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This paper is concerned with the problem of robust stabilization for a class of uncertain two-dimensional (2D) discrete switched
systems with state delays under asynchronous switching. The asynchronous switching here means that the switching instants of the
controller experience delays with respect to those of the system. The parameter uncertainties are assumed to be norm-bounded.
A state feedback controller is proposed to guarantee the exponential stability. The dwell time approach is utilized for the stability

analysis and controller design. A numerical example is given to illustrate the effectiveness of the proposed method.

1. Introduction

Two-dimensional (2D) systems have attracted considerable
attention for several decades due to their numerous applica-
tions in many areas, such as multidimensional digital filter-
ing, linear image processing, signal processing and process
control [1-3]. It is well known that 2D systems can be repre-
sented by different models such as Roesser model, Fornasini-
Marchesini model, and Attasi model. The issues of stability
analysis and control synthesis of these systems have been
studied in [4-8]. Considering that time delays frequently
occur in practical systems and are often the source of insta-
bility, many authors have devoted their energies to studying
time-delay systems. Recently, many results on delay systems
have been reported in the literature. For example, the delay-
fractional approach has been utilized to deal with discrete
time-delay systems in [9-11]. The stability of 2D discrete
systems with state delays has been investigated in [12-16].
On the other hand, because of their wide applications in
many fields, such as mechanical systems, automotive indus-
try, aircraft and air traffic control, and switched power con-
verters, switched systems have also received considerable
attention during the past few decades. A switched system is
a hybrid system which consists of a finite number of continu-
ous-time or discrete-time subsystems and a switching signal

specifying the switch between these subsystems. The stability
and stabilization problems have been extensively studied in
(17-25].

In many modelling problems of physical processes, a
2D switching representation is needed. One can cite a 2D
physically based model for advanced power bipolar devices
[26] and heat flux switching, and modulating in a thermal
transistor [27]. This class of systems can correspond to 2D
state space or 2D time space switched systems. Recently,
there are a few reports on 2D switched systems. Benzaouia
et al. firstly studied the stabilization problem of 2D discrete
switched systems with arbitrary switching sequences in [28,
29]. By using the common Lyapunov function method and
multiple Lyapunov functions method, two different sufficient
conditions for the existence of state feedback controllers were
proposed. In [30], the authors first extended the concept of
average dwell time to 2D switched systems and designed
a switching signal to guarantee the exponential stability of
delay-free 2D switched systems. It should be pointed out that
a very common assumption in [30] is that the controllers
are switched synchronously with the switching of system
modes, which is quite unpractical. As stated in [31, 32], there
inevitably exists asynchronous switching in actual operation
that is, the switching instants of the controllers exceed or
lag behind those of system modes. Thus, it is necessary to



consider asynchronous switching for efficient control design.
Some results on the control synthesis for switched systems
under asynchronous switching have been proposed in [33-
36]. However, to the best of our knowledge, the stabiliza-
tion problem for 2D switched systems under asynchronous
switching has not been yet investigated to date, especially for
2D switched systems with state delays, which motivates our
present study.

In this paper, we are interested in designing a stabi-
lizing controller for 2D discrete switched delayed systems
represented by a model of Roesser type under asynchronous
switching such that the corresponding closed-loop systems
are exponentially stable. The dwell time approach is utilized
for the stability analysis and controller design. The main
contributions of this paper can be summarized as follows: (i)
the asynchronous stabilization problem is for the first time
addressed in the paper; (ii) an exponential stability criterion
is established for 2D switched systems with state delays; and
(iii) an asynchronous switching controller design scheme
is proposed to guarantee the exponential stability of the
resulting closed-loop system.

This paper is organized as follows. In Section 2, prob-
lem formulation and some necessary lemmas are given. In
Section 3, based on the dwell time approach, stability and sta-
bilization for 2D discrete switched systems with state delays
are addressed. Then, a sufficient condition for the existence of
a stabilizing controller for such 2D discrete switched systems
under asynchronous switching is derived in terms of a set
of matrix inequalities. A numerical example is provided
to illustrate the effectiveness of the proposed approach in
Section 4. Concluding remarks are given in Section 5.

Notations. Throughout this paper, the superscript “I” denotes
the transpose, and the notation X > Y (X > Y) means that
the matrix X — Y is positive semidefinite (positive definite,
resp.). || - || denotes the Euclidean norm. I represents the
identity matrix with an appropriate dimension. I, is the
identity matrix with n; dimension and I, is the identity matrix
with #, dimension. diag{a;} denotes the diagonal matrix with
the diagonal elements a;, andi = 1,2,...,n. X! denotes the
inverse of X. The asterisk * in a matrix is used to denote the
term that is induced by symmetry. The set of all nonnegative
integers is represented by Z, .

2. Problem Formulation and Preliminaries

Consider the following uncertain 2D discrete switched sys-
tems with state delays:

|:xh (i+ 1,j)]
x'(i,j+1)

x" (i, j)
x" (i, j)

= A0G)) n Ka(i,j)

X (i - dy, ) @)
xV (1’] - dv)
+ By (i, ),

where x" (i, j) € R"™ and x"(i, j) € R™ are the horizontal state
and the vertical state, respectively, x(i, j) is the whole state in
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R" with n = n; + n,, and u(i, j) € R™ is the control input.
i and j are integers in Z,. 0(i,j) : Z, x Z, — N =
{1,2,..,N} is the switching signal. N is the number of
subsystems, and o(i, j) = k means that the kth subsystem
is activated. dj, and d,, are constant delays along horizontal
and vertical directions, respectively. A* and ;&7; (k € N) are
uncertain real-valued matrices with appropriate dimensions
and are assumed to be of the form

A = A+ HYFF (i j) B,
Ak = AN+ H'F* (i, ) EE, )

B* = B+ H'F* (i, j) E%,

with
k k k k
X Ay AL, k Aan Aan
A= k Kk |> Ay = k k >
Ay Ay Adr A
k7 Mok 7
o H £ Ey, 3)
= k s = k 5
H, ! Ej,
k 7 [ ok 7
x Ey X E,
E) = B | E; = Bk |’
22 32

where matrices Alil € RWM, A’;z € R, A§1 € R™"™,
k k k K
AI32 € anxnz’ A(ljcll i Rzlxnl;cAd}cz EkRnlznz, Igdﬂ € anxnl)
1y X1
Ay, € R™ . 2,H|, H,, By, EY,, E5,, E5,, E5,, E3, are constant
matrices. F*(i, j) (k € N) is an unknown matrix representing
parameter uncertainty and satisfies

F* (i, j) F* (i, j) < L. (4)
The boundary conditions are given by
K j)=hy YO<j<z), ~d,<i<0,
£ (i,j)=0, Vj>z, -d,<i<0,
x"(i,j) =v;, Y0<i<z,-d, <j<0,
x"(i,j)=0, Vi>z, -d,<j<0,

where z; < co and z, < 0o are positive integers, and h;; and
v;; are given vectors.

In this paper, it is assumed that (1) at each time only one
subsystem is active; (2) the switching signal is not known a
priori, but its value is available at each sampling period; (3)
the switch occurs only at each sampling point of i or j. The
switching sequence can be described as follows:

(o> Jo) >0 (g o)) > (s 1) >0 (is 1)) s+
(i i) 0 (i i) -

where (i, j,) denotes the xth switching instant. It should be
noted that the value of o(i, j) only depends on i + j (see [29,
30]).

(6)
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However, in actual operation, there inevitably exists asyn-
chronous switching between the controller and the system.
Without loss of generality, we only consider the case where
the switching instants of the controller experience delays with
respect to those of the system. Let o’ (i, j) denote the switching
signal of the controller. Denoting m, = i, + j,, Am, = Ai, +
Aj., k = 1,2,..., then the switching points of the controller
can be described as

(i0> Jo) » (i1 + Ay, jy +Aj1)’---’(ix+Aix’jx+ij)’~--i )
7

where Ai, and Aj, represent the delayed period along hori-
zontal and vertical directions, respectively. Am, < inf(m, ., -
m,.) is said to be the mismatched period.

Remark 1. Similar to the one-dimensional switched system
case [33-36], the mismatched period Am,, < inf(m,., — m,)
guarantees that there always exists a period in which the
controller and the system operate synchronously. This period
is said to be the matched period in the later section.

Remark 2. 1f there is only one subsystem in system (1), it will
degenerate to the following 2D system in Roesser model with
state delays [12]:

ho(. . hf(: . ho: .

+1, — ) —~ —dy,

L] 5[0, 5 [¥ 6]
x' (i, j+1) X (i, j) x'(i,j - d,)

(8)

Definition 3. System (1) is said to be exponentially stable

under o(j, j) if, for a given z > 0, there exist positive constants
c and #, such that

Y @A <ne 2 Y IxGile (o)

i+j=D i+j=z
holds for all D > z, where

2 Gl

i+j=z

£ h | — N Vi s 2
_‘_‘j;%lh)g?; H;_Z("x (-0 )| + 1" G i-0)I).

(10)

Remark 4. From Definition 3, it is easy to see that when z is
given, Y, (i, j)II7, will be bounded and ¥, ;_p, llx(i, )
will tend to be zero exponentially as D goes to infinity, which
implies that [ x(4, j)|| tends to be zero.

Definition 5. Let (i, j,) denote the xth switching point and
(ix41> jit1) denote the (x + 1)th switching point. Denote m,, =
b+ Juos My = by + Jy1» T = inf(m, ., —m,), then 7 is called
the dwell time.

Definition 6 (see [30]). Foranyi+ j = D > z = i, + j,,
let Ny(; y (z, D) denote the switching number of o(i, j) on the
interval [z, D). If

D —
Ny (2 D) < Ny + a1

a

holds for given N, > 0 and 7, > 0, then the constant 7, is
called the average dwell time and Nj is the chatter bound.

Sll SlZ
STZ 822
S11 and S,, are square matrices, the following conditions are
equivalent:
(i) S<o,
. T o1
(ii) S;; <0, Sy, — 81,8712 <0,
(ifi) Sy, < 0, Sy} — $1,8,, ST, < 0.

Lemma 7 (see [37]). For a given matrix S = [ ], where

Lemma 8 (see [38]). Let U, V, W, and X be real matrices of
appropriate dimensions with X satisfying X = X", then for all
viv <1,

X+Uvw +w'v'U' <o, (12)
if and only if there exists a scalar € such that

X+eUU" +e'W'w <o. (13)
3. Main results

3.1. Stability Analysis. In this section, we first focus on the
stability analysis for system (8).

Lemma 9. Consider system (8) with the boundary conditions
(5), suppose that there exists a C! functionV: R* — R. For
a given positive constant a, if there exist positive definite sym-
metric matrices P = diag{P,, P,} and Q = diag{Q,,, Q,} with
appropriate dimensions, such that the following inequality
holds:

Q-aP 0 ATpP
+  -A,Q AIP|<0, (14)
* * -P

where A | = diag{a®I,, I}, then along the trajectory of sys-
tems (8), the following inequality holds for any D > D':

Y V(xij) <a®P Y V(x(i ), (15)

i+j=D i+j=D'
!
where D" > z and z = max{z,, z,}.

Proof. See appendix for the detailed proof, it is omitted here.
O

Remark 10. Lemma 9 provides a method for the estimation of
the C' function V which will be used to design the controller
for system (1) under asynchronous switching. It is worth
pointing out that when 0 < « < 1, (15) presents the decay
estimation of the C! function V, and when « > 1, (15) shows
the growth estimation of the C' function V.

Remark 11. It is noted that the block diagonal matrices P and
Q are often chosen as the matrices for Lyapunov functional
analysis of 2D systems by the Roesser model in the existing
literature (see, e.g., [12, 13, 15]). This is because 2D systems
in Roesser model may be unstable when the block diagonal
matrices are not chosen, which has been shown in the litera-
ture (4, 5].



3.2. Controller Design. Consider system (1), under the follow-
ing asynchronous switching controller:
CoN 0 Gf) (s o' (i,j) _ "(,j) 10" ()
wlio)) = K7Ox (i), KOO = [k 0],
(16)

Tieos oo s
where K} ¢ ¢ R™M and K; ¢ ¢ R™" the corresponding
closed-loop system is given by

[xh (i+ 1,j):|

x(i,j+1)
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In many actual applications, it is always difficult to verify
each asynchronous period in advance, but the maximal
asynchronous period can be easily predicted offline. Let A =

yeee

then we can get the following result.

Theorem 12. Consider system (1), for given positive constants
« < land B > 1, if there exist positive definite symmetric
matrices X* = diag{X’h‘,Xff}, Yk = diag{Y;f, Yf}, xM
diag{Xﬁl,X’Vd}, YH = diag{YZfl, Yffl} and W with appropriate
dimensions, and positive scalars €, and & such that, for k,1 €
N, k #1, the following inequalities hold,

hye .
- ( 206 | gotii) KG'(i,j)) x" (i, ) 1)
< (i) _ ) .
—ax® 0 (AXF+BWF) X*(EbxR+ ESw)
o [¥ (= dy j)
+ A70D . k kyk\T ky k)T
(G j-d,) * =AY (Aly*) 0 (E5Y*)
_x* HE KT <0,
Without loss of generality, we denote o(i,, j,) = k € N * * i 0 0
and 0(i,, ;> jr1) = 1 € N, then due to the existence of asyn- " " " _y*k 0
chronous switching, we can obtain from (7) that
| * * * * -l ]
' (ix + Digs jo + Ajie) =k, ) (19)
OJ (itc+1 + Aiml’ j;c+1 + AjK+1) =1
- T -
pxH 0 ( Alxk 4 BlKk Xkl) XK ( ELXM 4 El3 Kk Xkl)
T T
£ —A,YM (AlyM) 0 (EyyM)
’ Kl ‘ . ? <0, (20)
* * XMy egH'HT 0 0
* -YM 0
L * * —&al |

where A, = diag{f¥ I,,, %' 1,}, then under the following switch-
ing controller:

u(ij) =K Ox(i,j),  Kr=whx*), @

and the following average dwell time scheme:

A(lnB-Ina)+1
T = (Inp Tf;); n (paty) (22)

a

the resulting closed-loop system (17) is exponentially stable,
where u = («/p)?, d = max{d,,d,}, and p, pu > 1 satisfies

-1 -1 -1 -1
X smXy» X st Xy (23)
Y smYy o Yy <y

Proof. See the appendix. O

Remark 13. In Theorem 12, we propose a sufficient condition
for the existence of a state feedback controller such that
the resulting closed-loop system (17) is exponentially stable.
It is worth noting that this condition is obtained by using
the average dwell time approach. Here, « plays a key role in

controlling the rate of decaying of the system in the matched
period, and B plays a key role in controlling the rate of
increasing of the system in the mismatched period. From
(22), we know that the value of 7, is proportional to the value
of A, which also means that it needs much larger dwell time
to guarantee the stability of the considered system when there
exists much larger asynchronous period.

Remark 14. It is noticed that (19) and (20) are mutually
dependent. Therefore, we can firstly solve (19) to obtain the
solution of matrices X¥, Y*, and W*. Then, (20) can be trans-
formed into the LMI by substituting KF = Wk(Xk)_1 into it.
By adjusting the parameters « and f3, we can find a feasible
solution of X*, Y*, W*, X¥ and Y* such that (19) and (20)
hold.

The procedure of the controller design for system (1) can
be given as follows.

Step 1. Given system matrices and positive scalar 0 < a <
1, and by solving LMI (19), we can get the feasible solution
of matrices X*, Y¥, and W* and positive scalar ¢, then, the
controller can be obtained from (21).
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Step 2. Substituting K* into (20), we can find the feasible
solution of X, Y¥, and g, such that (20) holds by adjusting
the parameter f.

Step 3. From (23), we can obtain y, and y, satisfying u, p, 4 >
1.

Step 4. Taking the value of A, we can compute the value of 7,
by (22).

Remark 15. From the procedure above, it can be seen that
the proposed method is feasible. We can find the desire
controller and switching signal according to the procedure.
However, we would like to point out that there still exists the
conservatism to some extent for this method because (19) and
(20) are mutually dependent, which brings about the increase
of the complex computation. The result can be improved by
adopting the method presented in [31, 32].

When Z’Zl(i’j )=, system (17) degenerates to the following
delay-free system:

h(. . hy. -
i+ L) (Za(i,ﬁ+§a<i,j>Ka’<i,j)) (@) |
x"(i,j+1) x" (i, )

(24)
Then, we can get the following result.

Corollary 16. Consider system (1) with ,Z(;(i’j) = 0, for given
positive constants « < 1 and > 1, if there exist positive
definite symmetric matrices X* = diag{X’;,X’;} and XM =
diag{X’,ﬁl ,X’;l} with appropriate dimensions, and posi-
tive scalars €, and &y such that, fork,1 € N, k 1, the following
inequalities hold:
T T
—aXx® (AX*+ BWF) (EfX* + ESWF)
¥ XM+ g HHT 0 <0,
* * —gd
T T
_pxH (Alel + BlKkal) (EIIXkl + EISKkal)
XM iegHHT 0 <0,

* * _eklI

(25)
then under the following switching controller:
w(ij) =K W% (i), K =whx*),  (26)

and the following average dwell time scheme:

. _ A(lnB-Ina) +In(pu,) (27)

T >T
@ -lna ’

a

the resulting closed-loop system (24) is exponentially stable,

where p,u, > 1 satisfies
X <uXy, Xy <Xy (28)

Furthermore, it should also be noted that if the criterion
in Theorem 12 is satisfied when A = 0, which means that

the controller and the subsystem are synchronous, in other
words, the results presented in Theorem 12 can be reduced
to the synchronous case, then we can obtain the following
corollary.

Corollary 17. Consider system (1) under synchronous switch-
ing, for a given positive scalar o < 1, if there exist positive
definite symmetric matrices X* = diag{XF, X';}, Y* = diag{YF,
Yff}, and W¥, with appropriate dimensions, and a positive
scalar g, such that, for k € N, the following inequality holds:

[—axt 0 (X4 BWR) XE(BEXE 4 EEWR)']
* A YK (A’;Y")T 0 (E’;Y")T
* «  =XFygHHT 0 0 <0,
* * * -y*k 0
| * * * * -l ]
(29)
then under the following controller:
-1
u(ij) =K' (i,j), K'=wHx")", (30)
and the following average dwell time scheme:
. Inpy
T,>T, = ——f, (31)

the resulting closed-loop system is exponentially stable, where
py = 1 satisfies

> RET70 AN I (32)
Remark 18. In [30], by using the average dwell time approach,
a criterion of exponential stability for a class of 2D discrete
delay-free switched systems is developed. However, the focus
of our work is on stability analysis and controller design
under asynchronous switching, which is different from [30],
and this is also the major contribution of our work. In fact, if
we let A = 0 and do not consider the uncertainties and state
delays, then the closed-loop system (24) is the same as (36) in

[30]. In this case, Corollary 17 can be reduced to Theorem 2
in [30].

4. Numerical Example

In this section, we present an example to illustrate the effec-
tiveness of the proposed approach.
Consider system (1) with the following parameters:

p 115 . _[-015 o0
allod =TT o) @

-45 0 02 0.15
312[1 —3]’ H1=[0.1 0.2]’ (34)



1 [-02 0
E = [—0.2 —0.2]’

101 0
E;= [0.1 0.2]’
F' = diag {sin (0.57 (i + j)),sin (0.57 (i + j))},

E;:[O.IS 0]’ Azz[l 2]’

0.13 0.12 11
» [-01 02 2 [-5 1]
Ag = [ 0 —0.2] > B = [—1 =3’ (35)
g [02 025 > 0.1 02]
~ 102 03]’ 17102 0.1]
» [02 01 » 012 0.15]
E; = [0.2 0.1]’ E; = [0.12 0.1 ]
F? = diag {cos (0.57 (i + j)), cos (0.57 (i + j))},
dh = 2, dv = 3

The boundary conditions are given as follows:

h . 5 0< ] < 20,
x'(0, ) = .
0, j>20,
(36)
3, 0<i<?20,
X G0=1{" !
0, 1>20,

where the state dimensions are n; = 1 and n, = 1.
Take @ = 0.6 and 3 = 1.2, then solving (19) in Theorem 12
gives rise to

X! = 36.3903 1.0247 X2 = 40.0833 —6.6640]
T | 1.0247 38.3909 |’ © | -6.6640 34.4516 |

y! = 96.6213 —4.5896 y2 = 99.6213 -8.8472
T [—4.5896 96.9472 |’ ~ | -8.8472 79.5315 ]

w! = 8.5866 13.0604 W2 = 6.9844 13.2930]
~ | 15.5568 11.4091 |’ " 18.3790 4.4234 |’
e = 742107, & =73.4149.
(37)
By (21), K "'and K? can be obtained as follows:
K = 0.2265 0.3341 K = 0.2463 0.4335
~10.4194 0.2860 | ~10.2380 0.1744 "
(38)

Substituting K' and K? into (20), and solving it, we get the
following solution:

12 [ 05400 ~0.0934 2t [ 05805 —0.0926
~|-0.0934 04811 | ~|-0.0926 05677 |
y12_[ 09398 —0.0418 21 _[ 09436 —0.0340
~-0.0418 0.8451 |’ ~|-0.0340 0.8867 |’
£,=0.9011,  &,=0.7725.
(39)

Then, from (23), we can get that y; = 0.0171 and p, =
917.7224. Taking A = 2, it is easy to obtain from (22) that
7, = 7.9. Choosing 7, = 8, the trajectories of the states x"(i, )
and x"(i, j) are shown in Figures 1 and 2, respectively. The
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FIGURE 1: The trajectory of the state x" (i, j).

system switching signal o(i, j) and the controller switching
signal o’ (i, j) are shown in Figure 3. One can see that the
states of the closed-loop system converge to zero under the
asynchronous switching. This demonstrates the effectiveness
of the proposed approach.

5. Conclusions

This paper has investigated the problem of stabilization for
a class of 2D discrete switched systems with constant state
delays under asynchronous switching. A state feedback con-
troller is proposed to stabilize such system, and the dwell time
approach is utilized for the stability analysis and controller
design. A sufficient condition for the existence of such
controller is formulated in terms of a set of LMIs. An
example is also given to illustrate the applicability of the
proposed approach. Our future work will focus on extending
the proposed design method to other problems such as
robust H,, control for 2D discrete switched systems with
time-varying delays and fractional uncertainties under asyn-
chronous switching.

Appendix

Proof of Lemma 9. Consider the following Lyapunov-Kra-
sovskii functional candidate:

V(x (i, 1) = V" (+" (i, j)) + V" (x" (i, 1)), (A1)
where
V(" (i, j)
= (i, )" " (i, )
Y T (e
r=i—d, (A2)
V¥ (x" (i j))
= x"(i, j) Px" (i, j)

j-1 .
+ Y X607Qx" (1) o/

t=j—d,
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FIGURE 2: The trajectory of the state x"(i, j).

3
2 [ 77‘ T 77‘
(3} ! | ! 1
< I I
<1 | I \ I
g ! : ! 1
£ | Lo |
Iz I ! | \
2 | | | |
) I | I |
1 =1 =1
0 1 1 1 1 1 1 1
5 10 15 20 25 30 35 40
i+j
— o(i, )
-~ 0'(i, j)

FIGURE 3: Switching signal.

Along the trajectory of system (8), we have
VE(" i+ 1, 7)) - aV" (¥ (i, /)

=x"i+1,7) P (i+1,7) - ax"(i, /) Px" (i, §)

+ (0, ) Q" (i, j)
- “dhxh(i = dps j)Tthh (i —dy, j) >
(A.3)
Vi(x" (i j+ 1) =V (x (i, )
=x"(i,j+ 1) P’ (i, j+1) - ax’ (i, j) Px" (i, §)
+x"(i, ) Q" (i, )
- (xdvxv(i’j - dv)Tvav (I’J - dv) .
(A.4)

It follows that
V(" (i +1, 7)) - aV" (¥ (i, §))
+VI(x" (G, j+ 1) —aV’ (x" (i, j))
[xh (i j)]
x" (i, j)
[xh (i = dp, j)
X (ij~d,)

[x" (i, j)]
x" (i, j)

[xh (i - dh’j)
(i j-d,)

(Dll q)lz
T
®12 (D22

>

(A.5)
where
®,, =Q-aP +A'PA,

@y, = A PA;-NQ A, =diagla® L, a" L}
(A.6)

SRS
®,=A'PA,

Applying Lemma 7, it can be obtained from (14) that
Q) @y

. (A7)
(DIZ (D22

For simplicity, we denote
VEG) =V G) VG0 =V G ),
V(i) =V @),  V'i+Lj)=V'(x(+17),

Vi(i,j+1)=V"(x(i,j+1)).
(A.8)
Thus, it is easy to get that
Vi + 1)+ V(i j+1) <a (VPG j) + V' (i, ).
(A9)

Notice that for any nonnegative integer D > z = max(z,, z,),
it holds that V(0, D) = V¥(D, 0) = 0; then summing up both
sides of (A.9) from D — 1 to 0 with respect to jand 0 to D — 1
with respect to i, for any nonnegative integer D > D' > z =
max(z,, z,), one gets

> V(i)

i+j=D
_uh h h
=v"0,D)+V"(1,D-1)+V"(2,D-2)
+-+ V(D -1,1)+V"(D,0)
+VV(0,D)+V'(1,D-1)+V"'(2,D-2)
+.--+V'(D-1,1)+V"(D,0)
<a(V"(0,D-1)+V"(0,D-1)
+V"(1,D-2)+V'(1,D-2)
+--+ V(D -1,00+ V" (D-1,0))

—a Y V@) <<a® Y Vi),
i+j=D-1 i+j=D'
(A.10)

The proof is completed. O



Proof of Theorem 12. When D € [m, + Am,,m,,,), the
closed-loop system (17) can be written as

[xh (i+1,j)]
x"(i,j+1)
_ (A‘k +B~kKk) [ (i, ])]

() )

L)

(A.11)

For the system, we consider the following Lyapunov function
candidate:

. . h hyr. . ViV :
V(e (i) = Vi (¢" () + V(2 (), (A1)
where
h( h(: :
Vi (x (l’J))
i-1
hee ATk hf: s he o Tk b N i-r—
= x"(i, j) Byx" (i) + ) x"(r ) Q" (s j) ™,
r=i—d),
Vi (x" (0> 7))
j-1 )
=x"(i ) P (i )+ Y, XD Q" o
t=j—d,
(A.13)
By Lemma 9, one gets that if there exist positive definite sym-
metric matrices PX = diag{Pk,Pf} and Q* = diag{QfL, Q';}
with appropriate dimensions, such that
G -alt 0 (A%+ BKF) P
= -AQ" ANTP <0 (Al4)
* * -p*

holds, then the following inequality holds for any D > m, +
Am, > z:

Y Viliaj) < aP ot
i+j=D

Z Vi (i, 7).

i+j=m, +Am,

(A.15)

When D € [m,,,,
(17) can be written as

[xh (i + Lj)]
x"(i,j+1)
= (&' + B'KY) ["h (’:’]:)] + A, [Xv Ei, j-d,)

M, + Am,,), the closed-loop system

z—dh,j)]'

x" (i, j)
(A.l6)
Consider the following Lyapunov function candidate:
.. h hy. . v V(e
Vi (x(60)) = Vig (x" (6 ) + Va (" (1)), (A17)

Abstract and Applied Analysis

where

Vi (" (i, )
= x"(i, j) P (i, )

+ Z h(}’ ]) le h(r,j)(xi—rfl’

r=i—d),
Vi (5" (i, 7))
= x'(i, j) Pl'x" (i, j)
+ i G t) QY (i, 1) d 7,

t=jd,

(A.18)

Similarly, by Lemma 9, we get that if there exist positive

definite symmetric matrices P¥ diag{Pkl,Pkl} and le =

dlag{Q } with appropriate dimensions, such that
PN
Q" - pp¥ 0 (Al +BlKk) Pl
% -A,QM AllpH <0 (AI9)
. N _pH

holds, then the following inequality holds for any D > m, ., >
z:

Z Vi (i, j) < B2 Z Vi (05 7) -

i+j=D i+j=m,

(A.20)

Consider the following piecewise Lyapunov functional can-
didate for system (17):

AR AA)
(6, 1) PY" (i, )

n Z h(r ]) Qo(z] h(r,j)(xi—r—l

r=i— dh
+ Z x"(i,t) t

t=j-d,
De [mO’ml) u [mn + An/lrt’rn7r+l) >

1]) v(l t)OCJ t— 1’

V (i, j) = 1 T=1,2.... k...,
(i, j) By PTG, )

+xv(i’ -)TPU (i,5)o(i,5) v(l ])

" Z x a l])U(l]) h(T, ]) (Xi—r—l
r=i—d,,
j-1

+ Z Xv(i,t) Qo "(i,j)0 (i) v(l t) 06‘7 t— 1
t=j-d,

| D € [mp,m, +Am,), m=12... k...

(A.21)
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Now, let v = N, ;(z, D) denote the switch number
of o(i,j) on the interval [z,D), and let (i,_,.1> feps1)
(le—pr2> Jx—vs2)> - - » (> j,.) denote the switching points of
o(i, j) over the interval [z, D); then, the switching points of
a'(, 7) can be denoted as follows:

(l;c—v+1 + Alk—w—l’ Jr—v+1 + AJK—U+1) ’

(i;cfv+2 + Aircfv+2’ jtcfv+2 + ijfv+2) IR (ix + Aiw j;c + Aj;c) .
(A.22)

Denoting m, =i, + j,, g =k —v+1,...,, then we can get
from (23) and (A.21) that

YV (i, j) <aPTmAm Y

i+j=D i+ j=m,+Am,

D-m,—Am, Z

V (i, j) < ma

V (i, j),

Z V(i j) < Z

i+j=mgtim, i+j=(my+Am,)

Y VGEiDswm Y V),

i+j=my, i+j=(my)”

(A.23)

where (my)” and (my +Amg)” satisty the following condi-
tions:
0<m,—(m) <A,
s~ (my) ) o
0<mg+Amg—(mg+Amg) <A,

where A is a sufficient small positive constant.
When m,_,,., > z = m,_, + Am,_,, we have, for D >
m, + Am,,

V(i j)

i+j=(m+Am,)"

< el S i) < e Y ) <

i+j=m,

< (.“1!”2)1}“

< (P‘l.uz)uo‘

D—my —Am +m, —m,_ | —Am_y+otMy =My =AMy 4 ﬁAmK+AmK—1 et Ay

i+j=(m.)"

Y V()

i+j:(mk7u+1)7

(A.25)

D_mx_Amx"'mx_mx—l_Amx—l+"'+mx—u+z_mx—u+1_Am;c—un+mx—u+1_ZﬁAmx"'Amx—l"'"""Amx—uﬂ Z VvV (l ])
bl

i+j=z

< (‘ul‘uz)v(xD—z—vA‘BUA Z v (1, ]) _ (XD—zeUln(Hle)*UA(lnﬁ*ln o) Z vV (l, ]) .

i+j=z

DV (i, j) < aPTmEm™

i+j=D

> V) <mal

i+j=m,+Am,

i+j=z

Whenm,_, < z <m,_, + Am,_,, we can also get that

Y. VGj)

i+j=(m +Am,)”

< a5 (i) < gl S V(i) <

i+j=m, i+j=(m,é)7
< (‘I/ll Mz U“D_mK_AmK+mK_mK—1_Amvc—l+“'+mvc—v+2_mn—u+l_Amx—u-H ﬁAmn+AmK—l+'"+AmK—u+l Z Vv (l, j)
i+j=(mk7u+1)’
< (#1 [42)”(XD_mx_Amx"'mK‘mx—l_Am;«—l+"'+mx—u+2_mx—u+1‘Amx—uﬂ"'mx—uﬂ_mx—u_Amx—u ﬁAmK"’AmK—l"’“""AmK—uH+Amx—u+mx—u_z Z \% (l, ])

i+j=z

< (MIMZ)U(XD—Z—UA/SUA Z Vv (i, ]) _ ”1“D—zevln(M1M2)+UA(1ﬂﬁ—1n o) Z A\ (i, ]) )

i+j=z

From (A.25) and (A.26), we can obtain

> V(i j)

i+j=D

< max {‘“1’ 1} “D—zevln(ylyz)JrAu(ln B-Ina) Z A% (1’ _]) )
i+j=z

(A.27)

i+j=z

(A.26)

According to Definition 6, one has

D -
V= Na(i,j) (Z,D) < NO +

a

(A.28)

From condition (22), the following inequality can be ob-
tained:

A(lnﬁ—ln(x) +1n (.“1[42)
-Ina > .

Ta

(A.29)
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Thus, it is easy to get the following inequality:
Y V(i)
i+j=D
N,
< max {p, 1} (1)

NoA ((n(py 4y)+A(n B-Ina))/7,+In )(D-2z

(™

It follows that

> =GN

i+j=D

)
Y V(i j).
i+j=z

(A.30)

< 2_1 max {.‘/‘1’ 1} (#1!"2)N0
2

NpA
x (E) () +A(In f-In @)/ 7+1n a)(D-2) Z ||x (i, j)||2,

' i+j=z
(A.31)
Where
6= e, Do () £ () A ()
M max (Pkl) +max (dj, d,) Aoy (le)} )
Cz i klg&ij{l#l {Amin (Pk) > /\min (Pkl)} >
>l G Dl
i+j=z

N h . N V(e o 2
S PN U SO
-d,<6,<0

(A.32)

Thus, it can be obtained from (22) that the closed-loop system
(17) is exponentially stable.
Denote X* = (Pk)_1 and Y* = (Qk)_l, then it is easy to get
kT k kT K 11 . k vk vk
(X") =X"and (Y") =Y". Using diag{X",Y", X"} to pre-
and postmultiply the left of (A.14), respectively, and applying
Lemma 7, it follows that (A.33) and (A.14) are equivalent:

—~ ~ T
—ax® 0 (A*xF+BWF) X*
— T
«  -A YR (ARY) 0 | <o
* * -xk 0
* * * —Yk
(A.33)

where W* = KFX*.
By substituting (2) into (A.33), we can get the following
inequality

T=T,+T, <0, (A.34)

Abstract and Applied Analysis

where
T
—aX* 0 (Aka+Bka) xk
T
T, = | * -AYE (ARYF) 0 |,
. * -x* 0
* * * —Yk
k vk kyark
(Efx* + Eswh) 017"
T, =| (BN |7 ng (A35)
0 0
0
(Eka kark\T
0 Fx* o+ ESwE)
0 k T
e | F (E5Y%)
0 0
0

By Lemma 8, we get

(EEXE + Esw*)" (Efx*+ E’;W")T !

-1 kok\T Kk
Ty + & (EZY ) (EZY )
0 0
0 0
0 01"
0 0
+ & Hk Hk < 0.
0 0

(A.36)

Applying Lemma 7 again, we obtain that (A.33) holds if (19)
is satisfied.
Similarly, substitute (2) into (A.19) and denote xH =

(Pkl)_1 and Y¥ = (le)_l, then using diag{Xkl,Ykl, X"} to
pre- and postmultiply the left of (A.19), respectively, and
applying Lemmas 7 and 8, it is easy to get that (A.19) holds
if (20) is satisfied.

The proof is completed. O
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