3764

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 53, NO. 10, OCTOBER 2005

A Delay-Dependent Approach to Robust H
Filtering for Uncertain Distributed Delay Systems
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Abstract—This paper is concerned with the problem of robust
H, filtering for linear systems with both discrete and distributed
delays, which are subject to norm-bounded time-varying param-
eter uncertainties. Both the state and measurement equations are
assumed to have discrete and distributed delays. A delay-depen-
dent condition for the existence of H filters is proposed, which
is less conservative than existing ones in the literature. Via solu-
tions to certain linear matrix inequalities, general full-order filters
are designed that ensure asymptotic stability and a prescribed H .
performance level, irrespective of the parameter uncertainties. An
illustrative example is provided to demonstrate the effectiveness
and the reduced conservatism of the proposed method.

Index Terms— H ., filtering, distributed delay, linear matrix in-
equality, robust filtering, time-delay systems, uncertain systems.

1. INTRODUCTION

VER the past few years, a great deal of interest has been
O devoted to the study of H filtering problem, which is
concerned with the design of estimators such that the L,-in-
duced norm (for continuous systems) or />-induced norm (for
discrete systems) from the noise signal to the estimation error
is less than a prescribed level [1], [11], [15]. In the H, setting,
the noises are assumed to be arbitrary deterministic signals with
bounded energy (or average power). Compared with traditional
Kalman filtering, the H, filtering approach does not require
knowledge of the statistical properties of the external noises. In
addition, H filtering is insensitive to uncertainty in the exoge-
nous signal statistics as well as to uncertainty in dynamic models
[19]. These features make the H filtering technique useful in
many applications [3], [18].

Time delays are frequently encountered in many practical
engineering systems, such as communication, electronics, hy-
draulic, and chemical systems. It is now well known that time
delay is one of the main causes of instability and poor per-
formance of a control system [5], [13], [14]. Therefore, there
has been an increasing interest in the control and estimation for
time-delay systems, and a great number of results on these topics
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have been reported in the literature; see, e.g., [10], [12], [13],
and the references therein. Recently, the H, filtering problem
for time-delay systems was studied in [17], where a Riccati
equation approach was developed to solve the problem. When
time delays appear in both the state and measurements, a suffi-
cient condition for the existence of H, filters was proposed in
[6], in which a design method based on Riccati equations was
presented. In the case when time delays and parameter uncer-
tainties appear simultaneously, the robust H, filtering problem
was solved in [21] and [25] via a Riccati equation approach and a
linear matrix inequality (LMI) approach, respectively. The cor-
responding results for the discrete case can be found in [16],
[20], and [23]. It is noted that all the above H, filtering results
are derived for systems with discrete delays. When the number
of summands in a system equation is increased and the differ-
ences between neighboring argument values are decreased, sys-
tems with distributed delays will arise. One application of dis-
tributed delay systems can be found in the modeling of feeding
systems and combustion chambers in a liquid monopropellant
rocket motor with pressure feeding [4], [7]. Very recently, the ro-
bust H, filtering problem for such systems has been dealt with
in [24], where sufficient conditions for the existence of H, fil-
ters have been obtained in terms of LMIs. However, it should be
pointed out that the aforementioned results for both the discrete
delay case and distributed delay case are delay-independent, that
is, they do not include any information on the size of delays. It is
known that delay-dependent conditions are generally less con-
servative than delay-independent ones, especially when the size
of the delay is small. Although delay-dependent results on the
robust H, filtering problem for systems with discrete delays
were presented in [8] and [9], respectively, no delay-dependent
H , filtering results on distributed delay systems are available
in the literature, which motivates the present study.

This paper deals with the problem of robust H, filtering for
linear uncertain systems with both discrete and distributed de-
lays. The time delays are assumed to appear in both the state and
measurement equations, and the parameter uncertainties are as-
sumed to be time-varying but norm-bounded which appear in
all the matrices in both the state and measurement equations.
A delay-dependent condition for the existence of H.. filters
is proposed and an LMI approach is developed, which is less
conservative than existing ones in the literature. A general full
order filter is sought to guarantee that the resulting error system
is asymptotically stable and satisfies a prescribed H, perfor-
mance level for all admissible uncertainties. Desired H ., filters
can be obtained by the solution to certain LMIs, which can be
solved numerically and efficiently by resorting to standard nu-
merical algorithms [2]. Finally, an illustrative example is pro-
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vided to demonstrate the less conservatism and effectiveness of
the proposed method.

Notation. Throughout this paper, the notation X > Y (re-
spectively, X > Y') for real symmetric matrices X and Y means
that the matrix X — Y is positive semi-definite (respectively,
positive definite). The superscript “T"” represents the transpose.
I is an identity matrix with appropriate dimension. £5[0, o)
is the space of square-integrable vector functions over [0, o).
The notation |-| refers to the Euclidean vector norm, whereas
|||, stands for the usual £5[0,00) norm. Matrices, if not ex-
plicitly stated, are assumed to have compatible dimensions.

II. PROBLEM FORMULATION

Consider the following uncertain distributed delay system:
(2): () = A@)z(t) + Aa (t)z (t — 1)
t

+AMﬂ/ o(s)ds + Biw(t) (1)

Jt—719o

y(t) = C(t)x(t) + Car(t)z (t — 1)

+ Caa(t) /f x(s)ds + Baw(t) (2)
Z(t) = Ld?(t) + Ldll’ (t — 7'1) (3)
‘T(t) = ‘p(t)v Vie [_Tv 0] @

where z(t) € R™ is the state vector; y(t) € R" is the mea-
surement; z(¢) € RY is the signal to be estimated, and w(t) €
RP is the noise input which belongs to £2[0, 00). The scalars
71 > 0, 72 > 0 represent the time delays of the system; 7 =
max(71,72), p(t) is areal-valued continuous initial function on
[-7,0]. By, Bs, L, and L4y are known real constant matrices.
The matrices A(t), Aq1(t), Aa2(t), C(t), Car(t), and Cya(t)
are of the form

A(t) =A+ AA(t), Aa(t)=Aa +AAq(t)
A(lZ(t) = A(lZ + AAd? (t)7 C(t) =C + AC(t)
Car(t) =Caq1 + ACq1(t), Caz(t) = Caz + ACy(1)

where A, Ag1, Ago, C, Cyq1, and Cysy are known real constant
matrices, and AA(t), AAg1(t), AAga(t), AC(t), ACy (t), and
ACy5(t) are unknown matrices representing time-varying pa-
rameter uncertainties, which are assumed to be of the form

AA(t) AAn(t) AAdz(t)]
AC() ACu(t) ACu(t)
-3t o w m) o

where M7, Ms, N1, N2, and N3 are known real constant ma-
trices, and F(+) : R — R**! is an unknown time-varying matrix
function satisfying

Ft)"F(t)<I, Vt. (6)

The uncertain matrices AA(t), AAq1(t), AAqg(t), AC(t),
ACy(t), and AC4o(t) are said to be admissible if both (5) and
(6) hold.

Remark 1: The distributed delay model in (1)—(4) can be
used to describe some real systems, such as feeding systems
and combustion chambers in a liquid monopropellant rocket
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motor with pressure feeding; see, e.g.,
ences therein.

For system (X.), we now consider the following general full-
order filter for the estimate of z(¢):

(Zp): (1) = Apa(t) + Bry(t) @)
2(t) = Cri(t) ®)

where Z(t) € R™ and 2(¢) € R
to be determined. Denote

e(t) = [« 2()"]",

[4], [7], and the refer-

RY. Ay, By, and Cy are matrices

At = 2(t) — 2(t). (9)

Then, the filtering error dynamics from the systems (%) and
(X) can be obtained as

(2): é(t) = Ac(t)e(t) + Acqr () He(t — 11)
t
+ Aca2(t)H e(s)ds + B.w(t) (10)
t—T2
zZ(t) = Lee(t) + Lea1 He(t — 1) (11)
where
Ac(t) = Ac + AAC(t)7 Acdl (f) = Acdl + AAcdl (t)
(12)
A 0
Acd? (t) = Acd? + AAcd2(t)-, A(‘ = |:BfC Af:|
(13)
_ dl Adg
AA4w= [ AAQ) 0} (15)
i BfAC(f) 0
[ AA(t)
AAcar(t) = BfAC'd 0 } (16)
[ AAgs( t) B 1
H = [I 0] LC: L _Cf]7 LcdlzL(ll~
(18)

The purpose of this paper is to develop delay-dependent con-
ditions for the existence of robust H, filters for the uncer-
tain distributed delay system (X). Specifically, for given scalars
71 > 0 and 72 > 0, we are concerned with finding an asymp-
totically stable filter (X ;) in the form of (10) and (11) such that
for any constant time delays 7; and 7 satisfying 0 < 7y < 71,
0 < 75 < T, the filtering error system (3) is asymptotically
stable, and

1]l < llwll (19)

under zero-initial conditions for any nonzero w(t) € L2[0, o)
and all admissible uncertainties, where v > 0 is a given scalar.

Before concluding this section, we present the following
lemma, which will be used in the proof of our main results in
Section III.

Lemma: [25]LetD, S, and F be real matrices of appropriate
dimensions with F satisfying FT F' < I. Then, for any scalar
e>0

DFS + (DFS)" < ¢ 'DDT + e57S.
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III. MAIN RESULTS

The following theorem is essential for solving the robust H .
filtering problem formulated in the previous section.

Theorem 1: For any delays 71 and 7o satisfying 0 < 7 < 7
and 0 < 7 < T, the filtering error system (i) in (10) and
(11) is robustly asymptotically stable and (19) is satisfied under
zero-initial conditions for any nonzero w(t) € L2[0, o0) and all
admissible uncertainties if there exist matrices P > 0, Q1 > 0,
Q> > 0,7 > 0, Wy, W5 and a scalar € > 0 such that the LMI

in (20), shown at the bottom of the page, holds, where
Y, =PA.+ATP+H" (Q1 - W1 -W{)H (1)
Yy =PAr + HT (W1 — WY) (22)
Y3 =Wa+ W] —Q (23)
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Ny =[Ny 0], Na=N,, N3z=N; (24)
- [ M
My = [BfMJ . (25)

Proof: From (20), it can be seen that there exists a scalar
6 > 0 such that we have (26), shown at the bottom of the page.
By Schur complement equivalence, it follows from (26) that we
have (27), shown at the bottom of the page. Note

[AA(t) Adcar(t) AAca(t)]

M F(t)[Ny, N, Ns]. (28)

Then, using Lemma 1, we have the first equation at the bottom
of the next page. This, together with (27), gives that, for any

[T +72HYQoH+eNINy  YoteNINy PAg24eNIN; PB, =H'wW, LY F,ATHTZ PN,
I 4eNT Ny Y3+eNI N, eNJ N3 0 71 Wa ", TAY, H"Z 0
AT P+eNI Ny eNT N, eNT N3 —Qo 0 0 o T,AT, H"Z 0
_BCT; B OvT 0 —2T _0 0 =BY'HTZ 0 <0 (20)
T Wi H T1 W, 0 0 —-T1Z 0 0 0
L. Leai 0 0 0 -1 0 0
T1ZHA, T1ZHA.in T1ZHAcan T1ZHB. 0 0 -TZ T1ZHM,
L M P 0 0 0 0 0 T MIHT Z —el
[T 4+72H " QoH+eN ' N1 +6I Yo+eN/'Ny PA.;n+eN'N;  PB. - H"W, LT  F,ATH"Z PM,
YT 4+eNI N, Y34+eNS N eNJ Ny 0 71 Wo Lt 7AT, H"Z 0
AT, P+eNI N, eNJ Ny eNT N3—Qo 0 0 0 TALL,HTZ 0
_BZ:: B 0 . 0 -2 _0 0 T1BIHTZ 0 <0 (26)
T WIH 7 W 0 0 -7 Z 0 0 0
L. Lea 0 0 0 —I 0 0
T1ZHA, TIZHAcn TiZHA.s»  T1ZHB. 0 0 ~T1Z TIZHM,;
L MTP 0 0 0 0 0 T MTHT Z —el
Y, +77'22HTQ2H + 61 Ty PA_ g PB. FlHTWl L(T ?1A(THTZ ]
EZT Ts 0 0 T1Wo Lchl flA;le;Z
AP 0 —Q- 0 0 0 TIA H Z
BTP 0 0 —2I 0 0 .BYHTZ
?1W1TH ?1W2T 0 0 —T1 4 0 0
L. Lea1 0 0 0 -1 0
T1ZHA, T1ZHA.;1 T1ZHA.;» T1ZHB. 0 0 -T14
iy ([ PMG 7T (NP7 AEYY
0 0 NI | | NT
0 0 NI | | NT
+e ! 0 0 +e| 0 0| <o 27)
0 0 0 0
0 0 0 0
L7 ZHM, | 71 ZHM, | Lol Lol
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delays 71 and 7o satisfying 0 < 71 < 71 and 0 < 79 < To, We
have (29), shown at the bottom of the page, where

Ti(t) = PA(t) + A(t)' P+ H" (Q1 —Wr - W) H
(30)
Yo(t) = PAcar(t) + HT (Wi = WS). 31)

Now, we show the robust asymptotic stability of the filtering
error system (X3). To this end, we consider (10) with w(t) = 0,
that is

é(t) = Ac(t)e(t) + Acar(t)He(t — 1)

+ A () H /

Define the following Lyapunov function candidate for system
(32):

s)ds. (32)
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where

=e(t)T Pe(t)

/
0= [
0=,

()THTQ1He(a)da

[/e THTdH]Q2[/ He(f dﬁ}ds

/ (= t+B)e(a)THT QyHe(o)dadp

_ /_ . /Hﬂé(a)THTZHé(a)dadﬂ.

Then, by Lemma 1, the time derivative of V' (¢) along the trajec-
tory of the system (32) is given by

Vi(t) =2e(t)TP | Ac(t)e(t) + Acqr(t)He(t — 11)

t
+ Acdg(t)H/ e(s)ds
t—T1o

] (34)

Va(t) =e(t)THT Q1 He(t) — e(t — 1)
V() = Vi(t) + Valt) + Va(t) + Va(t) + Va(t)  (33) x H'QHe(t — ) (35)
TPAA(t)+ AA.(DTP  PAA.n(t) PAA.2(t) 0 0 0 7TAA()THTZ 7
AA. ()T P 0 0 0 0 0 HAAn(H)THTZ
AACdZ() P 0 0 0 0 O FIAACdQ(t)THTZ
0 0 0 0 00 0
0 0 0 0 00 0
0 0 0 0 00 0
L TIZHAA(t) T1ZHAAq1(t) T1ZHAAq2(t) 0 0 0 0 |
rNT1 NI T - PMy, 11 PMy 7%
NI | | N 0 0
NI NS 0 0
<el| 0O 0 +e ! 0 0
0 0 0 0
0 J 0 J 0 J 0
Lo J Lo T ZHM, | L71ZHM, |
Y1(t) + T3 HT Qo H + 61 Ta(t) PAca(t) PB.  mH™W; LT  rmAWTHTZ 1
Yz(t)T Tg 0 0 T1W2 LZ:ll TlAcdl(t)THTZ
Ach(t)TP 0 —Q2 0 0 0 TlAcdg(t)THTZ
BTP 0 0 —~2T 0 0 nBYHTZ <0 (29)
7'1W1TH leg 0 0 —T1Z 0 0
L. Leai 0 0 0 -1 0
L T1ZHAC(t> T1ZHACd1(t> T1ZHAcd2(t) 7'1ZHBC 0 0 —7'1Z _
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(1) < )T HTQuHe(t) — n(t)T Qun(t)
+/t (0 —t+m)e(@)THT QaHe(0)d6 (36)
Va(t) = ZEe(t)T HT Q)
= Tlé(t;;ZHTZHé(t)
—/t é(a)THT ZHé(a)da

(a —t+m)e(a) HT QoHe(a)da (37)
Vs(t)
(38)

where
t
n(t) = / He(0)do.
t—72
Therefore, noting

ap-ﬁ):eay-l; é()da,
and using (34)—(38), we have
V(t) <2e(t)TP[Ac(t)e(t) + Acar(t)He(t — 1)
+Acaz (t)n(t)]
+e)"H" (Q1+73Q2) He(t)
—e(t— Tl)THTQlHe(t — ’7'1) — n(t)TQzT](t)

t
/t—ﬁ

1 [Au(B)e() + Avar (£)
xHe(t —11) + Acaz(t)n(t)]"
x HYZH [Ac(t)e(t) + Acar () He(t — 11)
+Acaz (t)n(t)]

é(a)THT ZHé(a)da
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x W1H [e(t) — e(t — 1)) t

+2e(t — ) HT W H é(a)da — 2e(t — )T

x HYWoH [e(t) — e(t — 7'_1)]
— L [ et a)da (39)
T Jt—my

where we have the two equations at the bottom of the page. Note
that (29) implies (40), shown at the bottom of the page. Applying
the Schur complement formula to (40), we obtain

6 0 0 O
0 0 0 O
Q>t) + 0 0 0 0 < 0. 41)
0O 0 0 O
This, together with (39), gives
V(t) <=8 x(t)]. 42)

Therefore, along a similar line as in the proof of [26, Th. 1], it
follows from (42) that the filtering error system () is robustly
asymptotically stable for any delays 71 and 79 satisfying 0 <
T1 SFl,O < To SFQ.

Next, we will establish the Ho, performance of the filtering

error system () under zero initial condition. To this end, we
introduce

J(t)

/0 [(5)72(s) — uls) w(s)] ds (43)

where ¢ > 0. Noting zero initial condition, it can be shown that
for any nonzero w(t) € £2[0,00) and ¢ > 0

J(t) < /Ot [Z(S)Tg(s) — Y w(s)Tw(s) + V(s)} ds (44)

where V() is defined in (33). Then, following a similar argu-
ment as in the derivation of (39), we can obtain

Z(5)72(s) = 7?w(s)Tw(s) + V(s)

t S
+ 20t HIW, H / é(a)da — 2e(t)" HT < Ti (s, 0)TO(5)C(s,a)dar (45)
t—71 1Js—m
E(t,a) = [e()” (He(t—m))" o))" (Hé(a)"]"
Ti(t) + BHYQ:H  Ta(t) PAea(t) mH™W; A ()THT A (H)THT 17
Q(f) _ Tz(t)T Tg 0 T1W2 +7 Acdl(t)THT VA Acdl(t)THT
/ Aca(t)TP 0 —Q2 0 Y Ac()THT Aca()THT
’T'1W1TH ’7'1W2T 0 —’7'1Z 0 0
Ti(t)+ m2HT Qo H + 61 Ty (t) PA.go(t)  mH™W, mA)THTZ
YZ(t)T Tg 0 7'1W2 TlAcdl(t)THTZ
Acaz()TP 0 —Q 0 T Aaa()THTZ | < 0. (40)
7'1W1TH ’7'1W2T 0 —’7'1Z 0
T1ZHA((t) T1ZHAC,11(t) T1ZHAcd2(t) 0 —T1Z
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where we have the first two equations at the bottom of the page.
On the other hand, by the Schur complement formula, it follows
from (29) that
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Wi, Wa, A, ®, U, and a scalar ¢ > 0 such that LMIs in (46),
shown at the bottom of the page, hold, and

X-Y>0 (C9))
51 0 0 0 0 where
0 000 0 r 72 r T
Q(t)_i_ 0 0 0 0 0] <O. JIZYA+A Y+Q1+7'2Q2_W1_W1 +EN1N1
0O 0 0 0 O (48)
0000 0 Jy =ATX + XA+ VC + CTUT 4 Q) + 72Qy — W,

By this and (45), we have
2(5)72(s) — Y2w(s)Tw(s) + V(s) <0

which, together with (44), implies that .J(¢) < 0 for any nonzero
w(t) € L2]0,00). Thus, for any delays 7 and 7 satisfying
0 <71 <7pand 0 < 75 < 7o, the inequality in (19) holds.
This completes the proof. O

Remark 2: The stability condition for distributed delay
system in (1) with w(¢) = 0 can be easily inferred from The-
orem 1; such a stability condition will be less conservative than
that in [22] since in [22], some bounding techniques for some
cross terms are used, whereas in Theorem 1, such techniques
are not used.

Now, we are in a position to present a solution to the robust
H ., filtering problem.

Theorem 2: Consider the uncertain distributed delay system
(X), and let v > 0 be a prescribed constant scalar. Then, for any
delays 71 and 79 satisfying 0 < 71 < 71, 0 < 79 < To, there

— WL +eNTN, (49)
T3 =Wa + W3 — Q1+ eNy N (50)
Jy =N Ny — Qo (51)
G1=ATX+YA+CTUT + 07 + Q1 +73Q

- Wy — Wi +eNEN, (52)
Gy =Y Ay + Wy — Wi + eN{' Ny (53)
G3 =Y Ao + eN{ N3 (54)
Gy =XAqn +VCp + Wy — W] + eNEN, (55)
Gs =X Ago + VUCys + eN{ Ny (56)

and the matrix function U(K7, K3) is defined as
U(Ky,K;) = XK1 + UK.

In this case, a desired robust H, filter is given in the form of
(7) and (8) with parameters as follows:

Ay =S7tey sy T By =Sy

Cp=AY—'5;T 57
exists a filter in the form of (7) and (8) such that the filtering ! 2 ) o (57)
error system (32) is asymptotically stable, and (19) is satisfied if where S and S5 are any nonsingular matrices satisfying
there exist matrices X > 0,Y > 0,Q; > 0,Q2 > 0,72 > 0, 515; + Xy t=1 (58)
. T
((s,0) = [e(s)T (He(s =) ()T w(s)T (Hé(a)"]
Tl(s):l— T%HTQQH + LTLC TQ(S) + L?Lcdl PACdg(S) PBC TlHTW1
R TQ(S)T + LZdlLC Tg + dechdl 0 0 T1W2
Q(S) = Acdz(S)TP 0 —Q2 0 0
BTP 0 0 —2I 0
7‘1W1TH ’7‘1W2T 0 0 —114
A(s)THT A(s)THT 1"
Acdl(S)THT Acdl(S)THT
+ T1 ACdQ(S)THT 7 Acd2(8>THT
BTHT BTHT
0 0
Jy Gy Go G Y B; T1 W1 LT — AT ?1ATZ Y M, ]
G? Ja Gy Gs U(B1,Bz) T1 W1 LT FlATZ U(Ml,MQ)
Gg GZ J3 GNéTNg 0 71W2 L;l F1A51Z 0
GT GT eNIN, Iy 0 0 0 AL Z 0
BTY U(Bi,By)T 0 0 —y2I 0 0 1B Z 0 <0 (46)
W W WY 0 0 -7 7 0 0 0
L—-A L L1 0 0 0 -1 0 0
?1ZA ?1ZA 71ZA(11 ?1ZA(12 F1ZBl 0 0 —?1Z ?1ZM1
L MTY  U(My, M2)T 0 0 0 0 0 TIMEZ —el
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Proof: By (47), it is easy to see that I — XY ~! is non-
singular. Therefore, there always exist nonsingular matrices Sy
and S5 such that (58) holds. Similar to [24], we define

el o) m=fp @] @
where
Y=Y"1!>o0.
Let
P =117 (60)

Then, by (47) and (58), it can be verified that P > 0.
Now, pre- and post-multiplying the LMI in (46) by
diag (Y,I,1,1,1,1,1,1,I), we have (61), shown at the
bottom of the page, where Y1, Yo, T3, Nl, NZ, Ng, and M1
are given in (21)—(25), respectively, and A¢, By, and Cy are
given in (57). Finally, pre- and post-multiplying the LMI in (61)
by diag (Hl_T, I.1,1,1,1,1, I) and its transpose, respectively,
and then using Theorem 1, we obtain the desired result. O

Remark 3: Theorem 2 provides a sufficient condition for the
solvability of the robust H . filtering problem for uncertain dis-
tributed delay systems. Since the condition in (46) and (47) de-
pends on the size of the delays, it will be less conservative than
the existing delay-independent ones in [24]. It is also worth
pointing out that a desired H ., filter can be obtained by solving
the LMISs in (46) and (47), which can be implemented by using
standard numerical algorithms [2]. The results in Theorem 2 can
be extended to multiple delay case along a similar line as in the
derivation of Theorem 2.

IV. ILLUSTRATIVE EXAMPLE

Consider the uncertain distributed delay system (%) with pa-
rameters as follows:

~1.8 0.5 -36 15
A= [ 0.3 —2.2]’ An = [ 1.2 —2.8]
0 05 —0.6
A = [0.2 —0.7}’ B = { 0 ]
C=[-08 02], Cau=1[06 0]
Caz=[-02 08], By=05
L=[02 01], La=[0 0]
0.1
= [ 2] o
Ny =[-01 0], Ny=[01 -02]
N3 =[02 -0.1].
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0.8

0.6/t ,

0.2

or ‘K/ /‘77; T T s s s s =
I‘v
02F,
04 —.". 4
06+ ,
08 5 10 15
Fig. 1. State response of #(t) (—) and &2(t) ().

In this example, we suppose 7o = 0.8, and the H, performance
level v = 0.6. Then, it can be verified that the conditions in [24]
are not satisfied for this system, which implies that the condi-
tions in [24] fail to conclude whether or not there exist H . fil-
ters for this system. However, by Theorem 2 in this paper, it can
be calculated that for all 0 < 71 < 0.3558, there exist robust
H, filters. As an example, we assume 7; = 0.2. In this case,
we use the Matlab LMI Control Toolbox to solve the LMIs in
(46) and (47) and choose

~-1.2 0.6 0.4458  —0.1717
1= [ 0.2 1.5} Bk [—0.0758 —0.2657] - (62)

It can be seen that the matrices Sy and Ss chosen in (62) satisfy
(58). Therefore, according to Theorem 2, a desired H filter
can be computed as

oo [—35576  —1.1022] . ~1.1812
() = [—0.1576 —3.2383} &(®) [ 0.4863 }y(t)
2() = [0.2310  —0.1644]4(1).

The simulation result of the state response of the designed filter
is given in Fig. 1, where the initial condition is [1 —0.7]",
and the exogenous disturbance input w(t) is given as
1
)= ————
“O) = 5512
Fig. 2 is the simulation result of the error response of z(t) —Z(t).

From these simulation results, it can be seen that the designed
H , filter satisfies the specified requirements.

t>0.

[ IOy (T1+eNSNy) 07 (Ya4eN/'N2) I (PAcaz+eN| N3)
(Y7 +eNJ Ny )y Y3+eNT Ny eNJ N
(AL, P+eN Ny )TL eNI N, eNT N3—Q»
BI P, 0 0
W HI, WY 0
L 1T Le.ax 0
T1ZHAII; T1ZHAc 41 T1ZHA a2
MY PIT, 0 0

HITPBC -l H"W, nr't” wulA’eH"z ul'phi,
0 71 Wa LT, 71AT HTZ 0
0 0 0 AT HT Z 0

-2 0 0 T BIHY Z 0

0 -7 Z 0 0 0 <0
0 0 I 0 0

T1ZHB. 0 0 -1 Z T1ZHM;
0 0 0 T MIHT Z —eI

(61)
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02 —( 4
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Fig. 2. Error response Z(t).

V. CONCLUSION

In this paper, the problem of robust H, filtering for linear
uncertain systems with both discrete and distributed delays has
been studied. A delay-dependent approach for the design of gen-
eral full-order filters has been developed. The designed filter
guarantees asymptotic stability and a prescribed H., perfor-
mance level of the error system for all admissible uncertainties.
The derived condition is less conservative than existing ones in
the literature, which has been demonstrated by an illustrative
example.
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