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Abstract

In this paper, we propose an LMI-based approach to study stability and H, filtering for
linear singular continuous equations with time-varying delay. Particularly, the delay pattern is
quite general and includes non-differentiable time-varying delay. First, new delay-dependent
sufficient conditions for the admissibility of the equation are extended to the time-varying
delay case. Then, we propose a design of Hy filters via feasibility problem involving linear
matrix inequalities, which can be solved by the standard numerical algorithm. The proposed
result is demonstrated through an example and simulations.
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1 Introduction

Consider the following linear singular differential equations (LSDEs) with time-varying delay

Ey(t) = Ay(t) + Ary(t — (1)), t=0,
y(t) = é(t)s te [_Ta O]s

where y(t) € R",E € R™" is singular: rank E = r < n; A, A; € R™", &) €
C([—1,0], R™), t(¢) is continuous and satisfies 0 < t(t) <1, t > 0.

Over the past decades, considerable attention has been devoted to state estimation problem
such as Kalman and Hy, filtering due to its various applications in systems and control
area [3, 15]. The Kalman filtering gives an optimal estimation of the state error variables,
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however, a main disadvantage of the Kalman filtering is that the statistical information of the
external disturbance noise on the system must be known. To overcome this disadvantage, an
estimation technique based on Hy, filtering approach has been used in [8, 10]. It is notable
that an advantage of the H, filtering is that one does not need to exactly know the statistical
features of the external disturbance noise, we only require the boundedness of the noise.
The Hy filtering problem considered in this paper is to design a filter guaranteeing stability
of the filtering error singular system with a maximum Hy, performance. In the last few
decades, numerous mathematical and control approaches, including polynomial equation
and interpolation approaches, Lyapunov function and LMI approaches have been proposed
to solve the H filtering problem [2, 17, 18, 22].

With the growing complexity of dynamic systems, singular (or descriptor, implicit,
differential-algebraic) equations have become popular research topics and widely studied,
since the singular equations have many interesting applications in control and engineering
field [5, 19]. Especially, study of singular delay equations (SDEs) becomes more and more
difficult, because SDEs are coupled with delay differential and algebraic equations. In order to
guarantee the existence of solutions, the proposed conditions should guarantee the equations
not only to be stable but also to be regular and impulse free. There are two approaches have
been used to investigate the stability of SDEs. The first approach is to decompose the system
into differential and algebraic subequations, and the stability of the differential subequation
is proved by using Lyapunov-Krasovskii function method [16, 19]. The second approach
consists of constructing Lyapunov-Krasovskii functionals that corresponds directly to the
descriptor form of the equation [7, 8]. In [8, 13, 20], using the first approach, the authors
propose a delay-dependent Hy, filtering design for system (1) with constant delays t(¢) = t.
The results on the Hy, filtering were extended in [4, 21, 23] to linear singular equations
(LSEs) with time-varying delay by using the second approach. However, the time-varying
delay 7(¢) considered in the aforementioned papers is assumed to be differentiable, which
limit the scope of applications of the derived conditions. Moreover, from the existing results,
we may conclude that to study stability of LSEs with time-varying delay t(¢), one needs to
find appropriate Lyapunov-Krasovskii functionals, which are possible to apply the Lyapunov
stability theorem. However, most of the existing results on this topic tackled only the case
of constant delay (7 (t) = 7) or of the bounded differentiable delay (7 (z) < §). In this paper,
we show that by constructing properly augmented Lyapunov-Krasovskii functionals, we can
obtain less conservative conditions for system (1) with more general time-varying delay.
Namely, the system with non-differentiable, continuous and bounded delay (0 < () < 7).
As far as we know, the Hy filtering problem of system (1) with non-differentiable time-
varying delay has not been fully studied, which is very challenging and of great importance.

Based on the above discussion, we study stability and Hy, filtering problem for LSEs
with time-varying delay. This paper is our first attempt at exploring an LMI approach to the
design of H filters for LSEs with time-varying delay. The novelty and contributions of this
work are the following.

e Different from the existing results in the literature, the delay function was required to
be differentiable or even its time derivative was assumed to be smaller than one. In our
paper the time-varying delay appeared in both the observation and the disturbance inputs
is only assumed to be continuous and bounded.

e Newly proposed technical results (Lemma 1, Lemma 2, Lemma 4, Lemma 5) are pre-
sented to develop and to extend the stability results for LSEs with time-varying delay.

e Novel criteria for Hy, filtering design are proposed via solving tractable LMIs [6].

e Numerical examples and its simulations show the effectiveness of the theoretical results.
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Linear Singular Continuous Time-varying Delay Equations...

The remainder of this paper is arranged as follows. In Section 2, we introduce the problem
to be treated and some auxiliary technical lemmas needed for the proof of the main results.
In Section 3, the stability conditions and the H filter design are provided with an illustrated
numerical example.

Notations. By R we denote the set of real numbers; C we denote the set of complex
numbers; by R* and Z* we denote the set of nonnegative numbers and nonnegative integers,
respectively; by R” we denote the n—dimensional Euclidean space. R"*" stands for the space
of n x m matrices. Amax(A) and Apyin(A) stand for the maximal and minimal eigenvalues
sets of A, respectively. C([—t, 0], R") is the space of R"— valued continuous functions on
[—7, 0]. llx;]| is the norm of x() on [ — 7, ] defined by ||x/[| = supse_; g Ix(Z + ).
[M;;lkxk is a (k x k)—dimension symmetric matrix of elements M;;,i, j =1,2,..., k.

2 Preliminaries

In this section, we present some mathematical basic of singular systems and auxiliary tech-
nical lemmas to be used in the next section.

Definition 1 System (1) is said to be

(i) Regular if det(« E — A), «a € C, is not identically zero,

(ii) Impulse-free if deg(det(« E — A)) =rank E, o € C,

(iii) Asymptotically stable if it is stable and lim;—.~ ||y (?)|| = O,

(iv) Admissible if it is regular, impulse-free and asymptotically stable.

Itis well known that the LSEs (1) may have an impulsive solution, however, if the equation
is regular and impulse-free then its solution exists and is unique on [0, 0o0), which is shown
in ([7, 9]).

The following lemma is slightly modified from [12, Lemma 3.4].

Lemmal Letx € C([—7,00), RT) and x(t) < Bllx;||+ N, t > c, where N >0, 0 < B <
1, ¢ > 0. Then

() < Bllxcll + N r=
x(t) < Bllx, _ > c.
1-8

Proof We have

N
x(c) < Blxcll + N <y = Bllxell + =5

Next, we will prove that x (1) < B|x.| + %, Vt > c. Contrarily, if there is a real number

t* > ¢ such that
x(t)y =y, x(t) <y, Vt € [c, 1),

which implies that sup ¢, ;< X(s) = y.
Fromt*+0 € [c—t,c]U]c, t*], VO € [—1, 0], we have

x|l = sup x(t*+0) < max{ sup x(s)and sup x(s)
NS

fel[—1,0] [c—1,c] s€lc,t*]

< max({l|x.|| and y}.
Using the assumption again, we obtain

y =x(t*) < Bllxel + N < pmax{||xc|l and y} + N,
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it follows that

<

3

Bllxell + N if [lxell >y
By + N if | xcl <y

because B||x.|| + N < y and By + N < y. This yields a contradiction. Hence,

N
x(t) < Bllxell + m, t=>c.

The lemma is proved. o

Lemma?2 Leta(.) € C([—t, +00), RY) and b(.) : Rt — R is a continuous and bounded
function satisfying a(t) < «lla;|| + b(t),t > 0, where o € (0, 1). Iflim;_, o, b(t) = 0, then
lim;—, o0 a(t) = 0.

Proof From the assumption we have

a(t) < alla|| +supb(r), t=>c.
t>c

Using Lemma 1 we get

a(t) < aflac| + supb(t), t=>c.

I —a >
Since the nonnegative function a(#) is bounded, there is a sequence {#}
O=n<ti<thh<---,and 1 —tx > 7, Vk=1,2,...

and § > 0 such that lim sup,_, o, lla;|| = limg_ o0 |lay || =& > 0 and

1
lla@l = ellag i + supb(t), t=n, k=12, ....

- >t

Since fx41 — tx > T, we have tx11 + s > t;, s € [—7, 0], and hence

supb(t), s e€[—t,0]

a1 + 9 < ellag || +
l—« t>t

Consequently,

supb(t), k=1,2,....

a < allay || +
llag,, I llag | o P

Giving k — 00, limg— oo sup,, b(t) = 0, we have § < 4, such that§ = O dueto o < 1.
Thus, lim;—, « a(t) = 0. The lemma is proved. O

The following Barbalat’s Lemma stated in [1] will be used.

Lemma3 (Barbalat lemma [1]) If f : RY — R is uniformly continuous and fooo f(s)ds <
o0, then lim;_, o f(t) = 0.

3 Stability

In this section, we provide sufficient conditions for regularity, impulse-free property and
asymptotical stability of system (1).
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Linear Singular Continuous Time-varying Delay Equations...

From matrix theory, we can find two invertible matrices H;, H; satisfyingE = H{EH> =

({)’ 8) such that the system (1) under transformation u(t) = H, 'y(t) = <u] (l)> sur(t) €

us ()
R", u>(t) € R"" is formulated in the form

Eu(t) = Au(t) + Acu(t — (1)),
where

A= HAH = <A11 A Dy D12>.

, Ar = HAH =
Az A22> ! 1ot (D21 D)

System (2) is reduced to the following differential-algebraic equations written by
i) = Anuit) + Apuat) + Duui(t — t(0)) + Diaua(t — (1)),
0 = Agiu1(t) + Anua(t) + Doui(t — (1)) + Doua(t — (1)),

é1(1) _
¢2(t)> , t €[—1,0].

Lemma 4 below extends a result of [19] to the time-varying delay case.

with the initial conditions u(t) = H, 15 )=o) = (

(@)

3

Lemma 4 System (1) is regular, impulse-free if there exist a nonsingular matrix P satisfying

ETPT = PE > 0, a symmetric matrix Q > 0 and a matrix R such that the following LMI

holds
ATPT+ PA+ QO+ RE+ (RE)T PA,
N —0 < 0.

Moreover, ||A2_21 Do || < 1, where Ay, Das are defined in the algebraic equation of (3).

Proof Let

5 - Py P2 A T (Qll Q12>
P=HI'PH'= ., 0=HIQH, = )
S (le P22> Q=H, 0 021 02

“

Note that, from the assumption it follows that PE = ET PT > 0, P,; = 0, P;; > 0, and

P P2

0 Pxn

right-multiplying LMI (4) by diag(H», H>)T and diag(H», H>), respectively gives
(f’A +ATPT + O+ H REH, + [H] REH,]" 13A1> —0
. B .

hence P = (

Since
HY REH, = HY RH;'E = (:

HI PA.H, = HyPH'H| A Hy, = PA, = (: * ) ,
*

H] PAH, = HoPH{ '"H|AH, = PA = (

) . Moreover, since H (PA + AT PT)H, = PA + AT PT left and

(&)

where the terms * are not relevant and can be ignored. Left and right-multiplying LMI (5)

0700 . .
by <0 00 1> and its transpose gives

(PzzAzz + AL PL + 02 P22022> -0
* —0» ’

©)

e @ Springer

108

109

110

12

13

114

115

116

17

118

119

120

122

123

124

125

126

127



133

134

135

136

137

138

139

140

141

1

=

2

1

N

3

144

145

147

V.N.Phatand N.T. Thanh

which gives Py Ay + Agz P2T2 < 0, because of Q7 > 0. We obtain matrix Aj; is invertible,
which shows the regularity and impulse-free (see, e.g., [5, 19]). Now left and right-multiplying
LMI (6) by [(—A;zl D), INand its transpose, we have

0 >[(—Ay Dn)', I (

PynAn + ALPL + 0n P22D22) [(_A221 Dzz)]
[PnDxn]" —0n 1

= (=A% D) (PrAn + AL Ph + 022) (- A%, D) + (A3 D) P D2

+ [P22D22]T(—A2_21 D22) — O»

= (—Ay D»)" 02 (A3, D) — 0,

which gives ,o(A;z1 D7) < 1, and hence

IA5,) Dyl < 1.

The lemma is proved.

@)

[}

For a function V(.) : C([—1, 0], R") — R™ we define the derivative of V(.) (see, e.g.,

[7, 11]) by

. 1
V(¢) =lim sup 5 IV Xetn (t,9) = V@)l

h—0t

The following lemma extends [7, Lemma 1] to the time-varying delay case.

Lemma5 Let (1) be regular, impulse-free and the condition (7) holds. Equation (1) is asymp-
totically stable if there are numbers ay > 0,0y > 0,a3 > 0, an absolutely continuous
function V() : C([—1, 0], R") — R such that
(@) 1161 (0)2 < V($) < arll?.

(i) V() < —a3l$(0)]%.

Proof Using (i) and V(u;) < V(uo), where ug : C[—1,0] — R", up(s) = ¢(s), s €
[—7, 0], and

we have

Hence

Moreover,

and hence

lua ()]l < 1AL HITA2111(0) + Doy (¢ — T @) + 1A% Dl luat = T()].

lur I < llu()II < luoll = sup Nu(s)ll,
s€[—1,0]

arlur () = a1 @)1 0)* < V() < V(o) < azlugl®, t > 0.

31 >0 Jur@®Il < Billuoll, € [—7,00).
from the second equation of (3) it follows that

Uz (1) = — A5, [Az1u1 (1) + Dojui (t — (1)) — Ay Dooua(t — (1))

Applying (8), there exists B2 > 0 such that

hence

@ Springer
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Linear Singular Continuous Time-varying Delay Equations...

where n = ||A2_2] Dy || < 1. Setting x(¢) = |ju2(t)||, we have
x(1) = nllx Ol + Balluoll, =0,

and using Lemma 1, we get

u
£ < ol + SO =0

consequently, 148

luo|
lua )l < nllu o||+’32—° < Bslluoll, >0, ©) s

where 83 = n + ;=. From (8) and (9) it follows that

Iyl < I H20llu)]l < [1H21I(Br + B3)lluoll, =0,

hence
N >0: [ly®l = Nlyoll, t=0,

which shows that y(¢) is stable. To show asymptotic stability, i.e., lim;—. oo y(t) = 0, using 15

the condition (ii) and integrating V(Q), 151

t t t
V() — V(ug) = f V(ug)ds < — / a3lus(0))2ds = — / aslu(s)|*ds,
0 0 0

which gives

t
/ azlu(s)Pds < V(o) — V() < V(ug) < aaluol®,
0

due to V(u;) > 0 and (i). Letting t — 400, we obtain that

o0
Sas > 0 f lu()12dr < aalluoll?,
0

which implies u(t) € L3[0,+00), and hence y(t) = Hu(t) € L,[0,+00). Setting
f@) = lu1()]|?, we have fooo f(t) < 4oo. Using the first equation of (3) gives u(t)
is bounded on [0, +0o0), then f(t) = 2u1(1)Ti,(¢) is bounded, which gives f(t) is
uniformly continuous on [0, +00). Applying the Barbalat’s Lemma (Lemma 3), we get
lim;, » f(t)dt = 0, which gives lim;_, » #1(#) = 0. On the other hand, using the second
equations of (3) gives

lua @)l < 1A% IILA2161(2) + Darur (t = TN + 1Az Daalllua (e — T @),

then
Jas >0 Jlua@®ll <n sup |ua(+s)+as sup ur@+s), =0,
s€[—1,0] s€[—1,0]
where = ||A2721 D) < 1. Applying Lemma 2, where a(t) = |ua(@)|, 15
b(1) = as supye(_z o1 lu1(t +5) |, we get lim;—, oo u2(¢) = 0. Therefore, lim; 0 y(r) = 0. 14
The lemma is proved. O 155
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4 H Filtering

In this section, we propose an LMI-based design of the Hy, filters for LSEs (1). Consider
the observer-based LSEs with time-varying delay defined by

Ey@t) = Ay(t) + Ayt — (1)) + Bw(), t >0,
o) = Cy(t) + Cryt — (1)),

2(t) = Dy(t) + Do y(t — (1)),

y() =&@), tel[-1,0]

(10)

where o(t) is the observation vector, z(¢) is the measured vector, w(z) is the disturbance
vector; B, C, C;, D, D; are given constant matrices. Consider the following filtering system

an

EV(t) = AJ(1) + Bo(t),
Z(t) = Cx (1) + Go(1),

where &, A, B, C, G are the filters to be designed. Setting r(¢) = (y(¢), y(t))T, e(t) =
z(t) — z(t), the error system for (10) is

Eir(t) = Ar(t) + A;r(t — T(1)) + Bw(?),
e(t) = Cr(t) + C,r(t — (1)), (12)
r) =[£@1),0], te[-1,0],

where _ B
C=[D-GC,-C], C; =[D; —GC¢,0],

= (EO - (A0 - (A - (B
£=(0e) 2= (e 2)- 2= (e im0 2= (3)
For given y > 0, the Hy, filtering problem of system (10) has a solution if there are

the filters (11) such that (12) is admissible and for all zero initial conditions and non-zero
w € L,[0, +00) the following condition holds

/0 le)IPdt < y /0 lw()dr. (13)

Theorem 1 The Hx filtering for (10) has a solution if there exist invertible matrices Py, P>
satisfying PE = E'PT >0, K;,i=1,2,....,5 K=K" >0,and X, Y, Z, Vy, Vs such

that
Ny PA,
( . —125> <0, (14)

[Rijlioxi0 < 0. 15)
The filters are defined by

E=E A=P'"X,B=P'Y,C=V;,G=V,
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Linear Singular Continuous Time-varying Delay Equations...

where
Ki K> K3

P =diag{P, P2}, S=[Z,0], K= * K4 I§5 s
* *x Ks

Njj =PA+A"PT + K3E+E'K{ +Ks, Rjy =tK, — Ks +PA+A'PT,
Ri3=A"PT —P,Rp=1tKy— K3E+E'KJ +PA, +A'PT, R;; =0, =78, 10,
Ris = ATST,Ris = Rig = PB, Rig = [D — Vo€, V11T, Ry; =0, j = 5,6,8,9,

Ry = 1Ky — KsE —E'KJ +PA, + APT + K5, Ry3 = AJPT —P, Royy = A] ST,
R33 = 1Ks —P—P', Ry =PB, Ry 9 =[D; — V2C;,0]", R34 =S, Ry = PB,
R3; =0,/=5,6,7,9,10, Rus =SB+ B'S", Ry; =0, =5,6,..., 10,

Rs; =0,j=6,7,...,10, Rs; =0, =7,8,...,10, Ry; =0, j = 8,9, 10,
Ro10=0, R;; = —%I, i=S5,...,10.

Proof Step 1. Singularity and absence impulse of (12). Employing Lemma 4, we will show
that there exist matrices Q > 0, R satisfying PE = E TPT > 0 such that

A ATT 2 P I T pT A
(PA+A P'+Q+RE+E'R IP’A_I><0. (16)

* -0
It is seen that LMI (16) is equivalent to (14) by taking R = K3, Q = Ks, which derives

the regularity and absence of impulse. In addition, we get ||1412_21 [_)22|| < 1, where Az_zl, Doy
are the block matrices of the differential-algebraic equations of (12), similar to (3) of (2),

defined by L o
< Al A - Dy D
() ==
Step 2. Asymptotical stability. Consider the Lyapunov function V(r;) = Z?: 1 Vi(r), where
Vi (r) =r " (OPEr(1),

0 t
Va(ry) = / / FT(O)ET KsEF(9)dods,
—T Jt+s
t 0
V3(vy) = / / e' (s, 0)Ke(s, 0)dsdo,
0 Jo—z©)

where ¢ (s, 0) = [r(0) T, r(@ —_‘5(9))T, (EF(s) 1.
Let P = F_IZT ]P’I-_Il_1 = g” ?2) , where matrices H;, H, are invertible such that 1?7 =
21 P

_ _ _ A2 2T A N
H\EH, = (I(z)’ 8) . From PE = ETPT > 0, it follows that PE = E P'. Since P is
P 0

invertible, we have 1321 =0, }31-'; > 0, and then I@’lf? = < 00

) . We will prove that there

exist oy > 0, ap > 0 such that

arllir (O < V() < allre? >0, (17)
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where ii(t) = Hy 'r(1) = [i1 (1), ii2()]7, it1(r) € R¥, iia(r) € R*~2". For this, we first
estimate V' (r;) as follows. From

PE — [Flz—l]TI@)E:[Hz—l] _ [HZ—I]T (P(;l 8) [H2—1]7

it follows that

and hence

Vi) =r OPEr@0) =r"0lH; ] <P0” 8) [y 1)

= [ (O] (1) Pty (1),

Amin (PO (D7 < Vi) < dmax (P i1 ()]

< Amax (PID AN < Amax (PIOILH, 112 1r (011
< Amax (PLONLH, T2 )12

Next, upon some similar calculations, we can estimate V,(r;), V3(r;), by using ||r¢] >
max{r(t), r(t — t(t))} such that

Ja>0: Vo) <alrl? V@) < alr?,

which shows the condition (17). Taking the derivative of V(.), we have

Vi) =2r T (OPEF ()

PA+ATPT PA
=n(t)" ( ‘

ATPT o ) n(t) + 2r " (OPBw(1),

t
Vo(ry) =t T () E T KsEF (1) —/ T ()ET KsEi(s)ds,
-7

13
V3(”z) :/ eT(S, t)Ke(s, t)ds
t

—1(t)
=t(On" (OXn@) +21" (1) (2) LEr(t) = Er(t — t(1))]
t
+/ FT()YET KsEF(s)ds
t—1(t)
=t (O Xn(t) +20r@) K3 +r(t — ©(0) " KsI[Er(t) — Er(t — t(1))]

t
+/ i1 (s)ETKsEF(s)ds,
-7

Ki K>
* K4

where n(t) = [r(¢), r(t — t(t))] and X = ( ~ ) . Therefore, we have

@ Springer
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Linear Singular Continuous Time-varying Delay Equations...

Multiplying two sides of (12) by =27 T () E TP, =2r T ()P, —=2rT (1 — t(1))P, —2w " (1)S,
adding the zero terms and using the following inequation

0<—lle@)?+2r@) " CTCr(t) +2r(t —t(1)) T C] Cor(r — (1)),
where C = [D — VoC, — Vi1, C; = [D; — V»Cy, 0], we have
V(r) <" OWin@) + g " OWan@) + yllw®* - lle@)]?, (18)

where ()T = [r(®) T, r(t — ()T, (EF) T, wt) "],

Ny PA
Wy = < *“ _é) » Wa = [Nijlaxa,

Njy =PA+A'PT + UsE + ETK{ + Ks,

Ni =R — Rs+PA+ATPT + ;JPBBTPT T ;m@éw +267¢,
Nio=1Ky— K3E+E"K{ +PA, + A'PT N3 =ATP" - P,
Nig=ATST, No3 = AIPT — P, Npy = A]S",

Nop = 1Ry — RsE— ETRY +PA, + ATPT + K5+ %IP’BBT]P’T 1267 G,
Nyy=SB+B'ST, N33 =1Ks—P—-P" + %PEBTIPT, N3 =ST.

Using (14), (15) and the Schur complement lemma, we obtain W; < 0, which gives
B3 >0: Vi) < n" OWin() + pn" OWan(t) < =a3lr@)| (19)
for w(t) = 0. Finally, applying Lemma 5 and the conditions (17), (19), we have proved the

asymptotical stability of the system.

Step 3. Hy, performance. To show the condition (13), we use the derived inequality (18) and
W; < 0,i =1, 2, such that

t t,
/0 lle@)I* = yllw ()P lds < —/0 V(rs)ds = V(ro) — V(1) = V(ro).

Letting the initial condition ro = 0 and t — 0o, we have

/ le(s)lI*ds <y / lw(s)||*ds,
0 0

which implies the condition (13). The theorem is proved. O

Remark 1 It is notable that in Theorem 1, the conditions (14), (15) are LMIs if we set
A=P;'X, B=P;'Y, we have

- [PAO] s _[PiA, - [PB
]pA_[YC X],PAI_[YCT}H,]P’B_[O],

SA=[ZA 0], SA; =[ZA, 0], SB=ZB.

Remark 2 In the proof of Theorem 1, we construct improved Lyapunov-Krasovsii functionals
Vi(),i =1, 2, 3and when we take their derivatives we do not need the smooth assumption on
7(t). Therefore, the method used in the existing works [4, 21-23], where the differentiability
of the delay function is required, cannot be applicable.
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Example 1 We consider system (10) described by an economical Leontief model [14], which
is a quantitative technique representing the interdependency between production of different
commodities. Using description of (10), y; represents production of ith commodity, A repre-
sents the rate of production of commodities, A, gives the influence of the past production, B
corresponds to the known supply uncertainties, and the disturbance w () presents the supply
uncertainty, z(¢) corresponds to the productions of commaodities available for evaluation, e(#)
is the error of such an evaluation, where

1
e,

1
5=,

ol

@ Springer

D

0 -5 1 ~-10
o) =[] =0
1 1 0.1 ~1 0.1
1]’C=[0.1 1]’C’=[1 —0.1]

_10.01 0.1 D. — 0.10.1
— 1001001 7F (0101

k]

’

w(t) = 1/10 4+ 2/5]sin(z)|, y = 0.01, t = 1/2.
The LMIs (14), (15) are feasibly solved by the LMI Control Toolbox [6] as

|

X =

Z =103 [_

0.0023 0.0996
—0.0357 0.0244

|

—0.1
0

2 =

3 =

4 =

5 =

0.0031 O ] [0.0755 0
, Pr=

0 0.0027 0 0.0227

—0.1165 —0.0004

]

165 0 v
—0.0332]" © T [ ~0.0004 0.0014

0.2953 ~0.0750] . _ [ 0.0001
0.0750 —0.0321|> "1~

0

- Kir=1 00036 —0.0001 0.0671

]

—0.0012 0.0005] ’

0.0501 —0.0087 0.0036 —0.0001
] = —0.0087 —0.0054 —0.0001 —0.0001

0.0000

—0.0001 —0.0001 0.0000 0.0467

—0.0392 —0.0048 —0.0039 0.0006
0.0014 0.0191 —-0.0004 —0.0014
—0.0060 0.0005 0.0047 —0.0000
—0.0008 0.0000 0.0001 0.0214

—0.0112 —0.0024 —0.0011 0.0001
0.0032  0.0062 —0.0004 0.0002
—0.0018 —0.0001 0.0410 0.0000
—0.0003 0.0004 0.0001 0.0008

0.0579 —0.0005 0.0038 —0.0015
—0.0005 0.0137 —0.0005 —0.0006
0.0038 —0.0005 0.0586 —0.0000
—0.0015 —0.0006 —0.0000 0.0088

0.0240 0.0024 —0.0010 —0.0002
0.0024 0.0101 0.0001 0.0004
—0.0010 0.0001 0.0582 0.0000
—0.0002 0.0004 0.0000 0.0011

’
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=z, hat

2
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Time(sec)

Fig.4 The measures z5 and 2,

The Hy filtering problem, by Theorem 1, has a solution and the filters are given as

10 —0.01291 0 0.0011 0
5:[00}’“4:[ 0 —0.0037]82[ 0 0.0002]’

c— 0.0001 0 G— 0.0023 0.0996
1 -0.0012 0.0005 | 7 | —0.0357 0.0244 |-

Figures 1-4 show the response states y = [y, y21', ¥ = [91, 3217, z = [z1, z2] and estimate
signal 7 = [Z1, z2] " with &£(r) = [0.1, —0.1]".

5 Conclusions

The LMI-based conditions for stability and filtering of LSEs with time-varying delay have
been presented. By newly proposed delay estimation techniques and improved Lyapunov-
Krasovskii functionals, we have converted the filtering design into the problem of finding
some parameters of the stability and H, filtering, which could be certainly obtained by
solving tractable LMIs. A numerical example is given to demonstrate the validity of the
proposed results.
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