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The problem of global asymptotic stability of a class of uncertain discrete-time systems in the presence of saturation nonlinearities
and interval-like time-varying delay in the state is considered. The uncertainties associated with the system parameters are
assumed to be deterministic and normbounded. The objective of the paper is to propose stability criteria having considerably
smaller numerical complexity. Two new delay-dependent stability criteria are derived by estimating the forward difference of the
Lyapunov functional using the concept of reciprocal convexity and method of scale inequality, respectively. The presented criteria
are compared with a previously reported criterion. A numerical example is provided to illustrate the effectiveness of the presented

criteria.

1. Introduction

During the implementation of fixed-point state-space
discrete-time systems using computer or digital hardware,
one encounters finite wordlength nonlinearities such as
quantization and overflow. Such nonlinearities may lead to
instability in the designed system [1, 2]. Saturation overflow
nonlinearity is one of the well-known nonlinear phenomena
studied in the real world [3]. The stability analysis of discrete-
time systems with state saturation is considered to be an
important subject of system theoretic study [1-19].

Physical systems may suffer from parameter uncertainties
that arise due to modeling errors, variations in system param-
eters, or some ignored factors. The existence of parameter
uncertainties may result in instability of the designed system
[20].

In the modeling of physical systems, time delays are often
introduced due to finite capabilities of information process-
ing and data transmission among various parts of the system
(17, 20-22]. Such delays are another source of instability in

discrete-time systems. The stability criteria for time delay
systems are broadly classified into delay-independent and
delay-dependent. In general, delay-dependent approach [15,
17,18, 20, 22-37] leads to less conservative results as compared
to delay-independent approach [16, 19, 20, 38]. The delay
partitioning approach has been utilized in [30, 31] for the
stability analysis of systems with interval-like time-varying
delay.

The stability analysis of discrete-time systems involving
overflow nonlinearities, parameter uncertainties, and state
delays is an important problem. Delay-independent stability
criteria for a class of discrete-time state-delayed systems
with saturation nonlinearities have been presented in [16,
19]. A delay-dependent approach for the stability analysis
of uncertain discrete-time systems with time-varying delays
and quantization/overflow nonlinearities has been proposed
in [17]. In a recent work [18], a delay-dependent global
asymptotic stability criterion for a class of uncertain discrete-
time state-delayed systems with saturation nonlinearities has
been established.
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A major concern of the delay-dependent stability criteria
is computational complexity. The objective of this paper is
to present global asymptotic stability criteria for uncertain
discrete-time systems under the influence of saturation non-
linearities and time-varying delay. In particular, inspired by
[23, 29, 39], we are interested to develop delay-dependent
stability criteria which are numerically less complex as
compared to [18].

The paper is organized as follows. Section 2 defines the
system under consideration and presents a recently reported
criterion. In Section 3, we specify the lemmas used and then
present our results. A numerical example illustrating the
usefulness of the presented results is given in Section 4.

Notations. The notations used throughout this paper are
standard. R? denotes the p-dimensional Euclidean space;
RP*4 is the set of p x q real matrices; 0 represents null matrix
or null vector of appropriate dimension; I is the identity
matrix of appropriate dimension; B” stands for the transpose
of the matrix (or vector) B; B > 0 (>0) means that B is positive
definite (semidefinite) symmetric matrix; B < 0 represents
that B is negative definite symmetric matrix; [m] denotes a
function which returns the nearest integer to m; |m| stands
for absolute value of a real number m; the symbol * represents
the symmetric terms in a symmetric matrix.

2. System Description and Existing Criterion

The system under consideration is given by

x(k+1) = £ (y (k)

1)
A1 R) f,0n0) - furat)]"
y(k) = (A+AA)x (k) + (A + AAy) x (k —d (k)
@)
=R p k) -y 0]
x(k) = @(k), Vk=—-hy—hy+1,...,0, 3)

where x(k) € R”" is the system state vector; A, A; € R™"
are the known constant matrices; AA, AA; € R™" are the
unknown matrices representing parametric uncertainties in
the state matrices; ¢(k) € R” is the initial condition at k;
and the time-varying delay d(k) is a positive integer which
satisfies

h, <d (k) < h,, (4)
where h; and h, are known nonnegative integers representing

the lower and upper delay bounds, respectively.
The saturation nonlinearities given by

yi (k) |y <1

fi (yl (k)) =11 Vi (k) > 1
-1, y; (k) < 1, €)
i=12,...,n
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are under consideration. The uncertainties are assumed to be
of the form [16, 17, 25, 38, 40]

AA = HyFJE,, (6)

AAd = HlFlEl’ (7)

where H; € R™? and E; € R%¥" (i = 0,1) are known
constant matrices and F; € R?*% (i = 0, 1) is an unknown
matrix which satisfies

F'F,<I, i=0,1 (8)

Pertaining to the system given by (1)-(8), the following
criterion has been recently reported in [18].

Theorem 1 (see [18]). Suppose C = [c;] € R™" denotes a
matrix defined by

n

Ch:'z (ag;+B;), i=12...,m, 9)

j=Lj#i
Gi =0~ Py hj=12..,n (i#]), (10)
a; > 0, B >0, ij=12..,n (ij), (1)

where for n = 1, C corresponds to a scalar u > 0. Then, for
given positive integers hy and h, with h, > h,, the system
described by (1)-(8) is globally asymptotically stable if there
exist appropriately dimensioned matrices P > 0, Q; > 0(i =

12,3, R >0,R, >0, X =% %2 ]>0Y=[""{2]>0

N = [g; ], M= [ﬁ; ], and W = [w; ] and positive scalars o,
B (,j=12,....,n(i# j)), €, and €, such that the following
linear matrix inequalities (LMIs) hold:

—Ell &, W, -M,; ATC-R 0 0
+ & W, -M, AIC 0 0
* x —Q 0 0 0 0
* % % —Q, 0 0 0 <0,
* % * * &5 CTH0 CTH1
% % * * % —eOI 0
| * * * * * -1 |
(12)
[X N] 50
* Ry~ >
Y W
[* Rz] =0
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R = MR, +h,R,,

§u

-P+Q, +Q, +(h,+1)Q;+R

+N, + N7 + X, + by, Y, + 6ELE,,

Theorem 6. Given two integers h; and h, satisfying 0 < h; <
h,, the system represented by (1)-(8) is globally asymptotically
stable if there exist matrices P > 0,Q; > 0 (i = 1,2,3), R, >
0, and R, > 0; a matrix S with compatible dimensions; and

positive scalars €, €, o, and By; (i, j = 1,2,...,n (i # j)) such

§n=-N; +NZ+M1 -W, + )X,
+h, Yo, (13)
£p= -N,-Nj + M, + M} - W, - W]
- Qs + Xy, +hyp Yoy + €1E{E1’
£ =P-(C+C")+R,
hy, = hy—h,

Remark 2. For A € R™" and H; € R™? (i = 0, 1), the total
row size of the LMIs in Theorem 1is L, = 2n*+22n+2p+2 and
the total number of scalar decision variables is M, = 151> +
3n+2. The numerical complexity of Theorem 1is proportional
to L,(M,)’ [26].

3. Main Results

Before presenting the main results of the paper, we recall the
following lemmas.

Lemma 3 (see [29, 39]). For any vectors &, and &,, matrices R

and S, and real numbers oty > 0 and o, > 0 satisfying
[R li] >0, o+, =1, (14)

£ =0ifa; =0,i=1,2, then
T
l,.r 1.7 [51] [R S][51]
-—& 'R§ — —& RE, < — . (15

(Xl 51 51 (XZ EZ EZ EZ * R £2 ( )
Lemma 4 (see [40, 41]). Let %, I, F, and A be real matrices of
appropriate dimensions with A satisfying A = A”; then,

A+ZFT+T'F'E" <0 (16)

for all E'F < 1, if and only if there exists a scalar € > 0 such
that

A+e 22T +er'T < 0. (17)

Lemma 5 (see [28]). For any positive definite matrix ] € R™",
two positive integers r and r,, satisfying r > ry > 1, and vector
function x(i) € R", one has

r T r r
<Zx(i)> ](Zx(i)) <(r-ry+1) Y x' ())x(i). (18)

i=r, i=r, i=ry

In the following, inspired by the work of [12, 14, 23, 29,
39], we will establish delay-dependent criteria for the global
asymptotic stability of the system given by (1)-(8).

- (v, - V3)TR2 (v —v3) - VZTSV4 - V3TSv2
+ v3TSv4 - v3TQ1v3 - VZQ2V4 + VITATCV5
+ VSTCTAV1 + VSTCTAdV2 + VSTCTHOV6
+v; [P—(C+C")]vs +vgHyCvs

+ VSTCTHIV7 + v7T HITCV5 - eOVGTIV6

T
-¢v,1Iv, <0,

k-1

VxKk) =x (K)Px(k)+ Y x ()Qx()

i=k—h,

k-1
+ ) x (1) Qux (i)

that
_|Ry S
0= [* R2]>0, (19)
T > T
Y=y, [—P + ) Q+h;,Q; + 6B Ky | v,
=1
T
+(vy —vs5) (h%Rl + h?sz) (v —vs)
+ VzTAZ;CVs - (v, - Va)TRl (Vi = v3)
— (v V4)TR2 (V2= vy) - VISTvz + VIST"s
+ VZT [S +87 - Q; + elEfEl] v, — V;FSTV3
(20)

where C is defined by (9)-(11) and v; (i = 1,2,...,7) denotes
the block entry matrix, for example, vy, =[0 0 0 T 0 0 0].

Proof. Consider the following Lyapunov functional candidate

i=k—h,
-hy k-1
+ Y X () Qux (i) (1)
j=—h, i=k+j
0 LS
+he Y Y 7 ()R (j)
O=—h,+1 j=k—1+6
—hy k-1 .
+hy, Z Z 1 () Ron (),
0=—h,+1 j=k-1+0
where
k) =x(k+1)-xk)=f(y(k)-xk). (22)



Taking the forward difference of the Lyapunov functional
(21) along the solutions of (1) yields

AV (x(k)) =V (x(k+ 1)) -V (x(k))
=" (y (k) Pf (y (k) - x" (k) Px (k)
+x' (k) Qux (k) +x" (k) Qx (k)
—x" (k-h)Qx (k- h))
—x" (k- hy) Q,x (k- h,)
+(hy, +1)x" (k) Qyx (k)

k—h,
= > x" () Qux (i) + hin" (k) Ry (k)
i=k—h,

+hyn" (k) Ryn (K)

k-1

~hy Y ' ()R ()
i=k—h,
k—h,—1

—hy, Z ’IT () Ryn (i) .

i=k—h,
(23)

Using Lemmas 3 and 5, one can obtain the following
relation if there exists a matrix S such that (19) holds [29]:

k—h,-1
—hy, Z 'TT (@) Ry (i)
i=k—h,
1 T
<— 7 KRy, (k)
(d(k)_hl)/hIZ (24)
1
- m)’z (k) Ryy, (k)
NEAGIE [y (k)}
<) elnto)
where
yl(k):x(k—hl)—x(k—d(k)), (25)
y, (k) =x(k—-d (k) -x(k—h,). (26)

It follows from Lemma 5 that [29]

k-1
~h Y )R ()

i=k—h,
k-1 - k-1

<= Y 7" OR, Y 70
i=k-h, i=k—h,

=—[x" (k) —x" (k= h)| R, [x (k) - x (k- )]
(27)
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Note that

k-h,

- Y x" () Qex (i) < —x" (k—d (k) Q;x (k- d (k). (28)

i=k—h,
Employing (23)-(28), we have the following inequality:
AV (x (k) < & (k) ¥,§ (k) =9, (29)

where

6= 320 () (7 )
x [ S { (o4 B5) £ 0 )
j=Lj#i
(30)
+ (“z’j - ﬁij) i ()’j (k))} ]

=y' (k) Cf (y (k) + £ (y (k) CTy (k)

—f' (y() (C+C")f(y k),
3
Y, = elT [—P + ZQi + h12Q3] e,
i=1
+ (e - es)T (thl + h?sz) (e, —es)

—T T
+ eZAdCe5 —(e;—e;) R, (e, —e;)

—(ey - e4)TR2 (e;—ey) - e4TSTe2 + eZSTe3

(31)
+ ez [S +87 - Q3] e, — eZSTe3

T T T
—(e;—e;) R,y (e, —e;3) —e,Se, - e;Se,
Ts T T TKTC
+e;5¢, —e;Qe; —e,Q,e, + € e
T ~T% T T
+e,C Ae; +e;C Age,

T T
+ €5 [P—(C+C )]es,

A=A+AA, A ;=A,+AA, (32)

E(k) = [x" (k) x" (k—d (k) x"(k-h,)
. (33)
x'(k=hy) £ (y(®) | -

Here, e; i = 1,2,...,5) is the block entry matrix, for
example, e, = [0 001 0]. Observe that, for the saturation
nonlinearities given by (5) along with (11), the quantity § (see
(30)) is nonnegative [12, 14]. (It is understood that forn = 1, §
is given by 8 = 2uly, (k) — f1(y; (k)] f,(y,(k)), where p > 0.
Clearly, in such case C reduces to a positive scalar, namely, y
(14]).

From (29), it is clear that AV(x(k)) < 0, if ¥; < 0.
Thus, ¥, < 0 and (19) are sufficient conditions for the global
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asymptotic stability of the system given by (1)-(8). Further,
using (6), the condition W¥; < 0 can be rewritten in the
following form:
Ay + HyF,E, + B, F'H, <0, (34)
where
. 3
Ay = e [—P +YQ+ h12Q3] e
i=1
T (12 2
+(e; —es5) (thl + h12R2) (e, —es5)
74T T
+e,A;Ce; — (e —€;) Ry (e, — ;)
T ToT ToT
—(ey—ey) Ry(e;—¢;) —€,S e, +€,8 e
+ eg [S +8" - Q3] € — egsTe3
— (e - e3)TR2 (e;—e5) - 65364 - eZSez
+ e;FSe4 - eZQle3 - e4TQ2e4 + elTATCe5
+ egCTAe1 + eSTCTXde2 + e? [P - (C + CT)] es,
—T
H,= [0 0 0 0 HIC|,

E,= [E, 0 0 0 0].
(35)

By Lemma 4, (34) is equivalent to
= =T =T—
Ao +€,"HyH, +¢,E,E; < 0, (36)

where ¢, > 0. By employing the well-known Schur comple-
ment [41], (36) can also be expressed as

3
T T
u [P+ ZQi +h,Q; + € E Ey | u;

=1
+(u, - u5)T (thl + h?sz) (u; —us)

+ uZXiCus — (- uy)"R, (u, - uy)

—(u, - “4)TR2 (uy —uy) - “ZST“Z + “ZST%

+ uz [S +8T - Q3] u, — uZSTu3 (37)
—(uy - u3)TR2 (u, — u;) — u) Su, — u: Su,

+ u3TSu4 - u;FQlu3 - u4TQ2u4 + ulTATCu5

+ul C"Au, +ulC"A u, + ul C"Hyu,

+ug [P-(C+C")]us +ugHy Cug

- eouglu6 <0,

wherew; (i = 1,2,...,6) is the block entry matrix, for exam-
ple, u; = [0 0 I 0 0 0]. Following the steps similar to

(34)-(36) along with the application of Schur’s complement,
(37) yields (20). This completes the proof of Theorem 6. [

Remark 7. The numerical complexity of Theorem 6 is propor-
tional to LZMS [26] with L, (total row size of the LMIs in
Theorem 6) = 2n*+11n+2p+2 and M, (total number of scalar
decision variables) = 6n° + n + 2. In the light of Remark 2,
it may be observed that Theorem 6 has smaller numerical
complexity than Theorem 1.

Next, for the situation where the system (1)-(8) is free
of parameter uncertainties and saturation nonlinearities,
Theorem 6 leads to the following corollary.

Corollary 8. Consider the system (1)-(8) in the absence of
uncertainties and nonlinearities, that is, the system becomes

x(k+1)=Ax (k) + Ayx(k—d(k)). (38)
Then, the system (38) with time-varying delay d(k) satisfying
(4) is globally asymptotically stable if there exist n x n positive
definite symmetric matrices P, Q; (i = 1,2,3), R, and R, and

a matrix S of appropriate dimensions such that the LMIs (19)
and (39) are feasible:

3
¥, =e |[ATPA-P+)Q +h,Q ¢

i=1
+h,e; (ATR,A— AR, ~R,A +R, ) ¢,
+hie] (R, +A"RIA-A'R —~RjA) ¢
+e, (A"PA, + {ATR|A, - IR A,
+h,ATR,A, — 1, R,A ) e,
+e, (AjPA + AR A — H; AR,
+h§2AdTR2A - hszng) € (39)
- (91 - e3)TR1 (e1 - e3)
- (ez - e4)TR2 (e2 - e4)
- eZSTe2 + e4TSTe3 - eZTSTe3
+e, [S+S8T - Q; + A PA,
+hi AR A, + H,ATR,A ] €
~ (e~ es)TRz (e;—e5) - eZSe4 - e3TSe2

+ e?Se4 - e§Q1e3 - e4TQ2e4 <0,
where e; (i = 1,2,3,4) represents the block entry matrix, for
example,e, = [0 1 0 0].

Proof. With f(y(k)) = y(k) and AA = AA; = 0 (which
implies the absence of nonlinearities and uncertainties in the
system (1)-(8)), (29) can be rearranged as

AV (x (k) <& (k) ¥ &, (k), (40)



where

£ (k) = [x" (k) x"(k-d k) x (k—hy) x (k-hy)].
(41)

From (40), it is clear that AV(x(k)) < 0 if (19) and (39)
hold true. This completes the proof of Corollary 8. O

Remark 9. It may be mentioned that a criterion for the global
asymptotic stability of the system (38) is reported in [29] (see
[29, Theorem 1]). It can be verified that Corollary 8 is the same
as Theorem 1 of [29]. Thus, Theorem 1 of [29] is recovered
from the presented approach as a special case. In other words,
Theorem 6 may be considered as an extension of the delay-
dependent criterion given in Theorem 1 of [29] for time-
varying delay systems to a model that includes, in addition,
parameter uncertainty as well as saturation nonlinearities.

It may be observed that Theorem 6 has a free-weighting
matrix S. Although the presence of these free-weighting
matrices helps in obtaining reduced conservative results, but
they contribute heavily towards the computational complex-

ity.

Next, we present a criterion which does not include any
free-weighting matrix.

Theorem 10. System (1)-(8) is globally asymptotically stable if
there exist matrices P > 0, Q; > 0 (i = 1,2,3), R, > 0, and
R, > 0 and scalars ¢y > 0, €, > 0,€, > 0, €, > 0, o; > 0, and
Bij>0(@,j=12,...,n(i#j)) such that B, <0and E, < 0
hold where

3
- T T
By =v; [P+ ) Q+h,Q;+eEE | v,

i=1

+ (v — VS)T (thl + hTZRZ) (vi —vs)
+vi AL Cvs - (v, - v,)'R, (v, - v3)
- (v - V3)TR2 (v, = v3)

+ va [—Q3 + elElTEl] v,

— (v, = v,) 3R, (v, - v,)

- V§Q1V3 - VZQ2V4 + vlTATCv5

+ VZCTAV1 + VSTCTAdv2 + VSTCTHOV6
+vs [P—(C+C")]vs +vH,Cvs

+ VSTCTH1V7 + V7TH1TCV5 - eOV6TIv6

T
—€v,Iv,,

3
= T —
E,=v, |-P+ ZQ,- +h,Qs + € E Ey | v,

i=1

T
+ (v, = vs) (thl + h?sz) (v; = vs)
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+V, A5Cvs - (v, - v,) R, (v, - v;)
o\ Vs)T3R2 (v = v3)

+ V2T [—Q3 + ElElTEl] v,

- (v, - V4)TR2 (V2 = v4)

- V3TQ1V3 - VZQ2V4 + VITATCV5

+ VSTCTAV1 + v5TCTAdV2 + V?CTH0V6
+ VST [P - (C + CT)] Vs + V6TH§CV5

T T TioT - T
+v;C H,v, +v,H, Cvs — €yv, Ivg

- T
—€v;1v,.
(42)
Proof. Recall the relation Equation (18) of [29]
k—h,-1
—hyy Z 1" (i) Ryn (i)

i=k—h,

(43)

< max {~y] (k) Ry, (k) =3y, () Ryy, (),

=3y] () Ryp; (k) - ¥; (K)Ryy, (R},

where y, (k) and p, (k) are given by (25) and (26), respectively.
By choosing the Lyapunov functional (21) and using (27),
(28), (30), and (43), we obtain

AV (x (k) < E" (k) Wok (k)
+ max {—le (k) R,y, (k)

- 3p] () Ry, (k) , -3y1 (k) Ry, (k)

-y, (k) Ryy, (k)} -,
(44)

where

3
Y, =el [—P +Y Qi+ h12Q3] e
i=1
T (12 2
+ (e, —e5) (thl + h12R2) (e, —e5)
rdd T
+e;A,;Ce; — (e, —e;) R, (e, —e3) (45)
- CZQ3e2 - ele% - e4TQ2e4
—T — —
+ elTA Ce; + egCTAe1 + e_,,TCTAde2

cel [P (C+CT)]ey
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and & is given by (30). Since & is nonnegative [12, 14],
AV (x(k)) < 0if

T T
Y, - (e;—€,) Ry(e;—e,) —3(e,—ey) Ry(e; —¢,) <0,
(46)

Y, - 3(e; - ez)TRz (e3—e,) —(e; - e4)TR2 (e;-¢€,) <0
(47)

hold. Here, e; (i = 1,2,...,5) is the block entry matrix,
for example, e; = [0 0 I 0 0]. Using the steps similar to
(34)-(37), it can be shown that (46) and (47) yield the LMIs
E, < 0and &, < 0, respectively. This completes the proof of
Theorem 10. O

Remark 11. 'The numerical complexity for Theorem 10 is given
byL3M§ where L = 2n* + 14n+4p + 4and M, = 50* + n +
4. A comparison of the numerical complexity of Theorems 1,
6, and 10 is given in Table 1 with p = 1. It may be observed
that Theorem 10 provides smaller numerical complexity than
Theorem 1. Further, from Table 1, it is clear that Theorem 10
has smaller numerical complexity than Theorem 6 for n > 2.

As a consequence of Theorem 10, one can easily arrive at
the following corollary.

Corollary 12. The system described by (38) is globally asymp-

totically stable if there exist matrices P > 0,Q; > 0 (i =
1,2,3),R; > 0, and R, > 0 such that

= T T
Y, —(e;—€,) Ry(e;—e,) —3(e,—ey) Ry(e; —¢,) <0,

= T T
WY, -3(e;—e,) Ry(es—e)) —(e;—¢;) Ry(e, —ey) <0,
(48)
where
- 3
Y, =¢ [ATPA-P+)Q +h,Q; e
i=1
+he; (A"R,A-A'R, -R,A+R, ) e
+hie] (R, +A"RIA-A'R —~RjA)e
+e; (ATPA, + HATR\A, - H{R,A,
+h%2ATR2Ad - hiszAd) €
(49)

+e, (AJPA + I{AJR,A — I] AR,
+ 5, A RA — H, AR, ) e
— (e, - es)TRl (e, —e5)
+e, [-Q; + AjPA,
+hATR Ay + HLATR, A e

T T
-e;Q.e;—¢, Qe

Remark 13. One can easily verify that Corollary 12 is equiv-
alent to Theorem 3 of [29]. Thus, Theorem 3 of [29] is
recovered from the presented approach as special case. In
other words, Theorem 10 may be treated as an extension to the
criterion established in Theorem 3 of [29] for time-varying
delay systems to a model that includes, in addition, norm-
bounded uncertainty as well as saturation nonlinearities.

Remark 14. Theorems 6 and 10 are applicable for testing
of global asymptotic stability of system (1)-(5) with time-
varying uncertainties AA = HF,(k)E, and AA; =
H, F,(k)E, subject, of course, to FiT(k)Fi(k) <I({#=0,1).

Remark 15. The conditions given in Theorems 6 and 10 are
in the form of LMIs and can be conveniently solved using
MATLAB environment along with YALMIP 3.0 parser [42]
and SeDuM.i 1.21 solver [43].

4. Numerical Example

A comparative study of the presented criteria with the
criterion in [18] is made to underline the usefulness of the
presented results.

Example 1. Consider the system (1)-(8) with [18]

08 0 -0.1 0
A= [0.05 0.9]’ Aa= [—0.2 —0.1]’
0
H0=H1=[01], E,=[0.01 0], E =[0 0.01].

(50)

In [18], the system under consideration was shown to
be globally asymptotically stable via Theorem 1 for the delay
range 2 < d(k) < 8. It is checked that, for the same delay
range, Theorem 6 succeeds to establish the global asymptotic
stability of the present system. Theorem 10 also affirms the
global asymptotic stability for this system over a delay range
2 < d(k) < 7. From Table2, it may be observed that
for higher values of h;, Theorem 10 succeeds in providing
the same conservativeness as that of Theorems 1 and 6.
Further, as shown in Table 1, Theorem 6 is numerically less
complex than Theorem 1. However, Theorem 10 provides less
computational burden than Theorems 1 and 6 (see Remarks
7 and 11).

By choosing an arbitrary initial condition, a plot of the
state trajectories of the present system with F, = F, =
cos(180(k — 1)/m) and d(k) = 2 + ||6cos(180(k — 1)/m)|]
is shown in Figure 1. The time-varying delay d(k) and the
uncertainty F;, = F; used in the simulation are shown in
Figures 2 and 3, respectively. The simulation result in Figure 1
is consistent with the fact (which has been arrived at via
Theorem 6) that the present system is globally asymptotically
stable. Figure 4 depicts the plot of state trajectories of the
nominal system (i.e., in the absence of uncertainties and
delay) associated with the present example and supports the
fact that the nominal system is globally asymptotically stable.
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TaBLE 1: Comparison of numerical complexity.
. . 3
Methods Numerical complexity L(M)
n=2 n=3 n=4
Theorem 1 [18] 17608192 273867968 2031995936
Theorem 6 746368 11295845 84896640
Theorem 10 773344 9561344 65421312
TABLE 2: Upper delay bound h, for different h,.
hy 2 5 7 10 13 20
Theorem 1 [18] 8 8 9 11 14 20
Theorem 6 8 8 9 1 14 20
Theorem 10 7 8 9 1 14 20
© Sy
s i
w o
29
-1 L
10 20 30 40 50 60 70
k k
FIGURE 3: Norm-bounded uncertainty used in the simulation.
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FIGURE 2: Time-varying delay d(k) used in the simulation.

5. Conclusions

Two new delay-dependent stability criteria (Theorems 6 and
10) have been proposed for a class of uncertain discrete-time
systems with time-varying delay in the presence of saturation
nonlinearities. A numerical example has been considered
for illustrating the effectiveness of the presented results.
As compared to [18], the proposed criteria turn out to be
numerically less complex. The presented approach can easily
be extended to a class of nonlinear uncertain discrete-time
systems with multiple time delays.

FIGURE 4: State response of the nominal system.
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