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This paper investigates the problem of robust exponential stability for uncertain linear-parameter
dependent (LPD) discrete-time system with delay. The delay is of an interval type, which means
that both lower and upper bounds for the time-varying delay are available. The uncertainty under
consideration is norm-bounded uncertainty. Based on combination of the linear matrix inequality
(LMI) technique and the use of suitable Lyapunov-Krasovskii functional, new sufficient conditions
for the robust exponential stability are obtained in terms of LMIL. Numerical examples are given to
demonstrate the effectiveness and less conservativeness of the proposed methods.

1. Introduction

Over the past decades, the problem of stability analysis of delay discrete-time systems
has been widely investigated by many researchers. Because the existence of time delay is
frequent, a source of oscillation instability performances degradation of systems. Stability
criteria for discrete-time systems with time delay is generally divided into two classes: delay-
independent ones and delay-dependent ones. Delay-independent stability criteria tend to be
more conservative, especially for small-size delay; such criteria do not give any information
on the size of the delay. On the other hand, delay-dependent stability criteria is concerned
with the size of the delay and usually provide a maximal delay size. Moreover, robust stability
of linear continuous-time and discrete-time systems subject to time-invariant parametric
uncertainty has received considerable attention. An important class of linear time-invariant
parametric uncertain system is linear parameter-dependent (LPD) system in which the
uncertain state matrices are in the polytope consisting of all convex combination of known
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matrices. To address this problem, several results have been obtained in terms of sufficient
(or necessary and sufficient) conditions; see [1-15] and references cited therein. Most of these
conditions have been obtained via the Lyapunov theory approaches in which parameter
dependent Lyapunov functions have been employed. These conditions are always expressed
in terms of linear matrix inequalities (LMIs) which can be solved numerically by using
available tools such as LMI toolbox in MATLAB. The results have been obtained for robust
stability for LPD systems in which time delay occur in state variable such as [6, 11, 14]
present sufficient conditions for robust stability of LPD continuous-time system with delays.
However, a few results have been obtained for robust stability for LPD discrete-time systems
with delay.

In this paper, we deal with the problem of robust exponential stability for uncertain
LPD discrete-time system with interval time-varying delay. Combined with the linear matrix
inequality technique and the use of suitable Lyapunov-Krasovskii functional, new sufficient
conditions for the robust exponential stability are obtained in terms of LMI. Finally, numerical
examples have demonstrated the effectiveness of the criteria.

2. Problem Formulation and Preliminaries

We introduce some notations and definitions that will be used throughout the paper. Z*
denotes the set of non negative integer numbers; R” denotes the n-dimensional space with
the vector norm || - ||; [|x|| denotes the Euclidean vector norm of x € R"; that is, ||lx|*> = xTx;
M™ denotes the space of all matrices of (n x r)-dimensions; AT denotes transpose of the
Matrix A; A is symmetric if A = AT T denotes the identity matrix; A(A) denotes the set of all
eigenvalues of A; Amax(A) = max{Rel : A € A(A)}; Matrix A is called semi positive definite
(A >0) if xT Ax > 0, for all x € R"; A is positive definite (A > 0) if xT Ax > 0 for all x#0;
Matrix B is called semi-negative definite (B < 0) if xBx < 0, for all x € R"; B is negative
definite (B < 0) if xTBx < 0 for all x#0; A > Bmeans A~ B > 0; A > Bmeans A - B > 0; *
represents the elements below the main diagonal of a symmetric matrix.

Consider the following uncertain LPD discrete-time system with interval time-varying
delay in the state

x(k+1)=[A(a) + AA(k)]x(k) + [B(a) + AB(k)]x(k — h(k)),
2.1
x(s) =¢(s), s=-hy...,-1,0, 2D

where k € Z*, x(k) € R" is the system state and ¢(s) is a initial value at s. A(a), B(a) € M™"
are uncertain matrices belonging to the polytope of the form

N N
A(OL) = ZdiAi, B(OL) = ZaiBi/
i=1 i=1
: ’ (2.2)
Zai=1/ aiZO/ Ai/BiEMnxnl i=1l"'1N‘
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AA(k) and AB(k) are unknown matrices representing time-varying parameter uncertainties,
we assumed to be of the form

AA(k) = K(a)A(k)Ar(a),  AB(k) = K(a)A(k)Bi(a),

N N N
Aq(a) = ZaiA}, Bi(a) = Z“iBil, K(a) = Z“iKir
pat in1 i1

(2.3)
N
dai=1, >0, A},BeM™, i=1,...N.
i=1
The class of parametric uncertainties A(k), which satisfies
A(k) = F(k)[I = JF(k)] ™, (24)
is said to be admissible where ] is a known matrix satisfying
I-JJT >0, (2.5)
and F(k) is uncertain matrix satisfying
F(k)TFk) <L (2.6)

In addition, we assume that the time-varying delay h(k) is upper and lower bounded. It
satisfies the following assumption of the form

hi < h(k) < hy, (2.7)

where h; and h; are known positive integers.

Definition 2.1. The uncertain LPD discrete-time-delayed system in (2.1) is said to be robustly
exponentially stable if there exist constant scalars 0 < a <1 and b > 0 such that

2

lx(R)[I* < ba* sup [|¢M)]|",

—hy<I<0

(2.8)

for all admissible uncertainties.

Lemma 2.2 (see [5] (Schur complement lemma)). Given constant matrices X, Y, Z of appropriate
dimensions with Y > 0. Then X + ZTY1Z < 0 if and only if

T -
<)Z< _ZY) <0 or <ZIT( )Z<) <0. (2.9)
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Lemma 2.3 (see [2]). Given constant matrices My, My, and M3 of appropriate dimensions with

M, = MT. Then,

M; + MaA(k)M; + MEA(K)"MT <0, (2.10)
where A(k) = F(k)[I - JF(k)]™, F(k)"F(k) < I, for all k € Z* if and only if
-1 a4T I -j - -1 aqT T
M + [eMT eM;] [_ o ] [eM] eM,] <0, (211)

for some scalar € > 0.
3. Main Results
In this section, we present our main results on the robust exponential stability criteria for

uncertain LPD discrete-time system with interval time-varying delays. We introduce the
following notation for later use:

A(a) = A(a) + AA(k),  B(a)=B(a)+ AB(k), h=hy—h+1. (3.1)

Lemma 3.1. For any A(a), E(zx),fz in (3.1), P(a) and Q(a) given by
N N
P(a) = Y i, Qa) =Y aQi, Dai=1,42>0,i=1,...,N, (3.2)
i i=1 i=1

are parameter-dependent positive definite Lyapunov matrices such that

AT(@P@A(@) - P(@) +hQ(a)  AT(@)P(@)B@) | _ (3.3)
BT (a) P(a) A() BT (a)P(a)B(a) - Q(a) [ '
if and only if

—P(a@)+hQ(a) 0 A@TP(a) e'lAi(a)" 0
* -Q(a) B(@)"P(a) € 'Bi(a)" 0

* * —P(a) 0 eP(@)K(a)| <O. (3.4)
* * * -1 J
* * * * -1
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Proof. Consider

AT(a)P(a)A(a) - P(a) + hQ(a) AT (a)P(a)B(a)
BT (a)P(a)A(a) BT (a)P(a)B(a) - Q(a)

_[-P@+hQ@) 0 | |AT(@)P(@)A(@) AT(a)P(a)B(a)
- 0 -Q(a)| " | B"(a)P(ax)A(er) BT (a)P(a)B(a)

_|-P@) +hQa) 0 AT (a) P
_[ : _Q(a)] + [ET(a)]P(a)[A(a) B(@)].

We assume that

~ —T
—P(a) +hQ(a) 0 A (a) _
[ : 0 (a)] + [ET(a)]P(a) [A(a) B(a)] <0.

Using Lemma 2.2, we obtain

~Q(a) B(a)" + [K(a)A(k)Bi(a)]"

~P(@)+hQ(a) 0 A" +[K(a)A(k)Ai(a)]”
* <0
* x ~P(a)”

We rewrite the latter inequality as

—P(a) +hQ(@) 0  A(a)T 0
* -Q(a) B |+]| O ]A(k) [A1(a) Bi(a) 0]
* *  —Pla)™ | K (a)
0 4T
+ [Ai(a) Bi(a) O]TA(k)T[ 0o | <o
K(a)_

Using Lemma 2.3, inequality (3.8) holds if and only if there exists € > 0 such that

* ~Q(a) B

—P(a) +hQ(a) 0  A(a)T
* x  —P)

elAi(@)" 0 [ - eTA ()" 0 :
+e'Bi(@)T 0 [_] I]] e'Bi(@)T 0 <0.
0 eK(a) 0 eK(a)

(3.5)

(3.6)

(3.7)

(3.8)

(3.9)
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If we apply to (3.9), then we obtain

-P(a)+hQ(a) 0 A" elA(a) 0
-Q(a) B(@)' e'Bi(w)" 0

*

* x  —P(a)™ 0 eK(a)| <O. (3.10)
* * * -1 J
* * * * -1

Premultiplying (3.10) by diag{I, I, P(«), I, I} and postmultiplying by diag{I, I, P(«), 1,1}, we
get that (3.4) and the lemma is proved. O

Lemma 3.2. If there exist positive definite symmetric matrices P;, Q;, i = 1,2,..., N, and positive
real numbers €, { such that

—P+hQ; 0 ATP, e'Al 0
-Qi B'P, ¢'B" 0

*
* * =D 0 ePK;| <-¢I, i=12,...,N,
* * * -1 J
* * * * -1
—~ -~ T
~P+hQ; 0 ATP; e'A” 0 -P+hQ; 0 ATP Al 0
«  -Q BIP e'B' 0 £ -Q; BIR e'BT 0 ol
* * -P; 0 ele] + * * —P]' 0 €P]'Ki < N-1"
* * * -1 J * * * -1 J
* * * * -1 * * * % -1

i=1,...,N-1, j=i+1,...N,
(3.11)

then, for any A([x),Al(cx),B(a),Bl(a),K(cx),fz in (3.1), P(a) and Q(a) are parameter-dependent
positive definite Lyapunov matrices in Lemma 3.1 such that (3.4) holds.

Proof. Consider

—P(@)+hQ(a) 0 A(a)'P(a) e'Ay(a)" 0
* —-Q(a) B(a)"P(a) e 'Bi(a)" 0
* * —P(a) 0 eP(a)K(a)
* * -1
* * * * -1
- (3.12)
~P+hQ; 0 ATP; e'AY 0
N N +  -Q B'p ¢'B" 0
=Zzai0€j * I 0 ePKj|-
i=1 j=1 * * * —I ]
* * * * -1
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Using the fact that 3, a; = 1, we obtain the following identities:

N N N-1 N

> > aiajAB; = ZaAB+ZZaa,AB+AB]

i=1 j=1 i=1 j=i+1 (313)
N-1 N N-1 N

(N - 1)Za2g 2> Naaig= > [ai-aj]’¢20.
i=1 j=i+l i=1 j=i+l

Then, it follows from (3.11), (3.12), and (3.13) that (3.4) holds. The proof of the lemma is
complete. m

Theorem 3.3. The system (2.1) is robustly exponentially stable if the LMI conditions (3.11) are
feasible.

Proof. Consider the following Lyapunov-Krasovskii function for system (2.1) of the form

V(x(k)) = Vi(x(k)) + Va(x(k)) + V3(x(k)), (3.14)
where
k-1
Vi(x(k)) = x" (k)P(a)x(k),  Va(x(k)) = x" (1) Q(a)x(i),
h i=k—h(k) (3.15)
—h+1 _

Va(x(k)) = D, Z X (DQ(w)x (1)

j=—hy+2 I=k+j—1

A Lyapunov-Krasovskii difference for the system (2.1) is defined as

AV (x(k)) = AV; (x(k)) + AVa(x(k)) + AV3(x(k)). (3.16)

Taking the difference of V;(x(k)) and V> (x(k)), the increments of Vi (x(k)) and V,(x(k)) are

AVi(x(k)) = Vi(x(k +1)) = Vi(x(k))
= xT (k+ 1)P(a)x(k + 1) — x (k) P(a)x (k)
= xT (k) AT (a) P(a) A(a)x (k) + xT (k - h(k))BT (a) P(a) A(a)x (k)
+x7 (k = h(k))BT (a) P(a)B(a)x(k - h(k))

+xT (k) AT () P() B(a) x (k — h(k)) - x" (k) P(a)x (k),
(3.17)
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AVi(x(k)) = Va(x(k +1)) = Va(x(k))

k k-1
= D XO)Qa)x() - xT (1) Q(er)x (i)
i=k+1-h(k+1) i=k—h(k)
_ T T _
= x (k)Q(a)x(k) - x" (k = h(k))Q(a)x(k — h(k)) (3.18)
k= k-1
+ > FOQ@x@) - > x H)Q@)x(i)
i=k+1-h(k+1) i=k+1-h(k+1)
k-1
+ > X H)Q()x(i).
i=k+1-hy
Form h(k) > hj, the two last terms of the right-hand side of the latter equality yield
k-1 k-1
> M HQ@x@) - Y, X (H)Qa)x(i) <O. (3.19)
i=k+1-Iy i=k+1-h(k+1)
Thus, we obtain
AV (x(k)) < xT(k)Q(a)x (k) — x" (k = h(k))Q(a)x(k — h(k))
k= (3.20)
+ D X (@H)Q@)x().
i=k+1-h(k+1)
The increment of V3(x(k)) is easily computed as
AV3(x(k)) = Va(x(k +1)) — Va(x(k))
—hy+1 k-1 k-1
= D [ ®Q@x(k) + D OQ@x() - >, x"(D)Q(a)x(])
ot 42 I=k+j-1 I=k+j-1 (3.21)
k=h
= (b = h)x" ()Q(@)x(k) - >, x"(i)Q(a)x(i).
i=k+1-h,

It is easy to see that

AVa(x(k)) + AVs(x(k)) < (h2 = hy + 1)x" (k) Q(er)x (k) = x;_, Q) X

k—=hy k—=hy (3.22)
+ > XOQx@) - >, x(H)Q(a)x(i),

i=k+1-h(k+1) i=k+1-hy
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for simplicity, we let x(k — h(k)) = xx_p. Since, h(k) < h,, we obtain that

k—hl k_hl
> A OQx() - >, x'(()Q(a)x(i) <0. (3.23)
i=k+1-h(k+1) i=k+1-hy

Therefore, we conclude that

AV (x(k)) < xT (k) AT (a) P(ar) A(a)x (k) + x|, BT (a) P(ax) A(a) x (k)

+x7 (k) AT (@) P(a) B(at)xx_p, + x|, BT (o) P(t) B() X

(3.24)
—xT(k)P(@)x (k) + (ha — by + 1)xT (k) Q(a)x (k)
- xi_hQ(a)xk—h-
It follows form (3.24) that
| An@ AT (a)P(a)B(ar)
AVl =Y [BT(a)Pm)A(a) B () P(@) Bl - Q(rx)]Y’ (329

where Aqi(a) = AT(a)P(a)A(a) - P(a) + sz(zx) and YT = [x(k)" x(k - h(k))"]. By (3.11),
(3.25), and Lemma 3.1, and 3.2, we obtain

AV (x(k)) < —w||x|]?, (3.26)

where w > 0. By (3.14), it is easy to see that

kAl
V(x(k)) < pllx|® + pih D [lx(@)IP, (3.27)
i=k—hy
where
,61 = max {)lmax(Pi)r/\max(Qi); i= 1/ 2/ .. /N} (328)

It can be shown that there always exists a scalar 0 > 1 satisfying

(0 -1)p1 — A0 + h,0™(0 — 1)1 = 0. (3.29)
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For any scalar 6 > 1, it follows from (3.26) and (3.27) that

OV (x(k +1))- 051V (x(k))
= 0 (V(x(k +1)) = V(x(k))) + 050 = 1)V (x(k))

(3.30)
k-1
< ar (0)0 | x(K)[* + a2(0)6* > [lx()],
i=k—hy
where
a(0) = (O-1)p1—16,  ax(6) = (6 - 1)p1h. (331)

Therefore, for any integer T > h, + 1, summing up both sides of (3.30) from 0 to T — 1 gives

T-1 i-1
0"V (x(T)) - V(x(0)) < a1<9>291||x<z>|| +m(0) S 0lx(). (3.32)
i=01I=i-hy
For hy > 1,
T-1 i-1 . 5 -1 I+h X 5 T-1-hy l+hy X 5
OllxI* < D, DO+ >, >0l
i=0 I=i—hy I=—h, i=0 1=0 i=I+1
T-1 T-1 . )
+ 3 > x|
1=T-hy i=I+1
-1 T-1-hy
<hy Y 0" Rlx(DIP +hy Y, 67 (lx ()| (333)
I=-h, 1=0
T-1
+hy > 0" x(D))?
I=T-h,

< hy(hy +1)0™ sup ||¢OD)| +h29h229’||x(1)|| )

—hp<I<0
From (3.32) and (3.33), we obtain

0"V (x(T)) < V(x(0)) + ha(ha + 1)6™ax(6) sup [|p(1)]’

—hy<I<0

- (3.34)
+[@1(6) + (016" 3 Ix O
=0
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Observe

VM) 2yleIP, V() < (b + ki) sup [[$O)],

—hy<I<0 (335)
Y = mln{)‘mm(Pl)r l = 1/2/ s rN}
Then, it follows from (3.29), (3.33), and (3.35) that
ha|(hy +1)0™a5(0) + 1 + rhha| ,1\T
lx()|1* < | ] (5) sup [|p)]I* (3.36)
Y ~hy<I<0

By Definition 2.1, this means that the system (2.1) is robustly exponentially stable. The proof
of the theorem is complete. O

4. Numerical Example

Example 4.1. Consider the following uncertain LPD discrete-time system with time-varying
delays (2.1) where h(k) = 2 + cos(kar/2), thatis,. h; =1, h; = 3 and

-0.6 0.02 -0.7 0.03 -0.6 0.02
A= [0.02 —0.6]’ A2 = [0.03 —0.7]' B = [0.02 —0.08]’
B = -0.8 0.03 Al = 0.005 00001 Al = 0.006 0.0002
27 10.03 -0.09]" 1= [0.0001 0.005 42= 0.0002 0.006 |’
4.1)
Bl = -0.007 0.0005 —-0.004 0.0002
1= 10.0005 -0.007|" 0.0002 —0.004["
K. = 0.01 0.003 _[0.02 0.001
17 00.003 0.01] ~10.001 0.02 |’
and J = [0 0,] By using LMI Toolbox in MATLAB, we use condition (3. 11) in

Theorem 3.3 for this example. The solutions of LMI verify as follows of the form e = 1,

_ 313635 1.2365 _ [37.6354 0.2543 _ [9.4325 05587 _ 110.8564 1.3856
P = [ 1.2365 2944763]’ P, = [0.2543 41.3745]/ Qi = [0.5587 11.4534]/ and Q, = [ 1.3856 1149781] (see

Figure 1).

Example 4.2. Consider the following the LPD discrete-time system with time-varying delays
(2.1) where, AA(k) = AB(k) = 0 with

o

B, = [0.10 0 ], B, = [—0.10 0 ]

060 0 ]

080 0
001 060]7 427 [ ]

0.05 0.70]’
(4.2)

0.20 0.10 -0.20 -0.10
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The state x(k)

0 2 4 6 8 10 12 14 16
Time (s)
Figure 1: The simulation solution of the states x1 (k) and x, (k) in Example 4.1 for uncertain LPD discrete-

time delayed system with initial conditions x; (k) =2 and x,(k) =4, k = -3,-2,-1,0,and a; = a, = 1/2 by
using the method of Runge-Kutta order 4(h = 0.01) with Matlab.

Table 1: Comparison of the maximum allowed time delay h,.

Methods hz (h1 = 2) hz (hl = 4) h2 (h1 = 5) I’lz (h1 = 7)
Liuet al. [7] 2006 2 4 5
Our results 4 6 7 9

Table 1 lists the comparison of the upper-bound delay for asymptotic stability of system (2.1)
where AA(k) = AB(k) = 0 by different method. We apply Theorem 3.3 and see from Table 1
that our result is superior to those in [7, Theorem 3.2].
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