Rajchakit and Rajchakit Advances in Difference Equations 2012, 2012:106 ® Advances in Difference Equations
http://www.advancesindifferenceequations.com/content/2012/1/106 a SpringerOpen Journal

RESEARCH Open Access

LMI approach to robust stability and
stabilization of nonlinear uncertain
discrete-time systems with convex polytopic
uncertainties

M Rajchakit and G Rajchakit’

“Correspondence:
griengkrai@yahoo.com

Major of Mathematics and Statistics,
Faculty of Science, Maejo University,
Chiangmai, 50290, Thailand

@ Springer

Abstract

This article addresses the robust stability for a class of nonlinear uncertain
discrete-time systems with convex polytopic of uncertainties. The system to be
considered is subject to both interval time-varying delays and convex polytopic-type
uncertainties. Based on the augmented parameter-dependent Lyapunov-Krasovskii
functional, new delay-dependent conditions for the robust stability are established in
terms of linear matrix inequalities. An application to robust stabilization of nonlinear
uncertain discrete-time control systems is given. Numerical examples are included to
illustrate the effectiveness of our results.
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1 Introduction

Since the time delay is frequently viewed as a source of instability and encountered in
various engineering systems such as chemical processes, long transmission lines in pneu-
matic systems, networked control systems, etc., the study of delay systems has received
much attention and various topics have been discussed over the past years. The problem
of stability and stabilization of dynamical systems with time delays has received consid-
erable attention, and lots of interesting results have reported in the literature, see [1-8]
and the references therein. Some delay-dependent stability criteria for discrete-time sys-
tems with time-varying delay are investigated in [2, 6, 9-11], where the discrete Lyapunov
functional method are employed to prove stability conditions in terms of linear matrix in-
equalities (LMIs). A number research works for dealing with asymptotic stability problem
for discrete systems with interval time-varying delays have been presented in [12-22].
Theoretically, stability analysis of the systems with time-varying delays is more compli-
cated, especially for the case where the system matrices belong to some convex polytope.
In this case, the parameter-dependent Lyapunov-Krasovskii functionals are constructed
as the convex combination of a set of functions assures the robust stability of the nominal
systems and the stability conditions must be solved upon a grid on the parameter space,
which results in testing a finite number of LMIs [11, 23, 24]. To the best of the authors’
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knowledge, the stability for linear discrete-time systems with both time-varying delays and
polytopic uncertainties has not been fully investigated. The articles [25, 26] propose suffi-
cient conditions for robust stability of discrete and continuous polytopic systems without
time delays. More recently, combining the ideas in [23, 24], improved conditions for D-
stability and D-stabilization of linear polytopic delay-difference equations with constant
delays have been proposed in [27].

In this article, we consider polytopic nonlinear uncertain discrete-time equations with
interval time-varying delays. Using the parameter-dependent Lyapunov-Krasovskii func-
tional combined with LMI techniques, we propose new criteria for the robust stability of
the nonlinear uncertain system. The delay-dependent stability conditions are formulated
in terms of LMlIs, being thus solvable by the numeric technology available in the literature
to date. The result is applied to robust stabilization of nonlinear uncertain discrete-time
control systems. Compared to other results, our result has its own advantages. First, it
deals with the nonlinear uncertain delay-difference system, where the state-space data
belong to the convex polytope of uncertainties and the rate of change of the state depends
not only on the current state of the nonlinear systems but also its state at some times in the
past. Second, the time-delay is assumed to be a time-varying function belonging to a given
interval, which means that the lower and the upper bounds for the time-varying delay are
available. Third, our approach allows us to apply in robust stabilization of the nonlinear
uncertain discrete-time system subjected to polytopic uncertainties and external controls.
Therefore, our results are more general than the related previous results.

The article is organized as follows. In Section 2, introduces the main notations, defi-
nitions, and some lemmas needed for the development of the main results. In Section 3,
sufficient conditions are derived for robust stability, stabilization of nonlinear uncertain
discrete-time systems with interval time-varying delays and polytopic uncertainties. They

are followed by some remarks. Illustrative examples are given in Section 4.

2 Preliminaries
The following notations will be used throughout this article. R* denotes the set of all real
non-negative numbers; R” denotes the n-dimensional space with the scalar product (-, )
and the vector norm || - ||; R**” denotes the space of all matrices of (# x r)-dimension. A7
denotes the transpose of A; a matrix A is symmetric if A = A7, a matrix I is the identity
matrix of appropriate dimension.

Matrix A is semi-positive definite (A > 0) if (Ax,x) > 0, for all x € R"; A is positive
definite (A > 0) if (Ax,x) >0 forallx #0; A > Bmeans A — B > 0.

Consider a nonlinear uncertain delay-difference systems with polytopic uncertainties of

the form

x(k +1) = (AE) + AA(K))x(k) + (D(E) + AD(K))x(k — h(k))
+f(k,x(k—h(k))), k=0,1,2,..., (2e)

x(k)=vi, k=—hy,—hy +1,...,0,
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where x(k) € R" is the state, the system matrices are subjected to uncertainties and belong

to the polytope 2 given by

p b
[4,D)(§):= ) &lA, D], Y & =15 zo}, @2.1)
i=1 i=1

where A;, D;, i=1,2,...,p, are given constant matrices with appropriate dimensions.

The nonlinear perturbations f(k, x(k — /1(k))) satisfies the following condition

I (ke (k = B())f (K, (k = (k))) < 2" (k — h(k))x(k - h(K)), (2.2)

where 8 is positive constants. For simplicity, we denote f(k, x(k — h(k))) by f, respectively.
The time-varying uncertain matrices AA(k) and AD(k) are defined by

AA(k) = E,F,(k)H,, AD(k) = E;F(k)Hy, (2.3)

where E,, E;, H,, H; are known constant real matrices with appropriate dimensions. F,(k),

F,(k) are unknown uncertain matrices satisfying
FaT(k)Fﬂ(k)SI) F;(k)Fd(k)SI) k:011)21'--, (24)

where I is the identity matrix of appropriate dimension.

The time-varying function (k) satisfies the condition:
0<h1§h(k)§h2, Vk=0,1,2,....

Remark 2.1 It is worth noting that the time delay is a time-varying function belonging
to a given interval, which allows the time-delay to be a fast time-varying function and the

lower bound is not restricted to being zero as considered in [2, 6, 9-11].

Definition 2.1 The nonlinear uncertain system (X;) is robustly stable if the zero solution
of the system is asymptotically stable for all uncertainties which satisfy (2.1), (2.3), and
(2.4).

Proposition 2.1 Forreal numbers&;>0,i=1,2,...,p, >+ & =1, the following inequality
hold

p-1 p

(- 1)2& —2) Y &g >0.

i=1 j=i+l
Proof The proof is followed from the completing the square:
r-l1 p p-1

(v- 1LZ —2) ) &g = f > 0. .

i=1 j=i+l i=1 j=i+l
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Proposition 2.2 (Cauchy inequality) For any symmetric positive definite matrix N €
M™" and a,b € R" we have

+a’b<a’Na+b"N'b.

Proposition 2.3 ([1]) Let E, H and F be any constant matrices of appropriate dimensions
and FTF < I. For any € > 0, we have

EFH + H'FTET < €¢EET + ¢ '"HTH.

3 Main results
3.1 Robust stability
In this section, we present sufficient delay-dependent conditions for the robust stability of

nonlinear uncertain system (2¢).

Let us set
lacll = sup |x(k+s)|,
se[-hy,0]
My Sii—Sud;  =SuD; =S — Sud;
Mlj(P’ Q, 81, Sy) = L T] Th TZ'UT 1 2i 1 ,
-D; Sy -Dj Sy M3y —S82:D;

-Si-Al'sy,  Sy-SL  -DI'S} My
My = (hy =y +1)Q; — Pi — SyAj — Al S + 2S,ELE] S);
+ SUELESSE + Sy,E,ET ST + H H,,
Mo = P; + Si; + ST + SuELEL S{; + H! H,,
My = —Q; + SuE4ES Sy, + 2H, Hy,

M4ij = _SZi —Sg: +H5Ha +H;Hd,

S 0
0000 L

S= . PE) =Y &P,
6 0 0 0 (s);a,
00 00

b b p
QE)=) &Q,  SiE)=) &Su  S$aE) =) &Sk
i=1 i=1 i=1

Theorem 3.1 The nonlinear uncertain system (3¢ ) is robustly stable if there exist symmet-
ric matrices P; >0, Q; >0, i =1,2...,p and constant matrices S > 0, S1;, S2i, i =1,2...,p
satisfying the following LMIs:

(i) Mu(P,Q,8,8)+8<0,i=1,2,...,p.

(i) My(P,Q,81,52) + M;i(P,Q,51,8;) - 1%5 <0,i=12,....,p-Lj=i+1,...,p.

Proof Consider the following parameter-dependent Lyapunov-Krasovskii functional for

system (X¢)

V(k) = Vi(k) + Va(k) + V3(k),
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where
k-1
Vi(k) = x(k)P(&)x(k), Va(k) = Z xT (1) Q(€)x(i),
i=k—h(k)

-+l k-1
sk =D D 2 (DQEM(D.

J=—hy+2 I=k+j+1

We can verify that
M x0)]* = V&) < 2l (31)

Let us set z(k) = [x(k)x(k + L)x(k — h(k))f (k,x(k — h(k)))]T, and

0 0 0 0
fo PE) o o

G(S)_oooo’
0 0 0 0
PE) 0 0 0
I I 0 0
FO=146 o 1 0
0 0 0 I

Then, the difference of V;(k) along the solution of the system (%), we obtained

AVi(k) = 2T (k + D)P(E)x(k + 1) — xT (k)P(€)x(k)

0.5x(k)
= 2(k)T G(&)z(k) - 22" (k)FT (&) g , (3.2)
0
because of
2L (K)G(€)z(k) = x(k + 1)TP(&)x(k + 1),
0.5x(k)
227 (k)FT () g = xT (k)P(&)x (k).
0

Using the expression of system ()

0 = =Si(E)xk +1) + Si(E)(AE) + AAK))x(k)
+81(€)(D(&) + AD(K))x(k — h(k)) + S1(E)f

0 = —Sp(&)x(k + 1) + S2(6)(A(§) + AA(K))x(k)
+5,(8)(D(§) + AD(K))x(k — h(K)) + S2()f

Page 5 of 14
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we have
-2z (k)FT (¢)
0.5x(k)
y (sl(smk +1) + S (E)A(E) + AARK)(K )0+ $1)(D(E) + AD(K)x(k — (k) + sl(af) 2(0)
~S$(E)alk +1) + SH(E)AE) + AAK)x(K) + Sy(E)D(E) + ADK)alk — (k) + Sy (E)f
=—z"(K)FT(§)
0.51 0 0 0
S1(E)A(E) +051 (6)AA(K) —S;(S) 51(6)D(&) +051(§)AD(/<) 51(5 ) ()
$2(E)AE) + S2(E)AA(K)  =52(5)  $2(E)D(&) + S2(§)AD(k)  S»(&)f
-z" (k)
0.5 0 0 0o\
SIE)AE) + SiE)AAK)  =Si1(5)  Si(E)D(E) + SiE)ADk)  Si(&)f
0 0 0 0
$2(5)AE) + S2(E)AA(K)  =52(8)  $2(E)D(E) + S2(§)AD(k)  S»(&)f
x F(€)z(k).

Therefore, from (3.2) it follows that

AVi(k) = & (k)[-P(§) - $1(§)A(£) — S1(§)EoFa(k)H,
—A@©)"S[ (&) - H, F[ (k)E] S{ (€)]x(k)
+ 2% (K)[$1(8) = S1(E)A(E) = S1(E)EaFa(k)H, Jx(k +1)
+2x7 (k)[~S1(6)D(&) — $1(8)EaFa(k)Hy]x(k — h(k))
+ 267 (K)[=51(8) = S2(E)A(E) — S2(E)EaFu (k) H, |f (k, x(k — h(K)))
+x(k + D[PE) + S1(8) + S (&) ]w(k +1)
+2x(k + 1)[=S1(6)D(§) — S1(&)EaF4(k)Hy % (k — h(k))
+2x(k +1)[$2(8) - $1&)Jf (k. x(k — h(k)))
+2x7 (k = h(k))[~S2(8)D(&) — S2(&)EaFa(k)Hy]f (k, x(k — h(k)))
+f T (k, x(k = h(K))) (K)[ =S = ST ]f (k, % (k — h(K))).

Applying Propositions 2.2, 2.3 and condition (2.4), the following estimations hold

~S81(§)EaFa(k)H, — H, F (K)E} S| (§) < S1(§)ELEL S| (§) + H H,,
~2x" (k)S1(8)EaFa(k)Hax(k + 1) < 7 (k) Sy (§)ELEL ST (§)x(k)
+x (k + DHI Hyx(k + 1),
—2x" (k)S1(§)E4F4(k)Hya (k — (k) < x" (k)S)(€)E4E] S| (&)x(k)
+x” (k = h(k))H} Hyx(k - h(k)),
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~2x" (K)S2(§)EaFu () Hof < &7 (K)S2(§)ELE, S (€)x(k) + f T H, Hof
~2x" (k +1)81(8)E4F (k) Hyx(k — h(k)) < x” (k + 1)S1(§)E4E}; ST (& )x(k +1)
+ a7 (k = h(k))H} Hax(k - h(k)),
~2x" (k — h(K))S2()EaFa(k)Haf < x" (k — h(k))S2(8)E4ES Sy (€)x(k — h(k))
+fTHIH,f.

Therefore, we have

AVi(K) = & (k)[-P(€) - S1(E)A(E) — A(E)T S (§) + 281(5)ELEL ST (€)
+ S1(5)E4E] S| (£) + Sa(§)ELEL S5 (§) + H,| Hy |x(k)
+ 22" (K)[S1(8) = S1(§)A(E) Jw(k + 1)
+2x7 (k) [-S1(&)D(&) | (k - h(k))
+2x7 (k) [-S1(E) - S2(E)AE) If (K x(k - h(K)))
+x(k + 1)[P(E) + S1(8) + ST (§) + S1(E)ELE} S| (§) + H H,]x(k +1)
+2x(k + 1) [—Sl(E)D(é)]x(k - h(k))
+2x(k + 1)[S2(8) - $1(8)|f (k, x(k - h(k)))
x (k = h(k))[S2(8)E4EL S5 (§) + 2H ) Hy]x(k — h(k))
+2x7 (k = h(k))[-S2(&)DE)|f (k, x(k - h(k)))
+ 1 (k,x(k = h(k))) (K)[-S2(&) = S (&) + Hy H, + H Hy|
x f(k, x(k = h(k))).

The difference of V;(k) is given by

k k-1

AV, = ) A 0QExD) - Y * ()QE))
i=k+1-h(k+1) i=k—h(k)
k-hy

= ) A OQER) + & (K)QE)x(K) - & (k = h(k) Q(E)x(k - (k)

i=k+1-h(k+1)

k-1 k-1
+ Y AOQEND - Y & ()QE().
i=k+1-hy i=k+1-h(k)
Since (k) > h; we have
k-1 k-1
D OQExH - Y & ()QE)xE) <0
i=k+1-h i=k+1-h(k)

and hence from (3.4) we have

k=i

(3.3)

(3.4)

AV () < Y &M )QEX() +x" (k) QE)x(K) & (k—h(k)) QE)x(k—h(k)). (3.5)

i=k+1-h(k+1)

Page 7 of 14
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The difference of V3(k) is given by

—h1+1

AVs(k) = Y [#"()QEK) - & (k +j - DQE)x(k +j - 1)]

j=—h2+2
ki

= (= h)x" ()QEx(K) - Y xT(DQE)x(D).

I=k+1-hy

Since
k—hy k—hy

> ATOQERG - Y 2T ()QE)E) <0,

i=k=1-h(k+1) i=k+1-hy

we obtain from (3.5) and (3.6) that

AVy(k) + AV3(k) < (hy = iy + 1)x” (K)Q(&)x(k) — x" (k = h(k)) Q(€)x(k — h(K)).

Therefore, combining the inequalities (3.3), (3.7) gives

AV(k) < 2" (k) T(§)z(k),

where
My (&) 51(8) = S1(E)AE)  -Si(E)D(E)
() = ST(E) - AT(#)SI(E) My (€) -$1(6)D(&)
-DT(£)ST (&) -DT(£)SL (&) M; (&)
-ST(E)-AT(§)ST(E)  ST(€)-S[(¢) -DT(£)S] (&)

z(k) = [x(k)x(k + l)x(k - h(k))f(k,x(k - h(k)))] T,

My(&) = (hy — I + 1)Q(E) - P(£) — S1(§)A(E) — A(€)T ST (8) + 28:(8)E,ET ST (¢)

+ S1(6)E4EL ST (£) + So(6)ELET ST (£) + H H,,
M(£) = P(E) + $1(8) + ST (8) + $1(8)E4EL ST (&) + HI H,,
M;(§) = —Q(&) + S2(5)E4E} Sy (§) + 2H, Hy,

My(§) = =S2(§) - S5 (§) + H Hy + Hj Hy.
Let us denote

My = (hy = Iy +1)Q; = P; - SyAj — Al S|, + 281,E,E, Sf;
+ SUELESSE + Sy,E,ETST. + H' H,,

Mo =P; + Sy + S5+ SUE,ELSE + HIH,,

My = —Q; + SyE4ES ST, + 2H, Hy,

Myj = ~So; — Sy + HY H, + H) Hy,

(514); = SyA; + Sud), (S24)i = SojA; + S24,

(3.7)

(3.8)

—51(8) - S2(5)A(E ))

Page 8 of 14
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(81D)yj = SyD; + Si:D;, (82D)j = S3iD; + Sy,

Pyj=P; + D), Qj=Qi+Q; Suij = Sui + Syjs Saij = S2i + Sy

From the convex combination of the expression of P(£), Q(§), S1(§), S2(§), A(§), D(§), we

have
My S —SuAi  =SuD; =51 —S2A;
P
T(€) = ZS‘Z SlTi _AiTslTi My -81:D; Sy —Su
! -DI'ST -DI'ST Ms;; N ))
i=1 i “l i ©li 3ii 2iL/j

-8 -AlSy Sy -SL -D[S;, My

M + My S —(S14);  —(S1D)y  =Su — (S24)5
SL—(ATST);  Maj+ Mo  —(S1D); Saij — S1ij
+ Z Z é_—ls] 1ij J ] J j j J

i=1 j=i+l DTslT)Z/ _(DTST)U MBz’j +M3ji _(SZD)ij

—51];] (ATS2T)U Sg;] Sirl] —(DTSZT)U M4ij + M4jl'
p p-1 p
= Y EMuP,QS,8) + Y Y EE[My(P,Q S1,S:) + Mu(P,QS1,5)].
i=1 i=1 j=itl

Then the conditions (i), (ii) give

r 2 p-1 p
T(E)<-) &S+ 71 Y D EgS <0,
i=1 i=1

=1 j=i+l

because of Proposition 2.1

- 1)252 222&; ZZ(& £)* >0,

i=1 j=i+l i=1 j=i+l

and hence, we finally obtain from (3.8) that
V(k)<0, Vk=0,1,2,...,

which together with (3.1) implies that the system (X¢) is robustly stable. This completes
the proof of the theorem. d

Remark 3.1 The stability conditions of Theorem 3.1 are more appropriate for practical
systems since practically it is impossible to know exactly the delay but lower and upper

bounds are always possible.

3.2 Robust stabilization

This section deals with a stabilization problem considered in [15] for constructing a de-
layed feedback controller, which stabilizes the resulting closed-loop system. The robust
stability condition obtained in previous section will be applied to design a time-delayed

state feedback controller for the nonlinear uncertain discrete-time control system de-
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scribed by

x(k +1) = (AE) + AAK))x(k) + (B(E) + AB(K))u(k)
fkox(k—hK)), k=012..., (3.9)

where u(k) € R” is the control input, the system matrices are subjected to uncertainties
and belong to the polytope €2 given by

p p
Q=1[A,BI(¢):=) &[A,Bl,Y &=1&>0¢,
i=1 i=1

where A;, B;,i=1,2,...,p, are given constant matrices with appropriate dimensions. As in
[8], we consider a parameter-dependent delayed feedback control law

u(k) = (F(€) + AF(R)x(k - h(K)), k= —hs,...,0, (3.10)

F(§) + AF(k) is the controller gain to be determined. The time-varying uncertain matrices
AA(k), AB(k), and AF(k) are defined by

AA(/() = EaFu(k)Ha, AB(k) = Ebe(k)Hb, AF(/() = EfFf(k)Hf,

where E,, Ey, Ef, H,, Hy, Hy are known constant real matrices with appropriate dimen-
sions. F,(k), Fy(k), Fr(k) are unknown uncertain matrices satisfying

FJ(F,(k) <1,  FJ(OFy(k) <1,  F/(OFk) <I, k=0,12,...,

where I is the identity matrix of appropriate dimension.
Applying the feedback controller (3.10) to the nonlinear uncertain system (3.9), the
closed-loop time-delay nonlinear uncertain system is

x(k +1) = (AE) + AAK))x(k) + (B(E) + AB(K)) (F (&) + AF(k))x(k — h(k))
+f(kx(k - h(k))), k=0,1,2,.... (3.11)

The time-varying function /(k) satisfies the condition:
0<h1§h(k)§h2, Vk=0,1,2,....
Definition 3.1 The nonlinear uncertain system (3.9) is robustly stabilizable if there is a

delayed feedback control (3.10) such that the closed-loop delay nonlinear uncertain system
(3.11) is robustly stable.

Let us
Mlij Sii— SuAj =S =Si-— SliA/’
Mij(P; Q?SLSZ) = L 1{ 1i 22 1i ’
—Sii =Sy M3 -Si;

~SL — ATSE 0 -Sk My
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My = (hy = Iy + 1)Q; = P; - SyAj — Al S|, + 281,EE, Sf;
+ SuELELSE + H H,,

My =P+ Sy + SE+ H H,,

Mz =-Q;,

M4ij = _Sli - Slj; + HaTHa,

S 0

0 0 0 O
S:

0 0 0 O

0 0 0 O

The following theorem can be derived from Theorem 3.1.

Theorem 3.2 The nonlinear uncertain system (3.9) is robustly stabilizable by the delayed
feedback control (3.10), where (F(€) + AF(k)) = (B(&) + AB(K)T[(B(&) + AB(k))(B(£) +
AB(K)T17Y, if there exist symmetric matrices P; >0, Q; >0, i=1,2,...,p and constant ma-
trices S1;, i=1,2,...,p, S > 0 satisfying the following LMIs:

(i) MuP,Q,8)+S8<0,i=1,2,...,p.

(i) My(P,Q,8) + M;(P,Q,8) - Iﬁs <0,i=1,2,...,p-Lj=i+1,...,p.

Proof Taking Sy; = Sy; and using the feedback control (3.10), the closed-loop nonlinear
uncertain system becomes system (X¢), where (D(§) + AD(k)) = (B(§) + AB(k))(F(§) +
AF(k)) = (B) + AB(K))(B(§) + AB(K)T[(B(§) + AB(K))(B(§) + AB(k)T]™ = I. Since
S1(E)(D(§) + AD(k)) = $1(§), the robust stability condition of the closed-loop nonlinear
uncertain system (3.11), by Theorem 3.1, is immediately derived. O

Remark 3.2 The stabilization conditions of Theorem 3.2 are more appropriate for practi-
cal systems since practically it is impossible to know exactly the delay but lower and upper

bounds are always possible.
4 Numerical examples

To illustrate the effectiveness of the previous theoretical results, we consider the following

numerical examples.

Example 4.1 (Robust stability) Consider nonlinear uncertain system (X¢) for p = 2, where

the delay function /(k) is given by

k
h(k) =1 + 19 sin? TN, k=0,1,2,...,

and
0.075 -0.005 0.01 -0.01 -1.15 0.005
Al = ) A2 = ) Dl = )
-0.005 0.07 -0.01 0.045 0.005 -1.22

-1.15 0.01 01 O 03 0
Dz = » (Ha’ Hd) = ’ ’
0.01 -1.05 0 02 0 04
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02 o] o4 o o1 o] o2 o
(E“’Ed):qo 0.1}’[0 0.3})’ (P“’Fd):qo 0.2}’[0 0.3:|)’

with any time-varying delay function /(k) with &; =1, & = 20. By using the LMI Toolbox
in MATLAB, the LMIs (i) and (ii) of Theorem 3.1 are feasible with

_ (185.8249  0.1193 p,_ (1832675 01389
"\ 01193 193.1114)° ~\ 01389 1925430/

0.0064 7.2244 0.0071 71733

o _ (07195 -0.0068 o _ (06050 -0.0127
"7 \o.0116 07269 )’ 271 Z0.0102 09502 )’

1.9219 0.0079 1.8249 0.0041
521: ’ S22: ’

6.9254 0.0064 6.7862 0.0071

0.0196 2.7788 0.0233 2.8035

(157648 —0.0025
“\-0.0025 16.6360 /"

Therefore, the nonlinear uncertain system is robustly stable.

Example 4.2 (Robust stabilization) Consider nonlinear uncertain control system (3.9) for

p =2, where the delay function A(k) is given by

k
h(k)=1+32sin27ﬂ, k=0,1,2,...,

and
0.075 -0.005 0.01 -0.01 -115 0.005
Al = ’ A2 = ) Bl = )
-0.005 0.07 -0.01 0.045 0.005 -1.22
-115 0.01 01 O 03 O
B2 = ’ (Hde) = ’ ’
0.01 -1.05 0 02 0 04
02 0 04 O 01 O 02 0
(Ea)Ed) = ’ ’ (Fa;Fd) = ’ ’
0 01 0 03 0 02 0 03

with any time-varying delay function k(k) with /; = 1, h; = 33, & = 0.5, & = 0.5. By using
the LMI Toolbox in MATLAB, the LMIs (i) and (ii) of Theorem 3.2 are feasible with

(1316445 -0.1159 p,_ (1328346 ~0.0405
"\ Z01159  134.8126)° -\ -0.0405 135.0961/°

o, (29001 -0.0038 o, . (29245 0002
' \-0.0038 3.0018 /)’ 7 \-0.0026 3.0031 )’

o _ (21330 00047 o _ (2001 —00070
"7\ 0.0047 22523 )’ 271200072 22355 )’
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10.5378 0
0 10.7910

Therefore, the nonlinear uncertain system is robustly stabilizable with the feedback con-
trol

u(k) = (B(&) + AB(K)) "[(BE) + AB(K)) (B(E) + AB(K))" | x(k — h(k))

= (0.5B, +0.5B, + AB(K)) "[(0.5B, + 0.5B,
+ AB(K))(0.5B, +0.5B, + AB(K))" | " x(k — h(k))

~0.8881 —0.0061
- x(k - (k).
~0.0061 —0.9100

Therefore, the feedback delayed controller is

() —0.8881x; (k — h(k)) — 0.0061xy (k — h(k))
=1 0.0061% (k — h(K)) — 0.91005 (k — (k) |

5 Conclusion

In this article, new delay-dependent robust stability conditions for nonlinear uncertain
polytopic delay-difference equations with interval time-varying delays have been pre-
sented in terms of LMIs. An application in robust stabilization of nonlinear uncertain con-
trol discrete systems with time-delayed feedback controllers has been studied. Numerical
examples have been given to demonstrate the effectiveness of the proposed conditions.
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