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Abstract This paper is concerned with the problem of robust sliding-mode filtering for a class of
uncertain nonlinear discrete-time systems with time-delays. The nonlinearities are assumed to satisfy
global Lipschitz conditions and parameter uncertainties are supposed to reside in a polytope. The
resulting filter is of the Luenberger type with the discontinuous form. A sufficient condition with
delay-dependency is proposed for existence of such a filter. And the desired filter can be found by
solving a set of matrix inequalities. The resulting filter adapts for the systems whose noise input is
real functional bounded and not be required to be energy bounded. A numerical example is given to
illustrate the effectiveness of the proposed design method.
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1 Introduction

The robust filtering problem has received considerable attention for the past decades. The current
efforts on this issue mainly focus on Kalman filtering and Hoo filtering. In using Kalman filtering,
the system’s disturbances are assumed to be Gaussian noise with known statistics. When the noise
sources are arbitrary signals with bounded energy, the H, filtering approach provides a guaranteed
noise attention level. On the other hand, time-delay and nonlinearity are often encountered in various
industrial systems, such as electrical networks, rolling mills, chemical processes, nuclear reactors, etc.
The existence of time-delay is often a source of poor performance, even instability[l]7 while nonlinearity
always brings much difficulty for the system stabilization, filtering, fault detection, etc. So, the study of
the robust filtering for the nonlinear time-delay system has great theoretical and practical importance.
For the past few years, a rich literature has been dedicated to the time-delay system filtering>~4.
However, they all deal with the linear system, and when the system is nonlinear the design of robust
filter turns out to be much more difficult. To the best of the author’s knowledge, so far, the related
results arising from nonlinear systems with time-delay are very limited.

This paper is interested in robust filtering for uncertain nonlinear discrete-time systems with time-
delays. We design a new filter, namely the sliding-mode filter, which has a special function of dealing
with the system nonlinearities and uncertainties because there is a nonlinear discontinuous term injected
into the filter depending on the state estimation error and their differential. This kind of filter is more
robust than the aforementioned Kalman filter and H filter, as this discontinuous term enables the
filter to reject the effect of system nonlinearity and to drive the trajectories of the filter so that the
state estimation error vector is forced onto and subsequently remains on a sliding surface defined in
the filtering error spacel®™~". The motion on this surface is referred to as the sliding mode. Once the
sliding mode is achieved the system will experience a reduced-order motion, which is insensitive to
system parameter uncertainties and external disturbance. This is an inherent property of the sliding
mode control®. Moreover, different from Kalman and Ho. filtering, the sliding mode filtering does not
require the system’s disturbances w(t) to be Gaussian noise with known statistics or bounded energy,
and only positive real function bounded is required, i.e., satisfies ||w(t)]| < p(t), where p(t) is a known
positive real function.

2 Problem formulation
Consider the following uncertain nonlinear discrete-time system with multiple delays in the state

z(k+1) = Aox(k) + Zq:Aj:c(k —dj) + Ff(xr) + Bw(k)
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y(k) = Cox(k +ZC x(k —d;) + Gg(zr) + Dw(k)
j=1
ﬂ?(k):(ﬁ(k), k:—2d_7_2g+17707 J:max{d]7.]:17277Q} (1)

where (k) € R™ is the state vector, y(k) € RY is the measured output, w(k) € R’ is the noise input,
x(k) = ¢(k) : k= —2d, —2d+1,---,0, is the given initial condition sequence, d; > 0,j =1,2,---,¢, are
the known constant time delays; f(x) := f(z,%a1, ", Tdq) and g(xx) := g(x,T41,- -, Tdg) represent
system nonlinearities. For convenience, we let xy := {x(k),z(k — di1), -+, z(k — dq)}.

The system matrices reside anywhere in the uncertainty polytope (2 defined by

2:= [A07A17~~~7Aq7F7B,Co7C17~'~7CQ7G7D] ex (2)

where ¥ is a given convex bounded polyhedral domain

1 l
3= {Q(n) :angj; 0<n <1, an = 1}
j=1 Jj=1

and the [ vertices of the polytope are described by
= [A(()j), Agj), . ,Aéj), F(j), B(j)7 Cv(gj)7 Cij), . chj)v G(j), D(j)]

Throughout this paper, we make the following assumptions.
Assumption 1. System (1) is asymptotically stable.
Assumption 2. There exists a positive real function p(k) such that w(k) satisfies |Jw (k)| < p(k).
Assumption 3. The nonlinearities f1(xk), fo(xx) satisfy the followings.
1) f(0,0,---,0) =0 and ¢(0,0,---,0) = 0;
2) (Lipschitz conditions) There exist known real matrices M;, N;(j = 1,2, -, q) with appropriate
dimensions such that for all zg,x1, -, € R" and yo,y1, -, yq € R™ the follwings hold

q
Hf(xovxlv"qu)_f(yovylv"'qu Z”MJ H

7=0

Q

Hg(xovxlv o '7xQ) _g(y07y17 o '7y¢I)H < ”Nj(xj - yj)”

j=0
Our objective is to design a full order sliding-mode filter in the following form
@(k+1) = Are(k) + Hy(y(k) — 9(k)) + Ff(2r) + Bu(k), #(0) =0
y(k) = Co(k) + Gg(z) ®3)

where &(k) is the state estimate, the real matrices Ay € R"*" and Hy € R"*? are filter parameters to
be specified. w(k) € R’ is a discontinuous feedback compensation control.

Augmenting the model of (1) to include the states of the filter, we obtain the filtering error system
as

C(k+1) = AoC(k Z )+ H(h(zx) — h(2x)) + Hh(zy) + Bw(k) — K, Bu(k)  (4)

where e(k) := (k) — &(k), ¢(k) := col{z(k),e(k)} and

hl@r) = ngﬂ K = [1(1] = {g —h([)fG}  H = {g 8]’ b= [B—EliffD]

A ] A 0 1 Aj 0
07 lAog—A; A;—HiCo| 77 |Aj—H;C; 0O

Therefore, the robust filtering design problem to be addressed in this paper is stated as: For
system (1) whose noise input w(k) is assumed to be an arbitrary signal satisfying Assumption 2, design
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a full-order sliding-mode filter in the form of (3) such that the filtering error system (4) is robust
asymptotically stable.
The following lemma plays a key role in deriving our main results.

Lemma 112, For vectors a,b and matrices N, X, Y, Z with compatible dimensions, if [}i( lZ/] >
0 then

T
a X Y-N a
amvos [G] [ e 5N ] ®
3 Main results

In this section, we shall design the sliding mode filter in the form of (3). First, we design the
following discontinuous feedback compensation control

— + A )) ]

v(k) = (K.B) [aa(k) o IBI T (6)
where o > 0 is a constant, and p(k) is defined in Assumption 2. Correspondingly, we chose the following
switching function!:

o (k) = Ka, Pip(k) (M)
The following theorem is essential for solving the sliding-mode filtering problem.
Theorem 1. Consider system (1) with Assumptions 1, 2 and 3. The filtering error system
(4) is exponentially stable for all the points in the uncertainty polytope, if there exist matrices 0 <
Pi € R py ¢ R¥2 Py ¢ R*" P = “Z; 133}’ X; = [X*“ fzj] Y; = [g] Xi; €
R?2™(; =1,2,3), Vi; € R*™*(1=1,2),0 < Q; € R**?" 7, ¢ R**?"(j = 1,2,---,q) and scalars
€1 > 0, g2 > 0, such that the following matrix inequalities hold:

My M -YL, PraE™ PFaT1®
Tl ~Yacol PSHT PIAT
* *  EdiaMaia — Qaia 0 0 <0, +1=1,2,---,1 (8)
* * * —e1l 0
* * * —eol
[ N ] 0, VvVji=1,2,- (9)

where

q q
ZE = Zdej7 QE = ZQJ7 Qdia = diag{Q17Q27' : '7Qq}7 Mdia = dlag{ l“p17 l‘p27 T WQ}

. - [MjM; + NN 0 o
Edla-* m+1 |: el :| v 7|: 0 MTM+NTN] (.]707177(1)
q
M i=2(A0 + > A;) P2 +2aia Yo + Qs + Z [d;jX1; + (Yi; — Py A]) + (Y1} — A; P2)]
7=0 j=1

q q q
1:[12 = P1—P2T—|—(A()+Z Aj)Pg—FZ Jszj +Z(Y2’£—Ajp3), 1:122 = —P;;»I‘—Pg—FZ Jngj + 75
j=1 j=1 j=1

j=1
Yicol := col{ (Y11 — AT Ps), (Yiz — A3 P2), -+, (Y1, — Ag Pa)}
Yacol 1= COI{(Y;{ - ArlI‘P3)7 (Y2E - A’ZI‘P3)7 Tty (YQTq - A3‘P3)}

Due to space limitation, the proof of this theorem is omitted.

Now, we are in position to solve the sliding-mode filter synthesis problem based on the condition
obtained in Theorem 1. The following theorem provides a sufficient condition for the existence of such
a filter for system (1).

Theorem 2. Consider system (1) with Assumptions 1, 2, and 3. An admissible robust sliding
mode filter in the form (3) exists, if there exist matrices 0 < W7 € R W, W3 € R*™ 2" 0 < Q; €
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IRZTLXZTL7 Zj c IR2n><2n7 W, = |:VI(/)11 I/{912:|7 Xj _ |:X:k1j §z2}7 Y*J — [}1;;}7 Xij c RZnXZn(i — 17273)7

Yy € R (1 =1,2), (j = 1,2,---,q), A1 € R™*P and scalars &1 > 0, e2 > 0, such that (10)~(12)
hold

[ [17 1] [17 2] _erl;ol 0 0 ®
* [27 2] _?2’10‘01 (WlH)T F[T
* % AgiaMaia — Quaia 0 0 <0, 1=12,---,1 (10)
* * * —e WEW, 0
L * * * * —&alap
[ X1y Xoy Vi
*  Xg; Yo | 20, Vi=12,--,q (11)
| * * Zj
Wa = W3 (12)

Moreover, the filter parameter matrices Ay and Hy are given by
Ay =Wi'Ay, Hy=Wi'As (13)
where
q

q q q q
Adia := diag {E_dia75_dia7 s 7§dia}7 Qz} = Z W1QjW1 = Z Qj7 Zz) = Z djWQTZjWQ = Zdej
i=1 j=1 j=1

=1

q q
[1,1] := W2+W2T+Z(de1j + Y1, +Y75) +Edia Yo+ Qs+ Zx, [2,2] = —Ws — W3T+Z dj X3+ Zs

Jj=1 j=1

q
[1,2] 2=W3+W1A0—W2T+Z(dff2j +Yo5) + Zs, Qaia = WidiaQaiaWiaia := diag{Q1,Q2, -, Qq}

=1
Edia = WieaiaW1, Yicol i= 001{Y1T17 Yig, o+, Y1T1}7 Yocol 1= 001{(372T1 — WAy, -, (Yg] - WiA,)}

T Wii1do 0 . 0 0 T _ Wi1A; 0f,.
Wid= [ngAo—Al Al—AQC’O} Wil = {ngF —AQG] Wid; = [Al—Azcj 0] =120

4 Numerical example
Consider the uncertain nonlinear time-delay system (1) with parameters as follows.

-4 0 —0.2 0 0 0.2 0.8
AO_[1 —5+51]’A1_{0.1 —0.3+52}’A2_[—0.4 —0.3+5J’B_{1+5z]

10 02 0
Ff[o 1},6:7[0.5 0.8], Mjf{oll 03

Co=[1 1], Ci=[02 05], C2=[03 04], D=1+0d, —0.5<8 <0.5, —0.1 < <0.1

], N; =[05 04], (j=0,1,2)

Assuming d; = 1, d2 = 2 and by solving (10)~(13) in Theorem 2, we obtain the parameter matrices
Ay and Hy as follows:

F=

A, — 0.2037 0.4586 —0.3647 P 0
F= 1 -02414 —0.3308 ]’ 0.1663 |’ P, P

[ 0.4662  0.3260 0 0 0.2337 0.1825 —0.3325 0.3379

W= —0.1379 0.1257 0 0 W= Ws = 0.2729  —0.5466 0.3958 —0.3641
0 0 0.3302 —0.3028 |’ —0.6590 —0.8410 0.7104 0.2535

{ 0 0 —0.1439  0.2847 J { —0.3322 0.6612 —0.3230 —0.1251 J

}:W,l
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5 Conclusion

A new robust sliding-mode filter has been designed for a class of uncertain nonlinear discrete-time
systems with time-delays. The filter has Luenberger type with a discontinuous feedback compensation
control injected into it. A sufficient condition with delay-dependency has been proposed for the existence
of such a filter, and desired filter can be found by solving a set of matrix inequalities. A numerical
example has been given to demonstrate the effectiveness of the proposed design methods.
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