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ABSTRACT This article under unreliable communication links considers the problem of dynamic com-
pensation output-feedback control for non-linear discrete-time networked control systems (NCSs) with
packet dropouts in the light of the Takagi-Sugeno (T-S) fuzzy method. Specifically, the packet dropouts
are modeled by the Bernoulli random binary distribution in both the controller-to-actuator (C/A) and
sensor-to-controller (S/C). In addition, to estimate the missing packets, attention is focused on the dynamic
output-feedback controller, which is designed using a new improved compensation strategy. Here, sufficient
conditions are obtained such that the closed-loop control system is stochastically stable with the prescribed
Hy performance by constructing fuzzy Lyapunov function. To reduce conservativeness and deal with
the non-convex problem, a cone-complementarity linearisation (CCL) program is introduced. Finally, the
effectiveness of the method is demonstrated by the simulation results of the two numerical examples.

INDEX TERMS T-S fuzzy model, dropout compensation, NCSs, output feedback, CCL.

I. INTRODUCTION

In recent decades, nonlinearity has been a factor that must
be considered when physical objects were modeled to obtain
satisfactory or superior performance. However, nonlinear sys-
tems cannot be directly handled using the existing linear
control theories. Especially, significant efforts have been
devoted to many effective approximation methods. The T-S
fuzzy model method has been extensively [1] proven to
be a very effective tool for processing nonlinearity. Using
the “IF-THEN” rules, a nonlinear system is transformed
into a series of local linear systems blended with the
corresponding membership functions to obtain a complete
fuzzy system. So, in terms of application of conventional
control theory, the T-S fuzzy model provides a basis for
research on synthesis and stability analysis of nonlinear con-
trol systems. Recently, several results have been published
in [2], [3], [4], [5], [6], [7], [8], [9], [10], [11], and [12]

The associate editor coordinating the review of this manuscript and

approving it for publication was Yang Tang

based on this model. For T-S fuzzy systems, the criteria
of stability were discussed based on the common quadratic
Lyapunov function in the early research stage, which is con-
servative when coping with highly complicated nonlinear
systems in [13]. Subsequently, based on the piecewise or
fuzzy quadratic Lyapunov function, scholars have proposed
some less conservative methods [14], [15]. Note that in dif-
ferent regions the common quadratic Lyapunov function is
a particular situation of the piecewise quadratic Lyapunov
function when the same Lyapunov function is used. For a
controlled plant, the fuzzy quadratic Lyapunov function is
composed of several local Lyapunov functions through the
same membership function, which is another typical less
conservative Lyapunov function in T-S fuzzy control.

The plant, sensor, controller, and actuator of a practical sys-
tem are often scattered at different places, in which from one
component to another signals are transmitted. The network
is applied to compose the communication links to facilitate
communication among them. In recent years, for nonlinear
NCSs [16], [17], [18], [19], [20], the problems of control
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and modeling have attracted considerable attention owing
to their obvious superiority (e.g., high reliability, simple
maintenance and installation, and low cost). By constructing
the scheme of state feedback control, for nonlinear NCSs
amenable to network-induced constraints, the problems of
stabilization and stability were researched in [21] and [22].
For imperfect communication channels, in [23], a novel
model was proposed, in which only measurable states were
suitable. The scheme of control is inaccessible if the states
are unmeasurable. Furthermore, it was pointed out that: prac-
tical implementation, the serious drawback of state-feedback
control is that an abundance of state vector messages are
rarely available, which makes it difficult to adopt the control
approaches proposed in [21] and [22]. In [24], based on the
controlled system the authors proposed a method of dynamic
output-feedback control that stabilizes the non-linearity
network. However, it is noted that the incomplete com-
munication links have not yet been adequately deliber-
ated. Based on these studies, the design of a dynamic
compensation output-feedback controller motivates our
work.

If there are other network congestions, buffer overflows,
or packet collisions as common phenomenon, the results
mentioned above have considered packet dropouts, which
is one of the critical troubles in controller programming.
In general, for modeling packet dropout appearance, the
methods can be classified into two categories which are
called zero strategy and zero-hold strategy [25]. The so-called
zero strategy [26], [27] applied the Bernoulli random vari-
able to model unreliable communication links without any
compensation, in which for analysis and synthesis of con-
trolled systems, there exists a relatively simple mathematical
expression. However, if packet dropouts occur continuously,
the entire system will be an open loop for a certain period
of time. Using neglecting the compensation scheme stud-
ied in [28], [29], and [30], packet dropouts are scheduled
as a zero strategy, in which the performance of the sys-
tem is abated. Clearly, a high packet-loss rate degrades the
performance of the system or even makes it unstable. The
other is called the zero-hold strategy [25] as an improved
method, in which a “buffer” is presented to save the last
successful signal transmitted so that the lost packets are
compensated. However, for successive packet dropouts the
compensation can not be updated on time because of the
lack of regulating gains, which does not facilitate retaining
the performance of the system. In light of the above policy,
to tackle packet dropout it is urgent that we seek a better
data transmission method. Therefore, under an unacceptable
network environment in practice, it is very important for us to
consider a new scheme that is needed to deal with the packet
dropout phenomenon in order to obtain better performance
of T-S fuzzy systems. To the best of the authors’ knowledge,
with dropout compensation strategy the issue of dynamic
output feedback has not yet been researched. Consequently,
the aforementioned gap will be filled, which motivates our
research.
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TABLE 1. Nomenclature.

Notation Definition

T: the matrix transposition

R™:n-dimensional Euclidean space (R stands for RY

prob{.}: the occurrence probability

+: the symmetry term in the complex symmetric block matrice

0, I: a zero matrix and the identity matrix respectively

P > 0(P > 0):real symmetric and positive definite (semi-definite)
12[0, oo]: the space of square-summable vector among [0, co]
|M|| = /tr(MTM): M matrix norm

| . |: the norm of Euclidean vector

|+ |l2:the norm of common /2[0, o]

E{«}:the expectation of the event «

E{a/B}: the conditional expectation of the event v on the event 3

If the dimensions are not prescribed demonstrably it is assumed
that matrices have compatible dimensions in this paper.

This paper proposes the key contributions as follows:
(1) The fuzzy Lyapunov function, which is different from
the existing common quadratic Lyapunov function, is used
to achieve the main results, which can facilitate obtaining
less conservative results. (2) A novel dynamic compensation
output-feedback controller was proposed for the successive
packet dropout and a compensation gain is applied to regulate
the compensated data. (3) To reduce the conservatism without
introducing other variables, we introduce the CCL algorithm
to decouple the conditions.

The remainder of this paper is organized as follows.
Section II describes the problem considered. Section III pro-
vides the main results, in which the output-feedback control
scheme and stability analysis are presented. Two examples
are provided to show the advantages of the proposed method
in Section IV. Section V presents the conclusions.

Il. ESSENTIAL CONDITION FORMULATION

Motivated by the aforementioned discussion, based on
the T-S fuzzy model approach, the problem of dynamic
compensation output-feedback was investigated for a class
of discrete-time nonlinear NCSs with intermittent packet
dropout. First, the T-S fuzzy model, which is a discrete-
time non-linear system, is constructed. Then, a novel
dynamic compensation output-feedback controller is pro-
posed in order to effectively decrease the effect of unreliable
communication.

A. T-S FUZZY MODEL
The i-th rule of the T-S is the following:
Model Rule i: if 7;(¢) is M;; and - - - and z3(¢) is M3,
x(t + 1) =Aix(t) + Bju(t) + E;w (1)
r(t) = C1ix(t) + Diju(t) + Fiw (t) €))
(1) = Cix(1)

where Mij is the fuzzy set associated with the i-th model

rule and j-th premise variable component; x(1) € R™*! is
the state vector; u(r) € R™*! is the control input vector;
y(t) € R™»*! is the vector of measured output; r(r) € R**!

48193



IEEE Access

Y. Wang et al.: New Dropout Compensation Scheme for Fuzzy Dynamic Output-Feedback Control

i
| ' ' |

etworl . etworl |
: Packet Network Medium Packet |
| Dropout Dropout |

FIGURE 1. Plant flow chart.

is the vector of controlled output; @ (f) € [0, co) is external
disturbance and w(r) € R™*!. A;, B, E;, D;, F;, Cy;,
C»; are local system matrices with appropriate dimensions.
z2(t) = [z1(0) -~ -zg(t)]T are known premise variables. (i =
1,2,--- ,r.]_' =1,2,---,5.), the scalar r is the number of
rules. The final fuzzy system is the following:

2t +1) = 3 hilAn(0) + But) + Ereo ()]
i=1

rt) = Zr:hi[Clix(t)+Diu(t)+Fiw(t)] @)
i=1

Y1) = D hiCyx(1)
=

where for all 7: h; £ hi(z(t)) is the normalized membership

function satisfying h;(z(1)) = w;(z(t))/ D wi(z(1)), wi(z(t)) =

i=1
Inm¢m@mmza;@mm>a;mmm=h
=1 = 1=

i) = 0.

B. FUZZY DYNAMIC COMPENSATION OUTPUT FEEDBACK
CONTROLLER

In this section, we simultaneously consider both the C/A
and the S/C communication channels. In order to decrease
the effect of packet dropouts and compensate the lost data
effectively for the system stability, the transmitted data is
estimated by the constructing of the following subsystem
in terms of the Bernoulli process. Based on the T-S fuzzy
model (2), in this paper, the dynamic compensation in S/C
channel has the following form:

C;:If z1(¢) is M;; and - - - and z3(¢) is M5

ne(t + 1) = (1 — a(®)Ainc(1) + Biy“(r) 3)
ut(t) = Cine(r)

where 7.(k) € R™*! is the controller state vector ; y°(t) €
R™*! is the controller input vector; u°(t) € R"™*! is the con-

. AC C c H 3 o
troller output vector; A7, Bj, C; are matrices with appropriate
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dimensions. Then

ne(r+1) = Zi hi [(1 = a(@)ASne(r) + By (1)]
ro T “
ut(t) = Z‘i hiCine(t).

Remark 1: Based on the Bernoulli distribution, the new
model (4) is a reformed model. For the system stability the
effect of data packet dropouts can be decreased compared
with the so called zero strategy and the zero-hold one. The
model could compensate lost signals and update the compen-
sated data on time.

C. IMPERFECT COMMUNICATION LINKS

From Fig. 1, it can be seen that the model contacts the
communication network. It can be considered that a good
few elements are introduced into the network in which data
packet dropouts randomly occur in both the C/A and the S/C
in this paper. Thus y(¢) # y°(¢t) and u(t) # u(t). Based on
the stochastic method, the above phenomenon is described as
following

{y”(r) = a()y() )

u(t) = B (1)
in which a(#), B(¢) satisfy the process of Bernoulli random

distribution. And (), B(¢) presents the S/C, C/A of imperfect
communication, respectively. Suppose «(t), B(¢) as following

probi{a(t) = 1} = E{a(t)} = «
prob{a(t) =0} =1—«

_ 6
prob{f(t) = 1} = E{f()} = B ©
prob{f(r) =0} =1 - B.
According to the (5), we obtain
ne(t +1)= éhi [(1 — a(t)ASn (1) + a(D)BSy(1)]
ut(t) = 2/@@? ne(?).
@)

Combining (2) and (7), the augmented closed loop system is
as

Eit D)= 3 3 hibjlAzE () + Eiw(0)]
A (8)
r(t) =Y > hil[CyE(t) + Fioo ()]
i=1j=1
where
BB CY }

A;
Aj = [a(r)B;cz,- (1 — a()AS

E;
ol
Cj=[Ci BMODIC], &)= |:7;Cc((tt)):| '

[1]

i
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Assuming

a(t) = o + a(r),

B(1) =B+ B),

then E{a@®)a®)} = a(l —a),
E{BB1} = B — B),

Aj = Al + A7,
Cj= Cl +
T 0 B(t)BiCjC

I anBCy =&AL |
Cjj = |Cui BDin],
A | A BBiC{

i [aBiCy  (1— AL
¢z=[0 Aopicy].

D. DEFINITION AND LEMMA
Definition 1 [22]: Any initial condition & (0) is considered
and @ (t) = 0, if there exists a matrix W > 0 such that

E ’Z O [z ] < EOWE©). ©)
t=0

Then, the closed-loop system (8) is stochastically stable.
Furthermore, the problems to be solved in this article are
as follows: the augmented system (8) is stochastically stable
with zero initial condition and satisfies

E [mez} <y’ =3 (10)
=0

where y > 0, then the Hy, performance y of the output is
obtained.
Lemma 1 [31]: If the following conditions are founded
M;; <0, i=1,2,---2, (11
1

T PE Ll =1,2,-A,

1
M;; + E(Mil + M) <0,
(12)

then we have the following inequality
A
Z Z hilyMjy < 0. (13)
i=1 I=1

Ill. MAIN RESULTS

In this section, firstly, the H, performance analysis condition

is provided in the following theorem for the given controller

gain matrices. The fuzzy Lyapunov function is adopted in the

following results to introduce the less conservative condition.
Theorem 1: The system of closed-loop fuzzy model in (8)

is stochastically stable and satisfies Hn, performance with the
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supposed matrices Aj‘f, B]?' and Cjc (G = 1,...,r) of the con-
troller gain, if there exist matrices Py, [ = 1, ..., r satisfying
the following conditions

CIPT, +iri—a; <0 (14)
I +T, _

Ly JUNT 1
(—2 ) P[(Fij + Fj,‘)

Y.+,
+( Y 5 ”)T(Tl/ + ’Y‘”) — Ai — Aj <0 (15)

where

AL &
A S A diag (P 1)
’ r 1 ’
A2 0

¢l F
Ti=| 4% ,
iZlc: oo }

22 0 VB(L = B)B,C}
v 4/&(1—&)B;C2,~ —Va(l = a4 |’

Ci=0 VB(I- B)DiCj”].

Proof: Defining @ (t) = 0, the stochastically stability
of the system (8) is proved. For system (8), the following
-T r _
§(n) [Z hiPi:| £(n)
i=1
= hf(z(t + 1)), and we have

= diag {Pl Pl} ,

Lyapunov function is chosen V(t) =

where P; > 0, supposing /;"
E{AV(1)}
=E{Vit+D|E®)} - V()

=E g(r)zw ZZZZhhhht(AU PiAg)

i=1 j=1 s=1 =1

En} —&'() [Z hipl} E)

i=1

—E 5(t)2h+ ZZZZhhhh( ” )

i=1 j=1 s=1 =1

A A
PR } En}—Eo [ZhP}E(t)

i=1

= %E £ (t)Zhl ZZZZhhhh,(Au—l—

i=1 j=1 s=1 =1

Aji)Pi(Az +Ais)] £} - H0) |:Z hiPi:| )

i=1

<& Zh+ |:Zh 2(rIPr. — P+

) Pyl +Ty) — Pi— Py | E(t)

P

i=1 j=i+1
(16)
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1
3] ,P| = diag {P; P;}. Via Schur comple-
ij

ment, according to (14)-(15), one can obtain F;P,Fii_ P; <0

and ( Lt ”)Pl(F +F) P;—P; <0.
Let

A
where I';; = A

v

_Zh+ |:Zh2(FTP1F P))
+ z Z hihi( Ly

i=1 j=i+1

”) Pl +T}) — Pi — P;

(17)
From
dmin(—WEO* < E(O(WED) < Amax(—W)EO)|

we can obtain
E ’%T(t +1) [Zhiﬂ] E(r + 1)]
=1

40 [Z h,»P,} E(D) < —hmin(—W)E (DE(0).
i=1
(18)

From ¢t = 0,1,---k and k > 1 for the above inequality,
to calculate and sum mathematical expectation, we can have

[g (k+1) [Z h+P1:| E(k + 1)]

=1

—E'0) [ZhP]s(OK —Amin(— \D)E[le<t>|]

i=1
(19)

Then, when k = 1, - - - 0o and given

[ (c0) [ZWPz} (oo)]
=1
we obtain

k
E[Zlé(nf}
t=0
< Omin(—W)) ™" 1 € [ (0) [Zh P} £(0)
—E {é?k +1) [thPz} §k + 1)]

=1

< Cumin(~ ) 'E'(0) [Z h,-Pl} £(0)

i=1

= & O[Cmin(— )" > 1 PIIE(O). (20)

i=1
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.
Let W = (Qmin(—¥)™' > h;Pi, we obtain ¥ < 0 and

W > 0. Therefore, in tle_r:ns of Definition 1 we obtain
that the system (8) is stochastically stable. When the initial
condition is zero the following section will present the Hyo
performance. The Hy, index is following

J=E{r

} =y o 0m)
+E{Vi+Dlen}—V@. @1
Let ©(k) = [é((]]?) :|, then obtain

J =

+E {rT } — V2@ (o (1)

=E oT(z)Zh+ZZZZhhh h;

i=1 j=1 s=1 =1

([A,,» &P [Ag Es]) @(r)}

—y o o)~ &) [Z hiP,} 40

i=1
+ELOTO D DD hiyhly
i=1 j=1 s=1 i=1
([c,»,- F]'[Cq Fs]) o(r)

OT(t)Zh+ZZZZhhhh,

i=1 j=1 s=1 =1

[(c hel+c'cz ) F:| o
FlC- FlFs

_@T(t)Zh,-[ oi
®T(t)2h+ZZZZhhhht

zljlsltl

1 23Tp 42 _
EIPiAG E,TPZ op

%o

r r
<00 th [Z h(CEPT 4+ T — Ay
T
+Z Z hilj( it f’) Py(T;+T})

i=1 j=i+1

T
T+
+ (—) G+ —A

5 A,] o). (22)

From Schur complement, according to (15), we can obtain
o0
J<0andE [Z |r(r>|2} <y’ =3
=0
The proof is finished.
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Theorem 1 can not be directly applied to controller design
because the conditions are not in the form of linear matrix
inequalities in Theorem 1. Next, the following theorem is
derived to design the output-feedback controller and stabilize
the fuzzy system (8) for the compensation gains.

Theorem 2: The system of closed-loop fuzzy model in (8)
is stochastically stable and satisfies H, performance y with
the supposed matrices A]?, Bj‘f and Cjc G = 1,..,r) of the
controller gain, if there exist matrices P;, (I = 1,...,r)
satisfying the following conditions

-1 0 Y ]

x —P7' Ty | <o (23)

* * —A

Proof: According to (14)-(15), one can have
chich+ad'cz «h'F| [P,- 0 ]
Fc} FTr, | LO v

INTp 41 2375 42 N p =
+ (AU) PlAij + (A,]) PlAij (Aij) P E; <0
EITPZA}]. ElPE;

and one can have
1 Tr-1 1 T
Cl-j F; Cl.j F; N Al.j i
2 2 2
Cl-j 0 Cij 0 Al.j
poolla; E] [P0
X J—
0 P A,-zj 0 0 yi

=TI0;+ TIP Ty — A < 0. (24)

o [

By using the Schur complement, one can have (23). It was
searched that the aforementioned condition in Theorem 2 is
more conservative. In terms of Lemma 1, in the following the-
orem we propose the less conservative condition to achieve a
large scope of feasible solutions.

Remark 2: We note that when getting LMI conditions for
the design of the controller the basis-dependent Lyapounov
function is introduced in this paper, in which a nonconvex
condition is produced. It is difficult to solve the matrices gains
of the controller. Therefore, the CCL algorithm is applied to
show the controller design procedure.

Theorem 3: The system of closed-loop fuzzy model in (8)
is stochastically stable and satisfies H, performance y with
the supposed matrices A]?, Bj? and Cjc G = 1,...,r) of the

controller gain, if there exist matrices P;, (I = 1,...,7)
satisfying the following conditions
iy
<0, Gl1=1,2,...,r), (25)
1 1
T Pt 5 (@i + Pjir)
<0, (#jiLjl=12,...,r), (26)
Pl =1, (27)
-1 0 Ty
where ®;; = | i[ fij , L = diag{—Ll —Ll} .

ok —A;
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Proof: Let P,~1 = I, one can have

-1 0 Tij
% I:l l:‘ij < 0. (28)
* *  —A

That is

r r r
DD bbby < 0. (29)
=1

i=1 j=I

Based on Lemma 1, therefore, we can obtain (28) from
(27). The matrix inequalities (25)-(26) are satisfied, then the
inequality (29) holds.

The proof is completed.

In this theorem, we can achieve the parameters of the
dynamic output-feedback controller in the form of (3) if
(P;, Li, AT, Bf, C7) is a feasible solution of (25)-(27).

We introduce the basic notion of the CCL algorithm.
If Piin xn) > 0,L;(nxn) >0, =1,...,r) are solution
for the condition of LMI:

P 1
|:I Lli| >0, (30)

then, tr(P;L;) > n; furthermore, if and only if P;L; =1,
tr(P;L;) = n. 3

In this paper, the dynamic compensation output feedback
controller design problem is as follows: (3 ; P;L;) subject
to (25)-(26) and (30). Then the conclusions in Theorem 3
are resoluble if there have solutions that min (3, P;L;) is
subject to (25)-(26) and (30). The algorithm in Table 2 is
proposed to solve the above problem by us.

IV. ILLUSTRATIVE EXAMPLE

In the section, the effectiveness of the proposed result is
demonstrated by some simulation results of two numerical
examples. A Pulse-Width-Modulation (PWM)-driven boost
converter [31], [32], [33] and the mass-spring-damping sys-
tem [22] are applied to illustrate the validity of the proposed
design, respectively. We use the compensation method and
the zero-hold method respectively in Example 1, and compare
the trajectories which are produced by these two methods.
Similarly, the results which are produced by the compensa-
tion method and the zero strategy method in Example 2 are
compared.

A. EXAMPLE 1

Considering the PWM-driven boost converter as described
in [32], the s(z) is controlled by the PWM device and it
switches once at most in each switched period 7. R is the
load resistance, eg(¢) is the source voltage, L is the inductance,
and C is the capacitance. This kind of power converter can be
modeled as switched system in recent years. By introducing

variables 7 = !/, L1 = L/y, €1 = €/p, and e.(t) < E. The
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TABLE 2. Design algorithm.

Programme Algorithm

Step 1: Set k = 0. Seck a feasible set (PP, L?, A0, B0, 1,¢0)
to satisfy (25)-(26) and (30).

Step 2: Solve the following issue mintr (3", (P,LF + PFL,))
s.t. (25)-(26) and (30).

Step 3: The achieved variables (P}, Ly, AS, BS, L$) are substituted
into the inequality (23). If the inequality (23) are hold with

|tr(32, PiLi) — rn| < & for any sufficiently small scalar § > 0,
then obtain the feasible solutions (P}, Ly, AS, BS, LF). EXIT.

Step 4: If k& > N, where N is the allowed maximum number of
iterations , EXIT.

Step 5: Setk = k + 1, (B*, L,*, Ask, Bk L¢F) =
(P, Ly, AS, B§, L§) and go to Step 2.

i, (1) ()
_—

choice 2

Le® 3,
O ETER:

FIGURE 2. PWM-driven boost converter.

differential equations of the model are as follows:
Lo I L
i(7) = —(I = s(0)) -ec() + 5(T) —es(T)
o 1 ) 1 1 1 ) (32)
(1) = —R—Clec(r) +d - S(T))C_liL(T)
Then, from (32) and Fig. 2 we can obtain that choice 1 is in
the continuous-time system,

X(7) = A(Dx(T) + (7, x(7)) (33)

where, x(7) = [ir, e, f (£, x(¥)) = 0,

T
A=| 7 T/L -
/e —"/rc
And as in [32] and [33], we assume the control matrices
tobe Bf = By = [0.5 O]T, and set the sampling time
tobe Ty = 05 C = 1,L = 1,R = 1,E = 1
Respectively, T taking values 1 and 0.5, by the normalization
and discretization technique the matrixes of parameters for
the system (1) are listed as follows:
Plant Rule 1 : if xq(¢) is k1 (x1(¢)) then

x(t+1)=A1x(t) + Biu(t) + Eyo (1)
r(t) = C11x(t) + Dyu(t) + Fio (1) (34
y(t) = Co1x(1).
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Plant Rule 2 : if x1(¢) is h2(x1(¢)) then
x(t + 1) = Aox(t) + Bou(t) + Exeo (1)
r(t) = Crax(t) + Dou(t) + Frw (t)
() = Cxx().

_[osose 037737 [ 02409
"T 1203773 051820 ' T | —0.0522|
0.9713  0.2189 0.2476
Ay = , By = . (35
02189  0.7524 —0.0287
Else
e=""" =" c =[-15 053]
"“lo2 |t TP oa T PR
Cip = [0.2 0.5] ,
Cu=[15 05], cn=[07 05],

Dy =-05,D,=0.5,F =0.3,F, =04.
Membership functions for rule 1, 2 are given as follows:

1+ 1/3)x1(t) g—3 <x1(r) <0
1—(1/3)x1(1) 0=<x(t)<3
0 else,

ha(x1(1)) = 1-h1(x1(1)).

In order to obtain the stochastically stable closed-loop
system (8) and H, performance attenuation level, our goal is
the design of the gain in (3). We apply the LMIs of theorem 3
and the CCL algorithm when & = 0.6, @« = 0.7. The gains
are listed below

hi(x(2) =

4o [o171 00193 }
1701846 —0.0297]"
4o — [ 0-0603 —0.0501}
27 [-0.0966  0.6995 |
B '0.0097] B [—0.1859}
17 [0.0074 )" P27 0.0672 |
C{ =[04954 —0.4945], C5=[-1.2667 1.3544].

Fig. 3 describes that the dropout of random data packet
is shown. w(r) = 1/(2 + t) is the external disturbance.
Moreover, we assume that x(0) = X(0) = [1 —l]T, ne(0) =
X.(0) = [—2 2]T, in which x(0), 1.(0) are the initial value of
the state and the initial value of the controller state in the com-
pensation method, respectively. And X(¢), X.(¢), 7(¢) under the
zero-hold strategy are the state, the controller state and the
output in Fig. 4 - Fig. 6. It can be seen from Fig. 4, Fig. 5 that
the states x(7) and the controller states 1.(¢) may be compared
by the CCL, in which the merits of the proposed control
approach are further indicated. Under traditional schemes
without the compensation, in a short period of time the tra-
jectories of the controller states shown in Fig. 4, obviously
have converged to zero as quickly as the compensated state,
but which represents the zero-hold method is not as effective
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Random data loss with a=0.6
1.5 T T T T T T T

1+ + + 4+ +

data-packet
o
(4]

oOH++ ++ A+ ++ + HHH HE + + ++
05 L L L L L L L
0 5 10 15 20 25 30 35 40
Time(s) B
Random data loss with 5=0.7
1.5 T T T T T T T

e e e R s e o S S

data-packet
o
(4]

0 5 10 15 20 25 30 35 40
Time(s)

FIGURE 3. The dropout of random data packet.

State response of the controller system

1 1 1 1 1 1 1

5 10 15 20 25 30 35 40
Time(s)

FIGURE 4. The compared controller states.

1.5 T T T T T T T
g )
2 i\ 1
@ \
& !
2 \
¢ \!
LR \ .
g /\ N
= N
= ,‘/ \) .
.

g or i \.\ = 7
g !
z 1
z !
£ -05[/i 1
& |/

1

I/

B L L L L L L L
0 5 10 15 20 25 30 35 40

Time(s)

FIGURE 5. The compared system states.

as compensation methods. Finally, the output of the plant and
the one of the traditional schemes are presented with Hoo
performance in Fig. 6. From Fig. 4 - Fig. 6, it can be found
that the amplitudes of our compensation schemes are denser

VOLUME 11, 2023

The controlled output of the close-loop system

25 30 35 40
Time(s)

FIGURE 6. The compared output signals of the systems.

u
—/\/\/\/ —— —
X

FIGURE 7. The mass-spring-damping system.

and smaller, in which that a better performance in the system
is further shown.

B. EXAMPLE 2
The mass-spring-damping system [22] is considered in Fig. 7
and according to Newton’s law, one can obtain

m + Fy + Fy = u(7) (36)

where Fy is the friction force; m is the mass; F and u are the
restoring force of the spring and the external control input,
respectively. The hardening spring force Fy = k(1 + a*x%)x
with constants k and @ and the friction force Fy = cx with
¢ > 0. Thus, the dynamic equation is as follows:

m¥ + cx + kx + ka’x> = u(r) (37)

in which x is the displacement from a reference point. Define

o = [10] = [ om0 € rlwo -

[—2 Z]T, m = lkg, c = 2Nm/s, k = 8N/m, and a =
0.3 m~L. Then, one can obtains follows:

2
£(t) = > Hixi())(Ax(t) + Biu(?)) (38)

i=1
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Random data loss with a=0.6
T T T T T

1o+ + R R B E S

data-packet
o
(4]

OHH+ +H  +H H + A+

0 5 10 15 20 25 30 35 40 45 50
Time(s) B
Random data loss with 5=0.7

LI e e

data-packet
o
[4,]

of + o+ e+ + o+ + —

05 . . . . . . . . .
0 5 10 15 20 25 30 35 40 45 50
Time(s)

FIGURE 8. The dropout of random data packet.

where

0 1 0 1
—k —dka> —c ,Azz[—_k —_c]
m m

o-[3) e[}

The membership function is the same as the example 1. Under
sampling time 7y = 0.5s, the parameters of the matrices can
be obtained

A=

A 01925 019307 . _ [0.0742
1= 1220994 —0.1935]> °1 = [0.1930|°
4 [03711 022227 . _ [0.0786
27117779 —0.0734 | 72 T (02222 |

E| = |:_0021:| , By = |:_0043j| , Ci1 = [—1.0789 0.5] ,

Cn= [0.0585 0.5] , Cy = [0.9962 0.5] ,D1=-0.5,

Cxn = [0.4795 0.5] , Dy =0.5,F1 =0.3,F, =04.

The gains are listed below

AC — |:O.2986 0.0220 ] AC — |:0.0037 —0.0709i|
! 0.1592  —0.1091 | 2 0.1555  0.0570 |’

5= | o) % = o1sms)

Ci =[0.1630 —0.0461], C5 =[1.8295 —0.6331].

All initial conditions are the same as in Example 1. Fig. 8
describes the dropout of random data packet. And X(¢), X.(¢),
7(t) under the zero strategy are the state, the controller state
and the output in Fig. 9 - Fig. 11. Fig. 9 plots the compared
trajectories of the controller. Fig. 10 indicates the compared
state trajectories of the system. From Fig. 9 - Fig. 11, it can
be found that the amplitudes of our compensation schemes
are denser and smaller. In terms of the simulation results, the
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State response of the controller system
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FIGURE 9. The compared controller states.

25

State response of the close-loop system

. . . . . . . . .
0 5 10 15 20 25 30 35 40 45 50
Time(s)

FIGURE 10. The compared system states.

1.5

05 i

The controlled output of the close-loop system

-0.5

FIGURE 11. The compared output signals of the systems.

effectiveness of the proposed approach is better than the zero
strategy.

Remark 3: From both of the previous examples, it is noted
that the traditional strategies don’t get the best performance
of system. From Fig. 4 - Fig. 6 and Fig. 9 - Fig. 11,
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in comparison with other strategies it can be observed that
system response and better Ho, performance can be obtained
by the presented compensation method. Between the com-
pensation strategy proposed and the existing strategies the
more detailed comparison is illustrated in both of the previ-
ous examples in this paper, which clearly demonstrates that
by the proposed strategy much better performance may be
obtained.

V. CONCLUSION

Under an imperfect communication network, for nonlinear
NCSs we investigated the problem of data dropout compensa-
tion via a fuzzy approach in this paper. The S/C and C/A chan-
nels in which data loss occurs are considered so that the effect
of measurement loss is decreased for the system stability
by constructing a new data compensation scheme. In addi-
tion, attention is focused on the dynamic output-feedback
controller which is designed via a newly adopted com-
pensation strategy for estimations of the missing packets.
Additionally, to effectively decrease conservativeness and
deal with the non-convex problem, the CCL method was
applied to obtain the main results. Finally, the effectiveness
of the proposed results is demonstrated using two illustrative
examples.

DECLARATION
The authors declare that there is no conflict of interests on the
research, authorship, and publication of this article.

REFERENCES

[11 Q. Zhou, H. Li, C. Wu, L. Wang, and C. K. Ahn, “Adaptive fuzzy control
of nonlinear systems with unmodeled dynamics and input saturation using
small-gain approach,” IEEE Trans. Syst., Man, Cybern., Syst., vol. 47,
no. 8, pp. 1979-1989, Aug. 2017.

[2] Y. Wang, Y. Xia, C. K. Ahn, and Y. Zhu, “Exponential stabilization
of Takagi—Sugeno fuzzy systems with aperiodic sampling: An aperiodic
adaptive event-triggered method,” IEEE Trans. Syst., Man, Cybern., Syst.,
vol. 49, no. 2, pp. 444-454, Feb. 2019.

[3] Z. Zhang, H. Liang, C. Wu, and C. K. Ahn, “Adaptive event-triggered
output feedback fuzzy control for nonlinear networked systems with packet
dropouts and actuator failure,” IEEE Trans. Fuzzy Syst., vol. 27, no. 9,
pp. 1793-1806, Sep. 2019.

[4] X. Zhao, Y. Yin, L. Zhang, and H. Yang, “Control of switched nonlinear
systems via T-S fuzzy modeling,” IEEE Trans. Fuzzy Syst., vol. 24, no. 1,
pp. 235-241, Feb. 2016.

[5] P. Shi, X. Su, and F. Li, “Dissipativity-based filtering for fuzzy switched
systems with stochastic perturbation,” IEEE Trans. Autom. Control,
vol. 61, no. 6, pp. 1694-1699, Jun. 2016.

[6] L. Zhang, Z. Ning, and P. Shi, “Input—Output approach to control for
fuzzy Markov jump systems with time-varying delays and uncertain packet
dropout rate,” IEEE Trans. Cybern., vol. 45, no. 11, pp.2449-2460,
Nov. 2015.

[71 Z. Zhang and J. Dong, “A novel Hy control for T-S fuzzy sys-
tems with membership functions online optimization learning,” IEEE
Trans. Fuzzy Syst., vol. 30, no. 4, pp. 1129-1138, Apr. 2021, doi:
10.1109/TFUZZ.2021.3053315.

[8] M. Zhang, P. Shi, L. Ma, J. Cai, and H. Su, “Quantized feedback control
of fuzzy Markov jump systems,” IEEE Trans. Cybern., vol. 49, no. 9,
pp. 3375-3384, Sep. 2019.

[9] M. Sathishkumar, R. Sakthivel, O. M. Kwon, and B. Kaviarasan, ‘‘Finite-
time mixed Hs and passive filtering for Takagi—Sugeno fuzzy nonho-
mogeneous Markovian jump systems,” Int. J. Syst. Sci., vol. 48, no. 7,
pp. 1416-1427, May 2017.

VOLUME 11, 2023

(10]

(11]

[12]

(13]

(14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

(25]

[26]

(27]

(28]

(29]

Y. Yin, P. Shi, F. Liu, K. Lay Teo, and C.-C. Lim, “Robust filtering
for nonlinear nonhomogeneous Markov jump systems by fuzzy approxi-
mation approach,” IEEE Trans. Cybern., vol. 45, no. 9, pp. 1706-1716,
Sep. 2015.

Z. Wu, S. Dong, P. Shi, D. Zhang, and T. Huang, “Reliable fil-
ter design of Takagi—Sugeno fuzzy switched systems with impre-
cise modes,” IEEE Trans. Cybern., vol. 50, no. 5, pp. 1941-1951,
May 2020.

J. Tao, R. Lu, H. Su, P. Shi, and Z. Wu, “Asynchronous filtering of
nonlinear Markov jump systems with randomly occurred quantization via
T-S fuzzy models,” IEEE Trans. Fuzzy Syst., vol. 26, no. 4, pp. 1866-1877,
Aug. 2018.

M. Johansson, A. Rantzer, and K.-E. Arzen, “Piecewise quadratic stability
of fuzzy systems,” IEEE Trans. Fuzzy Syst., vol. 7, no. 6, pp. 713-722,
Dec. 1999.

T. M. Guerra and L. Vermeiren, “LMI-based relaxed non-
quadratic  stabilization conditions for nonlinear systems in the
Takagi—Sugeno’s form,” Automatica, vol. 40, no. 5, pp. 823-829,
May 2004.

G. Feng, ““Stability analysis of discrete-time fuzzy dynamic systems based
on piecewise Lyapunov functions,” IEEE Trans. Fuzzy Syst., vol. 12, no. 1,
pp. 22-28, Feb. 2004.

S. Hu, D. Yue, Q. Han, X. Xie, X. Chen, and C. Dou, “Observer-based
event-triggered control for networked linear systems subject to denial-
of-service attacks,” IEEE Trans. Cybern., vol. 50, no. 5, pp. 1952-1964,
May 2020.

H. Yan, C. Hu, H. Zhang, H. R. Karimi, X. Jiang, and M. Liu, “Hx, output
tracking control for networked systems with adaptively adjusted event-
triggered scheme,” IEEE Trans. Syst., Man, Cybern., Syst., vol. 49, no. 10,
pp. 2050-2058, Oct. 2019.

H. Li, C. Wu, X. Jing, and L. Wu, “Fuzzy tracking control for nonlinear
networked systems,” IEEE Trans. Cybern., vol. 47, no. 8, pp. 2020-2031,
Aug. 2017.

G. Chen, Y. Song, and Y. Guan, ‘“Terminal sliding mode-based consensus
tracking control for networked uncertain mechanical systems on digraphs,”
IEEE Trans. Neural Netw. Learn. Syst., vol. 29, no. 3, pp. 749-756,
Mar. 2018.

Y. Jiang, J. Fan, T. Chai, F. L. Lewis, and J. Li, “Tracking control for
linear discrete-time networked control systems with unknown dynamics
and dropout,” IEEE Trans. Neural Netw. Learn. Syst., vol. 29, no. 10,
pp. 4607-4620, Oct. 2018.

E. Tian and D. Yue, “A new state feedback Hy, control of networked
control systems with time-varying network conditions,” J. Franklin Inst.,
vol. 349, no. 3, pp. 891-914, Apr. 2012.

H. Li, C. Wu, P. Shi, and Y. Gao, “Control of nonlinear net-
worked systems with packet dropouts: Interval type-2 fuzzy model-
based approach,” IEEE Trans. Cybern., vol. 45, no. 11, pp. 2378-2389,
Nov. 2015.

F. Han, G. Feng, Y. Wang, J. Qiu, and C. Zhang, “A novel dropout com-
pensation scheme for control of networked T-S fuzzy dynamic systems,”
Fuzzy Sets Syst., vol. 235, pp. 44-61, Jan. 2014.

H. Dong, Z. Wang, D. W. C. Ho, and H. Gao, “Robust H, fuzzy output-
feedback control with multiple probabilistic delays and multiple missing
measurements,” IEEE Trans. Fuzzy Syst., vol. 18, no. 4, pp. 712-725,
Aug. 2010.

J. Qiu, G. Feng, and H. Gao, “Asynchronous output-feedback control of
networked nonlinear systems with multiple packet dropouts: T-S fuzzy
affine model-based approach,” IEEE Trans. Fuzzy Syst., vol. 19, no. 6,
pp. 1014-1030, Dec. 2011.

L. Schenato, “To zero or to hold control inputs with lossy links?”
IEEE Trans. Autom. Control, vol. 54, mno. 5, pp.1093-1099,
May 2009.

H. Gao, Y. Zhao, and T. Chen, “H, fuzzy control of nonlinear systems
under unreliable communication links,” IEEE Trans. Fuzzy Syst., vol. 17,
no. 2, pp. 265-278, Feb. 2009.

M. Fang, L. Wang, and Z. G. Wu, “Asynchronous stabilization of Boolean
control networks with stochastic switched signals,” IEEE Trans. Syst.,
Man, Cybern., Syst., vol. 51, no. 4, pp.2425-2432, May 2019, doi:
10.1109/TSMC.2019.2913088.

Y. Shen, Z.-G. Wu, P. Shi, and G. Wen, “Dissipativity based fault detection
for 2D Markov jump systems with asynchronous modes,” Automatica,
vol. 106, pp. 8-17, Aug. 2019.

48201


http://dx.doi.org/10.1109/TFUZZ.2021.3053315
http://dx.doi.org/10.1109/TSMC.2019.2913088

IEEE Access

Y. Wang et al.: New Dropout Compensation Scheme for Fuzzy Dynamic Output-Feedback Control

[30]

[31]

[32]

[33]

M. Fang, P. Shi, and S. Dong, ““Sliding mode control for Markov jump
systems with delays via asynchronous approach,” IEEE Trans. Syst.,
Man, Cybern., Syst., vol. 51, no. 5, pp.2916-2925, May 2021, doi:
10.1109/TSMC.2019.2917926.

Y. Wang, D. Guo, and X. Ji, “Filtering design of switched systems
with Markovian jump parameters and Lipschitz nonlinearity via fuzzy
approach,” IEEE Access, vol. 7, pp. 142115-142128, 2019.

M. Liu and W. Yang, “Network-based filtering for stochastic Markovian
jump systems with application to PWM-driven boost converter,” Circuits,
Syst., Signal Process., vol. 36, no. 8, pp. 3071-3097, Aug. 2017.

D. Corona, J. Buisson, B. De Schutter, and A. Giua, “Stabilization of
switched affine systems: An application to the buck-boost converter,” in
Proc. Amer. Control Conf., New York, NY, USA, Jul. 2007, pp. 6037-6042.

YANG WANG was born in Liaoning, China.
He received the M.S. degree from the Department
of Mathematics, Liaoning University, Shenyang,
China.

He was with the School of Science, Shenyang
University of Chemical Technology. His research
interests include networked operational control
and industrial wireless sensor networks.

48202

YIMING WANG was born in Liaoning, China.
She is currently pursuing the B.S. degree with
the School of Foreign Languages, Beijing Forestry
University, Beijing, China.

Her research interests include networked oper-
ational control and the diagnosis of industrial
processes.

XIAOLEI JI received the M.S. degree from
Northeastern University, in 2008.

She was with the School of Science, Shenyang
University of Chemical Technology. Her research
interests include networked operational control
and industrial wireless sensor networks.

VOLUME 11, 2023


http://dx.doi.org/10.1109/TSMC.2019.2917926

