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Abstract—In this note, the problem of H_, filtering for a class of nonlinear neutral systems
with delayed states and outputs is investigated. By introducing a descriptor technique, using
Lyapunov-Krasovskii functional and a suitable change of variables, new required sufficient
conditions are established in terms of delay-dependent linear matrix inequalities (LMIs) for the
existence of the desired H filters. The explicit expression of the filters is derived to satisfy
both asymptotic stability and a prescribed level of disturbance attenuation for all admissible
known nonlinear functions. A numerically example is provided to show the proposed design

approach.
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I. INTRODUCTION

Delay (or memory) systems represent a class of infinite-dimensional systems [1, 2] largely used to
describe propagation and transport phenomena or population dynamics [3, 4]. Delay differential
systems are assuming an increasingly important role in many disciplines like economic, mathematics,
science, and engineering. For instance, in economic systems, delays appear in a natural way since
decisions and effects are separated by some time interval. The presence of a delay in a system may be
the result of some essential simplification of the corresponding process model. The delay effects
problem on the (closed-loop) stability of (linear) systems including delays in the state and/or input is a
problem of recurring interest since the delay presence may induce complex behaviors (oscillation,
instability, bad performances) for the (closed-loop) schemes [2, 5].

Neutral delay systems constitute a more general class than those of the retarded type. It is important to
point out that the highest order derivative of a retarded differential equation does not contain any
delayed variables. When such a term does appear, then we have a differential equation of neutral type.
Stability of these systems proves to be a more complex issue because the system involves the
derivative of the delayed state. Especially, in the past few decades increased attention has been devoted
to the problem of robust delay-independent stability or delay-dependent stability and stabilization via
different approaches for linear neutral systems with delayed state and/or input and parameter
uncertainties (see for instance [2, 6, 7]). Among the past results on neutral delay systems, the LMI
approach is an efficient method to solve many control problems such as stability analysis and
stabilization [8-13], H_ control problems [14-20] and guaranteed-cost (observer-based) control design
[21-25].

On the other hand, the state estimation problem has been one of the fundamental issues in the control

area and there have been many works following those of Kalman filter or H, optimal estimators (in the

stochastic framework) and Luenberger filter (in the deterministic framework) [26]. Nevertheless there



has been an increasing interest in the robust H_ filtering, which is concerned with the design of an
estimator ensuring that the L,-induced gain from the noise signal to the estimation error is less than a
prescribed level, in the past years [27-31]. Compared with the conventional Kalman filtering, the H,,
filter technique has several advantages. First, the noise sources in the H_, filtering setting are arbitrary

signals with bounded energy or average power, and no exact statistics are required to be known [32].
Second, the H,_, filter has been shown to be much more robust to parameter uncertainty in a control
system. These advantages render theH, filtering approach very appropriate to some practical
applications. When parameter uncertainty arises in a system model, the robust H_ filtering problem
has been studied, and a great number of results on this topic have been reported (see the references [33,
34]). In the case when parameter uncertainty and time delays appear simultaneously in a system model,
the robust H_ filtering problem was dealt with in [35] via LMI approach, respectively. The
corresponding results for uncertain discrete delay systems can be found in [36]. However, it is noted
that the H,, filtering of nonlinear neutral systems has not been been fully investigated in the past and
remains to be important and challenging. This motivates the present study.

In this paper, we are concerned to develop a new delay-dependent stability criterion for H, filtering
problem of nonlinear neutral systems with known nonlinear functions which satisfy the Lipschitz
conditions. The main merit of the proposed method is the fact that it provides a convex problem with
additional degree of freedom which lead to less conservative results. Our analysis is based on the
Hamiltonian-Jacoby-Isaac (HJI) method. By introducing a descriptor technique, using Lyapunov-
Krasovskii functional and a suitable change of variables, we establish new required sufficient
conditions in terms of delay-dependent LMIs under which the desired H filters exist, and derive the
explicit expression of these filters to satisfy both asymptotic stability and H_ performance. A desired

filter can be constructed through a convex optimization problem, which can be solved by using



standard numerical algorithms. Finally, a numerical example is given to illustrate the proposed design

method.
Notations. The superscript 'T' stands for matrix transposition; " denotes the n-dimensional Euclidean
space; R™™ is the set of all real m by n matrices. ||.| refers to the Euclidean vector norm or the

induced matrix 2-norm. col {---} and sym(A) represent, respectively, a column vector and the matrix

A+AT. A (A) and A (A) denote, respectively, the smallest and largest eigenvalue of the square

max
matrix A. The notation P >0 means that P is real symmetric and positive definite; the symbol *

denotes the elements below the main diagonal of a symmetric block matrix. In addition, L, [0, «) is the
space of square-integrable vector functions over[0, «). Matrices, if the dimensions are not explicitly

stated, are assumed to have compatible dimensions for algebraic operations.

II. PROBLEM DESCRIPTION
We consider a class of nonlinear neutral systems with delayed states and outputs represented by

X(t) = Ax(t) + A X(t—h(t)+ A, Xt —d (1) + E, F(x(t))+E, f(x(t—h(t)))+B, w(t)

Xt =pt)  te[-max{h.d},0] 1)

2(t) = C, x(t)

y(®) =Cy x(t) + g(t, x(1))
where x(t) e R",w(t) e Li[0,0), z(t)e R* and y(t)e R" are corresponded to state vector, disturbance
input, estimated output and measured output. The time-varying function ¢(t) is continuous vector
valued initial function and the parameters h(t) and d(t) are time-varying delays satisfying

0<ht)<h, h)<h,

0<d(t)<d, d()<d,<I.



Assumption 1:

1) The nonlinear function f:R" —>R" is continuous and satisfies f(0)=0 and the Lipschitz

condition, i.e.,

f(Xo) = f(yo)| <[V (Xo = yo)| forall x5,y,eR" and U, is a known matrix.
2) The nonlinear function g:RxR" - RP is continuous and satisfies the Lipschitz condition, i.e.,

lact.x,) =gt y)| <V, (x, = y,)| forall x,,y, e R" and U, is a known matrix.
In this paper, the author’s attention will be focused on the design of an n—th order delay-dependent

H_ filter with the following state-space equations

(1) = F X(t) + Fy X(t—h(®) + F, Kt —d(1) + Fy f(R(t)+F, f(K(E—h(1)))
+G (YO -C, (O - 9(tX(D)) )

K(t)=0 t e [-max{h,d}, 0]
3(t) = G, R(t)
where the state-space matrices F,F,,F,,F;,F,,G and G, of the appropriate dimensions are the filter

design objectives to be determined. In the absence of w(t), it is required that

x®-%t)], >0 as t—oo

where X(t) e R" and 2(t) are the estimation of Xx(t) and of z(t), respectively, and e(t) = x(t) — X(t) is
the estimation error. Then, the error dynamics between (1) and (2) can be expressed by

6(t) = (A= F) (1) + (A = F) Xt —h(t) + (A; = Fy) X(t—d (1)) + (F ~ GC, e(t)
+ Fie(t=h(t) + F,€(1) - Gy (t,e()) + (E; = F3) F(x(V) + (B, = Fy) F(x(t = h(1))) 3)
+F5 ge(V) + Fy gle(t — (1) + Byw(t)

where g(e(t)):= f(x(t))— f (x(t)—e(t)) and w(t,e(t)):=g(t, x(t)) — g(t, x(t) — e(t)) . Now, we obtain the

following state-space model, namely filtering error system:



X(®)=AX({t)+A X({t-ht)+A Xt-d®)+Gy(t,et) +E, f(xt)+E, f(x(t-h)
+ E; gle(t) + E (et — h(t)) + Bw(t)

x=lpo" o0 te[-maxih,d,}, 0]
2(t)— 2(t)=C, X (t)

[ A 0 A AL 0] . A, 0] &
where X (t) = col {x(1), e(t)}, Az{ }, A = {A }, A :Z[A }, B:
1 2

A-F F-GC,

A 0 x E, x E, A 0| - 0 A
G:= , E, = , E, = ,E, = , E, = and C, = [Cl -G, Gl].
-G E -F E,-F, F, F,

-k K

f(a)-f(B)
S(a,ﬁ){ a-p “*B o pen
o a=

By Assumption 1, it is easy to see

d(e(t)) — g(e(t —h(t))) = s(t) (e(t) —e(t — h(t)))
=5(1) j[é(s) ds

t=h(t)

t

)

(6)

Therefore, from the Leibniz-Newton formula, i.e., x(t) — x(t —h) = I X(s) ds, the filtering error system

t-h

(4) can be represented in a descriptor model form as

X (t)=n(t)
n®)=(A+ ADX(®) + A, n(t—d)+Gy(t,e®) + E; F(x(t)+E, f(x(t—h())

A ~ A t A
+ E3 d(e(t)) - (A, +E4JIs(t)) jn(s) ds + Bw(t)
t=h(t)

Definition 1:

(7

1. The delay-dependent H_ filter of the type (2) is said to achieve asymptotic stability in the

Lyapunov sense for w(t)=0 if the augmented system (4) is asymptotically stable for all

admissible nonlinear functions f(x(t)) and g(t, x(t)) .

6



2. The delay-dependent H , filter of the type (2) is said to guarantee robust disturbance attenuation if

under zero initial condition

v - 20, _

sup ———— <
w0 W),

®)

holds for all bounded energy disturbances and a prescribed positive value y .

The filtering problem we address here is as follows: Given a prescribed level of disturbance

attenuation y >0, find the delay-dependent H_, filter (2) in the sense of Definition 1.

Before ending this section, we recall a well-known lemma, which will be used in the proof our main
results.

Lemma 1 ([7]): For any arbitrary column vectors a(t), b(t), matrices ®(t),H ,U and W the following

inequality holds:

too t Tas)|'[H U -d(s)][a(s)
_2Jra(s) d(s)b(s) dsstjr[b(s)} L W }[b(s)} ds

1. H_ FILTER DESIGN
In this section, both the asymptotic stability and H, performance of the filtering error system is

investigated such a sufficient stability condition is derived for the existence of the filter (2). The
approach employed here is to develop a criterion for the existence of such filter based on the LMI
approach combined with the Lyapunov method. In the literature, extensions of the quadratic Lyapunov
functions to the quadratic Lyapunov-Krasovskii functionals have been proposed for time-delayed
systems (see for instance the references [2, 6, 7, 23, 25] and the references therein).

We choose a Lyapunov-Krasovskii functional candidate for the nonlinear neutral system (1) as

V() =V ([0 +V, () +V5() €)



where

X" {X(t)}
V() =Xt P X(t)= TP
1O=X®" RX(®) {ﬂﬂ)} ()

t t
Vo= [X(9)T Q X(s) ds+ [n(s)" Q,n(s) ds
t—h(t) t—d(t)

tt
Vi)= [ [7(6)" Qs +Q4)n(0) dods

t—hl S

with

P 0 . I 0
P:Z ’PIZPI >0,T:: .

(10)

In the following, we state our main results in terms of LMIs on the delay-dependent H_ filter design

for the nonlinear neutral system (1) based on Lyapunov stability theory.

Theorem 1: Consider system (1) and let the matrices U,U, and the scalars h,,d, >0,d, <1,h,and

7 >0 be given scalars. If there exist the matrices P,;,P,5,P5,,G;, H,UW,,---\W¢,M,,---,M, the positive

definite matrices P,Q,,---,Q, and the scalar ¢, satisfying the following LMIs

[ & &
[L1] -U-M,+| 2 |+I'M, FlHITM] Y1+IT™M; N
2 Z:3 4 5

* [2,2] -M] -M; -M!
* * -(1-d,)Q, 0 0
* * * -1 0
* * * * —1
& * % % %
& % * * %
% * * * *
& % * * %
% * * k *



S PR LV Kl P A VR Rl P A VRS Rl PR R VI o
26_27 7 28 9
-M] -M; -M; -M; 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0 (<0
—1 0 0 0 0
* —1 0 0 0
* * ~1 0 0
* * * -1 0
* * * % —1
(11a)
H U
[ }zo (11b)
* Q3
where
T T
X, +%,) Pl_g|:|:P)l'|l' E2T2:| 3
[1,1] = sym SN —sym{{g 2}J—(U+|\/|1)J}+th
S 4y _ Pn Pzz 2,
1 2 PT PT
12 22
L[Q+I0U 0 )
0 Q, +h(Q, +Q)+J"UU, +UJU,)J |

[2,2]=—(1-h,)Q, —sym{M,}+J'UU,J+J"U'U,J,

S = PlI +P2T2)A_W1 W1 _Wecz 5
a PlT + PzT)A_Wl W1 _W6C2 T

2

— |:(PJ + Psz)Al _Wz Wz:|
Pl.:- + P2T2)A1 _Wz Wz

5 ,_|: PlT"'Psz)Az _Ws W3:| 5y ,:|: P1T+P2T2)E1:|_Z ¥ __|:(RT+P2T2)E2:|_Z
’ Pl-{ + P2T2)A2 _W3 W3 ) Plz + Psz)El ’ ’ Plz + Psz)Ez ’

Y - W4 Y - W5 Y o W6 3 PIT + Psz)Bl
6 = W s g = W , g = W y g = T T .
4 5 6 P12 + P22)B1



with J:=[I, 0] and J:=[0, 1], then there exists a delay-dependent H_ filter of the type (2) which
achieve the asymptotic stability and H_ performance, simultaneously, in the sense of Definition 1.

Moreover, the state-space matrices of the filter are given by

[F F F, F, F, Gl=(P)"'W, W, W, W, W, W,]and G, from LMIs (11).

(12)
Proof: Differentiating V,(t) in t along the trajectory of the filtering error system (4) we obtain
: oy X®] - [X)
V. ()=2X(t) PX(t)=2 P
10, ® PX () [n(t)} {0}
o A n® A
_ 2[X ('[)}T pT —n(O+ A+ A)XO + A, p(t-d(1) + Gy (tet) +E, f(x(1)
TOL 1, foat-hon+ B ety (A +E3s0) [n(s) ds+Buet)
t=h(t)
K{X(t)}{ X } (t—d(t))J{O} (t e(t))J{ 0 }f(x(t))q{ X }
_ 2[x (t)}T S| Lno LA [ ¢/ g, 3
Lo 0 0 r 0
x f(x(t—h(t))) + {éjﬂe(t)) - {Al L. s(t)}t_hj(z(s) ds + {E}W(t)
(13)
and time derivative of the second and third terms of V (t) are, respectively, as
V(1) = X(1)' Q, X (1)~ (I-ht)X(t-h(t)’ Q X(t-h(t)
70" Q- (- d®t-dd)’ Qnt-d(®) (14)
<X Q X(t)~(1-hy)X(t-h(t)" Q X(t-h(t)
+1(1)" Q, (M)~ (1-d,)nt-d(t)" Q, nt-d(t)
and
V() =h n®)"(@Q, +Q)nt) — [7()"(Q, +Q,)n(s) ds
t (1s)
=h, 7" (Q + QM) ~ [n()' Qn(s) ds— [n(s)'Q,n(s) ds— [n(s)'Q,n(s) ds
t=hy t-h(t) t=hy

Construct a HJI function in the form of



JIXO,w(b)] = —V(t)+(2(t) 2t) (2(t) - 2t) - 7> W) wet), (16)

where derivative of V (t) is evaluated along the trajectory of the filtering error system (4). It is well
known that a sufficient condition for achieving robust disturbance attenuation is that the inequality
J[X (1), w(t)] < 0 for every w(t) e L;[0,0)results in a functionV (t), which is strictly radially unbounded

(see for instance the reference [37]).

From (13)—(16) we obtain

0 0 0
IX (), wWt)]=27()" PT(AU(tH[AJU(t d(t)){il//(t e(t))+[ }f(x(t)){é}
2

f(x(t- h(t)))+{ }¢(e(t)) { ’ } } (s) dSJ{O}W(t)
: A +EJs®) oo 8

+X O (Q +C] X (M)~ (1-hy)X (t—h(®) Q X (t—h(®)+n®)" (17)
t
x(Q, +hy Q3 +Q () —(1—dy)nt—d(t)" Qnt—d(t)— [n(s) Qsn(s) ds
t—hy

t-h(t)

jn(s) Qun(s) ds— [ 7(s)"Qun(s) ds—y”w(t)" w(t).

t=h(t) t-hy

where 7(t) = col {X (t),7(t)} and K:{ O
A+ -1

} . By Lemma 1 and (11Db), it is clear that

t-h(t) t-h(t) Qs

0
_ T 0 t t (7w | H U—PT{A . } 7(t)
277(t)" P { A +Es (t)} [n(s) ds< | L](SJ A +EIsm]|, o 1ds

IU(S) Qs 7(s) ds +h77 () H7 (1) +277(1)" (U - PT[Al })(X(t) X(t-h())) (18)

t-hy

0
—27(t)" P’ {E }wﬁ(e(t)) — (et —h(1))))
4
Using Assumption 1, we have
0<—f(x(t)" f(x(®)+x(t) UJU,x(t) (19a)

0<—f(x(t—h(t)" f(x(t—h(t))+xt—ht) U U xt-h(t) (19b)



0<—g(e(t))" ple®)+e® U U e(t) (19¢)
0 <—g(e(t—h(t)))" g(e(t—h(t)) +e(t—h(®) U U et -h(t)) (19d)
and
0<—yp(t.e(t) w(t.e(t) +et) U Ue(t) (19¢)
Moreover, from the Leibniz-Newton formula, the following equation holds for any matrix M with an

appropriate dimension

20(t)T M (X (t)— X (t—h(t)) - }n(s) ds)=0 (20)
t-h(t)

where M :=col{M,M,,---,M,} and
(1) = col {77 (1), X (t = h(t)),m(t —d (1)), F(x(V), f(x(t=h(t))),p(x(t)),(x(t —h(t))).p (t.e(t)), w(t)} .
By adding the right- and the left- hand sides of (19) and (20), respectively, to (17) and using the

inequality (18), it follows that

t-h(t)
IX O, WIS IO AT+hMQMT) M) — [ 7(s)' Qun(s) ds

= Q1)

t
— [BO™™ +3()" Q)Q (Y1) M +5(5)' Q)" ds
t=h(t)

where the matrix IT is given by

I 0 0 0
I, M, P . |+3™™M] PT| . |+3J™M; PT|. [+I"M]
A2 E1 EZ
* Iy -M3 -My -M3
* o+ -(1-dy)Q, 0 0
* * * -1 0
H:
% * & % _|
k % & % &
% % % % %
* % % % %
% % & % &




0 0
PT . . [+3™™M] P70 |+3™™M] PT| L |+3™™M] PT|  |+3™M]
-M] -MJ ~Mg -MJ
0 0 0 0
0 0 0 0
0 0 0
— 1 0 0 0
* —1 0 0
* * -1 0
* * * —7/2| |
with
Tx 7| 0
IT1,, =sym{P" A}—-sym{P [AJJ_(U +Mp)Jt+hH
{QﬁéﬁéﬁJTufulJ 0
0 Qy+h(Q; +Qy)+JT(UU, +U U)J |
0
H12:—U—M1+PT{A}+JTM2T,
A1
My, =—(1-h,))Q, —sym{M,}+JITUU,J+JTU[U,J.
Thus, if the inequality
n+hMQ;'MT <0 (22)

holds, it follows from J[X(t),w(t)]|w(t)50 <0 that %V (t)<0 or V(t)<V(0). Then, from (9), it can be
deduced

0 0
V(0)=X(0)PX(©0)+ [X(s) Q X(s) ds+ [n(s)" Quu(s) ds
~h(0) -d(0)

00
+ .[ J”(H)T Q3 +Q4)n(0) dods

7hl S



0 0
< o PO + Anax Q1) [X(9)T X(8) U5+ A () [1(9)T 7(s) ds
~h(0) -d(0)

00
+ﬂ'max(Q3 +Q4) J _[77(‘9)1- n(6) dé ds
—hy's

<ol + ol
where o) =2, (P) + Aoy (Q)) and o5 = (A} Ay (Q5) + 050 A, (Q; +Q,)) . Then, we have:

Amin POl <V © < 1ol + ol
Therefore, we conclude that the filtering error system (4) is asymptotically stable. Notice that the
matrix inequality (22) includes multiplication of filter matrices and Lyapunov matrices which are
unknown and occur in nonlinear fashion. Hence, the inequality (22) cannot be considered an LMI
problem. In the literature, more attention has been paid to the problems having this nature, which called
bilinear matrix inequality (BMI) problems [38]. In the following, it is shown that, by considering

P, = &P, where

PR, P
P, { . ”}, (23)
Py Py
and introducing change of variables
[Wl Wy Wy W, Wi W6]:: Psz [F FR R KR G] (24)

the matrix inequality (22) is converted into LMI (11a) and can be solved via convex optimization

algorithms. It is also easy to see that the inequality (22) implies IT,, <0. Hence by Proposition 4.2 in
the reference [15], the matrix P is nonsingular. Then, according to the structure of the matrix P in
(10), the matrix P, (or P,,) is also nonsingular. This completes the proof. m

Remark 1: It is worth noting that in the case when X(t) € R", w(t) € R®, z(t) € R* and y(t) € RP, the
number of the variables to be determined in the LMIs (11) is 0.5n(17n+2p+2z+5)+5. It is also

observed that the LMIs (11) are linear in the set of matrices P,P,,P5,G;,H,UW,,---\Ws,M,---,Myg,



P.Q,---,Q, and the scalars &,»°. This implies that the scalar y* can be included as one of the
optimization variables in LMIs (11) to obtain the minimum disturbance attenuation level. Then, the
optimal solution to the delay-dependent H_ filtering can be found by solving the following convex

optimization problem

Min A

25
subject to (11) with A :=y>. (2)

IV. EXAMPLE
In this section, we will verify the proposed methodology by giving an illustrative example. We solved
LMIs (13) by using Matlab LMI Control Toolbox [39], which implements state-of-the-art interior-point
algorithms and is significantly faster than classical convex optimization algorithms [40]. The example
is given below.

Consider the system (1) with the following matrices

A |1 05]. , _[-05 o 'AQ_O.I 02) o for] o o .
103 =27Vl o1 —06” 2 o o1l Yoa|” 2w

Ci=[1 1]; Cy=[0.1 0.1]; f(x(®) =gt x(t)=0.5(x(t) +1|-|xt) - 1.
The delays h(t)=d(t)=(1-e™ )/(1+e_t) are time varying and satisfy 0<h(t)=d(t)<l and
h(t)=d(t)<0.5. For simulation purpose, a uniformly distributed random signal, shown in Figure 1,

with minimum and maximum -1 and 1, respectively, as the disturbance is imposed on the system. With
the above parameters, the filtering error system (4) exhibits the chaotic behaviours such the state

trajectories of the system with initial condition x(0) = (0, 0) is depicted in Figure 2.
By solving the LMIs (11) in Theorem 1 with the disturbance attenuation y =0.2 we get the following

state-space matrices of the delay-dependent H, filter (2):



[-2.8807 1.1770 [-03991 0.2557 _[-0.0835 -0.1410 [1.5747 -0.4885
1 1.0575 -49106" ' | 02297 -0.7907|" %2 | 0.0209 -0.1002|" ® [-0.3693 2.7097 |’

[ 11810 -0.3664 _[-0.0226
471202770 20323 7 |-0.0662

} , G, =[0.5414 0.4628].

For initial conditions x(0) = (-1, 1), the simulation results are shown in Figures 3 and 4. The trajectories
of the estimation error are plotted in Figure 3. Finally, to observe the H, performance, curve of the
function |z(t) - 2(t)|, /|w()|, is depicted in Figure 4 which shows that the H, constraint in (8) is

satisfied as well.

V. CONCLUSION

The problem of delay-dependent H_ filtering was proposed for a class of nonlinear neutral systems
with delayed states and outputs. New required sufficient conditions were established in terms of delay-
dependent LMIs for the existence of the desired robust H,, filters. The explicit expression of the robust
H, filters was derived to satisfy both asymptotic stability and a prescribed level of disturbance

attenuation for all admissible known nonlinear functions. A numerically example was presented to

illustrate the effectiveness of the designed filter.

ACKNOWLEDGMENT
The author would like to thank the Alexander von Humboldt-Foundation for providing the support to

make this research possible.

REFERENCES
[1] Malek-Zavarei, M., and Jamshidi, M., ‘Time-delay systems: Analysis, optimisation and

application.” Amsterdam, The Netherlands: North-Holland, 1987.



[2] Niculescu S. 1., ‘Delay Effects on Stability: A Robust Control Approach’ (Berlin: Springer), 2001.

[3] MacDonald, N., ‘Biological delay systems: linear stability theory.” Cambridge University Press,
Cambridge, 1989.

[4] Kuang, Y., ‘Delay differential equations with applications in population dynamics.” Acadelic Press,
Boston, 1993.

[5] Krasovskii, N.N., ‘Stability of motion.” Stanford, CA: Stanford University Press, 1963.

[6] Han, C.L. and Yu, L., ‘Robust stability of linear neutral systems with nonlinear parameter
perturbations.” IEE Proc. Control Theory Appl., 151(5), 539-546, 2004.

[7] Park P., ‘A delay-dependent stability criterion for systems with uncertain time-invariant delays’
IEEE Trans. Automatic Control, vol. 44, pp. 876-877, 1999.

[8] Fridman, E., ‘New Lyapunov-Krasovskii functionals for stability of linear retarded and neutral type
systems.” Systems & Control Letters, 43, 309-319, 2001.

[9] Hu, G. D, and Hu, G. D., ‘Some simple stability criteria of neutral delay-differential systems.’
Applied Mathematics and Computation, 80, 257-271, 1996.

[10] Chen, W.H., and Zheng W.X., ‘Delay-dependent robust stabilization for uncertain neutral systems
with distributed delays’ Automatics, 43, 95-104, 2007.

[11] Chen, J. D., Lien, C. H., Fan, K. K., and Chou, J. H., ‘Criteria for asymptotic stability of a class of
neutral systems via a LMI approach.” IEE Proc. Control Theory and Applications, 148, 442-447,
2001.

[12] Yue D., Won S., and Kwon O., ‘Delay dependent stability of neutral systems with time delay: an
LMI approach’ IEE Proc. Control Theory Appl., vol. 150, no. 1, pp. 23-27, 2003.

[13] Xu, S., Lam, J., and Yang, C., ‘Quadratic stability and stabilization of uncertain linear discrete-

time systems with state delay.” Systems & Control Letters, 43, 77-84, 2001.



[14] Chen, J. D., ‘LMlI-based robust H_ control of uncertain neutral systems with state and input

Delays.” Journal of Optimization Theory and Applications, 126, 553-570, 2005.

[15] Fridman, E., and Shaked, U., ‘Delay-dependent stability and H,, control: constant and time-

varying delays.” International Journal of Control, 76, 48-60, 2003.

[16] Gao, H., and Wang, C., ‘Comments and further results on ‘A descriptor system approach to H_

control of linear time-delay systems.” IEEE Transactions on Automatic control, 48, 520-525,
2003.
[17] Xu, S., Lam, J., and Yang, C., ‘H

and positive-real control for linear neutral delay systems.’

0

IEEE Transactions on Automatic control, 46, 1321-1326, 2001.

[18] Chen J.D., ‘LMI approach to robust delay-dependent mixed H,/H_ controller of uncertain
neutral systems with discrete and distributed time-varying delays’ J. Optimization Theory and
Applications, 131(3), 383-403, 2006.

[19] Xu, S., Lam, J., and Yang, C., ‘Robust H_ control for uncertain linear neutral delay systems.’
Optimal Control Applications and Methods, 23, 113-123, 2002.

[20] Xu, S., Chu, Y., Lu, J., and Zou, Y., ‘Exponential dynamic output feedback controller design for
stochastic neutral systems with distributed delays.” IEEE Transactions on Systems, Man, and
Cybernetics A: Systems and Humans, 36, 540-548, 2006.

[21] Chen, B., Lam, J., and Xu, S., ‘Memory state feedback guaranteed cost control for neutral

systems’ Int. J. Innovative Computing, Information and Control, 2(2), 293-303, 2006.

[22] Karimi H.R., ‘Robust mixed H,/H_ delayed state-feedback control of neutral delay systems

with time-varying delays’ Asian Journal of Control, 10(5), 2008 (In Press).



[23] Lien, C.H., ‘Guaranteed cost observer-based controls for a class of uncertain neutral time-delay
systems.” J. Optimization Theory and Applications, 126(1), 137-156, 2005.

[24] Lien C.H., ‘H_ observer-based control for a class of uncertain neutral time-delay systems via

LMI optimization approach’ J. Optimization Theory and Applications, 127(1), 129-144, 2005.

[25] Karimi H.R., ‘Observer-based mixed H,/H_ control design for linear systems with time-varying

delays: An LMI approach’ Int. J. of Control, Automation, and Systems, 6(1), 1-14, 2008.

[26] Anderson B.D.O. and Moore J.B., ‘Optimal filtering’ Englewood Cliffs, NJ: Prentice-Hall, 1979.

[27] Li H. and Yang C., ‘Robust H filtering for uncertain linear neutral delay systems’ Proc. ACC,
pp. 2251-2255, 2006.

[28] Gao H. and Wang C., ‘Delay-dependent robust H_ and L, — L filtering for a class of uncertain
nonlinear time-delay systems’ IEEE Trans. Automatic Control, vol. 48, n0. 9, pp. 1661-1666,
2003.

[29] Gao H. and Wang C., ‘A delay-dependent approach to robust H_ filtering for uncertain discrete-
time state-delayed systems’ IEEE Trans. Signal Processing, vol. 52, no. 6, pp. 1631-1640, 2004.

[30] Germoel J.C. and de Oliveira M.C., ‘H, and H, robust filtering for convex bounded uncertain
systems’ IEEE Trans. Automatic Control, vol. 46, no. 1, pp. 100-107, 2001.

[31] Guo L., Yang F., and Fang J., ‘Multiobjective filtering for nonlinear time-delay systems with
nonzero initial conditions based on convex optimization” Circuits Systems Signal Processing, vol.
25,n0. 5, pp. 591-607, 2006.

[32] Nagpal, K.M., and Khargonekar, P.P., ‘Filtering and smoothing in an H_ setting.” |IEEE

Transactions on Automatic Control, 36, 152-166, 1991.



[33] de Souza, C.E., Xie, L., and Wang, Y., ‘H_ filtering for a class of uncertain nonlinear systems.’

Systems & Control Letter, 20, 419-426, 1993.

[34] Jin, S.H., Park, J.B., ‘Robust H_ filtering for polytopic uncertain systems via convex

optimisation.” IEE Proceedings—Control Theory Applications, 148, 55-59, 2001.

[35] de Souza, C.E., Palhares, R.M., Peres, P.L.D., ‘Robust H_ filter design for uncertain linear

systems with multiple time-varying state delays.” IEEE Transactions on Signal Processing, 49,
569-576, 2001.

[36] Xu, S., ‘Robust H_ filtering for a class of discrete-time uncertain nonlinear systems with state

delay.” IEEE Transactions on Circuits Systems I, 49, 1853—-1859, 2002.

[37] Zhou K. and Khargonekar P.P., ‘Robust stabilization of linear systems with norm-bounded time-
varying uncertainty’ System Control Letters, 10, 17-20, 1988.

[38] Safonov M.G., Goh K.C., and Ly J.H., ‘Control system synthesis via bilinear matrix inequalities’,

Proc. ACC., 45-49, 1994.

[39] Gahinet P., Nemirovsky A., Laub A.J. and Chilali M., ‘LMI control Toolbox: For use with
Matlab’ Natik, MA: The MATH Works, Inc, 1995.

[40] Boyd S., Ghaoui E. L., Feron E. and Balakrishnan V., ‘Linear matrix inequalities in systems and
control theory’ Studies in Applied Mathematics, SIAM, Philadelphia, Pennsylvania, Vol. 15,

1994.

20



15

100

-1.5

Time (sec)

Fig. 1. The disturbance signal.

X, (0

Fig. 2. The phase trajectories.

21



100

20

Time (sec)

Fig. 3. Curves of estimation error signal.

0.14

1000

800

Time (sec)

-2, /.

Fig. 4. Curve of function”z(t)

22



