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ABSTRACT

This paper proposes a methodology to design filters that
extract information from noisy signals. From a mathematical
point of view, a method is used based on homogeneous
polynomially parameter-dependent (HPPD) matrices of
arbitrary degree. The optimal H,, filter is then obtained by

solving a convex optimization problem using off-the-self
software. To show the effectiveness of the proposed filter
design methodology some examples are solved, and the
solution is illustrated using computer simulations.

Keywords
Systems theory, uncertainty, delays, filtering, linear matrix
inequalities (LMI).

1. INTRODUCTION

Designing filters and observers is a well-studied problem in
one-dimensional systems (see, for example, [1], [2], and
references therein), and some two-dimensional systems in
image processing applications (see [3] and references therein.
More precisely, a solution to the H,, filtering problem is

given in this paper for the class of two dimensional (2-D)
continuous systems that are described by a Roesser state space
model with both state delays and parameter uncertainties.
Delays are considered L, as they appear frequently in

practical problems (see [5] and references therein). Similarly,
uncertainties are inherent to any practical implementation (see
[6] and references therein).

The H,_, estimation problem has attracted much interest in

the past decades within the systems theory community [24],
[38]. One of the reasons is the fact that it does not require a
precise knowledge of the statistics of the noisy signals, as
required by alternatives approaches. This estimation
procedure just ensures that the L,-induced gain from the

noise to the estimation error is smaller than a prescribed level,
with the noise signals described as energy-bounded signals.
Many results on the H, filtering problem have been

proposed in the literature, in both the deterministic and
stochastic contexts: see, e.g., [4], [11], [15], [24], [27], [32],
[37], [38] and references therein. In practice, system
parameters are never perfectly known. When parameter
uncertainties affect a system, the corresponding robust H,

filtering has also been investigated: see, e.g., [9], [21], [36]; in
the particular case of for state-delayed systems, we can cite
[13], [14], [22] and [26]. Note that all these mentioned H,,

filtering results are obtained in the context of one-dimensional
(1-D) system. The study of two-dimensional (2-D) filters has
received much attention in past decades: [7], [10], [12], [16],
[171, [19], [23], [30], [33], [34], [35]. For example, the 2-D
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H,, filtering problem for Roesser models was solved in [10],

although in the absence of uncertainties and delays, with the
parallel results for the 2D Fornasini-Marchesini second model
reported in [33] and [34]. We point out that these H,,

filtering results were obtained for 2D discrete systems.
However, as it is well known, partial differential equations
actually correspond to 2-D or n-D continuous systems [23].
Therefore, the study of 2-D continuous systems is of practical
and theoretical importance.

It is worth noting that most of the results regarding this topic
only deal with 2-D systems without delays. However, delays
are frequent in systems described by partial differential
equations, for example in signal transmissions and biological
systems. Examples of 2-D systems with time delays include
the material rolling process [31] and systems described by
delayed lattice differential equations [20] and partial
difference equations [39], [40]. In addition, certain 2-D
systems containing digital processors that need finite
numerical computation time [8], [28] display also the delay
phenomenon. The stability and control problems of uncertain
2-D discrete state-delayed systems have been studies in [28],
[29], whereas the H_ filtering problem for 2-D continuous

state-delayed  systems  (albeit with norm  bounded
uncertainties) was considered in [18].In this paper, motivated
by the underlying idea in [25], we present a new approach, the
structured polynomially parameter-dependent method, for
designing the robust H,., filters for uncertain 2D state-

delayed systems described by the Roesser state-space model.
Assuming parameter uncertainties in a polytope, the focus is
on designing a filter such that the filtering error system is
robustly asymptotically stable and the H_ norm of the

filtering error system for the entire uncertainty domain
minimized. This new polynomially parameter-dependent idea
is based on using homogeneous polynomially parameter-
dependent matrices: by increasing its degree, less conservative
filters are obtained. Moreover, the obtained conditions are
expressed in terms of linear matrix inequalities which can be
easily solved using computers and off-the-self software. This
methodology includes as a particular case the quadratic
framework, and the linearly parameter-dependent framework,
special cases for zeroth degree and first degree, respectively.

Notation: Throughout this paper, for real symmetric
matrices X and Y, the notation X >Y (respectively, X >Y)
means that the matrix X-Y is positive semi-definite
(respectively, positive definite). | is the identity matrix with
appropriate dimension (All matrices, if not explicitly stated,
are assumed to have compatible dimensions). The superscript
T represents the transpose of a matrix, with her(S)=S + sT.

The symbol o, () denotes the spectral norm of a matrix.
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The symmetric term in a symmetric matrix is denoted by *,

X Y| (XY
w R
2. PROBLEM FORMULATION

Consider a 2-D continuous system described by the following
Roesser’s state-space model with delays in the states:

X(ty,tp) = Ala)x(ty, 1) + Ag (@)X(ty — 71t — 72)
+B(a)w(ty,ty)
(Z) 19 ¥ty 1) = Cyla)x(ty, tp) + Cog (@) X(ty — 71,1, — 75)
+ Dy(e)w(ty, tp)
2(ty,tp) = C(a)x(ty,tp) + D(a)w(ty, t)

with

x(0tp)=f(tp) for tpe[-7,0], x(t,0)=g(t;) for

_ " (t,tp)
h
X)) | ot
f el:—Tl,O:l, X(tl,tz) = s X(tl,tz) = 1 s
V() | o (ty,tp)
oty

A B}
X (L —7,12)
v

Vit ty —72) |

and x'(ty,tp) 1™ are the horizontal and vertical states,

. where xh(tl,tz)eD”h

Xt —71,tp —7) = [

respectively, y(tl,tz)eﬂp is the measured output,

2(ty,tp) € " is the signal to be estimated, w(t;,t;) 0™ is
the exogenous input, and 77,75 >0 are constant time delays.

All matrices are assumed to be real, belonging to the polytope

Aa)  Ay(a) A A
B N B C;|N
(a) C’l(a) :Zai 1 i ’zai :1, ai > 0
Cu(@) Di(a)| i3 |Cui Dul|ia
C(a) D(a) G Db
()
Here, we are interested in estimating the signal z(tj,ty) by a
robust HPPD filter of the form

=0): K(t,tp) = Ar (@)R(ty,tp) + By (@)y(ty.t)
(4, 1) = C ()R(ty, 1),

where
ch
Kty tp) = {XV (%)
V(. t)
are the horizontal and vertical states of the filter, respectively,
2(ty,t,) €017 is the estimate of z(t;,t,) . A; (@), B (a) and
Cs¢(a) are filter parameter-dependent matrices to be

1, $M(tut)el™ and RV(t,t) el ™

determined.
By defining an augmented state vector and the filtering error
output signal:
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K (ty.t,) =[Xh(t1’t2)T ()" JT ,
K (1) =[Xv(t1~t2)T R (t,t)" }T :
X" (t, — 7, tp)

"t —7,tp) ,
Xv(tlvtz—fz)l

K (ty,t) - 75)

Xh(tl—flvtz):{

Kty — 72) ={
X(t,tp) = [f(h ) X(.t)" JT .
ih(tl—flytz)}
X (ty.ty ~75) |
) =2(1,%) - 2(4, 1),

Xt — 7.t — 72) =[

the following augmented system can be obtained:
X(ty,t) = Al)R (1) + Ag (@)X(t — 7.t — )
(Ze): + Ba)w(tyty)
2(t,t2) = C(a)X(ty, tp) + D(@)W(ty,ty).

where
A(ar) = DA ()@, Ay(a) = DAy () DT,

B(a) =®B( (a), C(@)=C( ()0, BD@)=D(@)  (2)

and the augmented matrices are given by

. Ae) 0
A= B @)ci@) A ]
- - Ay (@) 0 - B B(«)
A‘”(“){Bf(a)cm(a) 0}’ Bf(“"[sf(a)ma)}'
Ci(@)=[C@) ~Ci@], ©)
, 0 0 0
0 0 1, 0
®= , (4)

The robust H, filtering problem to be addressed in this paper
can be formulated as follows : Given a scalar y >0 and the
2D continuous system with delays (%), find matrices

A (@) el ™, Bi(@)el™P and Ci(a)el ™" of the
filter realization (>¢) such that the filtering error system

(Z¢) is asymptotically stable and the transfer function of the
error system given as

. - - -1
Tau(s1:52) = C (@) 1(51,52) = Ale) - Ay (@) 1 &™) |
xB(a)+ D(a)

Q)

satisfies
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[Taull,, <7 (6)
for all admissible uncertainties and with null initial conditions
where

(01,05) =diag(yly, ool ). )
and

"TZW(SllSZ)"OC: sup O'max[TZW(jalngz):lv (8)
6,6,

In order to solve the filtering problem, we first introduce the
following Theorem which considers a parameter independent

structure for P(), ie., P(@)=P=P".

Theorem 1: Given a scalar y >0, the continuous system with
delays (%) is asymptotically stable and satisfies the H,

performance [T, <7 if there exist matrices

P =diag(R,,R,) >0 and Q=diag(Q,Q,)>0 such that the
following LMI holds:

A(@)'P+PA(@) PAy(a) PB(a) C(a)'

* -Q 0 0 <0
* * T

-7 D(a)
* * * —j/l

©

Proof: First, from (9), it is easy the see that

A(@) P+PA@)+Q PAy() 3
Ag(a)' P -Q

0

which by Theorem 2, gives that system (%) is asymptotically
stable. Next, we show the H_, performance, by applying the
Schur  complement formula to (9), we obtain
V =% -D(a) D(«x) >0 and
her(ATP)+Q+y~'cTC+PA;Q AP

+ [PB +yicT DJV_l[BTP +y‘1DTcJ <0

Multiplying this inequality by y1 yields

her (AT (¥P)) + (»Q) + CTC + (yP) Ay (yQ) " Af (¥P)
+ [(yP)B +CT DJV’l[BT (P + DTC} <0

Let }5:;/P >0 and Q:yQ>O; then, (10) can be rewritten
as
ATP+PA+Q+CTC+PAQIAIP

+ [ﬁB+CTDJV‘1[BTF~>+DTc}<0

Therefore, there exists a matrix U >0 such that
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~her(ATP)-Q-CTC-PA;Q'A]P
N i 11
> [PB+CTD}V_1[BTP+ DTC}LU D

Set
Qi 6:) = 1(j6, j6,) - A- Agl (6734 ,e71%)

and z(j@, j6,) =PAyl (e '%,e71%) recalling that for any
matrices K;, K, and Kj of appropriate dimension with
K2 >0

KiKg + K3K; < KKKy + K5K5 Ky (12)
Therefore,
2(j6,, 16)) + 2(i61, §6,)" < PAQ'ATP +Q (13)

Then, it can be verified that
PI(j6. j6,)+1(-i6,~6,) P =0 (14)
By (12), (13) and (14), we have

Q- 6~ i6,)" P+ PQ(j6y, j6,)-CTC =
—her(ATP) - 2(j6}, i0,) - 2 (j6, j6,) ~CTC (15)
>(PB+C'DV (BT +D'C)+U

Since system () is asymptotically stable, we have
det[l(jel, j¢92)—A—Adl(e‘jgl,e‘jaz)}to, for
all 6,6, eR. Therefore, Q(j&l,jez)*l is well defined for
all 8,6, e R. Now, pre-and post multiplying

(15) by B'Q(j4, j6,)" and Q(j6,, j6,) 1B respectively,
we have that for all 6,6, eR

BTQ(jéh, j6,)

x| Qi1 P +Pa(ia, io)-C'C|

xQ(j6, j6,) B

>B'Q(j6, j6,) 7 AQ(j6, j6) B,

(16)
with

A=(PB+C D)V I(B'P+D'C)+U.

Then, by noting (5), we have
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72| _Tzw(_j'glv_jez)TTzw(jelr j'92) = }’Zl
—[BTQ(—jel,—jez)*T cT+ DT}
x[CQ(jHl, j6,) B+ DT}
=y21-D'D+B'Q(-j6,-j6,) "
x| Pia, 10,)+ (-0~ i6;) T P-CTc|
xQ(j6;, jo,)'B
-B'Q(-j6,-j6,) T (PB+C'D)
~(BTP+D'C)Q(ja, i) 'B
>V +BTO(-j6,-6,) T AQ(j6, i6,) "B
-B'Q(-j6;,-6,) T (PB+CTD)
-(B"P+D'C)Q(j4, j6,) B

17)

By using the relation (16), we obtain

721 = Tan- 18- 102)" T30, 302) 18)
>V -(B"P+D'C)A}(PB+C'D)
Now, observe that

A-(PB+C'DV}B"P+D'C)=U >0

Then, by the Schur complement formula, we have
Vv B'"P+D'C
. >0
|PB+CTD A

which, by the Schur complement formula again, gives
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V-B'P+D'C)AY(PB+C"D)>0. (19)

Then, it follows from (18) and (19) that for all 6,6, € R

721 = Ton(=§61,-16) Ta (161, J65) > 0. (20)
Hence, by (20), we have. This completes the proof. []

3. MAIN RESULTS

In this section, an LMI approach will be developed to solve
the Robust H,, filtering problem formulated in the previous

section.

3.1 Parameter-dependent LMIs

In this section, we develop the parameter-dependent LMIs
conditions stated in Theorem 1 in terms of generic parameter-
dependent matrix solutions.

Theorem 2: Given a scalar y >0, the 2-D robust H_
filtering problem is solvable if the 2-D system (%) is
asymptotically stable with » performance, that is, if there
exist matrices Z(a), O(a), ¥(a), X =diag(Xp,X,)>0,
Y =diag(Yy,Y,) >0, and S =diag(Sy,Sy) >0 with X, Yy,

S, eR™ ™ and X,,Y,, S, eR™™ such that the following
LMIs hold

[YA@)+ A@TY +Y Iy, YA (@) YB(c) Cla) -0(@)T |
* Jo XAy(a) +¥(a)Cy(a) XAy(a)+¥(a)Cy(a) XB(a)+¥(a)Dy(ax) Cla)"
* * -y 0 0
<0
* * * 1 D(a)T
| * * * * _},| | (21)
X=-Y>0 (22)
S-Y>0 (23)
where A (@) = XZZ (@)Y N3 (24)
I =YA@) + Al@)T X +Cy(@) ¥(@)T +Z()T +Y, B (@) = X12¥() (25)
Jop = XA(@) + Al@)" X + W(a)Cy(@) +C(a) W(a)" +8, Ct (@) =O(a)Y 3" (26)

Joz = XAy (@) + X12B5 (@)Cyg (@)

Then, a desired 2-D continuous filter in the form of (2¢)

can be chosen with the following matrices:

where
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S 0
S12 :{ 312 } (27)

in  which Xhyo o Xuys Yoy Vi Sh12 and S\,12 are

Vip!
nonsingular matrices satisfying
XppYph =1 — Xyt (28)

SpYh=1-sy! (29)

Proof: Let Y, =Yy, Y,=Y,%, Y=Y then the relations
(22)-(23), can be written as

{x I} {x |}
_|>0, _|>o0. (30)
Y 1Y

By the Schur complement formula, it follows from (30) that

Y-Xx1s0, Y-slso, which

implies that | —XY and | —SY are nonsingular. Therefore,
by noting the structure of X and Y, we have that there always

exist nonsingular matrices Xy, , X, Y,, Yy,, Sp, and

Sy, such that (28) and (29) is satisfied, that is
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Then, by some calculation, it can be verified that

0 0
P::Hznllz{%‘ P}, Q::Hﬂf{%h QJ (33)

where

. {Xh Xhy, 1
Tl T T -1 :
Xiy,  Xiy, (Xn=Yn) " Xp,

. X, Xy,
CIXE X (X =) X |

Vi2 Vip
0 rh S, 1
h =l eT T -1 :
Sy, Shy, (Sn=Yh) "Sp,

0 S, Sy,
VI QT oT e |
S Sv12 (Sv - Yv) Sv12

V12
Observe that

1
xh—xlz[xﬁz(xh—\(h) 1xh12} X5 =Yy >0,

-1
T -1 T
Xy— x12|:xv12(xv _Yv) Xv12:| X

Vio

=Y, >0,

T e Tler
S —slz[shn Sy —Yr) shlz} St =Y, >0,

-1
) ] S, —slz[san S, -Y,) 1SVQJ St =Y, >0,
X Yo = 1= Xp¥h, Xy Vb =1=X.Y, (31)
Shl Yr{ 0 —Sth, s, YVT - —vav- (32) Therefore, it is easy to see that B, >0, R, >0, Q,>0 and
2w 12 Q,>0. Now, pre- and post-multiplying (21) by
Set diag{Y,1,Y,1,1,1,1}, we obtain
. Y, | . Y, | . I X,
= ) v, — ) h T |
h1 Ylgl—Z 0 ' Y\;1r2 O ’ 0 XhlZ
X, ISy, IS,
= , Iy, = , = ,
o Xy "o st % loos)
. M, O M, 0 m, 0
1= ' 2= ' 3=
0 1, 0 1, 0 T,
(Y (YA@)+ A@)TY +Y)Y Y, YYA (@)Y YYAq () YYB(a) V()T ~YYYy,Co (@) |
* Jp Y XAy(@)+XyBr (@)Cig (@) XB(a) + ¥(@)Dy(a) Cla)'
* Yy =YY 0 0 <0
* * * -S 0 0
* * * * 7}/| D(a)T
* * * * * _},|

(34)
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her (@' T1] POA; ®'T1,0) + ®'T1] QI;®d  ®'I1] POA; D' T,d O'I1] POB;  ®'I1] dC;

* ~' 1] QI d
* *
* *

0 0 <0 (35)
1 D'

Af, B and C; are given in (24)—(26), @ is given in (4).
By (33), the inequality (34) can be rewritten as (35), Pre- and
post-multiplying (35) by diag(IT;' &' ,11;"®",1,1) and
diag(@ ;Y @17 1, 1) we have

PA@)+ Al P+Q * *x =

Au(e)"P S Y (36)
B(a)" P 0 —yl *
C(a) 0 D(a) -yl

Finally, by Theorem 2, it follows that the error system ()
is asymptotically stable, and the transfer function of the error
system satisfies (6). This completes the proof. []

Remark 1: From Theorem 2, it is easy to see that the minimal
value of the H_, norm y >0, which, satisfies the LMIs in
(21)-(23), can be determined by solving the following
optimization problem :

min
S, XY, Z(«),0(a),¥(a)

subject to

$>0,X >0, >0 and LMIs in (21)-(23).

In the case when there is no parameter uncertainty and no
delay in system (X), Theorem 2 reduces to Corollary 1 in
[35].

3.2 HPPD filtering

In what follows, based on Theorem 2, we propose a new
method for designing robust H_ filters via a structured

polynomially parameter-dependent approach. Now before
presenting the Theorem 2 in HPPD, some definitions and
preliminaries are needed to represent and to handle products
and sums of homogeneous polynomials. First, define the
HPPD matrices of arbitrary degree g by

J(9)

¥yla)= Zalk1a2kz ...aK‘N ‘{’mj () 37)
j=1
¥ k k k
O4(a) = Zallazz N Oy, (@) (38)
=1
J(9) C ek
Zy(a)= Zal1a22 AN ZERJ_ () (39)
=

The notations in the above are explained as follows.
aflalz(z...ah'“, aeQ, ke, i=1..,N are the
monomials, \ij(g), @mj(g)’ and ij(g), are matrices
valued coefficients. Here, by definition, %;(g) is the jth N-

tuples of R(g) which is lexically ordered, j=1,...,3(g) and
R(g) is the set of N-tuples obtained as all possible
combinations of kk,..ky, kj €0, i=1..,N such that
ki +ky +...+ky =g. Since the number of vertices in the
polytope 7 isequal to N, the number of elements in R(g) is
given by 3(g)=(N+g-1!/(g!(N -D!).

For each i=1,...,N define the N-tuples ‘Rij (9), that are equal
to R;(g), butwith k; >0 replaced by k; —1. Note that the
N-tuples ‘Rij (g) are defined only in the cases where the
corresponding k; is positive. Note also that, when applied to
the elements of R(g+1), the N-tuples *J{ij(g +1) define
subscripts kikp...ky of matrices Wy, k. Ok, .k, and
Zyk,..k, associated to homogeneous polynomial parameter-
dependent matrices of degree g. Finally, define the scalar

constant  coefficients ﬁ}(g+1)=g!/(k1!k2!...kN!), with

(ke K. ky ] € (g +1).

To clarify this notation, consider as an example a polytope
with N = 3 wvertices and g = 2. Then, J(2)=6,
R(2) ={002,011,020,101,110, 200} and

W (@) = & W ogp + a3 Wy + @5 Wogo + 0103W10;
+ 040,130 + of W g
@, (@) = §Oqqp + 230011 + 3 Ogp0 + 212301
+0407O 19 + & Opo
Z(@) = a5 Zogp + 23211 + 3 Zggo + 0123741
+ 1052110 + 0 Zyoo.
Moreover, N(2) ={{3}.{2,3}.{2}.{1,3}{1,2} {1}},
R3(2) =001, R3(2)=001, R3(2)=010, R3(2)=010,
W3(2) =001, M3(2)=100, KE(2)=010, %KZ(2)=100 and
9%16(2) =100 are the only possible triples iRij (2),
j=1...,3(2) associated to R(2).

To facilitate the presentation of our main results, denote
ﬂ}(g +1) by F. Using this notation we now present the
following result.
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Theorem 3: Given a scalar y >0 and the uncertain 2-D
continuous system (Z), then, the robust H_, filtering problem

is solvable if there exist matrices Px(g) On,(g) 25“1(9)’
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Y =diag(¥;,,Y,) >0 with X, Y,el™ and X,.Y, 0™,
such that VR (g+1)eR(g+1), 1=1..,3(g+1) such that
the following LMI holds :

R;j(9)eR(@), j=1..3(9). X =diag(Xy,X,)>0 and
[FYA +FATY +FY 3y, FYA; FYA; FYB, FCl -0y o |
T
* J22 FXA;M + l{’m:(gﬂ) Cldi FXPH, + l{]mi(gﬁ) Cldi FXBl + \P‘R: (g+1) Dli FCl
* * ~FY -FY 0 0 <0 (40)
* * * -FS 0 0
* * * * —Fyl FD/
* * * * * _F7/|
X-Y >0 (41)
S-Y>0 (42)
where 3(9)
k
I =FYA+FATX +CIwT, 4zl +Fy Brg ()= ) & By (g) (44)
Ri(gs1) Ri(g+1) =t
— YA T ) T T ~
Jyp =FXA +FA X +Cll\ym:(g+1) +‘P\R;(M(:lI +FS 3(9) )
i Cfg(a):Za Cfg{_(g) (45)
then, the homogeneous polynomially parameter-dependent = j
matrices given by (37)-(39) ensure (21)-(23) for all Q. Kok kK
— R — 1 2 N
Moreover, if the LMIs of (40)-(42) are fulfilled for a given kiko-kn =9(9). o =agap?..ay (46)
degree g, then the LMIs corresponding to any degree g >§ Af‘)?j(g) = x;zlzmj(g)v—lvj 47)
are also satisfied. 1
Bta,(9) = X12 ¥, (g) (48)
In this case, the matrices of the 2D continuous-time HPPD 1, -T
Cta;(9) =On;(g)Y M2 (49)

filter are given by
3(9)

Ay (@) = ZakAf‘Rj(g) (43) Proof: Note that (21) for (A(a), B(a), C(a), D(a),
j=1 Ci(a), Di(a)) €e”Z and ¥Y(a), O(a), Z(a) given by
(40)-(42) are homogeneous polynomial matrices equations of
degree g + 1 that can be written as
[ Fher(YA)+FY Iy, FYAq; FYAy FYB, FCi - ®$?i (@49
* ) ) . ) . ) ) . ) T
s Jyy  FXAg + ‘P\R:(M Cuai FXA4 + \Pm:(gmcld' FXB; + ‘PER: (9+1) Dy; FC,
X * * -FY -FY 0 0 <0
1=1 ieN (g+1) * * * -FS 0 0
* * * * —Fyl FD/
| * * * * * -Fyl |
klkz,..., kN = ER|(g +1)

(50)

Condition (40)-(42) imposed for all |=1,...,.3(g+1) assure
condition in (21) for alla €Q , and thus the first part is
proved.

Suppose that the LMIs of (40)-(42) are fulfilled for a certain
degree §, that is, there exist J(§) matrices ‘ij(@),

@5,31_(@) and lI’mj(@),j:l,...,S(gj) such that lIfg(oe),

O4(a) and homogeneous polynomially

parameter-dependent matrices assuring condition in (21)-(23).
Then, the terms of the polynomial matrices ¥q.,4(c)=

Zg (a) are

(g +...+ay )‘I—’g (a), ®g+1(a) =(q+..+ay )®g (a) and
Zg+l(a) = (a1+...+aN)Zg(a) satisfy the LMIs of Theorem
3 corresponding to the degree § +1 which can be obtained in

this case by linear combination of the LMIs of Theorem 3 for
§g. 0

4. ILLUSTRATIVE EXAMPLES
In this section, we provide some numerical examples to
illustrate that the proposed approach ensures a smaller H_,

performance when increasing the degree.
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Example 1: First, consider an uncertain 2-D continuous
system (%) with the following parameters:

06 2+« 0 0 0 O
A= L A= ., B= :
-4 0.6 19+a 1.2 15 0

[0 12 _[o1 115a] . _[16 02
©=l09 Zi,b"Dl_ 01 11 | M¥7lo o
c=[0 3], D=[0 0]

with o and g uncertain parameters, bounded as follows :
-12<a<12 and -1.8<p4<18, which gives a four-
vertices polytopic system.

To design a 2-D filter for this system, we apply Theorem 2,
first with g = 0, (quadratic filtering), the LMIs are infeasible.

Then, for g = 1 (linearly parameter-dependent approach), we
get y =27.0765, whereas for g = 2, we obtain a better noise

attenuation level: y =20.0570. The number of LMIs and the
number of scalar variables are compared in Table 1.

Table 1

g 4 K L Time
0 Infeasible | 17 32 1.154
1 27.0765 47 74 1.575
2 20.0570 107 144 2.293
3 20.0570 207 249 3.760

K is the number of scalar variables, L is the number of LMI
rows involved in the optimization problem, and the
computational times is given in seconds.

Example 2: Taking the same parameters in example 1 except
replacing A by

-06 4+« —26<a<26
A= and
-4 06 ~18<pB<18
first for g = 0, (quadratic filtering), the LMIs are infeasible.

Then, for g = 1 (linearly parameter-dependent approach), we
get y = 43.0885, whereas for g = 2, we obtain a better noise

attenuation level: y =21.3200.

The number of LMIs and the number of scalar variables are
compared in the following Table 2.

Table 2

g 14 K L Time
0 Infeasible | 17 32 1.154
1 43.0885 47 74 1.575
2 21.3200 107 144 2.293
3 21.3200 207 249 3.760

K is the number of scalar variables, L is the number of LMI
rows involved in the optimization problem, and the
computational times is given in seconds.

5. CONCLUSIONS
This paper has studied the robust H_, filtering problem for 2-

D continuous systems described by Roesser state-space
models with state delays and uncertainty of polytopic type. A
design methodology has been proposed based on using
homogeneous polynomially parameter-dependent matrices of
arbitrary degree: with the increasing degree, the obtained H.,

filter design is less conservative. Numerical examples
illustrate the proposed methodology, showing that it is

International Journal of Computer Applications (0975 — 8887)
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efficient for the design of parameter-dependent filters for this
class of systems.
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