© Springer Nature Publishing AG. Journal of Control, Automation and Electrical Systems volume 30, pages 137-147 (2019)

https://doi.org/10.1007/s40313-018-00433-y

Noname manuscript No.
(will be inserted by the editor)

Control of Discrete 2-D Takagi-Sugeno Systems Via a Sum-Of-Squares

Approach

Redouane Chaibi!, - Abdelaziz Hmamed!, - El Houssaine Tissir

Received: date / Accepted: date

Abstract The stabilization of Takagi-Sugeno (T-S) systems
is solved here for the two-dimensional (2-D) polynomial dis-
crete case, by using the sum of squares (SOS) approach.
First, we provide a stabilization condition formulated in terms
of Polynomial Multiple Lyapunov functions (PMLF). Then,
a non-quadratic stabilization condition is developed by ap-
plying relaxed stabilization technique. Both conditions can
be used for design, by solving them using numerical tools
such as SOSTOOLS. A numerical example illustrates the
effectiveness of the results.

Keywords discrete 2-D systems - Sum-of-Squares (SOS) -
stabilization - Takagi-Sugeno systems.

1 Introduction

Two-dimensional (2-D) systems [1], [2], are drawning great
attention in Systems Theory due to their extensive appli-
cations in practice, for instance, in multi-dimensional sig-
nal processing and transmission, and in thermal process. In
fact, 2-D systems are very appropiate to model physical pro-
cesses described by partial differential equations [3]. More-
over, 2-D techniques can also be applied as an analysis tool
to solve complex control problems, for example, PI control
of discrete linear repetitive processes [4], iterative learning
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control [5], and repetitive process control [2]. Several 2-
D models have been proposed, depending on the applica-
tion [6]. The approach here is inspired by [7], where suf-
ficient conditions for robust H. filtering were derived for
2-D discrete Roesser systems using homogenous polynomi-
ally parameter-dependent matrices of arbitrary degree, and
in [8], that dealt with a parallel problem with time-varying
delays.

These previous results focused on linear 2-D systems:
we aim here to study the 2-D non-linear systems that can
be represented using Takagi-Sugeno (T-S) models: these T-
S models [9] are attracting a great deal of attention because
they can effectively approximate a wide class of nonlinear
systems, which can then be treated by adapting some lin-
ear systems techniques. For example, quadratic stabiliza-
tion of T-S systems [10], [11] has been widely investigated
based on a common quadratic Lyapunov function and the
Parallel Distributed Compensation (PDC) [12], that unfor-
tunately tends to give conservative conditions. Many other
stability conditions for nonlinear systems have been investi-
gated (see, for instance, [10], [13] and references therein).
We emphasize here Multiple Lyapunov functions as they
lead to good results in the sense that a common Lyapunov
quadratic function may not exist but a multiple one exists
(see [14], [15]), making possible to ensure stability for a
wider class of nonlinear systems. Based on the T-S model,
relaxed stabilization conditions are given in [16], by consid-
ering the information of some membership functions. Stabil-
ity and stabilization conditions were derived for continuous-
time T-S models in [17]. Various state-space models for 2-
D systems have been suggested in [18] to solve complex
problems in different fields, for example, robust H.. filter-
ing of T-S systems, and stabilization of T-S systems with
attenuation of stochastic perturbation. Relaxed stabilization
conditions were developed in [19] by using non-quadratic
stabilization conditions and a homogeneous polynomially
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parameter-dependent Lyapunov function. By using the basis-
dependent Lyapunov function approach and adding slack
matrices, the H.. filtering problem for 2-D T-S systems de-
scribed by the Fornasini-Marchesini (FM) model was solved
in [20]. Sufficient LMI conditions were also studied in [21]
considering the effect of stochastic perturbations.

The techniques used here are instead based on a Sum-
Of-Squares (SOS) approach [22], which makes possible to
investigate the stability of polynomial systems for a range of
problems that is wider than the more extensively used LMI
approaches. SOS conditions can be numerically solved us-
ing off-the-shelf tools such as SOSTOOLS [22], [23]. More
precisely, we use techniques based on those in [24], for poly-
nomial T-S systems. SOS techniques have mainly been ap-
plied to 1-D continuous-time nonlinear systems: For exam-
ple, the stability of polynomial systems with time-delay was

presented in [25], using a novel polynomial Lyapunov-Krasovskii

functional; Stability conditions for continuous-time polyno-
mial systems were investigated in [26], by using polynomial
Lyapunov functions; finally, we mention the effective tech-
nique for constructing Lyapunov functions for continuous-
time multidimensional nonlinear systems in [27]. So far, few
approaches have been proposed to deal with 2-D T-S system
using SOS techniques: we can just cite [28], where a sta-
bilization condition of the discrete 2-D T-S system based
on polynomial Lyapunov functions has been provided. We
must point out that the fact that in 2-D systems the informa-
tion flows along two different directions makes controller
synthesis for 2-D T-S systems more complex and challeng-
ing, especially when a polynomial model is considered, i.e.,
a T-S model whose consequent part is represented by a poly-
nomial. Thus, this paper concentrates on designing the poly-
nomial T-S control for nonlinear 2-D system that are charac-
terized in the Roesser model; this is more challenging prob-
lem that parallel problems studied in the literature, such as
those in [29].

Thus, this paper delivers an SOS-based methodology to
solve the stabilization of Roesser-type polynomial discrete
2-D systems, whose consequent parts are depicted by poly-
nomials. In this manner, the polynomial nonlinearities can
be manipulated exactly and a large class of other nonlinear-
ities can be treated by introducing auxiliary variables and
constraints. We first derive a stabilization condition, based
on polynomial multiple Lyapunov functions. Then, a non-
quadratic stabilization condition is derived by using relax-
ation techniques. The proposed stabilization conditions are
represented in terms of SOS and are numerically solved (par-
tially symbolically) via SOSTOOLS [23]. We emphasize
that the stabilization approach discussed in this paper is more
general than existing LMI approaches to 2D T-S systems,
thanks to the use of the Sum-Of-Squares approach.

The remainder of the paper is organized as follows: Sec-
tion 2 provides the preliminaries and notation used through-

out the paper; the main results are presented in Section 3; a
numerical example is provided in Section 4 to demonstrate
the effectiveness of the developed approach; finally, some
conclusions are given in Section 5.

2 Problem Formulation

Notation:

e RR: the set of real numbers;

e 7Z*: the set of nonnegative integers

e C!: the set of complex numbers

o / : identity matrix (of size specified by the context);
e A;(.): ith eigenvalue;

e x: represents a term that is induced by symmetry.

We consider here discrete nonlinear 2-D systems described
as follows:

x+(k, 1) =Z(x(k,]))+ L (x(k,1))u(k,]) €}
LO0=f1),  x(k0)=g(k) )
with

EAN) [+ 1,0
S I B Wi

where x(.) € R™, x¥(.) € R™ are the horizontal and
the vertical state, respectively; u(.) € R™ is the control vec-
tor; Z°(.) and .#(.) are nonlinear functions satisfying %,.
€ Cl; k, I are two integers in Z*; finally, f (1), g(k) are the
boundary conditions along the horizontal and vertical direc-
tions, respectively.

The following equivalent discrete 2-D T-S system will
be used, to represent the nonlinear Roesser system (1):
Rule i: TF z; (k,1) IS M;; AND,..., AND z(k,1) IS M;,
THEN

X (k1) = Ai(x(k, D)2 (x(k, 1)) + Bi(x(k, 1) Ju(k, 1) 3)
00 =f1),  x(k0)=g(k)
with

where i = 1,...,r, Mj, are the fuzzy sets, z,(k), for p =
1,...,s, are the premise variables, r is the number of IF-
THEN rules, £(x(k,1)) is a column vector whose entries are
all monomials in x(k,!) and A;(x(k,!)), B;(x(k,1)) are poly-
nomial matrices in x(k, /), with appropriate dimensions.
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These polynomial discrete 2-D T-S systems can also be
expressed in a more compact form as follows

;hz 2(k, ){Ai(x(k, 1)) £(x (k1)) @

+Bi(x(k,1))u(k, 1) }

where

hi(ak ) = o CED) ) =

Lioiwiz(k,1)) j=1

where M;;(z(k,1)) is the grade of membership of z;(k,1)
in M;; and w;(z(k,1)) represents the weight of the i’ rule. In
this paper, we assume that w;(z(k,1)) > 0, fori =1,2,...,r,

M;j(z(k,1))

and Y1, wi(z(k,1)) > O for all . Therefore, we get ;(z(k,1)) >

0,fori=1,2,....,rand Y.\, hi(z(k,l)) =1 forall .

Remark 1 The region of validity of this system is defined by
Y0:

Yo = {x(k) € R [Lwyx(k)| < iy } ®)

where Myy > 0 and Ly € R for N=1,...n withn
representing the number of constraints that characterize the
allowed region for the closed-loop system in the state space.
For detailed discussions about the use of T-S models to rep-
resent exactly nonlinear systems inside a region ¥y we can
cite [35,36]: although those results are for one dimensional
systems, they can be directly extended to multidimensional
systems, like the 2D T-S in this paper.

Some stabilization conditions for the 2-D polynomial
discrete systems in (4) will be later derived using the SOS
approach, which is now introduced.

Lemma 1 [30] For two symmetric matrices P > 0 and Q >
0, the inequality AT QA — P < 0 holds, if there exist a matrix
G such that

P * -0
GAG+GT—-Q

Definition 1 [22] A multivariate polynomial f(x), for x €
RY, is a SOS if there exist polynomials fi(x), i = 1,.
such that
n
fo) =Y f2x) (©6)

This implies f(x) > 0 for any x € R".

Lemma 2 [31] Let f(x) be a polynomial in x € R" of degree
2d. Let Z(x) be a column vector whose entries are all mono-
mial in x, with a degree no greater than d. Then, f(x) is said
to be SOS if and only if there exists a positive semi-definite
matrix Q such that

f(x)=Z(x)" 0Z(x) @)

3 Main Results

To simplify the calculations, the following notations will be
adopted:

K = {ki,ka,...,k,} denotes the set of row indices of B;()
whose corresponding row is equal to zeros; we then define
X = (X, ,Xkys-- -5 Xk, ). We will consider T'(x(k,1)) that is a
polynomial matrix defined by £(x(k,!)) = T (x(k,1))x(k,1).

3.1 Stabilization Conditions Via Polynomial Multiple
Lyapunov function

In [33], a PDC control scheme and a polynomial Lyapunov
function are proposed for 1-D to obtain less conservative
stabilization conditions. In this paper we extend the PDC
scheme used in the literature for 1-D T-S polynomial fuzzy
systems to the 2-D systems studied in this paper. This 2-D
controller can be expressed as follows

Rule i: IF z; (k,1) IS M;; AND,. .., AND z,(k, 1) IS M

THEN
u(k, 1) = Fy(%)%(x(k, 1))
withi=1,...,r, and F;(¥) polynomial matrices of appropri-

ate dimensions to be determined. The overall 2-D controller
can be represented by

r

= ¥ mF(D)(x(k. 1) = F

i=1

u(k, 1) (£)2(x(k, 1)) ®

the closed-loop system is given by

- zl ¥ i {AR) + Bi ()

| Fi(®)2(x(k.1)

1
= (A:(%) + B (%) F (%)) £ (x(k, 1))

Theorem 1 The polynomial T-S system (9) is asymptoti-
cally stable if there exists symmetric polynomial matrices
X/( ¥) € Rm>m Xj( ¥) € R™*" and a polynomial matrices
Kl(%) e lex”l,KJ( %) € R™X™ where € (%) > 0, € (%) >0
for (£ # 0) and 7 () > 0, &) (%) > 0 for all % such that the
following SOS holds

®)

vIXi(®)—€e(®)v,  is SOS i=1,....r (10)
vI(Xi(®)—e(®))v,  is SOS i=1,....r (11)
viQmE)v,  is SOS i,mon=1,....r (12)
v (Q (%) + Q" ()v, is SOS (13)



Redouane Chaibi', et al.

i<jijmn=1,...r
with vy, v, vectors of appropriate dimensions, that are inde-
pendent of x(k,[), and

tion x7 (k,1)P,x(k,l) used in the literature: therefore (15) is
a more general representation, and will reduce conservatism
in the developed conditions.

The variation of (15) is given by

AV (x(k,1)) = £47 (x(k, D) P(F)5 (x(k, 1))

— &7 (x(k, 1)) P.(%)£(x(k, 1))

= & (x(k,1))[(AL(%) + B.(R) F (%)) P.(%7)

X (Ay(%) + B (2)F()) — P.(%)]2(x(k, 1))

= —xAT(x(k,l))QlZ()E))?(x(k,l))

(16)

where
—01:(%) = (A(¥) + B () F.(%))" P (&)

and

A(%) =T(¥)A(X), B:(¥)=T(¥")B(%)

ot
Qi (%) * * * T = {Tl(x ) 0 } _ {Tl(x(k+1,l) 0
g | O Q) =170 neE 0 Bk 1)
0T Qi (8) Qun() Q) (14)
Qija1 (%) Qijaa(¥) 0 Qy(%) Note that Q,(%) are positive definite symmetric polyno-
<0 mial matrices, and A, (Q1,(X)) > 0, so
Qi (%) = X{ (1) — &/ ()1 & (e, 1) @1z (F(x (k. 1)) 2 Ain(Q12(8)) |2 (x(k, 1) 3
Qi (%) = X3 (%) — &' ()1 :
Qi () = Ty (FH)A}, ()Z)le ) +T(£)B! (i)Klj ®) Thus, AV (x(k,!)) is bounded as follows:
Qua(5) = THE) A (DX (%) + TL(EDB ()5 (%) V(3 1)) < ~Amin Quz(D)E k1) B, VIR (K D) 2 < oy
133 (%) = X{"(x(k+ 1,1)) — &/ ()]
Qija1 () = To(F1)AY, (B)X] (%) + Ta (F7)BL (DK (%) AV (x(k,1)) is negative if —Q1.(¥) <0
Qijp(¥) = T(F )AL (OX] (%) + T2 (F") By (D)KF (%) N LB (R (s g (s
o e 00 = MO+ BOR@) REED
1144( ) ( ( + )) & ( ) +Ez(~)Fz(i)) fPZ()?)] <0
Proof Considering the following polynomial multiple Lya-
punov function: Pre- and post- multlplymg both sides of (17) by P, (%), we
V(1) = sk D) POk, D) sy b (18 where 1) = (2) and K(9) = FOR(9),
where P;(X) is a polynomial matrix in x(k,/) such that
NE (LB (D (N =1 (s F
P(s) = Pi(%) 0 -0 [ng E z(x2+Bz(~x)Fz( )z X, (A7) (A:(%) (18)
: 0 P) +B(DF0)X(5) — X.(5)] < 0
Amin (P (%)) || £(x(, l))”% SV (x(k,1)) < Amax (P:(%))[|£(x(k, 1)) Hz applying the Schur complement, we then have
where Ay, (.) and Ayqx(.) denote the minimum and max-
. . . . N T ~ 5 [~ ~\\T
imum eigenvalueS of a matrix, respectively. () X (%) (Az(x)XZ(x})(—(k EZ)(x)KZ(x)) S0 (19)
4
Note that if P,(¥) is a constant matrix and £(x(k,l)) =
x(k, l) then (15) reduces to the multiple Lyapunov func-  \here

Xi(x) = i hn(z(k, 14+ 1) X5 (x(k, 1+ 1))

and Q7" (%) are defined in (14).
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3.2 Stabilization Conditions for Polynomial System using
Non-PDC Control

In order to obtain more relaxed stabilization conditions for
polynomial discrete 2-D T-S systems, a Non-PDC control
law is used, of the following form [28]:

K (@)Y (D)3(x(k,1)

where K (%) and Y;(¥) are polynomial matrices of appro-
priate dimensions to be determined

u(k,l) = (20

K.(%) = [K{(®) K5(7) ], Xz(%) = [le(gi) Yf(zf)]

the closed-loop system of (4) and (20) is then as follows:

(k1) = (A:(%) + B:(DK (DY, (3))2(x(k, 1))

Theorem 2 The 2-D system (21) is asymptotically stable if
there exist symmetric polynomial matrices Pli (%) € Rm>m,
Pi(%) € R™*™, and polynomial matrices Ki (%) € R™*M,
Ki(%) € R™7™, Y[(%) € R"™™M, Yj(X) € R™*™, ZI"(%),
zZm (%) = (Z;-’}")T()E) such that (22), (23), (24), (25) and (26)
are satisfied, where €} (%), €(%), 8{( %) and 82 /(%) are non
negative polynomials such that €} (%) >0, &(%) > 0 for (¥ #
0) ande1 (%) >0, Eéj( ¥) > 0 forall X.

2

vl (Pi(x) - €l (X))v is SOS (22)
vl (Pi(%) — (%)) v is SOS (23)
VI (%) — Z"(%))va is SOS imn=1,....r (24)
vy (T (&) + T (%) = Z" (%) = Z}"(D)v. is SOS
(25)
i<j, i,jymn=1,...,r.
Zi'(%) 213 (%) ... Z{) (%)
Zz’"fj(X) Zz’"éj(x) Zé”r’j(X) -0 26)
() 2@ ... 7

mmn=1,...,r.

with vy and v, vectors that are independent of x(k, ).

T; j]l(i) * * *
0 Tijm(®
TlTn(i): ~ 122({) m>}< o :
Tija1 (%) Tijma (%) T35 (%) * 27
Tijm (%) Tijaa () 0 Tyu(%)
>0

Tijii (%) = P (%) — ] (9)]
Tij2(%) = sz (&) — & ()1
Tij3i (%) = Ty (F9)A (Y] (9) + T (£1) B} (DK (%)
Tijn(%) = Ty (F)AL (DY () + T (£1) B} ()KF (%)
s (%) (

— PP (x(k+1,0)) — &/ (D)1
Tijar (%) = To(&)Ab, (2)Y] (%) + (&) BA(D)K] (%)
Tijao(%) = Ta (¥ )A (Y] () + T2 (¥1) B (F)KF (%)
T/t (%) = Y3 (x(k, 1+ 1)) + 137 (x(k, [+ 1))

— Py (x(k, L+ 1) — €Y (R)1

Proof Consider the following polynomial Lyapunov func-
tion [28]:

V(x(k,1))

Then,

=& (x(k, )Y, T (®R)P(R)Y; N (®)R(x(k, 1)) (28)
£ (x(k, D) ViminY, T (®)Y, (£)2(x(k, 1)) <V (x(k, 1))

< & (x(k, 1)) Viman Y. T (B)Y; (D)£(x(k, D))
(29)

where

Vinin = Jonin, (Po(D))s Vimax = A, (P.(2))

As (VT (HY7(8) = KDY (8) with

Vanin = Jonin (VDT (), Vamar = A (LOY] ()
(29) becomes

VininVankae RG2SV (x(k, 1)) < VimaVay b |5k, 1) P

which ensures that V (x(k, 1)) is a polynomial Lyapunov func-
tion.

Then, the variation of (28) is given by

(30)
where
—02:(%) = [(A:(%) + B (D)K. (%)
<Y @) YT (EDREN)Y(E)(AL(R)
o 3D
+ B (D) K (X)Y; (%))
—v T (®P®Y, ! (3)]
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ye() — [Yf(og*) Y;(Oﬁ)} P = [Pf%ﬁ) p;(?m]

YT = Z;l By (z(k+ 1,0))Y{" (x(k+1,1))
Yzz()#) = z::lhn( 2(k, I+ 1)Y5 (x(k, 1+ 1))
Pi(xT) = il h(z(k+1,0)) P (x(k +1,1))
() = Y (elk L+ 1) PGk £+ 1)

n=1

and Qy,(%) are symmetric polynomial matrices, positive
definite.

& (x(k, 1)) Q2= (F)R(x(k, 1)) = Aunin( Qa2 (%)) |2(x(k, 1)) 13

Thus, AV (x(k,!)) is bounded as follows:

V(x(k, 1)) < = Donin(Q2:(%)) | 2(x(k, ) |3,
V£ (x(k, 1)l < nw)

Note that in the 2-D system the information is prop-
agated along two independent directions; hence, h;(z(k +
1,1)) and hj(z(k,l+1)) are two different membership func-
tions.

Multiplying the right side of (31) by Y;(%), and the left
side by Y (%), we have:

() + K (DB (@)Y, (FPE)Y(E) 32)
)K-(%)) — (%) <0.

(v (AT
X (Az(f)yz(i) +B.(

=
=

By using Lemma 1, where A =Y, ! (#")(
(32) can be expressed as

T.(%) = [ o TZJ >0 (33)

&)=Y Y hu(a(k+1,0)h,(z(k, 1 +1))

m=1n=1
Zh?T,f"” +ZZhh %)+ TH"(3)))
i=1j>i

where 7/ (¥) are defined in (27)

If the conditions (25) and (26) are satisfied, then the
following are also satisfied:

ﬁj
=
v
-
-

I (z(k+1,0)) i (z(k, 1 +1))

3
I
—_
3
Il
-

M\

( hle';"’ )+ Z Y hini(Z7"(x

i=1j>i

+25"(%))

o (2(k+1,0))h (z(k, 1 4-1))87 Z™ (%) 6

I
-
-

3
I
_
3
Il
—_

(34)
where 87 = [yI hol ... h,I] and
Zi(x) Z13(%) ... Z7 (%)
2m() = Z'z"ff(f) Z’z"z'f(f) ZE"r'f(f)
Z0) 2 (%) .. Z)

Remark 2 The feasibility of the developed SOS condition is
influenced by the polynomials €! (x), €7 (x), el-ll- (x) and 81‘2/' (x);
therefore, in practice the polynomial structure of €} (x), €?(x),

>
el (x) and £i2j (x) has to be carefully selected.

ij
Remark 3 Following the previous study on polynomial fuzzy
models, [24,33], the major drawback of the results is the
numerical computational cost. In fact, when the degree 2d
increases, the computational complexity increases, and the
computational time required increases. Nonetheless, the SOS
approach has a clear advantage, as a generalization of the
existing approaches to T-S fuzzy system, being more effective
in representing nonlinear control systems. In fact, the SOS
approach used here is more relaxed than the LMI approach
previously used in the literature [32].

((DY:(3) + B (DK (%)),

4 Computer simulations

Example 1 Let us consider the following nonlinear differ-
ential equation borrowed from [32]

2%q(x,t dq(x,t dq(x,t _
c;]x(;; ) =a qg; ) +ap qg; ) +ag s1n2(q(x,t))
+0f(x,1))

with the initial and boundary conditions q(x,0) = q; (x) and
q(1,0) = q2(¢). q(x,t) is the state function, ag,a,az,b are
real coefficients, and f(x,t) is the input function. If we define

ety = 2150 g
W) =4(e)
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then we obtain the following 2-D model:

laxf;(“)] _ [al alaz—i—aosinz(xg(x,t))]
axé(;t

1 a

) [

with boundary conditions

x(0,6) = ga2(t) — axqa(t)
xp(x,1) = q1(x)

Consider the two following rules obtained for sin®(x"(x,1)):

IF sin®(x"(x,t)) is about 0, THEN

[ oxl(x,t) ] h

A% o | X2 (x,1) .
Bx;i(tx,t) :Al ch(x,t)] +Bluc(x’t)
L 1 _

IF sin®(x)(x,t)) is about F1, THEN

[ oxlix) ] X(x,1)
ollen | =A% LCE()C» )] + Bjuc(x,t)
ar
with

e |a aran c | b
=[] =[]

c [al a1a2—|—a0]

— = B¢
1 ay 1

£ =
The membership functions are given by:

x,1)), ha(x,r) = sin®(x"(x,1))

For control purpose the 2-D T-S system is discretized
with sampling intervals T\ and T, corresponding to vari-
ables x and t, respectively, with the system parameters given
in [32,29] and [34], obtaining the following system:

IF sin®(x" (k,1)) is about 0, THEN

Ry (x,1) = 1 —sin? (x!(

flgl,zﬂll; = A ihgllzg + Bu(k,l)
IF sinz(x"(k,l)) is about 71, THEN

);hgl,iﬁll; =A> );hgig + Bou(k,1)
A= [1"';;17"1 laiajj}z] B, — [bg;l:|
A2 = [HIZITI (allaiZ:;z)Tl} B, =B,

The membership functions then become: hy(k,1) =1 —
sin?(x" (k, 1)), ha(k,1) = sin?(x"(k,1)). We can refer to [40]

Table 1 Feasibility intervals for a;

Methods Feasibility intervals
Usual PDC [32] —1.990, —0.512]
Theorem 1 of [32] —2.012, —0.494]

|
Corollary 2 [32] [—2.292, —0.212]
[

Theorem 2 non-PDC of [32] —2.492, —0.014]
Theorem 1 PDC of [28] [—2.499, —0.018]
Theorem 2 non-PDC of [28] [-2.65, —0.01]
Theorem 1 of [29] with g =2 [—2.502, —0.013]
Theorem 2 of [29] withg=d =2 [-2.561, —0.012]
Theorem 3 of [29] with g =d =2 [—2.566, —0.011]
Theorem 1 PDC with 2d =2 [—2.525, —0.001]
Theorem 2 non-PDC with 2d =2 [—2.743, —0.001]

for more discussions about the discretization of the continuous-
time T-S fuzzy model, see also the papers dealing with the
delta operator, like [41]. For the numerical simulation we
consider the following parameters: ay = —3, ag = —2, b =
-1, 71=057,=0.8.

The feasible intervals for ay are shown in Table 1 for
the proposed technique, and compared with those in the lit-
erature. From Table 1, we can observe that the intervals ob-
tained by our proposed Theorems 1 and 2 are larger than
the results given by [32], [29] and [28]. Fixing a, = —2.4,
and then solving (22) to (26) with the SOSTOOLS solver
gives:

Ki(%) = [K{(¥) K3(0) ] . Ka (%) = [K (%) K3(9) ]

10|67 it | 20 =[5 4|
K} (%) = —7.5365.1075x" (k,1)* — 435.36x" (k,1)?
K (%) = 0.000070999x" (k,1)* + 14012.0x" (k, )*
K3 (%) = —7.2643.10 5x" (k,1)* — 433.25x" (k,1)?
K3 (%) = 0.000051495x" (k,1)* +10150.0x" (k, )
Y] (%) = 7.0585.1075x" (k, 1) + 427.83x" (k,1)*
Y, (%) = 0.000010406x" (k,1)* + 1945.4x" (k,1)?
Y2 (%) = 7.1543.10°x" (k,1)? 4 428.39x" (k,1)?
Y3 (%) = 0.000010334x" (k, 1) +1951.3x" (k,1)?
with the boundary conditions
x"(0,1)=0.2, 0<1<30
x(k,0) =03, 0<k<30

x"(0,1) =0.05, x"(k,0)=0.1, i,j>30



Redouane Chaibi', et al.

Fig. 1 Horizontal states xh(k, [) for ap = —2.4 using the proposed con-
troller.

Fig. 2 Vertical states x"(k,/) for ay = —2.4 using the proposed con-
troller.

Figures I and 2 show the evolutions of the two states
x(k,1) and x" (k,1), respectively: it is clear that the polyno-
mial discrete 2-D T-S system (4) with the polynomial con-
troller (20) is asymptotically stable.

Remark 4 The same system can be studied with the satura-
tion. In fact, 2-D systems with saturation has been already
studied in [39] (FM T-S system) where the sinusoid was
used in the example. The 2-D saturated systems for Roesser
model was also solved in [38], where the saturation func-
tion used is the standard symmetric one. Note that we have
already dealt with the problem of stabilization of nonlinear
discrete-time T-S fuzzy systems with actuator saturation in
[37] for (1-D), where the sinusoid was used in the example,
and we will consider the discrete 2-D T-S problem as future
work.

For a polynomial X (%) € R"*"d, the complexity of com-
puting the SOS decomposition, depends on two factors: the
number of variables and the degree of the polynomial (2d +
n3.

The number of variable (N.V) and the number of (LMIs /
SOS) are shown in Table 2 for the example. Notice that with
this technique lies when the number of variables or the de-

gree of the polynomial are increased, the conservatism of
the result decreases, but the computational complexity in-
creases.

Example 2 Consider the following discrete-time nonlinear
plant represented by the polynomial 2-D T-S fuzzy Roesser
model with the following two rules:

0.25 0.675
D1 = 0

p _ [—0.36x"(k, 1)
"7 0.75x5 (k, 1) 0.325
0.25  0.105

42 = [O.75x”(k, l) 0.325] B2 =51

The membership functions are given as: hy(k,[) =1 —
sin?(x"(k, 1)), ha(k,1) = sin®(x"(k,1)).

By solving the SOS design condition in Theorems 2, the
asymptotical stability for the above 2-D polynomial fuzzy
system is ensured. The corresponding controller gain matri-
ces are given by:

Ki(®) = [K{(®) K3 ()], K (%) = [K} (%) K3(¥) ]

Il
S
=
S
98]
J
[oe]
~
ot
)

=
—
=
~
N
(3]
_|_
oo
(o)
Ne)
had
—_
=
<
—
R
~
—
)

with the boundary conditions
h0,1)=0.2, 0<1<30
"(k,0)=0.3, 0<k<30
¥"(0,1) =0.05, x"(k,0)=0.1, i,j>30

= =

Figs. 3-4 show the state trajectory of the system state
variables x"(k,1) and x"(k,1), respectively. The simulation
results in Figs. 3-4, show that the polynomial discrete 2-D T-
S system is asymptotically stable. Hence, the effectiveness of
the proposed approach has been illustrated in the numerical
example.
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Table 2 Number of variables and number of (LMIs/ SOS constraints), where n| = ny = ng and m; = my = my

Methods

N.V Number of (LMIs/ SOS constraints)

Theorem 1 PDC in [32]
Theorem 1 PDC for degre 2d
Theorem 2 NON-PDC in [32]

Theorem 2 NON-PDC for degre 2d

na(ng + 1)+ 2mgngr + 16n§r+nd(4nd +1)r(r+1)
(2d +1)[ng(na + 1)r+2ngmgr]
ng(ng + 1)r+2mgngr+ 2n‘21r+ 16n§r3 +ng(dng + 1) (r+1)
(2d +1)[ng(ng + 1)r+2mdndr+2n§r+ 16n§r3 +ng(dng + 1) (r41)]

r+5(r—=1)+1
2r+r3+§(r—l)
r3—‘,—§(r—l)—|—r2
2r+r3+§(r— 1)—‘,—}’2

b
"mwmwmﬂmmmm

Fig. 3 Trajectory of the 2-D polynomial system state x" (k, ).

Fig. 4 Trajectory of the 2-D polynomial system state x” (k, /).

5 Conclusion

Stabilization of a class of 2-D nonlinear systems has been
solved in this paper using a Sum-of-Square approach. More
precisely, stabilization of the class of 2-D discrete systems
that can be described in terms of Takagi-Sugeno Roesser-
type polynomial models has been studied using PDC con-
trollers. Firstly, an stabilization condition based on polyno-
mial multiple Lyapunov functions has been derived. Sec-
ondly, a non-quadratic stabilization condition was developed
using a relaxation technique. These design conditions are

formulated in terms of SOS, to make them numerically tractable.

A numerical example has been provided to show the effec-
tiveness of the proposed results.
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