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Abstract A new delay-dependent robust Hy, filtering design for uncertain linear sys-
tems with time-varying delay is investigated. Two kinds of time-varying delays are
considered. One is differentiable uniformly bounded with a bounded delay deriva-
tive; the other is continuous uniformly bounded. A full-order filter is designed which
ensures the asymptotic stability of the filtering error system and a prescribed level
of H, performance for all possible parameters which reside in a given polytope. By
constructing a new Lyapunov functional which contains a triple integral term, new
delay-dependent conditions for the existence of the Hy, filter are derived which are
less conservative than the existing ones. The filter gain can be obtained by solving a
set of linear matrix inequalities (LMIs). Finally, two numerical examples are given to
show the effectiveness and the advantages of the proposed method.
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1 Introduction

In the past few decades, the problem of state estimation has received much attention.
Among these approaches, Kalman filtering is the most popular and is widely applied
in many practical systems. However, this approach is no longer applicable when the
knowledge of the statistics of the external disturbance is not exactly known. To over-
come this drawback, an alternative H, filtering approach was proposed in [2, 16].
On the other hand, the time delay is often encountered in many practical systems
such as chemical process systems and networked control systems [12, 13, 25]. And,
it is well known that time delay is always one of the main causes of poor control
performance and instability. So, much attention has been devoted to the study of the
design problem of H filtering for time-delay systems [1, 3-6, 9—11, 15, 17, 18, 21,
22, 24, 26]. Some delay-independent results [1, 17, 18] and delay-dependent results
[5, 6, 10, 11, 15, 21, 22, 24] have been obtained. Since delay-dependent results are
usually less conservative than delay-independent ones, much attention has been paid
to the study of delay-dependent Hy, filtering for time-delay systems. Recently, us-
ing descriptor model transformation combined with Park’s inequalities, some delay-
dependent filtering results have been obtained in [3, 4]. On the basis of a new integral
inequality, robust H filtering for uncertain linear systems with time-varying delay
has been investigated in [26] and numerical examples have illustrated that the ob-
tained results are less conservative than those in [4, 6]. However, such results as in
[26] are still conservative. The chosen Lyapunov functional in [26] is commonly used
in many publications. An integral term, [ ) xT($)ETQEx(s)ds, and a double in-

tegral term fi)h ftt+0 3T()ETREX(s)dsdo are contained in it. It does not contain
any triple integral terms. It should be noted that Lyapunov functionals containing
triple integral terms have been introduced to derive stability conditions for systems
with discrete and distributed delays [14]. If a type of Lyapunov functional contain-
ing a triple integral term is used to study the H, filtering design problem for linear
systems with only discrete delays, then the following questions can be asked: what
results can be obtained and does the introduction of the triple integral term still lead
to less conservative results? These questions motivate this study.

In this paper, new delay-dependent existence conditions for the Hy, filter are es-
tablished by constructing a new Lyapunov functional. This is done by considering
some useful terms when estimating the upper bound on the derivative of the Lya-
punov functional and using the free-weighting matrices method. The obtained condi-
tions are less conservative than the existing ones. Two kinds of time-varying delays
are considered in this study. One is differentiable uniformly bounded with a bounded
delay derivative; the other is continuous uniformly bounded. Finally, two numerical
examples are given to demonstrate the effectiveness of the proposed methods.
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2 Problem Formulation

Consider the following linear system with time-varying delay:

X(1) = Aox (1) + Arx(t — d(1)) + Bw (1)
y(1) = Cox(t) + C1x(r — d(1)) + Do (1)
z(t) = Lox(t) + L1x(t —d(1)) + Go(1)
x(t) =¢(t), te[—h,0]

ey

where x(z) € R" is the state vector, y(t) € R™ is the measurement vector, z(t) € R”
is the signal to be estimated, w(¢) € R! is the external disturbance signal, ¢ (¢) is a
continuously differentiable initial vector function, and Ay, A, B, Co, C1, D, Lo, L
and G are constant matrices with appropriate dimensions. The system matrices are
partially known parameters. We denote

x :=[Ao, A1, B,Co,C1, D, Lo, L1,Gl e ¥
where X' is a given convex polyhedral domain, namely,
q q
Ti=dx) =) rixi;0<x <1,y xi=1 )
i=1 i=l1
where the g vertices of the polytope are described by
xi=[a. A", BD, ¢, ). DD, LY, LY, 6D
It is assumed that the time-varying delay d(¢) considered in this study satisfies the
following two cases:
Case 1: d(¢) is a differentiable function satisfying
0<d®y<h, dn)=p 3)
Case 2: d(t) is a continuous function satisfying
O0=<d®)=h “

where i and p are constants.
Consider the following full-order filter:

X(t)= AR+ Bpy(), £0)=0
(1) = Cyx(t) + Dyy(r)

(&)

where A¢, By, Cyr, and Dy are filter parameters with appropriate dimensions to be
determined.
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By defining an augmented state vector 7(r) = [xT(r) £T()]T and z.(r) = z(t) —
Z(1), the following augmented system can be obtained:

A1) = Aon(t) + Ain(t — d (1)) + Bo(r)
ze(t) = Con(t) + Cin(r —d(®)) + D (1) (6)
n@) = [T 0]", 1e[—h,0]

where
N Ao 0 A Ay 0 A B
A(): s Alz s B:
BfC() Af BfC] 0 BfD
Co=[Lo—DsCo —Cy], Cy=[L1—DsCi 0], D=G-DsD

On the basis of the above discussion, the Hy, filtering problem considered in this
paper can be defined as follows.

Hy filtering problem: Given a scalar y > 0, design a full-order filter of the form
(5) such that the augmented error system (6) with w(¢) = 0 is asymptotically stable
for all the possible parameters lying in the given polytope for all the delays satis-
fying Case 1 or Case 2 and such that the Hy, performance ||z.()]2 < y o (?)]|2 is
guaranteed for all nonzero w(¢) € £, [0, co) for a prescribed y > 0 under zero initial
conditions.

3 Main Results

In this section, some new delay-dependent conditions for the existence of the Hy
filter are derived. The design method of the H filter is also presented.

3.1 Hy Performance Analysis

For Case 1, the following theorem gives a sufficient condition for the existence of the
H, filter of the form (5).

Theorem 1 For given scalars h > 0, y > 0 and [, the augmented system (6) is as-
ymptotically stable with the Hy, performance ||z.(t)|2 < y llw(¢)|2 for all the delays
satisfying (3) and for all the parameters that belong to the uncertain polytope (2), if
there exist some matrices

P P Py
P=| x P3 Ps|>0, 01 >0, 0, >0, Z1 >0
* *x Pg

Z> >0, R >0, X =[X;jlsxs >0
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Y M, H,
Y> M> H>
Y=|Y3|, M=| M3 |, H=| H;
Yy My Hy
Ys Ms Hs

with appropriate dimensions such that

- - T > T ,
* —1 0 0 0
oW — * * —hZ, 0 0 <0
* * * —%R 0
Vi=1,2,...,q @)
X H-r,"" M7
= | 7 0 |>0, Vi=1,2,....q ®
* * Zy

rx H-nOT v A

=« 2z 0|20, Vi=1.2....q ©)
L % * Z>
where
=) _ [ =)
=~ [ /k]5><5
AD =[a) 0 AV o BY]
F(l) [ (l) B D 'C(i) —Cf LY) . chfi) 0 G(i) _ D/.D(i)]
P =[PTAY + PIB,C + Py PTA; PTAY + PTB,CY
~po PIB0 4 P13, D0]
with

g =PiAY + A P+ PBCy + CVTBI P + Pyt P
+ Q1+ Q2 +hZy+ My + M{ +hHy +hH]

g =PAr+ A P+ CYTBI Py + P+ M] + hH]

g9 =PAY + PBrCY — My + Y1 + M) + hHY

:1(2 =—Py— Y1+ M +hH

=P B + P,B;DY + MT 4 hHT
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Ez(lz) = P3Af+A}P3

Y = PTAY + PyBCP — My + 1

Ez(ft) =—-P—-1

8,0 = Py BO + PyBD?

B = (=0~ My — M} + V3 +Y]
gy =-Y3-M] +Y]

g =-MJ +v]

B0 =01 - Y4 —Y]

Sy =

=) _ T
Hys = —¥s

—~ (i 2

58 =—r"1

Proof Construct a Lyapunov functional candidate as

t

t
V(x) =¢N(OPc@t) + / xT(s)Q1x(s)ds + / xT(s)Q2x(s)ds
t—h t

where

—d(t)
0 t 0 t
+// xT(s)le(s)dsdG—i—// #1(s)Zrx(s)ds db
—hJt+6 —h Jt+0
0 0 pt
+/ /f T (s)Rx(s)dsdxrdo (10)
—h Jo t+A
x(1)
¢ = x(1)

ftt_h x(s)ds

Taking the time derivative of V (x;) along the trajectory of system (6) yields

V(x) =2 P +xT(1)(Q1 + Q2 +hZ)x (1)

—xT(t =mQ1x(t —h) — (1 —d(®)x"(t —d (1)) Q2x(t — d (1))

T h* . S
+x (t)(hZz—l-?R x(t)—/ x (8)Z1x(s)ds
t—h

t 0 t
—/ J'CT(S)ZQJ'C(S)dS—/ / *T(s)Rx(s)ds do (11)
t—h —hJt+0
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It is easy to see that the following equalities hold:

. -
ZET(I)MI:x(t)—x(t—d(t))—/ X(s)ds| =0
t—d(t) J
(12)
t—d(t) 7
25T(z)Y[x(r—d(t))—x(z—h)—/ X(s)ds | =
—h _
’ (13)
t—=d(1) t 0 pt .
2§T(I)H|:hx(t)—/ x(s)ds—/ x(s)ds—/ / x(s)dsdd | =0
t—h 1—d(t) —h J1+6 .
(14)
t t—d(t)
neT (1) XE () - / §T(0)XE() ds — / ET(0)XE()ds =0
t—d(t) t—h
(15)
where ET(r) = [xT(t) 2T (1) xT(t —d(®)) xT(t — h) @' (¢)]. And,
0 t
—2§T(t)H/ / X(s)dsdo
—h Jt+6
0 t
< lhzéT(t)HR’lHTé(t)—i—/ / #T(s)R1x(s)ds do (16)
2 —h Jt+6

Adding the left sides of (12)—(15) into V (x;) and applying (16) yields

V(x) — yrot (Do) + 2} ()ze(t)
2 2
< 5%)[5 +hX + TN +hAYZ,A, + %A}RAC + %HR‘IHT]é(t)
t t—1(t)
—/ X1, )NE@, 5)ds —/ EX(r, )&, s)ds (17)
t—1(t) t—h

By Schur complements, (7) implies & +hX + [T T} +hATZy A+ 2 ATRA, +
%H R™'HT < 0 over the entire uncertain domain X. Clearly, (7)—(9) guarantee

V(1) — Y20 (1w (t) + ) (t)ze(t) < 0 over the entire uncertain domain X. This also
implies that augmented system (6) is asymptotically stable with w(¢) = 0.
It can also be seen that

o
/ [z (Dze(1) — Yo" o @)]dt <V (O)li=0 — V(D)oo
0
under the zero initial condition, V (¢)|;,—¢9 = 0, one can obtain

/ [2J()ze () — y?o" (D ()] dr <0
0

which implies ||z, (t)|l2 < ¥ llw(t)]l2. This completes the proof. O
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Remark 1 Unlike the Lyapunov functionals in the existing literature [1, 3-11, 15, 17,
18, 21, 22, 24, 26], the one introduced in this paper contains a triple integral term,
that is, ffh fgo f;H xT(s)Rx(s)ds dxrd6. In order to estimate the upper bound of the
derivative of the new Lyapunov functional, (14) and (16) are introduced.

For Case 2, a similar result is concluded in the following theorem.

Theorem 2 For given scalars h > 0 and y > 0, the augmented system (6) is asymp-
totically stable with the Hso performance ||z.(t)|2 < v |lw(@)|2 for all the delays
satisfying (4) and for all the parameters that belong to the uncertain polytope (2), if
there exist some matrices

P P, Py
P=| x P P;|>0, 01 >0, Z1 >0, Z> >0, R>0
* * Pg
Y M, H,
Y, M, H,
X =[X;jlsx5 =0, Y=|Y3|, M=|Ms |, H=| H;
Y4 My H,
Ys Ms Hs

with appropriate dimensions such that

- 50 L hX Fl(i)T hAgi)TZ2 %Agi)TR %H
* —1 0 0 0
o — * * —hZ, 0 0 <0
h2
* * * —-5R
L * * * * _hTzR
Vi=1,2,...,q (13)
e 1_,2(1')T M-
T1(l): * Z 0 (=0, Vi=12,....q (19)
L % * V4
e F2(i)T Y -
= | « Z 0 |>0, Vi=1,2,....q (20
L % * Z,
where
&0 =[8]sys

20 _ =)
By =E&) -

()
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where Ejx, 1< j <k <5, (j,k)# (1, 1)or3,3), ", 1", AY are the same as
those defined in Theorem 1.

Proof Choose a Lyapunov functional candidate as

t 0 t
V() =¢N(OPc@t) + / xT(s)Q1x(s)ds + / / xT(s)Z1x(s)ds do
t—h —h Jt+60

0 t 0 0 pt
+/ / )'cT(s)Zz)'c(s)dsd9+/ f / V()R (s)dsdrdo (21)
—hJt+6 —hJO Jt4+r

Following a line similar to that of Theorem 1, the proof can be completed. g

Remark 2 If welet P, =0, Ps=0, M4y =0, H=0,Y =0, Po=¢€11, Z1 = €21,
Q1=e3l,and R = €41 with¢; > 0,1 =1, 2, 3, 4 being some sufficient small scalars,
Theorem 2 yields an equivalent form of Corollary 5 in [26]. The proof can be com-
pleted following a similar procedure as in [23] and is omitted here. Therefore, these
variables can provide extra freedom in Theorem 2. It may be expected that Theorem 2
is less conservative than Corollary 5 in [26].

3.2 Hy Filter Design

In the following part, the method of the design of the filer parameters {A s, By,
Cy, Dy} is developed. These parameters can be obtained by solving a set of linear
matrix inequalities (LMIs). For Case 1, the following theorem is obtained.

Theorem 3 For given scalars h > 0, y > 0, u and ¢, an Hy filter of the form (5)
for system (1) exists if there exist matrices P >0, Po >0, T >0, Q1 >0, 0> >0,
Z1>0,Z2>0,R>0,P4,Nj, j=1,2,3,4, X =[X;;]5x5 = 0,

g M H
Y M) H,
Y=|Y3|, M=\ M|, H=| H;
Yy My Hy
Ys Ms Hs

with appropriate dimensions such that
Pr—T 0 Pys—eT

* T eT >0 22)
* * Pe
20 4nx AYT paTz, BAOTR By
* -1 0 0 0
e® = * * —hZ, 0 0 <0
* * * —gR 0
* * * * —%R
Vi=1,2,...,q (23)
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_)% H_A(i)T M-
a9 = « A 0 |=0, Vi=1,2,....q (24)
L * * Z,

o=\ * Z 0 >0, Vi=1,2,....q (25)
* * Zy
where
20 =[25];5.s
A9 =[a9 0 AD 0 BT
A =LY —Nnucl? =Ny LY =N 0 G — NyDD)
Ay =[PTAY +eN2CP +Ps eNy PJAY +eNyCy)
—Ps P{BY +eN,DV]
with

2{) = PiAY + AL P+ NG+ CTNT + Pa+ PU+ Q1+ 00+ 17
+ M, +M1 + hH; +hH1

2 =N+ AT+ NS +eT + M3 + hH

20 =PAY + Ny — My + Y, + M] + hH]

QW =—Py— Y, + M +hH]

2{9 = PBO + N;DO + MT + hHT

2y = Ni+NJ

2 =TAY + NoC’ — My + Vs

.Qéi‘) =—eT — f’z

_Q(l) TB® + N,D®

24 = (- w0y — M3 — M + Y3+ Y]
(@) T T

23y =—V3—M, +7,
@) T T

24 =-01-Ys—Y]

) _ T
945 - _YS
Q=71
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and the filter parameters are given by Ay = NiTL, By =N, Cy = N3T—1L,
Dy = Ny.

Proof Since (22) implies T > 0, there always exists a nonsingular matrix P> and a
matrix P3 > O suchthat T = P, P3_1 P2T .Define J = P, P3_l and Ps = £P2T , pre- and
post-multiply both sides of (7) with diag{/, J, I, I, I, 1, I, I, I} and its transpose,
pre- and post-multiply both sides of (8)—(9) with diag{l, J, I, I, I, I, I} and
its transpose, and introduce new variables N1 = P,Ay P;l P2T , No = P,By, N3 =
CiPy' Py Ny=Dy, Moo= PPy 'Ms, Yo = PoP; Yo, Bb = PPy ' Ho,

I 0 0 0 O I 0 0 0 O
0 J 00O 0 JT 000
X=|/0 0 I 0 O|x|0 O I 0 O
0 0 0 I O 0O 0 0 1 O
0 0 0 0 I 0O 0 0 0 1[I
then (23)—(25) will be obtained.
Pre- and post-multiplying both sides of
P P, Py I —J 0
x Py Ps|>0 with|O J O
* *x Pg 0o 0 I

and its transpose, one can obtain (22) directly.

It is easy to see that the filter of the form (5) with Ay = P2_1N1T_1P2, By =
P2_1N2, Cr= N3T~'p,, Dy = N4 can guarantee that the augmented system (6) is
asymptotically stable with the Hy, performance ||z, (¢)|[2 < ¥ [lo(®)]l2-

The filter transfer function from y(¢) to z(¢) can be obtained by

Tsy=Cyp(sI —Ap) "By + Dy
= N3T ' Py(sT = Py Ny T Py) ' Py Ny + Ny
=N T (s —=NT7Y) ' Ny + Ny

So, the filter parameters are given by Ay = NiT, By =Ny, Cy = N3T~ 1,
Dy = Ny. This completes the proof. 0

For Case 2, a similar result is obtained in the following theorem.

Theorem 4 For given scalars h > 0, y > 0, and ¢, an Hx filter of the form (5) for
system (1) exists if there exist matrices P >0, Po >0, T >0, Q1 >0, Z1 > 0,
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ZZ>O9R>0’P4,N]7]=1’25374’X=[)?l]]5><5209

such that

where

Y M,
Y2 M,
Y3 |, M=| M3
Yy My
Ys Ms

Pr—T 0 Py—¢T

*

*

eT >0
Ps

* -1 0
* * —hZ;
* * *
* * *
. q
H— A;i)T M-

Z1 0 |>0,

* Z> |
H— Ag)T Y

Z1 0 |=>0,

* Z |

Qv = [‘Q/('lk)]SXS

5 () (@)
20 =827 -0

FG0 4 AR AT hA0Tzy EAOTR

0
0

Vi=1,2,...

QF =ef+1-wo,

H,

H;3
Hy
Hs

By

(26)

27)

(28)

(29)

and 2jx, 1< j <k <5, (k) # (1, or(3,3), AV, AY, A are the same
as those defined in Theorem 3. The filter parameters are given by Ay = N T,
By =N, Cy= N3T_l, Dy = Ny.

Remark 3 A tuning parameter ¢ is involved in Theorems 3 and 4. Similar to [27], a
tuning procedure for ¢ is presented. Choose a cost function to be f(¢) = fiin. The
parameter i, is obtained by solving the feasibility problem using an LMI toolbox.
Then, apply a numerical optimization algorithm, such as fminsearch in the optimiza-
tion toolbox of MATLAB, to f (&) = tmin and a locally convergent feasible solution
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will be obtained. If the resulting minimum value of the cost function is negative, then
an appropriate tuning parameter ¢ is found. Some numerical examples have shown
that e = 0 may often yield a satisfactory result.

4 Numerical Examples

In this section, two numerical examples are given to show the effectiveness and ad-
vantage of the proposed method.

Example 1 Consider system (1) with

[0 2 L_[-01 0 s [° Coii o]
=11 2 "l o2 —o01] 1] 0=

Ci=[0 17, Lo=[1 2], Li=[0 1], D=1, G=0

The objective is to calculate the minimum Hy, performance ymin wWhen the delay is
bounded by 1, that is, 4 = 1. Results compared with those in [26] are listed in Table 1
for different values of © or unknown .

On the other hand, the upper bound on the delay can be obtained if the y is pre-
scribed. Setting y = 0.5, the upper bounds on the delay for different values of p or
unknown u are listed in Table 2.

From these two tables, it can be seen that our method can lead to a much less
conservative result. For y = 0.6123, h = 1, u = 0.5, the filter gains can be obtained
as

_|:—1.4604 1.9599} _|:—0.3680i|
P71 218094 —06524 ] F= | -1.5530
C;=[-0.1700 —09414],  D;=0.2723

For the purpose of simulation, the external disturbance signal is assumed to be

w(t) = ﬁ The estimation error of z(¢) is shown in Fig. 1. It can be seen that

Table 1 Minimum Hy performance yp, for different u with h =1

I 0.1 0.3 0.5 0.7 0.9 Unknown
Zhang and Han [26] 0.5278 0.5742 0.6362 0.7295 0.8893 1.0001
Our results 0.5003 0.5477 0.6123 0.6778 0.6872 0.6872

Table 2 Maximum upper bound # for different 1 with y =0.5

I 0.1 0.3 0.5 0.7 0.9 Unknown
Zhang and Han [26] 0.8369 0.6655 0.5584 0.5019 0.4826 0.4819
Our results 0.9987 0.7997 0.6972 0.6772 0.6772 0.6672
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Fig. 1 Estimation error of z(¢) 0.8
fory =0.6123,h=1, u=0.5

10 15

Time, s
Table 3 Maximum upper bound 4 for different © with y =5
"w 0.2 0.4 0.6 0.8 Unknown
Gao and Wang [6] 0.4213 0.3054 0.1944 0.0923 -
Zhang and Han [26] 0.6174 0.5765 0.5344 0.4894 0.4420
Our results 0.6521 0.6393 0.6366 0.6366 0.6366

the error system is asymptotically stable, which illustrates the effectiveness of the
proposed method in this paper.

Example 2 Consider system (1) with

AO:[—z 0 } A1:|:—1 —l+0(t)] B:[—O.S}
0 —0.7+p@) —1 —1 2

Co=[0 1], Ci=[1 2], Lo=[2 1]
Li=[0 0], D=1, G=0

The uncertain parameters satisfy |[p(¢)| <0.2 and |o(¢)| <0.5.

Assume that the time-varying delay satisfies Case 1. In order to compare with the
results in [5, 26], D is assumed to be 0. Applying Theorem 1, the maximum delay
bound, /, can be obtained for different values of x, under a given Hy, performance
y = 5. The results compared with those obtained in [5, 26] are listed in Table 3. On
the other hand, the minimum achievable value of y can be calculated for a given
h = 0.44. Table 4 lists the results compared with those obtained in [5, 26]. It can
be seen that our method can lead to much bigger maximum delay bounds when the
performance level y is given. On the other hand, our method can lead to a much
smaller performance level y when the delay bound is given.
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Table 4 Minimum Hy performance yp, for different u with h = 0.44

I 0.2 0.4 0.6 0.8 Unknown
Gao and Wang [6] 5.9416 - - - -
Zhang and Han [26] 1.6631 1.7819 2.0104 2.4557 4.2334
Our results 1.4419 1.4419 1.4419 1.4419 1.4419
Fig. 2 Estimation error of z(¢) 2 . T
fory =5, h =0.6366, u =0.8
1.5H 1
1tk ]
::(D
N
0.5 1
ol J
~0.5 . .
0 5 10 15

Time, s

For y =5, h =0.6366, u = 0.8, the filter gains can be obtained as

4 [—0.8622 —2.5342 2.0740

—0.4341  —1.2766 —0.9429
Cr=10*"%[—-0.4326 —1.2719]

For the purpose of simulation, the external disturbance signal is assumed to be

1, 2<t<4
w(t) = .
0, otherwise

The estimation error of z(¢) is shown as in Fig. 2. It can be seen that the error system is
asymptotically stable, which demonstrates the effectiveness of the proposed method
in this paper.

5 Conclusions
The problem of Hy, filtering for systems with time-varying delay and polytopic un-
certainties has been investigated in this paper. Two kinds of time delays have been

considered and new sufficient conditions for the existences of the Hy filters have
been derived in terms of LMIs on the basis of introducing a new Lyapunov functional.
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A filter design method has also been proposed. Numerical examples have shown that
the method proposed in this paper is effective and can lead to less conservative results.

This paper has only considered the asymptotical stability of the error state system.
The exponential stability problem will be a future research topic. It should be noted
that our method can be extended to more general systems such as nonlinear and/or
stochastic systems with distributed delays, and the results reported in [14, 19, 20]
may be beneficial to further investigations.
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