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Abstract

This paper is concerned with the problem of robust stability of uncertain two-dimensional (2-D) discrete systems described
by the Roesser model with polytopic uncertain parameters. Based on a newly developed parameter-dependent Lyapunov—
Krasovski functional combined with Finsler’s lemma, new sufficient conditions for robust stability analysis are derived in
terms of linear matrix inequalities (LMIs). Numerical examples are given to show the effectiveness and less conservatism of
the proposed results.

Keywords Robust stability - 2-D discrete systems - Polytopic uncertainty - Roesser model - Parameter-dependent Lyapunov

functions - Linear matrix inequalities (LMIs)

1 Introduction

In the past few decades, research on two-dimensional (2-
D) state space representation has rapidly increased. The 2-D
linear models were introduced in the 1970s (Fornasini and
Marchesini 1976; Givone and Roesser 1972) and have found
many physical applications such as digital data filtering,
image processing (Roesser 1975), thermal power engineer-
ing (Roesser 1975). Thus a considerable interest has been
devoted to 2-D systems and a number of results have been
presented in the literature. To mention a few, the stability
analysis problem of 2-D systems has been addressed in Kar
and Singh (2003), Ooba (2000) and Badie et al. (2018a,b).
Moreover, the Hy, control problem for 2-D state-delayed
systems has been studied in Xu and Yu (2009), Feng et al.
(2012) and Ghous and Xiang (2015, 2016), and the authors
in Peng and Guan (2009) and Zhang et al. (2011) presented
a solution to Hy, filtering problem of 2-D systems. Yet,
all the results mentioned above are only for linear certain
2-D systems without parameter uncertainties. As is well
known, almost all existing physical and engineering systems
unavoidably include uncertainties because of the existence
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of external disturbance, modeling inaccuracies, component
aging, parameter variations or parameter fluctuation in the
process of implementations. The term uncertainty refers to
the differences or errors between models and real systems and
whatever methodology is used to express these errors will be
called a representation of uncertainty. In general, the norm-
bounded uncertainty is one of the important representation of
parametric uncertainty where the mathematical description
of the uncertain system explicitly exhibits a nominal model
located at the center of the hyper ellipsoid of uncertainty in
the parameter space (Hmamed et al. 2013; Yao et al. 2013).
Another important description of uncertainty is the so-called
polytopic uncertainty, where the set of system parameters is
supposed to be uncertain and unknown but belonging to a
known convex polytopic domain, and the nominal system is
located at the center of this convex polytopic domain (Peau-
celle et al. 2000; Kau et al. 2005). In recent years, a great
deal of attention has been devoted to the robustness analysis
and synthesis for 2-D systems with polytopic uncertainties,
and we can cite for example (El-Kasri et al. 2013; Boukili
et al. 2016; El-Amrani et al. 2017; Tadepalli and Leite 2018;
Badie et al. 2018).

On the other hand, the robust stability analysis problem is
an important issue for many physical and engineering appli-
cations, as it is the initial requirement for any design. The
Lyapunov stability theory has become an efficient method
for dealing with this problem, and it is well known that the
reduction in conservatism in robust stability criteria can be
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achieved mainly from the construction of an appropriate Lya-
punov functional. In particular, existing stability methods for
uncertain systems with polytopic uncertainties are classified
into two types: quadratic stability conditions and parameter-
dependent stability conditions. In the first case, the stability
of a polytope of matrices can be checked by using a single
Lyapunov matrix for all the sub-models, and therefore, the
obtained stability condition is rather conservative and some-
times very restrictive, but it does not contain a large number of
decision variables. Therefore, it is very simple to be checked
numerically. The parameter-dependent stability condition is
introduced in order to overcome the conservativeness of the
quadratic stability condition. For one-dimensional (1-D) sys-
tems with polytopic uncertainties, many considerable efforts
have been made to develop parameter-dependent approaches
(see Ramos and Peres 2002; Leite and Peres 2003; Oliveira
and Peres 2006), and in the past few years, the notion of
parameter dependence was further extended to 2-D systems.
For instance, in Alfidi and Hmamed (2007), new robust
stability conditions for 2-D linear continuous-time systems
described by Roesser model have been given. In Hmamed
et al. (2008) the problem of robust stability of uncertain
two-dimensional discrete systems described by Fornasini—
Marchesini second model has been investigated. In Jia et al.
(2013) the problem of stability analysis and control synthesis
of uncertain 2-D discrete systems in the Roesser model has
been studied.

Motivated by the idea to overcome the limitations of the
quadratic stability conditions, and further to improve the
parameter-dependent technique. In this paper, we consider
the problem of robust stability for a class of uncertain poly-
topic 2-D discrete systems described by the Roesser model.
Based on parameter-dependent Lyapunov function combined
with Finsler’s lemma new sufficient conditions for robust
stability analysis are derived. The obtained conditions are
expressed in terms of LMIs and can be viewed as general
cases of some existing conditions. Two numerical examples
are given to demonstrate the merits of the proposed methods.

The rest of this paper is organized as follows: In Sect. 2,
the problem under study is formulated and some prelimi-
nary results are given. In Sect. 3, new sufficient conditions
are proposed for verifying the robust asymptotical stability
of the uncertain 2-D discrete-time systems described by the
Roesser model. Numerical examples are given to illustrate
the results in Sect. 4. Finally, some conclusions are also given
in Sect. 5.

Notations Throughout the paper, R" denotes the n-
dimensional real Euclidean space, R"*™ denotes the set of
n x m matrices. I and 0 represent identity matrix and zero
matrix, respectively. The superscripts ‘T’ stand for the matrix
transpose. P > 0 means that P is real symmetric and posi-
tive definite. sym (M) is the shorthand notation for M + M T
and diag{...} denotes a block diagonal matrix. In symmetric
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block matrices or long matrix expressions, we use an asterisk
() to represent a term that is induced by symmetry.

2 Problem Statement and Preliminaries

Consider a 2-D discrete linear system represented by the
Roesser state-space model of the form Roesser (1975):

M+ 1,07 TAM AR [xMk, 1) "
XUk, I+ || AY AR || x4k, D |

where x" (k, 1) € R™, xV(k,[) € R", are the horizontal and

the vertical states, respectively. A A2 A21 A22 are con-

stant matrices with appropriate dimensions. The boundary

conditions for system (1) are specified as:

{x”(o, D=fw, )
xV(k,0) = g(k).

To simplify the notation, identify in the state-space model
(1) the matrix

All A12
A= |:A21 A22:| ’

and define the vectors:

h h
o [tk 1D REXN)
X7k, D = |:x“(k,l+l):|’ x(k, 1) = [x”(k,l)]’

Hence, Eq. (1) is rewritten as:
xTk, 1) = Ax(k, D). 3)

We first present the notion of asymptotic stability of 2-D
discrete systems (1).

Definition 1 Du and Xie (2002) The 2-D discrete systems (1)
is said to be asymptotically stable if sup; ; [|x(k, [)[| < oo
and limg ;o x(k, ) = 0, with all boundary conditions in
(2) such that sup, [1x" (0, D|| < oo, supy |1xV(k, 0)]] < oo.

The following lemma presents a sufficient condition for the
asymptotic stability of 2-D discrete systems (1) in terms of
an LML

Lemma 1 (Duand Xie 2002) The 2-D discrete systems (1) is
asymptotically stable if there exists a block diagonal matrix
P = diag{P", P'} > 0 where P" € R™"*" and P’ €
R™ > sych that

ATPA—P <0, 4)
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Suppose now that the system matrix A is not precisely known,
but belongs to a convex bounded uncertain domain D that is
described by N vertices as follows:

All(Ol)

A12(a)
AZl(a) :| € D’ (5)

where
N N

D= {A(a) CA() = ZaiA,-; Za,- =1 > o} (6)
i=1 i=1

with the matrix

Al Al
= )

representing the ith vertex of the polytope

Remark 1 As shown in Jin and Park (2001), the polytopic
model uncertainty described in (6) can be utilized to represent
the uncertain domain more exactly and cover large classes of
uncertainties than the norm-bounded uncertainty.

We start our study by defining robust stability of system (1)
under the structured model (6).

Definition 2 System (1) is robustly stable in the uncertainty
domain (6) if there exists matrix P(«) > 0 such that

AT (@) P(@)A(@) — P(a) <O. 7

An effective way of addressing such problem is to choose a
single Lyapunov matrix P(«) = P which solves inequality
(7). Unfortunately, this approach is known to provide quite
conservative results, but it constitutes one of the elementary
results in the quadratic approach. The test for this class of sta-
bility, also known as a quadratic stability test, is summarized
in the following lemma.

Lemma 2 (Jiaetal. 2013) The 2-D discrete system (1) with
parameter uncertainties satisfying (6) is robustly asymptot-
ically stable if an appropriate-dimensional matrix P > 0
exists with

Pl x
PZ[P3 p?

P2 c Rnuxnv’

i| Pl c Rnhxnh
P3 c anxnh
such that the following LMIs hold:

Al'PA; —P <0, i=1,2,....N; ®)
sym(ATPA;) —2P <0, 1<i<j<N. 9)

The following lemma will be helpful in proving our main
result.

Lemma 3 (Finsler’s lemma de Oliveira and Skelton 2001)
Given ¢ € R", ® = 0T € R and A € RP*", if
rank(A) < n. The following conditions are equivalent

1. ETOE <0,YVAE =0,& #0,
2. 3r e R"™P suchthat® + TA+ ATrT <.

3 Main Results

In this section, based on the Lyapunov stability theorem com-
bined with the Finsler’s lemma, new parameter-dependent
approaches will be developed to studies the problem of robust
stability of uncertain 2-D discrete systems described by the
Roesser model under polytopic uncertainty.

Theorem 1 The 2-D discrete system (1) with parameter
uncertainties satisfying (6) is robustly asymptotically stable
if there exist symmetric positive definite matrices P; = PI-T >
0,i € {1, ..., N}and any appropriately dimensioned matri-
ces F and H, with

" _
- |:Pi Pf)p ’ Pih c Rnhxnh’ Piv € R,
4

Fh 0 ] h nhxnh v nvXxnuv
F_|:0 FU—,FGR , FV e R ,

Hh 0 i h nhxnh v nvxnv
H_[O Hv_,HeR , H' eR ,
such thatforalli € {1, ..., N} the following matrix inequal-
ities hold:

|:—P,-+sym(FAi) —F+AiTH} 0 (10)

* P —sym(H)

Proof Consider the following parameter-dependent Lya-
punov function for the uncertain 2-D system (1)

Vk, 1) = V", 1)+ V'K, 1),
Vi, 1) = x"T (k, 1) P"()x" (k, ),
VU(k, 1) = x"T (k, ) PY(c)x" (k, 1), (1)

where P"(a) = P"(@)T > 0, P'(¢) = P'(x)T > 0 are
parameter-dependent Lyapunov matrices to be determined.
The difference of Lyapunov function V (i, j) is given by

AV (i, j) = AV, j)+ AVYG, j),
AVEG, )y = 5" (k+ 1, ) PP ()x" (k + 1, 1)
—x"T (k, ) P" () x" (k. D),
AVVG, ) =x"T ke, 1+ 1D PY(a)xV(k, [+ 1)
—x"T(k, D PV ()x"(k, ]). (12)
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and define
_ P" (@) 0

Then AV (i, j) in (12) can be rewritten as

AV, j) =xTTk,DP@)xT(k, 1) — xT (k, ) P()x (k, )

= &7 (k, DIT ()& (k, ). (13)
where
| xk, D | =P 0
50, D) = [x*(k,l):|’ (@) = [ % P(a):|'

It is well known that it suffices to show that the following
inequality is valid

IT(x) < 0, (14)

to prove that the 2-D discrete system (1) with polytopic uncer-
tainties in (6) is robustly asymptotically stable.
To this end, defining

F A(a)T
F:[HT] .A(oe)Tz[ i“; } (15)

where F and H are matrices with appropriate dimensions

It follows from system (1) that A(a)&(k,!) = 0 for all
nonzero & (k, ) # 0, according to Finsler’s lemma, the con-
dition (14) with A&(k,1) = 0, &(k,[) # 0 is equivalent to
the following inequality:

(@) +TA)+ AT (@)’ <o. (16)

Assuming the corresponding parameter-dependent matrix of
the following affine form

N
P@)=>) a;Pi, (17)
i=1

and considering (6), the condition in (16) can be rewritten as

N
> i (M + T A+ AITT) <0. (18)

i=1

Thus, if the LMI (10) holds, inequality (18) obviously holds,
which guarantees the robust asymptotical stability of the
uncertain 2-D discrete system (1). This completes the proof.

]

Remark 2 Assume that system (1) is not subject to any uncer-
tainty, that is, N = 1. The stability condition of 2-D discrete
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system given by Lemma 1 is a special case of Theorem 1.
Actually, if we set F = 0; H = P; in (10), according to the
Schur complement (Boyd et al. 1994), we can see that the
inequality (10) reduces to (4). In addition, it is well known
that Lemma 1 is the starting point of many papers investigat-
ing analysis and design problems of 2-D discrete system. So
the proposed method in Theorem 1 can be extended to robust
analysis and design problems to get less conservative results.

Remark 3 Compared to 1-D systems, the analysis of 2-D sys-
tems are not easy due to their complex structures for which
the dynamics depend on two independent variables. Theo-
rem | gives a sufficient condition for the asymptotic stability
of uncertain 2-D discrete systems described by the Roesser
model. Note that if system (1) reduces to a 1-D system with
polytopic uncertainty, Theorem 1 coincides with the asymp-
totic stability for 1-D systems investigated in Peaucelle et al.
(2000). Thus, Theorem 1 can be viewed as an extension of
existing results on the asymptotic stability for 1-D systems
to the 2-D case.

Theorem 2 The 2 — D discrete system (1) with parameter
uncertainties satisfying (6) is robustly asymptotically stable
if there exist symmetric positive definite matrices P; = PI.T >
0 and any appropriately dimensioned matrices F; and H;,
ie{l,...,N}with

Pl 0] h hxnh
P, = ; pv | Pi € RMnh PiU e RMxnY,
i
h -
F, = |:I:i }?U , Fih c Rnhxnh’ Fiv c anxnv’
i
H; = I:I_ilh I—(I)U , Hih c Rnhxnh’ Hiv c anxnv’
i

such that the following LMIs hold:

gl 52
[*l J3]<—1, i=1...,N (19)
=i
[54 :5} 1 P=lo N
ij i,j 1 i#j (20)
50 2 ’
x  Bf (I=N) =1,...,N,

g7. &8 6 i=L....N=2

i,j,p LJP |~ 1, i+1,...,N—1,
[ « 8. } -~z I

i.j.p p=Jj+1,..., N
(2D

where

gl = —Pi 4+ sym(F; A)

8} = P — sym(H;)

M

TR
<

= —2P; — Pj+sym(FiAi + F;Aj + F;Aj)
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w._—zF Fj+ Al H; + Al H; + AT H,

g0, =2P, + Pj — 2sym(H;) — sym(H)

g, ,=—2P —2P; — 2P, +sym(F;A; + F;A,
+FjA + FjAp + FpA; + FpAj)

8 T r

L in=—2F —2F; —2F,+A; Hi + A] H)
+AlH; + ATH, + AL H; + ATH

8, ,=2Pi +2P;+2P, — 2sym(H; + H; + H,).

[x]

~

&3]

~

Proof Similar to the proof of Theorem 1 and by choosing

N
F.
F=F(Oé)=§ o1, Fi=[H_lT] (22)
i=I i

where F; and H; are matrices with appropriate dimensions.
Then we obtain

() + T ) Al@) + AT (@) () < 0. (23)
In addition defining

T () = () + sym(I (x) A(w)). (24)

By considering (6), 7 («) can be rewritten as

2

N
nm=(2&)1uw+(2yowmwmmm»

i=1

N
Z (IT; + sym(I; A;))

N

N
Z Z afa; (20 + IT;

i;j=1
+ sym(FA-) +sym(1“v4') + sym(Ij.A))
N-2 N-1

—}—Z Z Z ajajo, (210;

i=1 j=i+1 p=j+1

+20; + 201, + sym(I;A))
+sym(I;Ap) +sym(I'j A;) + sym(IjAp)
+sym(IpAp) + sym(I'pAj)) .

Imposing conditions (19)—(21), one gets

(o) < - Z P - (N — ])ZZ Z Ol(xj

i=1 j#i;j=1
6 N-2 N—
_mz Z Z aioja,
i=1 j=i+1 p=j+1
- _E@I. (25)

Table 1 Numbers of decision variables for different methods
Methods

Numbers of decision variables

Lemma 2 %(n% —l—n% +np +ny)
Theorem 1 %(n,zl + n% +np +ny) + Zni
Theorem 2 %(n% +n12) +np + ny) +2n,21 +2(n% +n%)

Now, to analyze the sign of & («), define @ («) and ¥ (@) as

N N
Zzai(ai —a))?

D () =
i=1 j=1
N N
(N—1)Za§—z Z ata; > 0.
i=1 j#i;j=1
wmzz Z Z aiaj — ap)’

i=1 j#i;j=1 p#i,jip=2

N N
=(N=2) > e
i=1 j#i;j=1
N-2

- N
= Z > aiaja, > 0. (26)

i=1 j=i+1 p=j+1

Considering (26), Z («) in (25) can be rewritten as

E(a) = P (a) +

1

Inequality (25), together with condition (27), implies that
(23) holds, which guarantees the robust asymptotical stability
of the uncertain 2-D discrete system (1). This completes the
proof. O

Remark 4 From the substitution (22), it can be seen that
the quadratic slack variables in Theorem 1 are replaced by
parameter-dependent slack variables in Theorem 2. As a
result, Theorem 2 includes as particular case the result of
Theorem 1. It will be shown in the Illustrative examples sec-
tion that the condition proposed in Theorem 2 is the least
conservative in comparison with Theorem 1 and Lemma 2.

Remark 5 The numbers of decision variables in Lemma 2,
Theorem 1, and Theorem 2 are shown in Table 1.

4 lllustrative Examples
Example 1 In this example, an exhaustive numerical com-

parison is provided to illustrate the effectiveness and less
conservatism of the proposed robust stability approaches.
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Thus, 1000 systems were randomly generated for each pair

Table2 Number of stable polytopes confirmed by the different methods

the different methods for2 <n <4

< 4, giving

2<n<4and3 <N <4

{n, N}, (m = ny + ny),

and3 <N <4

>

a total of 8000 stable polytopes. Each of these polytopes

Theorem 1 Theorem 2

Lemma 2

ny

ny

was evaluated using Lemma 2, Theorem 1, and Theorem 2
to check whether the conditions successfully confirmed the

931
603
735
2

894
5

806
3

in Table 2.

1S0ns are given 1n

robust stability. The compar

40

1

3

615
2

364

Example 2 Consider the uncertain 2-D discrete linear system
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D continuous-time systems via parameter-dependent Lyapunov

criteria are less conservative for two reasons: one is that they
are parameter-dependent; another is the introduction of two
are expressed in the terms of LMIs which can be easily solved

by LMI Toolbox in MATLAB. Two numerical examples have
been given to verify the less conservative nature of the new
Alfidi, M., & Hmamed, A. (2007). Robust stability analysis for 2-

slack parameters by using Finsler’s lemma. All these results
approaches.
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