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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.

• 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.

• 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.

• 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:{
xk+1 = Axk +Adxk−τk +Buk +Dwk

yk = Cxk

(1)

where xk∈R
n is the state vector, uk∈R

m is the control input,

wk∈R
q is the external disturbance belonging to l2[0,∞), and

yk ∈ R
p denotes the system output. The delay τk is time-

varying and bounded satisfying τm ≤ τk ≤ τM with τm and

τM being the lower and upper bounds, respectively. A, Ad, 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 σk ∈{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 i at time k to node j at

time k + 1 is expressed as

Prob {σk+1 = j |σk = i} = πij (2)

where
∑p

j=1 πij = 1. Under the SCP scheduling, the actual

output signal at time k is

ȳσk
(k) = φσk

yk (3)

where φσk
= diag {δ(1− σk)I, δ(2− σk)I, ..., δ(p− σk)I},

and δ(a) is a Kronecker function satisfying δ(a) = 1 for a =
0, otherwise δ(a) = 0.

Considering the limited network bandwidth, the logarithmic

quantizer is introduced to quantize the output signal ȳσk
(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

ŷσk
(k) = f(ȳσk

(k)) = (I +Δf )ȳσk
(k) (4)

where Δf is the quantization uncertainty with Δf ∈ [−δf , δf ],
and δf is the preset quantization constant.

Furthermore, the Bernoulli variable αk is employed to

characterize the packet loss

Prob(αk = 1) = θ +Δθ (5)

where αk=1 indicates the data ŷσk
is successfully transmitted,

and E{αk} = θ+Δθ holds, where θ is a given scalar, and Δθ
is unknown but bounded with |Δθ| ≤ ε. Then, the available

signals of the i-th sensor satisfies

ỹi(k) =

{
ŷσk

(k), if σk = i andαk = 1

ỹi(k − 1), otherwise
(6)
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By combining (3)–(6), the actual signal received by the

observer is given by

ỹk = αk(I +Δf )φσk
yk + (I − αkφσk

)ỹk−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 ỹk.

B. Observer Design

Based on the output signal ỹk, the following observer is

constructed{
x̂k+1 = Ax̂k +Adx̂k−τk +Buk + L(ỹk − f(ŷk))

ŷk = Cx̂k

(8)

where x̂k ∈ R
n denotes the observer state, ŷk ∈ R

p is the

observer output, and L ∈ R
n×p is the gain matrix to be

designed. For simplicity, we use f(ŷk) to replace ŷk, 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{
ek+1=Aeek +Adek−τk +Aexx̂k+Aey ỹk−1+Dwk

ye(k)=Cek
(9)

where ek is the tracking error, and

Ae = A− L(I +Δf )αkφσk
C, Aey = −L(I − αkφσk

)

Aex = L(I +Δf )(I − αkφσk
)C

C. Sliding Surface Design

To improve the robustness of the system, the following

discrete integral-like sliding mode function is designed

sk = Gx̂k −G(A+BK)x̂k−1 (10)

where G ∈ R
m×n is needed to be chosen such that GB is

nonsingular. Based on the quasi-sliding mode, the following

condition holds

sk+1 = sk = 0 (11)

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

control law as

ueq(k) = Kx̂k − (GB)−1GAdx̂k−τk

−(GB)−1GL(ỹk − f(ŷk))
(12)

Subsequently, the observer dynamics is rewritten as

x̂k+1 = Axx̂k + G̃Adx̂k−τk + Āxeek + Āxy ỹk−1 (13)

where G̃ = I −B(GB)−1G, and

Ax = A+BK − G̃L(I +Δf )(I − αkφσk
)C

Axe = G̃L(I +Δf )αkφσk
C, Axy = G̃L(I − αkφσk

)

By defining ξk =
[
x̂T
k eTk ỹTk−1

]T
and combining (7), (9)

and (13), the augmented closed-loop system is given by

ξk+1 = Āξk + Ādξk−τk + D̄wk (14)

with

Ā =

⎡
⎢⎣
Ax Axe Axy

Aex Ae Aey

Ayx Aye Ay

⎤
⎥⎦ , Ayx = Aye = αk(I +Δf )φσk

C

Ād =

⎡
⎢⎣
G̃Ad 0 0

0 Ad 0

0 0 0

⎤
⎥⎦ , D̄ =

⎡
⎢⎣
0

D

0

⎤
⎥⎦ , Ay = I − αkφσk

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 ỹk 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.

• Construct an efficient observer to estimate the actual

system state by using the compromised signal ỹk.

• Design an observer-based SMC to ensure the robust-

ness of the closed-loop system under multiple network-

induced factors.

• Give a solution for the unknown gain matrix and analyze

the stability of the closed-loop system.

III. 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 + MF (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 ε > 0
such that R+ εMMT + ε−1NTN < 0.

Lemma 2: [24] Given matrices X and Y , there exists an

invertible matrix L such that 2XTY ≤ XTLX + Y TL−1Y
holds.

Lemma 3: [25] Given matrices P , W , Q and S with

appropriate dimensions. When the following inequality holds[
W Q

∗ −P−1

]
< 0,

then we can obtain[
W QS

∗ sym {−S}+ P

]
< 0.
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A. Stability Analysis

Theorem 1: Given scalars γ>0, θ>0, ε>0, τM >τm≥0,

gain matrices L ∈ R
n×p and K ∈ R

m×n, if there exist scalar

μ > 0, positive-definite matrices Pi ∈ R
n̄×n̄ (i = 1, 2, ..., p),

Qj ∈ R
n̄×n̄ (j = 1, 2, 3), R ∈ R

n̄×n̄ and Xl ∈ R
n×n

(l = 1, 2) satisfying (15), then the augmented system (14)

is asymptotically stable with a given H∞ performance γ.

Ξ(i) =

[
Σ

(i)
11 Σ12

∗ Σ22

]
< 0, (i = 1, 2, ..., p) (15)

where

n̄ = 6n+ p, Σ
(i)
11 = Φ

(i)
1 +Φ2 +Φ3 +Φ4 +Ψ

(i)
1 +Ψ

(i)
2

Φ
(i)
1 = eT1 P̄je1 − eT2 Pie2, Φ3 = deT2 Re2 − eT4 Re4

Φ2 = eT2 Q1e2−eT3 (Q1−Q2)e3−eT4 (Q2−Q3)e4−eT5 Q3e5

Φ4 = eT1 C̄
T C̄e1 − γ2eT6 e6, d = τM − τm + 1

Ψ
(i)
1 = sym{ĪΠ̄(i)

1 }, Ī =
[
I 0 0 0 0 0

]T
Π̄

(i)
1 =

[
−X λ

(i)
1 0 λ2 0 λ3

]
, Ψ

(i)
2 = sym{ĪΠ̄(i)

2 }

Π̄
(i)
2 =

[
0 λ

(i)
4 0 0 0 0

]
, θ̄ = θ + ε, φ̄i = I − θ̄φi

λ
(i)
1 =

⎡
⎢⎣
X1(A+BK) 0 0

0 X2A 0

θ̄φiC θ̄φiC φ̄i

⎤
⎥⎦ , λ2=

⎡
⎢⎣
X1G̃Ad 0 0

0 X2Ad 0

0 0 0

⎤
⎥⎦

λ3=

⎡
⎢⎣

0

X2D

0

⎤
⎥⎦ , λ

(i)
4 =

⎡
⎢⎣
−X1G̃Lφ̄iC θ̄X1G̃LφiC X1G̃Lφ̄i

X2Lφ̄iC −θ̄X2LφiC −X2Lφ̄i

0 0 0

⎤
⎥⎦

Σ12 =
[
M μNT

]
, Σ22 = diag {−μ, − μ}

M=col{M̄T, 0, 0, 0, 0, 0}, M̄=col{(X1G̃L)T,−(X2L)
T, 0}

N=
[
0 N̄ 0 0 0 0

]
, N̄=

[−δf φ̄iC δf θ̄φiC 0
]

Proof: Consider the following Lyapunov–Krasovskii func-

tional

Vk = V1k + V2k + V3k (16)

where V1k=ξTk Piξk, V3k=
−τm+1∑

j=−τM+1

k−1∑
s=k−1+j

ξTs Rξs, and

V2k=
k−1∑

j=k−τm

ξTj Q1ξj+
k−τm−1∑
j=k−τk

ξTj Q2ξj+
k−τk−1∑
j=k−τM

ξTj Q3ξj

where Pi (i = 1, 2, ..., p), Qj (j = 1, 2, 3) and R are positive-

definite matrices with appropriate dimensions.

Assume that the node i 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., σk = i and σk+1 = j.

To simplify the derivation, the following augmented vector is

defined

ηk =
[
ξTk+1 ξTk ξTk−τm

ξTk−τk
ξTk−τM

wT
k

]T
(17)

Then, the difference of Vk is

ΔVk = Vk+1 − Vk = E {ΔV1k +ΔV2k +ΔV3k} (18)

with

E {ΔV1k} = ηTk (e
T
1 P̄je1 − eT2 Pie2)ηk = ηTk Φ

(i)
1 ηk (19)

E {ΔV2k} = ξTk Q1ξk − ξTk−τm
(Q1 −Q2)ξk−τm

−ξTk−τk
(Q2 −Q3)ξk−τk − ξTk−τM

Q3ξk−τM

= ηTk Φ2ηk

(20)

E {ΔV3k}=E

{
−τm+1∑

j=−τM+1

(ξTk Rξk−ξTk−1+jRξk−1+j)

}

= E

{
(τM−τm+1)ξTk Rξk−

k−τm∑
j=k−τM

ξTj Rξj

}

≤ ηTk
[
(τM−τm + 1)eT2 Re2 − eT4 Re4

]
ηk

= ηTk Φ3ηk
(21)

where P̄j =
∑p

j=1 πijPj , ei (i = 1, 2, ..., 6) is a row vector

with the ith element as I and other elements as 0, i.e., e1 =[
I 0 0 0 0 0

]
.

Moreover, consider the following free weighting matrix

2ηTk Λ
[−ξk+1 + Āξk + Ādξk−τk + D̄wk

]
= 0 (22)

According to (19)–(22), we have

E {ΔVk} ≤ ηTk (E
{
sym

{
ΛΠ(i)

}}
+Φ

(i)
1 +Φ2+Φ3)ηk (23)

where Π(i) =
[−I Ā 0 Ād 0 D̄

]
, and we choose Λ =[

XT 0 0 0 0 0
]T

with X = diag {X1, X2, I}, then the

following inequality holds

E

{
sym

{
ΛΠ(i)

}}
≤ Ψ

(i)
1 +Ψ

(i)
2 + sym

{
ĪΠ̄

(i)
3

}
(24)

where Ψ
(i)
1 , Ψ

(i)
2 and Ī are defined below (15), and

Π̄
(i)
3 =

[
0 λ

(i)
5 0 0 0 0

]

λ
(i)
5 =

⎡
⎢⎣
−X1G̃LΔf φ̄iC θ̄X1G̃LΔfφiC 0

X2LΔf φ̄iC −θ̄X2LΔfφiC 0

0 0 0

⎤
⎥⎦

By Lemma 1, there exist scalar μ > 0 such that

E

{
sym

{
ΛΠ(i)

}}
≤ Ψ

(i)
1 +Ψ

(i)
2 +μ−1MMT+μNTN (25)

Then, together with (23)–(25), we have

ΔVk ≤ ηTk (Ψ
(i)
1 +Ψ

(i)
2 + μ−1MMT + μNTN

+Φ
(i)
1 +Φ2 +Φ3)ηk

(26)

When the external disturbances wk �= 0, let the following

inequality hold

ΔVk + yTe (k)ye(k)− γ2wT
k wk < 0 (27)

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

∞∑
k=0

yTe (k)ye(k)− γ2
∞∑
k=0

wT
k wk ≤ V (0)− V (∞) ≤ 0 (28)

2001
Authorized licensed use limited to: Xian Jiaotong University. Downloaded on February 19,2025 at 06:51:39 UTC from IEEE Xplore.  Restrictions apply. 



Obviously, the inequality ‖ye(k)‖2 ≤ γ‖wk‖2 holds for any

wk ∈ L2[0,∞). Thus, from (27), we have

Ψ
(i)
1 +Ψ

(i)
2 +μ−1MMT +μNTN +Φ

(i)
1 +

4∑
j=2

Φj < 0 (29)

where Φ4=eT1 C̄
T C̄e1−γ2eT6 e6 and C̄=

[
0 C 0

]
. With the

aid of schur complement, (15) can be easily obtained. This

completes the proof. �
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 V2k and V3k. Mean-

while, to simplify the analysis, the variable ξk+1 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 γ>0, θ>0, ε>0, τM >τm≥0, if

there exist scalar μ>0, positive-definite matrices Pi ∈ R
n̄×n̄

(i = 1, 2, ..., p), Qj ∈ R
n̄×n̄ (j = 1, 2, 3), R ∈ R

n̄×n̄ and

Xl ∈ R
n×n (l = 1, 2), constant matrices W , U and Θ with

appropriate dimensions satisfying (30), then the augmented

system (14) is asymptotically stable with a given H∞ perfor-

mance index γ.⎡
⎢⎢⎢⎢⎣
Ξ̃(i) Σ̃12 ET

2 U
TBTB 0

∗ Σ̃22 0 0

∗ ∗ sym
{−BTBW

}
BTXT

1 −WTBT

∗ ∗ ∗ −Θ

⎤
⎥⎥⎥⎥⎦<0 (30)

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

Ξ̃(i) =

[
Σ̄

(i)
11 Σ̄12

∗ Σ22

]
, Σ̄

(i)
11 = Φ

(i)
1 +Φ2 +Φ3 +Φ4 + Ψ̄

(i)
1

Ψ̄
(i)
1 = sym

{
ĪΠ̃

(i)
1

}
, Π̃

(i)
1 =

[
−X λ̃

(i)
1 0 λ2 0 λ3

]

λ̃
(i)
1 =

⎡
⎢⎣
X1A+BU 0 0

L̄φ̄iC X2A− θ̄L̄φiC −L̄φ̄i

θ̄φiC θ̄φiC φ̄i

⎤
⎥⎦

Σ̄12 =
[
M̃ μNT

]
, M̃ =

[
M̂T 0 0 0 0 0

]T
M̂ =

[
0 −L̄T 0

]T
, Σ̃12 =

[
Y T Z̃T E1Θ

]
Y =

[
Y1 0 0 0 0 0 0 0

]
, Y1 =

[
G̃TXT

1 0 0
]T

Z̃ = X2Z, E1 =
[
Ĩ 0 0 0 0 0 0 0

]T
, Ĩ =

[
I 0 0

]
E2=

[
0 Ĩ 0 0 0 0 0 0

]
,Σ̃22=diag {−X2,−X2,−Θ}

Then, the gain matrices can be given by

K = W−1U, L = X−1
2 L̄

Proof: Note that (15) is equivalent to

Ξ̃(i) + sym{Y TZ}+ sym {E1JE2} < 0 (31)

where J = (X1B−BW )(W−1U), Ξ̃(i), Y , E1 and E2 are

defined below (30), and

Z=
[
0 Z1 0 0 0 0 L 0

]
, Z1=

[−Lφ̄iC Lθ̄φiC Lφ̄i

]
Based on Lemma 2, there exist invertible matrices Υ and

Θ such that the following inequality holds

Ξ̃(i) + Y TΥ−1Y + ZTΥZ + EΘ < 0 (32)

where EΘ = E1ΘET
1 +ET

2 J
TΘ−1JE2. Define Υ = X2 and

based on schur complement, (32) can be further expressed as⎡
⎢⎢⎣
Ξ̃(i) Σ̃12 ET

2 (W
−1U)

T

∗ Σ̃22 0

∗ ∗ Σ33

⎤
⎥⎥⎦ < 0, i = 1, 2, ..., p (33)

where

Σ̃12 =
[
Y T Z̃T E1Θ

]
, Σ̃22 = diag {−X2, −X2, −Θ}

Σ33 = −[(X1B −BW )TΘ(X1B −BW )]−1, Z = X2Z

Subsequently, by Lemma 3, we can get that⎡
⎢⎢⎣
Ξ̃(i) Σ̃12 ET

2 U
TBTB

∗ Σ̃22 0

∗ ∗ sym
{−BTBW

}
+Σ33

⎤
⎥⎥⎦ < 0 (34)

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){
Δsk ≤ −αsk − βe−νksgn(sk), if sk > 0

Δsk ≥ −αsk − βe−νksgn(sk), if sk < 0
(35)

where 0 < α < 1, β > 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

uk=K(x̂k−x̂k−1)+(GB)−1[Gx̂k −GAx̂k−1

−GAdx̂k−τk−αsk−βe−vksgn(sk)−Γsgn(sk)]
(36)

where Γ = ‖GLỹk‖+ ‖GLf(ŷk)‖. 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

Δsk = sk+1 − sk = GL(ỹk − f(ŷk))− Γsgn(sk)

−αsk − βe−vksgn(sk)
(37)

Note that when sk > 0, the following inequality holds

GL(ỹk − f(ŷk))− Γsgn(sk)

≤ ‖GL(ỹk−f(ŷk))‖−(‖GLỹk‖+‖GLf(ŷk)‖)
≤ 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 sk .

Obviously, the reaching condition (35) is satisfied. Similar

results can be yielded when sk < 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

A =

⎡
⎢⎣
0.15 −0.25 0

0 0.13 0.01

0.03 0 −0.05

⎤
⎥⎦ , D =

⎡
⎢⎣
−0.08

0.011

−0.019

⎤
⎥⎦

Ad =

⎡
⎢⎣
−0.02 0.06 0.04

0.04 0.01 −0.03

0.01 0.02 0.05

⎤
⎥⎦ , B =

⎡
⎢⎣
0.08 −0.017

0.2 0.3

0.13 0.26

⎤
⎥⎦

C = diag {0.04, 0.04, 0.06} , wk = 17k3 cos k/ek

Set the sampling period T =0.02, initial state x(0)= x̂(0)=[
1 0.5 −1

]T
, quantization parameter δ = 0.10, matrix G =

00.511.522.533.544.55
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Fig. 4. Transmission sequence of output signal ŷσk (k) under SCP.
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Fig. 5. Comparison of output signal ȳσk (k) before and after quantization.

(BTB)−1BT , and prescribed scalars θ = 0.78, Δθ = 0.02,

τm=1, τM =3, γ=1.7. Moreover, the transition probability

matrix is given by

P =

⎡
⎢⎣
0.2 0.5 0.3

0.4 0.1 0.5

0.3 0.4 0.3

⎤
⎥⎦

Then, by using Theorem 2, we can obtain

K=

⎡
⎢⎣
−0.610 0.304

0.884 −0.636

−0.035 0.045

⎤
⎥⎦
T

, L=

⎡
⎢⎣

0.049 −0.001 −0.001

−0.001 0.050 0.003

−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 ỹk. 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 sk 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 ŷσk
(k) under SCP, where we consider three sensor

nodes and take i (i = 1, 2, 3) to denote the ith 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 ȳσk
(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.
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