fig. 5. Comparison of output signal 7, (k) before and after quantization.

(BTB)~'BT, and prescribed scalars § = 0.78, Af = 0.02,
Tm =1, Tay =3, 7=1.7. Moreover, the transition probability
matrix is given by

0.2 0.5 0.3
P=104 01 05
0.3 0.4 0.3
Then, by using Theorem 2, we can obtain
~0.610 0.3047" 0.049 —0.001 —0.001
K= 0884 —0.636| ,L=|—0.001 0.050 0.003
—0.035 0.045 —0.001 0.004 0.045

Based on the proposed SMC scheme, the response curves of
the closed-loop system are shown in Fig. 2. One can see that
the error dynamics of the observer is asymptotically stable, so
the designed observer can efficiently estimate the system state
from the compromised signal y;. Due to the involvement of
SCP and multiple network-induced factors, the system over-
shoot occurs in the dynamic phase, but the proposed controller
ensures that the state of closed-loop system converges to a
small error band, which further proves the validity of Theorem
2.

In the discrete-time domain, only quasi-sliding mode (QSM)
can be performed due to finite sampling frequency. The sliding
mode signal sj is displayed in Fig. 3, which demonstrates
that the reaching condition (35) holds under the solved gain
matrices. Fig. 4 shows the transmission sequence of the output
signal g,, (k) under SCP, where we consider three sensor
nodes and take ¢ (+ = 1,2,3) to denote the ¢th node that
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Fig. 6. Packet loss of signal during network transmission.

gets access to network communication. With the designed
SCP scheduling, more communication resources can be saved
for some real-time tasks and to avoid node conflicts. Fig. 5
displays the comparison of output signal y,, (k) before and
after quantization. It is clear that there are differences between
the signals before and after quantization. The packet loss of
signals during network transmission is shown in Fig. 6, which
can be seen that the receiving device fails to receive any
information at some time due to packet loss. Although packet
loss and quantisation can degrade the system performance, the
designed control scheme ensures that the closed-loop system
is asymptotically stable. All the simulation results confirm the
effectiveness of the proposed scheme.

V. CONCLUSION

In this paper, an observer-based H,, SMC is designed for
a class of discrete delayed NCSs subject to SCP, quantization
and packet loss. The discrete-time Markov chain is firstly in-
troduced to characterize the scheduling behavior of SCP. Then,
the logarithmic quantifier and a Bernoulli random variable are
employed to model the quantization error and packet loss,
respectively. On this basis, a novel augmented system model
is proposed and its stability is analyzed rigorously. Moreover,
some sufficient conditions are given to solve the unknown gain
matrices. Experimental results demonstrate that the proposed
scheme is robust to multiple uncertainties and the asymptotic
stability of the closed-loop system can be guaranteed.

REFERENCES

[1] L. V. Nguyen, S. Kodagoda, R. Ranasinghe, and G. Dissanayake,
“Information-driven adaptive sampling strategy for mobile robotic wire-
less sensor network,” IEEE Trans. Control Syst. Technol., vol. 24, no.
1, pp. 372-379, Jan. 2016.

[2] J. Hu, H. Zhang, H. Liu, and X. Yu, ”A survey on sliding mode control
for networked control systems,” Int. J. Syst. Sci., vol. 52, no. 6, pp.
1129-1147, 2021.

[3] P. Song, Q. Yang, D. Li, et al., “Disturbance-compensation-based
predictive sliding mode control for aero-engine networked systems with
multiple uncertainties,” IEEE Trans. Autom. Sci. Eng., pp. 1-17, 2024,
doi: 10.1109/tase.2024.3350020.

[4] X. Zhu, X. Zhang, J. Wei, and H. Lin, “Output-based dynamic event-
triggered control for networked control systems with delays and packet
losses without acknowledgements,” IEEE Trans. Autom. Control, vol.
68, no. 12, pp. 7120-7135, 2023.

[5] P. Song, Q. Yang, G. Wen, and Z. Zhang, “Observer-based output feed-
back control for networked systems with dual-channel event-triggered
sampling and quantization,” J. Franklin Inst., vol. 359, no. 14, pp. 7365-
7392, 2022.

[6]

[7]

[8]

[9]

[10]

(11]

[12]

[13]

(14]

[15]

[16]

(17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

J. Zhang and E. Fridman, "Dynamic event-triggered control of net-
worked stochastic systems with scheduling protocols,” IEEE Trans.
Autom. Control, vol. 66, no. 12, pp. 6139-6147, 2021.

P. Song, Q. Yang, G. Wen, et al., "Fuzzy Ho, robust control for T-S
aero-engine systems with network-induced factors under round-robin-
like protocol,” Aerosp. Sci. Technol., vol. 137, no. 108258, 2023.

J. Xing, C. Peng, Z. Cao, and W. Xie, Security-based control for
networked interval type-2 fuzzy systems with multiple cyber-attacks:
An improved dynamic event-triggered scheme,” IEEE Trans. Fuzzy Syst.,
vol. 31, no. 8, pp. 2747-2760, 2023.

L. Zou, Z. Wang, J. Hu, et al., "Communication-protocol-based analysis
and synthesis of networked systems: progress, prospects and challenges,”
Int. J. Syst. Sci., vol. 52, no. 14, pp. 3013-3034, 2021.

J. Zhang, C. Peng, X. Xie, and D. Yue, ”Output feedback stabilization
of networked control systems under a stochastic scheduling protocol,”
IEEE Trans. Cybern., vol. 50, no. 6, pp. 2851-2860, 2020.

X. Li, H. Dong, Z. Wang, and F. Han, ”Set-membership filtering for
state-saturated systems with mixed time-delays under weighted try-once-
discard protocol,” IEEE Trans. Circuits Syst. II, Exp. Briefs, vol. 66, no.
2, pp. 312-316, 2019.

X. Lv, Y. Niu, J. Song, ”Sliding mode control for uncertain 2D systems
under stochastic communication protocol: the roesser model case”, [EEE
Trans. Circuits Syst. Il, Exp. Briefs, vol.69, no.3, pp.1228-1232, 2022.
JW. Ren and J. Xiong, ”"H control of linear networked and quantized
control systems with communication delays and random packet losses,”
IEEE Trans. Syst., Man, Cybern., Syst., vol. 52, no. 6, pp. 3926-3936,
2022..

M. Hua, F. Zhang, F. Deng, et al., "Hoo filtering for discrete-time
periodic Markov jump systems with quantized measurements: a new
packet loss compensation strategy,” IEEE Trans. Syst., Man, Cybern.,
Syst., vol. 53, no. 11, pp. 6766-6777, 2023.

L. Zhang, B. Wang, Y. Zheng, et al., "Robust packetized MPC for
networked systems subject to packet dropouts and input saturation with
quantized feedback,” IEEE Trans. Cybern., vol. 53, no. 11, pp. 6987-
6997, 2023.

W. Zhou, Y. Wang, and Y. Liang, ’Sliding mode control for networked
control systems: A brief survey,” ISA Trans., vol. 124, pp. 249-259,
2022.

J. Hu, Y. Cui, C. Ly, et al., "Robust adaptive sliding mode control for
discrete singular systems with randomly occurring mixed time-delays
under uncertain occurrence probabilities,” Int. J. Syst. Sci., vol. 51, no.
6, pp. 987-1006, 2020.

J. Hu, H. Zhang, X. Yu, et al., "Design of sliding-mode-based control for
nonlinear systems with mixed-delays and packet losses under uncertain
missing probability,” IEEE Trans. Syst., Man, Cybern., Syst., vol. 51,
no. 5, pp. 3217-3228, 2021.

J. Wang, C. Yang, J. Xia, et al., "Observer-based sliding mode control for
networked fuzzy singularly perturbed systems under weighted try-once-
discard protocol,” IEEE Trans. Fuzzy Syst., vol. 30, no. 6, pp. 1889-1899,
2022.

Z. Zhang, Y. Guo, D. Gong, and J. Liu, "Global integral sliding-mode
control with improved nonlinear extended state observer for rotary
tracking of a hydraulic rootbolter,” IEEE/ASME Trans. Mechatronics,
vol. 28, no. 1, pp. 483-494, 2023.

X. Lu and J. Ren, A novel design of nonfragile observer-based con-
troller for discrete fuzzy descriptor systems via sliding-mode approach,”
IEEE Trans. Circuits Syst. II, Exp. Briefs, vol. 71, no. 1, pp. 231-235,
2024.

D. Liberzon, “Hybrid feedback stabilization of systems with quantized
signals,” Automatica, vol. 39, no. 9, pp. 1543-1554, Sep. 2003.

L. Xie, “Output feedback H«, control of systems with parameteruncer-
tainty ,” Int. J. Control, vol. 63, no. 4, pp. 741-750, Mar. 1996.

X. Chang, and G. Yang, “New results on output feedback H, control
for linear discretetime systems,” IEEE Trans. Autom. Control, vol. 59,
no. 5, pp. 1355-9, May 2014.

S. Boyd, L. El Ghaoui, E. Feron, and V. Balakrishnan, Linear matrix
inequalities in system and control theory, Philadephia, PA, USA: SIAM,
1994.

P. Zhang, Y. Kao, J. Hu, and B. Niu, “Robust observer-based sliding
mode H, control for stochastic Markovian jump systems subject to
packet losses,” Automatica, vol. 130: 109665, Aug. 2021.

004
Authorized licensed use limited to: Xian Jiaotong University. Downloadec%on February 19,2025 at 06:51:39 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


