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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 Hoo 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
numerical example is provided to show the proposed design approach.
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1 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 disci-
plines 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, 5-9].
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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, 10, 11]). 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 [12-17], He control problems [18-24] and guaranteed-
cost (observer-based) control design [25-29).

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 Hy optimal estimators (in the stochastic framework) and Luenberger filter (in
the deterministic framework) [30]. Nevertheless there has been an increasing interest in
the robust H., filtering, which is concerned with the design of an estimator ensuring
that the Lo-induced gain from the noise signal to the estimation error is less than a
prescribed level, in the past years [31-35]. 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 [36]. Second, the H, filter has been shown to
be much more robust to parameter uncertainty in a control system. These advantages
render the H, 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
[37-39]). In the case when parameter uncertainty and time delays appear simultaneously
in a system model, the robust H, filtering problem was dealt with in [40] via LMI
approach, respectively. The corresponding results for uncertain discrete delay systems
can be found in [41]. 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 Hy, 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 7" stands for matrix transposition; R" denotes the n-
dimensional Euclidean space; R7*™ is the set of all real n by m 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. X\,in(A) and A\paz(A) denote,
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respectively, the smallest and largest eigenvalue of the square 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, L3[0, 00) is
the space of square-integrable vector functions over [0, 00). Matrices, if the dimensions are
not explicitly stated, are assumed to have compatible dimensions for algebraic operations.

2 Problem Description

We consider a class of nonlinear neutral systems with delayed states and outputs repre-
sented by

(1)
where z(t) € R, w(t) € L§[0,00), 2(t) € R* and y(t) € RP 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 < h(t) < hy, h(t) < hg,

0<dt)<di, d(t)<dy<1.

Assumption 2.1 1) The nonlinear function f : " — R™ is continuous and satisfies
f(0) = 0 and the Lipschitz condition, i.e., || f(zo) — f(vo)ll < ||Ui(zo — yo)]|| for all
Zo, Yo € R™ and U; is a known matrix.

2) The nonlinear function g : ® x R® — RP is continuous and satisfies the Lipschitz
condition, i.e., ||g(t, z0) — g(t, yo)|| < ||[U2(zo — yo)|| for all zg,yo € R™ and Us 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

2(t) = Fi(t) + Fii(t — h(t)) + Fa(t — d(t) + Faf(2(t) + Faf (2(t = h(1)))
+G(y(t) — Ca2(t) — g(t, &(t))),
Z(t)=0, te€[-max{hi,di}, 0],

2(t) = G1i(t),

(2)

where the state-space matrices F, F', F», F3, Fy, 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

lz(t) — Z(t)]]2 — 0 as t — oo,

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

&(t) = (A = F)E(t) + (A = F1)E(t = h(t)) + (A2 — Fo)a(t — d(t))
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+(F — GCq)e(t) + Fre(t — h(t)) + Faé(t) — Gy(t, e(t)) + (E1 — Fs) f(x(t))
+(Ey — Fa) f(x(t = (1)) + Fsg(e(t)) + Fag(e(t — h(t))) + Biw(?),

where ¢(e(t)) := f(z(t)) — f(z(t) — e(t)) and ¢(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(t )= AX () + A X (¢ - h(t)) + A2:X(f —d(t)) + é%b(fle(t)) + Erf(x(1)),
+E2 f(x(t — h(t))) +7Es¢(e(t)) + Esg(e(t — h(t))) + Buw(t),
X(t) = o0 ¢0T] . tel-mac{hdi}, 0]

(t) — 2(t) = CLX (1),

I\

_ - A 0 i Ay 0 A
where X (t) = col{z(t),e(t)}, A = , A1 = [Al - F FJ’

Ay 0] o Bl A~ [0 ~ [ E [ B - [0
e i R B R P e PR R

E4 = FO4:| and él = [Cl - Gl Gl] .

Let a, 8 € R and

By Assumption 2.1, it is easy to see

¢(e(t)) — ple(t — (1)) = s(t)(e(t) — e(t — h(t))) = s(t) /t—h(t) é(s) ds. (6)

Therefore, from the Leibniz-Newton formula, i.e., z(t) — z(t — f ., 2(s) ds, the
filtering error system (4) can be represented in a descriptor model form as
X(t) =),

n(t) = (A+ ADX (1) + Aan(t — d(t)) + Gu(t, te(t)) + Ef(x(t)) + Eaf((t — h(1)))
+Es50(e(t)) — (A1 + E4Js ft ht) n(s) ds + Bw(t).
(7)

Definition 2.1 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(z(t)) and g(t, z(¢)) .

2. The delay-dependent H, filter of the type (2) is said to guarantee robust distur-
bance attenuation if under zero initial condition

SUP| |50 % <~ (8)

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

The filtering problem we address here is as follows: Given a prescribed level of distur-
bance attenuation v > 0, find the delay-dependent Ho, filter (2) in the sense of Definition
2.1.

Before ending this section, we recall a well-known lemma, which will be used in the
proof our main results.
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Lemma 2.1 ([11]) For any arbitrary column vectors a(t),b(t), matrices ®(t), H,U
and W the following inequality holds:

) /ttTa<s>Tq><s>b<s>dsg / [bggr [Ij v ‘Vf@] [bgﬂ s,

U

H
where [* W

B

3 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, 10, 11, 27, 29] and the references therein).
We choose a Lyapunov—Krasovskii functional candidate for the nonlinear neutral sys-
tem (1) as
V(t) = Vi(t) + Va(t) + Va(t), 9)

where

Vilt) = X()TPX(t) = E&t))} ! TP [)iét))} 7

t

Va(t) = / X(s)T QX (s) ds + / n(s)" Qan(s) ds,

t—h(t) t—d(t)

v = [ [ 00 (Qu+ o) avs

with
A0 T 1o
P:= [P3 Pz]’ P=P >0 T:= [0 0} (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 3.1 Consider system (1) and let the matrices Uy, Uz and the scalars
hi,di > 0,do < 1,hs and v > 0 be given scalars. If there exist the matrices
Py, Pio, Pog, Gy, H U, {W;}o_, {M;})_,, the positive definite matrices P1,{Q;}}_, and
the scalar e, satisfying the following LMIs

(L1] [1,2] [1,3] [L,4]
I [2;2] [gzg} [264] <o, (11a)
el .
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where
T pT
6(21 —|— 22) Pl — € LP;I% i%]g 62
[1,1] := sym{ p 12PT22 }—sym{{zﬂ J—(U+ M)J}
X1+, - { vy 222] ?
Py Py
Q +JTUTU,J 0 }
+hoH + ; il
! [ Q2 +h1(Q3 + Qq) + T (U{ Uy + U3 U2)J
[1,2] := —U — M, + {652] +JT M
2

2,2] := —(1 — he)Q1 — sym{ Mz} + JTUT UL J + JTUTULJ,

| |€Xs TAsT €2y TaT €25 rar €56 — 27) TaArT
[1,3] := HEJ+J M [24 + J*M; s + J* Mg S — So +J" Mg |,

2,3]:= [-M{ -MI -MI —-M]],

[3,3] := diag{—(1 — d2)Q2,—I,—1I,—1},

[1,4] := H;&} +JT MY {6228] +JTMT {6229} +JTME JTélT] ,
7 8 9

2,4] := [-M7 -MI -MT 0],
[474] = diag{_jv _Ia _7217 _I}

with

_ [(PL+PHYA-W1 Wy — WeCh
El — I 22

_[(Ph+PhYAL - Wy W
(PL +PHYA—W1 Wi — WeCs ,

o {(PlTl + PLYAT — Wy W

E;F%+%MTW3%}&;F%+%WTJ
ST (P 4+ PL)Ay —Ws Wa| Tt (P 4+ PL)E, 6

(PL + PL)E, Wy Wi
Mg = — X7, Xg = EDIRES ,
= [ R e 7

Wy Wi
o o— — We g = (P121+P27;)Bl
ST We] T (PR + PL)By

where J = [I, 0] and J = [0, I], then there exists a delay-dependent Ho, filter of the
type (2) which achieve the asymptotic stability and Ho performance, simultaneously, in
the sense of Definition 2.1. Moreover, the state-space matrices of the filter are given by

[F P F, F Fy G):=(PL)'[Wi Wo Wi Wi W5 Wel,

and Gy from LMIs (11). (12)
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Proof Differentiating V;(¢) in ¢ along the trajectory of the filtering error system (4)
we obtain

oz <[] P )

where

() = —nt) + (A+ A)X(t) + Aan(t — d(t)) + G (t, e(t)) + E1 f((t))
+Esf(z(t — h(t)) + Bsple(t)) — (A1 + EqJs(t)) /th@) n(s)ds + Bw(t)

and time derivative of the second and third terms of V (£) are, respectively, as
Va(t) = X(O)T QX (1) = (1= h(6)) X (t = h(t))" Q1 X (t — h(1))

()T Qan(t) — (1 = d())n(t — d(£))" Qan(t — d(t))

(7 QX (1) — (1 — ha) X (t — h(t))" QX (t — h(t))

() Q2n(t) — (1 — da)n(t — d(t))" Qan(t — d(1))

+n
<X

and
t

Va(t) = han()T (Qs + Qa)n(t) — / 0()T(Qs + Quyn(s) ds

7h1

= @) (@a+ Qon) = [ a(s)" Qun(s) ds

—/ n(s)T Qan(s) ds —/ n(s)T Qun(s) ds.
t—h(t) t

—h1

Construct a HJI function in the form of

d . .
JX (B, wt)] = 2V () + (=) = 21)" (2(t) = 2()) = v*w(t) w(?), (16)
where derivative of V() 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 (¢),w(t)] < 0 for every w(t) € L§[0, oo) results in a function
V(t), which is strictly radially unbounded (see for instance the reference [42]).
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From (13)—(16) we obtain
_ NT pT( A= 0
TR, w(o)] =207 P a0 + | ¢ | nte— ) + || wie.eon + |2 | ftato)

#| g st =non+ [ o -5, Bl [ ih(t) ots) s+ o] wie)

+X(OT(Q1+ CTCX(t) — (1 — ha) X (t — h(t))T Q1 X (¢t — h(t))
+n(t) " (Q2+h1(Qs+Qa))n(t) — (1 — da)n(t — d(t)" Qan(t — d(t)) — / B ()T Qan(s) ds

t t—h(t)
[ @) ds— [ s Qunts) ds = e Tu(, ()
t—h(t) t

—h1

0 I

where 7j(t) := col{X (t),n(t)} and A := [fl LA, —I] . By Lemma 2.1 and (11b), it is

clear that

P | th(t) n(s) ds

S/tth(t) [Z((gr 1;1 U-PT ng: gus(t)]] [Z(t)} ds

< [ T Qusyds + )" Hato) + 207 (© - 7 | 2 [)Gx(0) - X0 - no)
t—h1 1
2007 P" | £ ] (@(e(t) = ofelt ~ n(o)) 19
Using Assumption 2.1, we have

0 < F(e(t)” £ (1) + 20 UT V() (190)

0< —f(alt ~ )T Fla(t — h(D)) + 2t~ A UT Ol ~ ), (190)

0 < —0(e(t) o(e(t) + et U Uire(t) (190)

0 < —o(elt — ()T olelt — h(1)) +elt — (D) TUT Uselt ~ b)) (19d)

and
0 < —(t,e(t) " P(t, e(t) + e(t) U3 Usze(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(8) — X(t — h(t)) — /t IRCIOE (20)

where M = col{My,Ms,---, My} and v(t) = col{7(t),X(t — h(t)),nt —
d(f))af(w(f))af(iﬂ(f—h(f)))=¢($(t)) o(z(t = h(t))), ¥ (t,e(t)), w(t)}.
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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)

JX(2),w(t)] < o) (T +hi MQ M )u(t) — /t_h 1(s)" Qun(s) ds

t

= T QT M - 0(s) Q) (21)
t—h(t

where the matrix II is given by

Iy, 1o Iz 1oy
*  Ilpp Ilpz Ilgy

= * * Hgg 0
* * *  IIyy
with
- 0
Iy, = sym{PTA} — sym{PT L‘i ] J—U+M)J}+hMH
1
N {Ql +CTC +JTUTU g 0 ]
* Q2+ M (Qs + Q) + JT (U UL + US Ua)J |’
0
i, =-U— M, +PT [A ] +JTMmT,
1
Moy = —(1 — ho)Q1 — sym{ My} + JTUT U J + JTUT UL J
0 0 0
_ | pT | - TaArT T | > T AT T| > T AT
I3 = {P [AJ+J MI P {EJ+J MI P {EJjLJ MEJ,
Mog = [-M§ —M] —MT], Ty=
S I IR A V7 S <l I IR VE A a8 o R V2 Al e IS 7
B3 — By 6 Ey 7 G 8 B 9>

Iyy = [—Mér -MT —MmF —Mg] ,
33 = diag{—(1 — d2)Qo, —1I, 1}, My = diag{—1,—1I,—1I,—~*I}.

Thus, if the inequality
T4+ hMQ*MT <0 (22)

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

0 0

X(5)TQuX (s) ds + / 0(s)T Qan(s) ds

V(0) = X(0)T P X (0) +/ —d(0)

—h(0)

0 0
4 / i / 00T (Qs + Qu)n(0) do ds

S

0 0

X ()T X (s)ds + Anaz(Q2) / n(s)"n(s) ds

< Amaz(P1) | 0ll3 + )‘maz(Ql)/ d(0)

—h(0)
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0 0
Fhnor(Q+ Qo) [ [ 0@ n(0) b ds < gl +
“hy Js
where o1 = )\mam(Pl) + hl)\maw(Ql) and 02 = dl)\maw(Q2) + 05h%)\mam(Q3 + Q4)
Then, we have:

Amin(P)lell5 < V() < aullell3 + ozllnll3-

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
[43]. In the following, it is shown that, by considering P; = e P, where

Py Pro
P = 23
? |:P22 P22:| (23)
and introducing change of variables
(Wi Wo Wi Wy Ws Wg|:=PL[F F F, F3 Fy 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 [19], the matrix P is nonsingular. Then,
according to the structure of the matrix P in (10), the matrix Py (or Py ) is also
nonsingular. This completes the proof.

Remark 3.1 It is worth noting that in the case when z(t) € R", w(t) € R*, z(t) € R*
and y(t) € R? , the number of the variables to be determined in the LMIs (11) is
0.5n(17n + 2p + 22 4+ 5) + 5. It is also observed that the LMIs (11) are linear in the set
of matrices Pi1, P2, Pas, G1, H, U, {W;}$_, {M;}}_,, P1,{Q:}}_,, and the scalars €,~.
This implies that the scalar ¥2 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

subject to (11) with \ :=~>.

4 Simulation Results

In this section, we will verify the proposed methodology by giving an illustrative example.
We solved LMIs (11) by using Matlab LMI Control Toolbox [44], which implements
state-of-the-art interior-point algorithms and is significantly faster than classical convex
optimization algorithms [45]. The example is given below.

Consider the system (1) with the following matrices

-1 05 —0.5 0.1 0.1 0.2 0.1
A= {0.3 —2] A= [ 0.1 —0.6] Az = {0 0.1] B = [0.1] ’

Ey=E,=15C =10C; = [1 1], f(z(t)) = g(t,z(t)) = 0.5(|z(t) + 1| — |z(t) — 1]).
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The delays h(t) = d(t) = (1 —e™*)/(1 + e ") are time varying and satisfy 0 < h(t) =
d(t) < 1and h(t) = d(t) < 0.5 . For simulation purposes, a uniformly distributed random
signal, shown in Figure 4.1, 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 2:(0) = [0, 0] is depicted in Figure 4.2.

By solving the LMIs (11) in Theorem 3.1 with the disturbance attenuation v = 0.2
we get the following state-space matrices of the delay-dependent H, filter (2):

r_ [—2.8807 1.1770} F = {—0.3991 0.2557]

5 _ [F0.0835 —0.1410
1.0575  —4.9106 0.2297 —0.7907| " 2~ ’

0.0209 —0.1002

g _ [ 15747 —0.4885] [ 1.1810 —0.3664
371203693 27097 |7t T [—0.2770  2.0323 |’

G- [—0.0226

_010662} , G = [0.5414  0.4628] .

For initial conditions z(0) = [—1, 1], the simulation results are shown in Figures 4.3 and
4.4. The trajectories of the estimation error are plotted in Figure 4.3. Finally, to observe
the Ho, performance, curve of the function ||z(¢) — 2(¢)||2/||w(t)]|2 is depicted in Figure
4.4 which shows that the H, constraint in (8) is satisfied as well.

5 Conclusion

The problem of delay-dependent H, filtering was proposed for a class of nonlinear neu-
tral 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 Ho
filters. The explicit expression of the robust H, filters was derived to satisfy both asymp-
totic stability and a prescribed level of disturbance attenuation for all admissible known
nonlinear functions. A numerical example was presented to illustrate the effectiveness of
the designed filter.
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