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ABSTRACT. This paper investigates the problem of non-fragile la-lo asynchronous filter-
ing for discrete-time Markov jump systems with time-varying delays and randomly occur-
ring filter parameters fluctuation. A non-fragile filter with randomly occurring parameters
fluctuation is constructed whose modes are asynchronous with the system modes. The
sufficient conditions are derived based on the Lyapunov-Krasovskii functional method,
which ensure the corresponding filtering error system is stochastically stable with speci-
fied l3-lo performance index. By solving the LMIs obtained from sufficient conditions,
the filter parameters can be determined. The validity of the filter design method is certi-
fied through a numerical case.

Keywords: Markov jump systems, Non-fragile, Asynchronous filtering, Linear matrix
inequalities (LMIs)

1. Introduction. As we all know, filtering technology plays an essential role in many
situations, such as target positioning, image noise reduction, and data prediction. When
it comes to Markov jump systems (MJSs), according to the degree of dependence on the
system mode, the filters are roughly divided into two main types. One is the mode-
dependent filter, which assumes the mode of the system is available at any time [1], but
this situation is ideal and cannot be satisfied in many cases. Therefore, in order to solve
this problem, scholars introduce mode-independent filters [2], which has a very good effect
on the situation where the system modal information is completely inaccessible. How-
ever, there are still some problems with model-independent filters. In actual production
(e.g., large-scale systems [3]), the factories, controllers, and filters are usually situated in
different geographies. When information is transmitted, the system will have problems
with time-delay and packet loss, resulting in errors in information transmission, which
may cause asynchronous problems in MJSs. Previous mode-independent filters usually
ignore all mode information of the system when the mode of the system is only partial-
ly accessible. As a consequence, it is difficult to deal with the complex asynchronous
phenomenon between the filter mode and the system mode, which will lead to relatively
conservative results. Considering the shortcomings of these two filters, the asynchronous
filter can handle this asynchronous phenomenon [4], which makes full use of the acces-
sible information of the system mode. On the other hand, filter gain fluctuations often
occur in actual systems, which are caused by rounding errors in data calculations, the
length of significant digits, and the accuracy of measuring instruments. Such small gain
fluctuation may have a significant impact on the stability of the entire system, such that
the designed filter should be able to tolerate the uncertainty of the coefficients. Thus, the
no-fragile asynchronous filter has more practical significance, which has better resistance
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to disturbance. When filter gains fluctuate slightly, the system can still remain reliable
and stable. However, up to now, the design of non-fragile ls-l,, asynchronous filtering
for discrete-time Markov jump systems with time-varying delays and randomly occurring
filter parameters fluctuation has rarely been studied, which inspires this study.

The primary intention of this study is to develop a non-fragile asynchronous ls-l,, filter
for discrete-time Markov jump systems with time-varying delays and randomly occurring
filter parameters fluctuation. The filtering gain fluctuation obeys the Bernoulli distribu-
tion and appears randomly. A numerical example is illustrated to prove the correctness
of the design method. The simulation results prove the feasibility and effectiveness of our
filter design method. The non-linear matrices are transformed into the linear matrices
with the help of slack matrix. Then the coupling between the filter gain and the slack
variable matrix is solved through some strategies. The filter can be determined by some
sufficient conditions, which is composed of a set of LMIs.

2. Problem Statement and Preliminaries. Think of the following MJS with a prob-
ability space (2, F,P):

z(k +1) = Ala(k))z(k) + Aa(a(k))z(k — d(k)) + B(a(k))w(k)

y(k) = Cla(k))z(k) + Ca(a(k))x(k — d(k)) + D(a(k))w(k)

(1)

z(k) = L(a(k))x(k)
z(k)=¢k) k=-d,—d+1,...,0
where z(k) € R" and y(k) € R™ are the state variable and the measured output severally,
w(k) € RY represents the noise signal input acquiring value in I3[0, +00), and z(k) € R?
represents the signal to be evaluated. d(k) represents the time-varying delays satisfying
d(k) € [di,ds], where the positive integers ds and d; are the upper and lower bounds
respectively.

The parameter {a(k)} represents mode jumping process acquiring value in a limited
set Z ={1,2,..., N}, and the corresponding transition probability matrix is A = {\;;},
and the mode transition probabilities are given as follows:

Pr{a(k +1) = jla(k) =i} = A
where \;; € [0,1] for any 7,j € Z, and Zjvzl Aij = 1 for any i € .

In this paper, we prepare to think of the following state-space filter:

{ Bk +1) = (As(B(k)) + meAAys)3(k) + (B (B(k)) + 1 ABys )y(k) 2)

(k) = (Cr(B(K)) + mACs)2(k)
where £ € R™ and 2 € RP represent the filter state variable and the signal to be evaluated
respectively. The parameter {5(k)} represents the mode jumping process of the filter,
{B(k), k > 0} is a random jump process taking values in a limited set M = {1,2,..., M},

and the corresponding conditional probability matrix is II = {m;}, and the conditional
probabilities are given as follows:

Pr{B(k) = sla(k) = i} = ms

where 7;, € [0,1] for any a(k) =i € Z and s € M, and 32 7,y = 1.
The matrices A;(B(k)), Bf(B(k)), Cr(B(k)) represent the filter gains to be determined.
In addition, AAy,, ABy,, ACY, are gain variations and satisfy

AAps = M E\(t)H,, ABjys = MyEs(t)H,, ACy, = M.F5(t)H,,
EfE.(t) <1, k=1,2,3

where M,, M,, M., H,, Hy,, H. are known matrices. The stochastic variable j; is white
noise signal meeting Bernoulli-distribution, which takes values with

Pri{p, =1} =p, Pr{m=0}=1-—p
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where p € [0,1] is a known constant. Furthermore, it can be deduced that
E{u —p} =0, E{(—p)?}=pl—p) =71

Remark 2.1. By referring to the processing method in [5], we introduce the random vari-
able py = p(t) to model the randomly occurring filter parameters fluctuation. The variable
e satisfies the Bernoulli distribution to reflect the random appearance or disappearance
of the filter parameters fluctuation. When pu, = 0, the non-fragile filter (2) is transformed
into a fragile ﬁlter whz’ch is the special case. For the convenience of presentation, we
introduce fi; =

From (1) and ( ) we can construct the following augmented filtering error system.
(k4 1) = Az (k) + Agisz(k — d(k)) + Bisw(k)
zZ(k) = Cisz(k
©=0al) @)
(k) = o(k) = { 0 ] k=—-d —d+1,...,0
where

,ELtAsta C"L'S = éis + ,atAéfs

is — /L's + ,UAAfa Adis = Adis + ,UAAdsa

Bis = Bis + MAsta éis = éis + MAéfs

- A0 e 0

Ais = [ BpC; Ay } , Bdg= [ AByC; AAy, } :

0 Agi o 0
Adis - |: stcdi :| ; AAds - |: AstCdi :|

- B _ 0
Cis=[Li —Cp ], ACr=[0 —ACy ]

and A, = A(B(k)), Ai = Ala(k)), A = Aa(a(k)), Brs = Be(B(k)), Bi = B(a(k)),
D; = D(a(k)), Cps = Cy(B(K)), Ci = Cla(k)), Ca = Ca(a(k)), Li = L(a(k)).

)
Definition 2.1. The system (3) is stochastically stable with w(k) = 0, if (4) holds for
any initial state (¢(k), o).

[ZIZE )Z|o(k) 7"0]<00 (4)

Definition 2.2. For a given scalar v > 0, the system (3) is stochastically stable with a

given la-lo, performance 7, if (5) holds for any nonzero state w(k) € I3[0, 4+00) under the
zero initial condition.

12]lcoe < yllwll2 (5)
where

IZlles = sup VELIZR,  lwll2 =
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3. Main Results. The filtering design method of the system will be established in this
part.

Theorem 3.1. System (3) is stochastically stable with a given ly-ls, performance -y, if
there exist matrices P; > 0, W;s >0, R > 0 and a scalar v > 0 for anyi € Z and s € M
to guarantee the following inequalities hold.

t
Zﬂ-isms - -Pz < O (6)
s=1
[ —-P, CT TACN?S
x =2l 0 <0 (7)
E * —~2T
—(B)7 0 A Ap. By |

* - (pi)il TAAfS TAAdS TABfS

* * Ry, — Wi, 0 0 <0 (8)

* * * —-R 0

* * * -7

where

dR 0 5% ;
j=

Proof: First, according to Schur complement, we can obtain from (8) that

A TAL s 0 Ay Aw B Re 00
SN A | B T e S R B
AT LARBT i TAAp, TAAG TABy " v ]
:VVZS 0 0 ¥ ®)
< * 00
* % 0

Subsequently, we will discuss the stochastic stability of the system (3) with Lyapunov-
Krasovskii functional constructed as follows:

V(Z(k), k, a(k)) = Vi(k) + Va(k) (10)

where
—d+1 k-1

Vilk) = & (0 Pagoz(k), Vo) = >3 a7 (w)Ra(u)
v=—d+1 u=k—1+v
Then, along the system (3), we consider AV;(k) and AV;h(k) and take expectation, and
according to (6) and (9), we can obtain the following inequalities under the condition
w(k) =0:

E{AV(k)} = E{AVi(k)} + E{AVa(k)}
= E{Vi(k + 1) — Vi(k)|@(k), a(k) = i} + & {Valk + 1) — Va(k)}

<e {mT(k> S [+ X mt w0s Pt - xT(kmx(k)}

<& {fT(k) (i TisWis — H) f(/f)}

< =& {[|z(k)|I*} (11)
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where

)= | B | = | oy | 2= [T R ]

and ¢ = minez sem {)\mm (R — 22:1 WiSWZ'S)}. By Schur complement, we can get the

following inequality from (8):
AL 7AAT | [P 0O Ry 0 Wis 0
S fs i Y d s
By [T S]]

AdTis TAA?;S
which implies that ¢ > 0. Then we can get that the following conclusion holds under the
condition w(k) =0,

{Z |1z (k HQ} < __5 {ZAV } < ég{vm)} < 0 (13)

which implies the system (3) is stochastically stable for w(k) = 0 according to Definition
2.1.

Then, we will study whether the system (3) is stochastically stable with given lo-lo,
performance for any nonzero w(k) in zero initial condition. The performance index is
constructed as follows:

J=E£ {V(k:) — Z_:wT(h)w(h)}

Ais Adis
TAzzlfs TAAy,

Ais Adis
TAzzlfs TAAy,

k-1
= 8{ (AV () — wT(h)w(h))}
h=1
Y (1)
_¢ {Z (stn ) (7P + R) n(k:)) - (Z mng(k)Plx(k:)>}
h=1 h=1 \s=1
k—1
< 8{ z"( <st is — ) -(k>} <0
h=1
where
Ry O 0 i . 23
R=| « —-R 0 |, Q= Ais  Aas - Bis
* —I TAAfs TAAdS TAst
the last two “<” hold as a result of (6) and (9) and the following conclusion holds:
k-1
E{F"(k)Pa(k)} < E{V(K)} <D w'(h)w(h) (15)
h=1

According to Schur complement, we can get from (7) that CLC;, + T2AC~’};AC~’fS <~%P,.
Then we can reach that the following inequalities hold for all k£ > 0:

{102} = g{zT(k) <C’TCZS+T2AC Acfs) (k)}

< ez (k)Pz(k)} <~ Zw ) <7 Zw

It implies (5) holds for any nonzero w(k) € l5[0,4+00) in zero-initial condition. This
completes the proof. 0
Next, we will design the filter with the help of the slack matrix method on the basis
of Theorem 3.2, and we will deal with the coupling between the filter gain and the slack

(16)
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variable matrix and give the design method of non-fragile asynchronous filter (2). Firstly,
we introduce two slack matrices as follows:
oW 22)
) Gis = [ P Q (17)

0. | @
QY QY GY QY

where QY e R*, QY e R, QP e R, GV e R, G1¥) € R™.

Theorem 3.2. System (3) is stochastically stable with a given ly-ly, performance v for

Pa P,
* R :|7 I/Vi&RaQisaGis>O

and scalars p > 0, € > 0 to guarantee (6), (18), and (19) hold for anyi € I, s € M.

giwen scalars v > 0, p > 0, if there exist matrices P; =

[ —P,; —Pp LZT 0 0 0 7
x —P3 =ClI, 0 0 eH!
2
* x* =y 0 —uM. 0
<0 18
* * * * —el 0
| x * * * * —el |
i 21 M pHT
x —pl 0 | <0 (19)
| # * —pl
where
pQP M, pQPM, pQPM, pQP M,
nQP M, pQPM, pQP M, pQP M,
rQIM, TQIM, TQIMy TQPM,
o= | QM. QP M, TQPM, TQPM, |
0 0 0
0 0 0 0
0 0 0 0
0 0 0 0 |
R 2 Zi Eu
* 521 0 0 0
X = * x Rg—Wi, 0 0
* * * —-R 0
* * * T
00 00O 0 H, 0 0 . ~ ~
q_10000 0 0 HCi 0 | QWA+ Bro Ay
- ) 12 — ~ ~
0000 HC; 0 0 0 QEE)AZ._‘_B](.SCZ. Ag,
00 00O 0 0 0 HyD;
- Q'Y Ay + ByoCay - QY B; + By, D;
=13 = ~ , D14 = ~
QES)Adi + BfsCai QZ(-S)BZ‘ + By D;

[1]

— T = 5 T
11:Pz'_Qis_ iss :21:B_G15_Gi37

Izlfs = Qg2)Afsy
st = QEQ)st, CMtfs = Cfs
Then there exists a non-fragile asynchronous filter (2) such that the filtering error
system (3) is stochastically stable with ly-lo performance . Moreover, if the LMIs (6),
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(18) and (19) have feasible solutions, the filter (2) can be determined as

Ape = (QP) A, By = (QP) ' Bys, Cp=Cy, (20)
Proof: Based on Theorem 3.1, (7) can be rewritten as
0
0
Yo+ sym M, Es(t)[0 H. 0 0] <0 (21)
—7M.
where
—-Py LT 0
~Ps —Cf, 0
* —~2T 0
* —21
According to ET(t)Es(t) < I, (21) is obv10usly equivalent to (18). In the same way,
according to EF (t)Ex(t ) I k= 1 2, we can get that (22) is equivalent to (19).
Y1+ sym (MEH) <0 (22)
where

We know that
P' - Qis T Wis — st ( z) - 3;7 p - Gis - GT > _Gis ( 71l>_1 GT (23)
G,

is ) is

holds. We left-multiply and right-multiply (22) by the diagonal matrix dzag{Q
1,1 } and its corresponding transpose, and after some proper elementary transformation
with (23), we can get (8). The conditions (6), (18) and (19) are sufficient to guarantee
the stochastic stability of system (3) with given ls-I, performance . This completes the
proof. O

4. Numerical Example. The main goal of this part is to exemplify the validity of the
filtering design method in the previous part by a numerical example. We consider the
following parameters in the system we studied:

04 05 0.1 0.1 0 0
A= [0.16 0.2} B = {0.5} Az = {o 0.3}  Ba = [—0.2}

0.1 —0.2 0.1 —0.2
Aa = [0.1 0.15] A = [0 0.1

H,=1[07 05], H,=08, H.=[0.6 0.1], M, = {0'3} , M, = {0'8} , M. =08

} , Cy=[-02 01], C,=[04 0.2]

0.6 0.4
Ly=1[01 —02], Ly=1[02 0.1], D; =0.5, Dy = —0.1

The time delay varies in {1, 2, 3} randomly. We chose the following conditional probability
matrix II and transition probability matrix A:

0.8 0.2 0.25 0.75
= {0.4 0.6]’ A= {0.5 0.5}

which implies the asynchronous filter (2) has two modes.
Next, take the above parameters and v = 0.5762. By solving the LMIs, the filter gains
can be determined as follows:
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A, _ [0-0049  0.0062 B, _ [ 03957
71 0.0013  —0.0003° 17 |—0.5583

A, _ [~0-0042 0.0037 B, _ | 04116
f2710.0006 0.0029]° 27 |—-0.5782

Take o = 0.5, and the initial state and the noise signal input are given as follows:
2(0)=[02 —0.2]", w(k) =09 sin(k)[1 17

Based on the above parameters, we can obtain the evolution curves of z(k) and z;(k) in
Figure 1 and filtering errors z(k) — z;(k) in Figure 2. The results in Figure 1 and Figure
2 show that the estimation error varies in a narrow range and gradually approaches equi-
librium, which illustrates that the proposed method can guaranty the stochastic stability
of the system (3). Compared with fragile filters, non-fragile filters have stronger ability
to resist disturbance.

] , Cp=[0.0242 —0.0439]

1, Cpo = [0.0242 —0.0439]

0.08 T
—*— z(k)
21 (k)
0.06% 4
0.04 4

0.02

z(k) and z (k)

-0.02

-0.04

-0.06 I I I I I I I I I

FIGURE 1. z(k) and zf(k)

0.07

0.06 - i

z(k) — z(k)

-0.01 *

-0.02 I I I I I I I I I

FIGURE 2. z(k) — z¢(k)
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5. Conclusions. This paper has looked into the problem of non-fragile /-l asynchro-
nous filtering for discrete-time MJSs with time-varying delays. Sufficient conditions have
been derived from Lyapunov-Krasovskii functional method, which guarantee the stochas-
tic stability of the filtering error system with a given ly-l,, performance . The filtering
gains have been acquired by solving a series of LMIs. The validity of the proposed filter
has been certified through a numerical example. The simulation results prove the feasibil-
ity and effectiveness of our filter design method, and also provide us with ideas for further
research. That is, the method we proposed has its shortcomings. It is only suitable for
stable systems. Solving the asynchronous filtering problem of unstable systems will be
our future work.
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