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ARTICLE INFO ABSTRACT
Keywords: The filter design of {_, for an interconnecting system (IS) with uncertain discrete time switching is
H,, performance examined. Discrete-time M -linear subsystems with coupling states that have time delays, external
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Filter

Time-varying delays

disturbances and uncertainty are taken into account. Utilising Lyapunov-Krasovskii functional
(LKF) and the Linear-Matrix-Inequality (LMI) approach, an appropriate filter is designed for
the considered interconnected system. To remove an outside disruption, H_, performances (HP)
are implemented. Sufficient criteria are developed to assure the Exponentially Mean-Square
Stability (EMSS). Then, using MATLAB-LMI toolbox filter parameters were established. Finally,
the efficiency of the designed filter is illustrated with mathematical instances.

1. Introduction

An IS comprises a single system that provides direct communication between a number of systems of information that are utilised
to distribute data along with additional information by connecting different subsystems/switched systems with coupled states, within
the given time intervals. The interconnected systems frequently used to describe systems that have substantial interactions in practice,
for instance, an energy-efficient system, a processing controller system, few computer networks, economical system or large-space
adaptable constructions. Systems made up of coupling terms or subsystems which instantly communicate with one another by a
straightforward and anticipated way to achieve a shared set of goals exist in the actual world. Also, the primary benefit of inter-
connected systems is the terms that have been coupling and switching are carried out at the same time [14],[19],[21] and [34].
However, when a system in the world of reality is made up of interconnected elements or subsystems which have basic interactions
with other components in a simple fashion and predictable manner to maintain a shared set of goals, yet the entire system that is
produced exhibits complicated characteristics.

Besides interconnecting properties, practical problems always involve time-delay. The occurrence of delays in time within dynamic
systems is typically caused by exchanges of data and system functions, these are unexpectable dynamics, especially fluctuations and
inadequate output. In general, the states and their derivative both exhibit time delays. The main advantage of delay independent
criteria is that the result obtained are less cautious than the time-dependent approach, that are studied in [1], [2], [4] and [16]. Some
researchers [13,18,20] have investigated many employing time-varying interruptions that are being implemented into account for
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practical system designs, including thermodynamic and chemical treatment. Both time-invariant and time-varying delay systems can
benefit from the application of time domain techniques based on Lyapunov theories, see [25,35,37]. It has been further developed to
the study delay systems for examination of stability by using LKT and Lyapunov-Razumikhin techniques. Such techniques are widely
utilised for examining the stability for the switching interconnected system. In literatures [3,6,38] instability of the system occurs
due to time-varying delays and unwanted external disturbance. However, [23], [29] and [33] provides an excellent stability analysis
for the considered system with delay in time.

Further, the filter designing topic of uncertain systems including time lags was extensively investigated because of its wide ap-
plications in the control system and signal processing area. Many findings on filter designing problems regarding multiple types of
control systems were reported in the associated research [7,24,27]. Usually, Kalman filter is frequently used to obtain the best possible
outcomes for linear or Gaussian monitoring technique issues and it may deliver excellent tracking quality, see [36,39]. The uniform
complete observability and controllability of the underlying state-space structure serve as foundation for the Kalman filter. But, for
the H, filter, there is no requirement to establish any Gaussian assumptions about the additive noise and the simulated noise within
the system’s state-space visualisation. The goal of H, filter is to reduce the incidence of domain maximum error power, while the
Kalman filter reduces the mean error power. Compared to normal Kalman filter, the H filter is more durable since it minimises
the estimated error in a worst-case scenario. Also, the significant benefit of using H_, approaches over standard control methods is
its easy applicability to multivariate networks including cross-coupling among multichannel concerns. A closed-loop influence of a
fluctuation can be minimised using M, approaches; its effect is quantified by means of performance or stabilisation depending on
how the problem is formulated. The main idea of the H, filter is that it exhibits excellent robustness against uncertain systemic
noises and is also used in signal analysis and control theory to accomplish stabilisation with certain performance.

Switching systems are one of the mixed dynamic system made up of different components which have its own parameters, that are
among N modules and are regulated by certain switching rules. A variety of methods has been offered for the analysis of switching
systems; the dwell-time methods were the most widely applied and have been demonstrated to provide more beneficial. Recognising
that dwell-time methods are especially desirable and versatile. It has an extensive variety of necessitate in both artificial and mechan-
ical systems, such as switched-capacitor networks, computerised motorway systems, air-traffic control systems, power electronics,
and chao-generators, all of which fully enveloped in generating the switching systems. In recent days researchers have shown a
significant level of desire in the investigation of switched interconnected systems, see [5,12,28] and references therein. Choosing a
mode-dependent Lyapunov-Krasovskii functional (LKF) over a mode-independent one will yield less conservative outcomes. It should
be noted that it can be challenging to delete some coupled terms that are obtained by computing the derivative of mode-dependent
LKF, which could be eliminated by imposing certain tight constraints, which may introduce some conservatism.

Moreover, in real-world problems, most physical system undergoes some external disturbances. Disturbance in the system indicates
that the system undergoes some unwanted input which affects the system output, it also increases the designed system errors. To
handle the external noises and disturbances in the system there have been many performance used in the existing literature, among
these H, filter designing have the main advantages in-order to disable all conventional control methods, which are employed to
manage disturbances and generate a controller that would provide the necessary strong performance. The primary goals of the H
filtering technique include noise reduction and state estimation. Filter design for networked control system has been investigated
in [9,11,32], H,, performance aids in handling control-system disturbances. In response to this outside disturbances, numerous
performances have been developed. But H, performance ensures some special advantage in filtering problems. Few researchers [8,
10,157 have illustrated that the primary focus of H, performance is the estimation of states in-order to minimise external disturbances
affecting the system under consideration. In addition, in recent days for nonlinear as well as linear systems, H, filter theory has
many important progress and attracted considerable attention among researches. Moreover, when the parameter uncertainty appears
in plant models, robust H, analysis will guarantee the required robustness that have been clearly explained in [17] and in various
literature there has been a huge number of results on continuous-time as well as discrete-time systems [22,26,31] and references
therein.

Motivated by this aforestated discussion, we have considered discrete-time interconnected system containing time-varying delays
in this study, here switching signals and the coupled terms are addressed concurrently. A suitable Lyapunov-Krasovskii functional in
addition to dwell-time is employed to evaluate the results, if ‘I’ is large the dwell-time helps to reduce the computation complexity.
Further, it is noted that the whenever the uncertainties and time-varying delays occur simultaneously in an interconnected system,
the robust filter designing problem is still unsolved. This motivated to focus on the switched interconnected systems. Here, we initially
discussed about the consistency of an interconnected system when no external noise occurs. Furthermore, our focus is on designing
H, filters for linear switched systems. Our current work has made the following significant contributions:

1. To determine the effectiveness of the intended IS, the switching process together with coupled terms were carried out concur-
rently.

2. To reduce the external disturbance, an analysis involves focusing on the H, effectiveness for discrete-time IS. A collection of
necessary circumstances according to LMI is established to assure the stability for the designed IS.

3. An adequate filter is developed to eliminate the external interruption and to establish the system inaccuracy. Then, by building
the Lyapunov-Krasovskii function together with the dwell-time, to establish the necessary stability criteria, we demonstrate that
the intended filter exists.

4. The proposed result is implemented in the inverted pendulums and the outcomes of the simulation indicate the successful outcome
for the outlined approach.
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2. Problem formation

Preliminaries

Here the essential symbols that have been employed throughout this work are standard. To indicate the inverse ‘—1’ and to denote
transposition of a matrix superscript ‘T’ are used. Euclidean-space with n X n dimensions is denoted by R™". The identity matrix is
denoted by /, diagonal matrix is indicated as diag{.}, the symmetry parts are indicated by the symbol (x).

2.1. System description

A class of switched-interconnected systems involving coupling modes and time-varying delays that are composed of N-linear
discrete-time modules is considered. Its i’ system is outlined as:

xi(k+1) = A;x;(k) + A;x;(k = Y;(k) + Z Aqgijxi(k = Yy(K) + Bidi(k),
jeN;in
¥i(k) = Cix;(k) + D;d(k),
x()=®(), Vje[-1,0l], e}

here the state of the system is represented by x;(k) € R" and measurement output is represented by y;(k) € R™i. ZjeNii" A,ij is
the coupling term and ‘i’ indicates the switching between the subsystems. The coupling term and switching signal are handled
simultaneously in the considered interconnected system. The symbols N, = {j € N — {i} [Ag #0} aswell as N M ={jeN- {iH Ay #
0} denote in-neighbouring sets & out-neighbouring for i’ switching modes, respectively. The relationship between the i’* and j"
subsystems is specifically described by A,ij > 0. There won’t be any relationship among them if A,ij =0. Then, Y;(k), Yij(k) are time-
delays Y = max[-Y;(M), —YU(M)] that satisfy 0<Y;,, < Y;(k) <Y;y and 0 <Y}, < Yij(k) < YijM’ where the bounds Y;,, Yy, Yijm

im = ijm = im> i
and Yj, were constant values. Here external disturbances d;(k) are defined on £,[0, o).

2.2. Filter description

Since &(k) is an approximated output signal, it can be defined as:

&k = Eixi(k),

here the known constant &; have the proper dimensions. The goal of the filtering analysing is to estimate & (k) using the estimated
error & (k) — & (k). To determine the estimation for & (k), one can use the methods that follow full order filtering:

El= &ixi(k), (2)
)_Ci(ko) =0,

here the state vector is denoted by X;(k) € R"i, the signal that comes out of the filter is denoted by & (k) € R”, and the filtering
parameters that need to be developed are A, By, and & ;.

Then, %;(k) = [xiT(k) )'ciT(k)]T is the new state that should be defined and the filter error is termed as fi(k) = &(k) — & (k). From (1)
and (2), it can be derived as:

Xik+1)= /Iifci(k) + f{,iefci(k - Y;(k)+ Z /Ilijefcj(k - Yij(k)) + Bidi(k),
jeN;in
&0 = Ei%i(k), 3)
X; (ko) = %o,

where
i=| A 0 oA g Ad| s B _ _ _
A= [B/ici Afi] SAG= [ 0 S A= 0 B = BD, JE= [I 0] JE = [%i gfi] )
Next, the intended system’s (1) stability is studied in both the presence and absence of disturbances.

Lemma 1. [40] For any matrix A, Q = Q, with P > 0, the condition that ATPA — Q < 0 is true only if is present matrix S, we have

-Q ATST
[* p-s-sT| <"
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Lemma 2. [30] Presume F(k) represents a matrix functional that satisfies FT (k)F(k) < I. Real matrices Q, M, and N , are assumed to have
the proper dimensions. Following that,

Q + MF(kN, + [MF(kN,]T <0,
pertains to the case where a scalar ¢ > 0 exists and is satisfied.

Q+e'MMT +eNIN, <0.

Definition 1. whenever (3) has zero initially circumstances, the systems are considered EMSS with ensured HP y; > 0, if its mean
square stable which satisfies the subsequent inequality,

Y & mam < Y02 Y dT ).
ieQ r=ky ieQ r=ko

Definition 2. Given a switch signal i, for every k > k; & k, < 7 <k, where N; indicate the number of switching of i in the range [k,
k]. In the event when 7, > 0 exist, then //j > 0 also exist, we have /#(ky, k) < A + (k —ky)/ T}, here dwell-time is denoted by 7,
and the chatter-bound by .4;. We select ./, =0, as is frequently done in the literature.

Remark 1. Q; represent an equidefinite positive matrix along with x;(k) € R". In the event that the pertinent series converges, the
inequality that follows is obvious

N N N N
21} 2:, SICEESCEDY fc?(k)( 2 Q,-i)aej(lo (or)
i=1 j= i= =

=1 j=

> ij(kWi,&,-(k)fI(k)( > %)fcj(k).

jENii" jENiom
3. Main results

Within this segment, in the absence of disruption first we investigate EMSS for designed system. Next, we examine the necessary
criteria for evaluating exponential H filter.

Inu
In(1-6)"
error (3) in the absence of disruption we state that is EMSS when i # . There exists positive-definite matrix P;, Qy;, Qai, Q3i Ryjj Rojy R

and Sy;, S; are any suitable-dimension matrices, so that each and every i, j €N and, subject to LMIs

v, ¥l
[* p-s-sT| <" ®

Theorem 1. Given switching signal i and the given scalars y > 1 and 0 < 6 < 1. In addition to the dwell-time that satisfy 7, > " = —

where
¥y =diag{¥ 1. —(1 = 8)"mQy;,—(1 = 6)"mQy, —(1 = 6) M Qy, M, M, M3},
My = Z -1 - S)YimRIU]’%Z = Z [—(1 —5)Yi”‘R2ij],-/%3 = Z [-(1 _5)YiMR3ij]7
jeni jeni jeni
Wiy = (1= 8P+ Qi+ Qy+ (Vg = Yoy + DQyi+ )[Ry +Rap) + (Yipg = Vi + DRy,
jENiOIAI

\p2i:[s,ifii 0 Spdi 00 STy 0]

s

state decay estimation are Y ;¢ [|%(K)||* < i—f(] — 60 Ficq i(RNIF with p; = v;;?z Amin(P}) and f, = max Amax (P + max Amax(@17) +
a1+ YiM - Ylm)gllgé Amax(QZi) + \I-/I,lgé Amax(QSi) + {11,123 ZJEM'" /lmax(Rlij) +d+ YiM - Ylm)gllgé ZJ'EMM /lmax(RZij) + \I-/I,lgé Zje_/\/'i”’ X
Amax(RSij)'

Proof 1. The subsequent LKF is defined to provide LMI-based sufficient-condition and to demonstrate the necessary outcome for the
specified systems

V) =Y ViR =D [Vii+ Vo + Vg + Vg + Vs, (5)
ieQ i€eQ

we have
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Vi) =

in(k) =

Vsi(k) =

V= Y

Vsi(k) =

%1 (Pi;(k)
k—1 k-1

Y A= meTQEr )+ Y, (1= 8T E (T Qpeki(v)

v=k=Y;, v=k—Yj(
k—1

+ Z (1—5)k_v_l)?;r(V)ETQ3iE?ACi(V)a

v=k=Y{ps
Y k-1

Y Y U= R (Ve Queki(v),

r==Yjpr41 V=k+r

k-1 k=1
[ Y A= W Ryexin+ Y (1= T % (e Rk (v)
jej\fii" v=k—Yijm v=k—Yij(k)
k-1
Z (1 =8k “T(v)eTR3uex(v)]
v=k—=Yj;n

> [ 2 (1 =812 (e Ry, (v)]

jenim br==Tipy v=ktr

Now, let’s signify the forward-difference AVi(k) = Vi(k + 1) — V;(k), we have the following

AV k+ 1D +6V (k) =V k+1) -1 -8V (k)

=5T(k+ DPE K+ 1) = (1 = 6)%T (KP% (k)
= [ffifci(k) + Ak =Yi00)+ Y Atk —Yy(k)
jEMM
+B.d.<k)] Py; [A (k) + A%k — Y;(K))

+ Y Agk— Y.J<k>>+/3.d.<k)]
JENW

—(1 = 8)%] (OP:%;(K). (©6)

AVy(k+ 1)+ 0V (k) =V (k+1) = (1 =)V, (k)

= AiT(k)gT(Qu + Qy; + Q3)eXi(k)
—(1=8)TmzT(k=Y,,)e" QieXi(k = Y;,)
—(1-8)"m %7 (k = Y;(k)e  Quefitk — Y;(K))

—(1=8) 2T (k= Y;3)eT Qe fi(k — Yipp)
k=Y,

+ ) (=85 (MeTQuexi(v). )

v=kH1=Y;p,

AVy(k+ 1) +06V3(k) =V3k+ 1) = (1 =0)V3(k)

k=Y,

=(Yip — Y% T (0T Qe ®i(k) — 2 (1= 8 %] (e Quex;(r). &)
r=k+1=Ypy

AVyk+ 1) +06V4(k) =Vyk+ 1) = (1 = 6)Vy(k)

=y [fch(k)eT(R“j + Roj + Rye%;(k)
jenN;n
—(1 = &)Yim AT(k Yijne' Ryjes;k = Y,
—(1=8)"im%T(k = Yy (ke Ryjej(k = Yy(k)
—(1=8) M%7 (k = Yy e Rjexjtk — Yijag)

5
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k=Y;;

ijm

+ 2 (1—6)k_5>?jT(v)eTR2ijeJ%j(v)]‘ (9)

vkt 1Y

AVs(k+ 1) +6Vs(k) =Vs(k+ 1) — (1 = 6)Vs(k)

2 [(YU— = Y% (e Rye (k)

jen"

k=Yijm
- ) (1—5)k-’>ij(r)gTR2ijg)zj(r)]. (10)
r=k+1=Yijps

Utilising this Remark 1, [(9)] and [(10)] could be expressed thereby:
AV, (k+ 1) +8V,(k) = Vyk+ 1) = (1 = §)V,(k)
= A;r(k)eT[ Y R+ Ry + R3ji]e$ci(k)
jEN;""’
+R] (k= Yy e M 8k = Yg) + 5] (k= Y(k)eT
Xl yei(k = Yy(k) + % (k = Yy )e T M8k = Yijpr)
k=7Y;

ijm
+ ) U= s e Ryyety(v). an
vkt 1= Y

AVs(k+ 1)+ 6Vs5(k) = Vs(k+ 1) — (1 = 6)V5(k)

- AJT(k)sT[ Y, (Vi = Yiu)Roy | e3(k)

J-EM()M/
k=Yij
- Z a- 5)k_r2}-(r)eTR2ij5)?j(r). (12)
r=k+1—YijM

In-order prove the stability results in the absence of disturbance, combining (6), (7), (8), (11) and (12), we have

AV(K) + V() < GG (13)
where ¥, =¥; + ‘P;Pi‘l‘ﬁ,

me= %10 "% (k=) €& (k=Y(k) e %] (k—Y;p) ngch(k — Yy

T
echjT(k =Y,k ngch(k -Y; M)] )
In view of LMI [(4)] there exists S|, utilising Lemma 1, we obtain ¥; < 0. In-order to make it simple to confirm where ), [Avi(k) +

ieQ
5Vi(k)] < 0. Thus, one can be able to obtain the subsequent:

D [AVik+ D= VK] < Y, -6k,
ieQ ieQ

it indicates

D Vil <1 =8k Y Wy (k)

ieQ ieQ
<A=6 ¥ u Y Ve (k)
ieQ
<p(l =)< k(1 =gk 2 Vi, (ke_p) 14)
ieQ
=u(1 =61 Y Ve (k)
ieQ

<R (1 — g0 N v (k).
ieQ

In accordance with Definition 2, considering the chatter-bound and dwell-time, [(14)] turns into

6
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1\ kKo
D Vil < ((1 — )% ) Y Vi (ko)- (15)

ieQ ieQ

From [(5)], it can be confirmed that V, (k) > f; ||)A<i||2 and vik() (kg) < ﬂzlltf)i ”12' Then we have

1\ kKo .
Zﬂlnxuﬂs((l—am) WA

ieQ ieQ
oz P A
D lsiIZ < 2200 Y i (16)
ieQ b ieQ

L
Here 9 = ((1 —S)u’a >, now we obtain 9 < 1 by using 7. This proves the exponential stability of (3) without disturbance.

Theorem 2. For any switching signal i and the given scalars p > 1 and 0 < § <1 along with dwell-time which satisfy 7}, > 7" = - ln:'; £ )

and for every i, j €N, then [(3)] is termed as EMSS together with the HP y; > 0, then here exists positive-definite P;, Qyj, Qai, @3y Rjj Rojjs
R3jj matrices and Sy;, Sy; be any matrices here i # j, then convex-optimization problems:

min - with p, =y2, 17
Pi:Q1i322i:Q3is R 155 Raij R hi A= 17)
subjected to LMI
w0 T 9T
2 T oT Tt oT
=yl B/S, D, BfiSZi 0
% Py=Si—SL Py, 0 |<0, (18)
* * * Py — Sy — S;; 0
* * * * -1

here
Wi =diag{¥ i 1. ~(1 = 6Py =(1 = 6)'mQy;. ~(1 = 6) Q. =(1 = &) Q. My, M. M3}
Fi=[Sudi 00 Spd; 00 Sy ndy 0],
\P_Ziz[sziBfiCi SjiAs 00 0 00 0],
lIISi:[%i —;‘gﬁ 00 00O 0].

Further Ay = Sl‘iTT’“, Byi= SZ‘iTFZi and &; are the filter parameters.

Proof 2. First we define 7, as

_ | P P
p'_[() Pyl

The H, performance of the system [(3)] will now be addressed. We take into account the performance-index described as J =

> {fiT(k)zfi(k) - yizdiT(k)di(k)}, using LKF [(5)] along with [(4)] we obtain,
i€Q

AV + 5V + D (& 0EK - 2dT 00d00) < Y T ¥y, 19

i€Q i€eQ

where ¢ = [g“kT di(k)] , we consider S, = diag(S);, Sy}

P+ 9T, 0 ¥, g,
' 2 ToT DIAT ST
P = * -l BS; i 2riva | (20)
* S AECHECH Py
* * * Py — Sy — S;

‘i’; = [%i & 0”,6,1]. In light of Schur-complement Fj; = S A 1, PFy = S8 , now its simple to obtain [(20)] is alike to [(18)].
Therefore when [(18)] holds for all 0 < § < 1, from [(19)] we have,

AV(K) + V() + ) {E (&) — r2d] (i ()} <. (21)
ieQ

Using (20), to validate HP for the considered systems, one can obtain

7
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Vi(k) < (1 = 8)Vi(kg) — [Z{éT(ko)éi(ko) -rd! (k0>di(ko>}] :

ieQ

Repeating the above mentioned inequality, one gets as

k=1
Vi) < (1= 8)<0Wi(kg) - [ Y { T a-9 1 E 00 - 2l 0d ) }] :
i€Q  v=kg

[ k-1
<U=8 V) = X Y A=) E WEM+ Y, Y (1= 8y 2dTWdi(v)

i€Q v=k, i€Q v=k

Therefore we have

k-1 k-1
Vik < (1= Vek) = Y D (1= 5 1ET WEW + Y, Y (1= y2d] Vi (v)

i€Q v=k, i€Q v=k,

k-1 k-1
<U=8f Wy k)= X Y (1= WEM+ Y Y (1 -y 2dT (W (v)

i€Q =k, ieQ v=k,
k-1
=(1- 5)k—kgﬂﬂ(ko,k)viko (ko) — 2 Z ”/V(v,k)(l _ 5)k—v—] [éiT(V)éi(V) _ yizdi'l'(v)di(v)]’
ieQ v=k,

using zero initial circumstance, where —Zt;io w0 =gk <o,

k-1 k-1
00 NS (1= T WEW) < pm O YN (1 - 5 2aT ()di(v)

i€Q v=k, i€eQ v=k,
k-1 T k-1
DY O = E WEM <Y Y w0V = )}y dT (vdi(v).
ieQ v=k ieQ v=k

—vIn(1=6) .
g its simple to get

Now by Definition 2 and by using this (0, v) < J% <
b

k=1 s k-1
> Du (1= 618 WEw) < Y Y -6k y2dT wdiv)
i€Q v=k, i€eQ v=kg

k-1 T k-1
Y Y a-ed -6 E WEm <Y, Y -6 d (di(v)
ieQ v=k ieQ v=k
Y{Xa-or&'wam} <Y r#{ Y dldm}.
ieQ  v=kg i€eQ v=kq

With reference to Definition 1, it could be established thus the interconnected system (3) remains EMSS, ensuring HP of y; > 0. Hence,
this brings the proof to a conclusion.

Now, we consider the system with uncertainties is expressed by:

xi(k+ 1) = (A; + AADx;(k) + (A; + AA)x;(k = Y;(k) + 2 (Agx + AAg )k = Yj(k) + Bidi(k)
jen;in
¥i(k) = (C; + AC)x;(k) + D;d;(k)
x(j) = ®(j), Vj €[-Y,0]. (22)
The uncertainties parameter are defined as follows:
[AA; AA; AAy AC | = RF(KN, Ry FKN RyiFKN; R.FKN, |,
where R,, Ny, Ry Nygis Rysijs N oy recognised as real matrices where time-varying matrix is represented as F (k) satisfy F Tk F(k) <
T and Y = max[-Y;(M),—Y;;(M)]. Considering filter system (2), the augmented system is defined as
fik+ 1) =A%,k + Azexik = Y;(k) + Z Aiex;(k = Y;(k) + Bid;(k),
jeN;n

&0 = E%(K),
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Xi(ko) = Xo. (23)
Now denote
i= A+ AA; 0 T _ |Aqit+ A4, i = Agj + AAy;
T BA(CHAC) Ag 0T 0 LA 0 ’

a1 vt e

Below theorem illustrates that the designed system is stable with uncertainties.

Theorem 3. Consider the uncertainty for the designed systems (3). The H, performance is achieved for every non zero w;(k). For any
switching signal i and the given scalars > 1 and 0 < 6 <1 along with dwell-time that satisfy I, > I, = — lni‘;’_‘ 3 it has been implied that
the systems (3) are EMSS along with HP y; > 0, then here exists positive-definite matrices P;, Qy;, Qai, Q3i» Rijjp Rojjy Rajjp Siip Syj are any

suitable-dimension matrices and non negative real scalars be €; > 0, €, > 0, €3 > 0 and e, > 0 satisfying the following matrix inequality,

o R, ¥ R ¥ Y3 Wy W5 W
®  —el 0 0 0 0 0 0 0
* * —e 1 0 0 0 0 0 0
* * * —e1 0 0 0 0 0
% % * x  —el 0 0 0 0 |<0, 24)
* * * * * —e3l 0 0 0
* * * * * * —e31 0 0
* * * * * * *  —el 0
| * * * * * * * * —eyl
where
Ra = [elRai 0n,lln ] > lill = [ 0n,9n N;r,‘ 0 0] ’
Rc = [€2Rci On,lln ] > IIAIZ = [ 0n,10n N;; 0] ’
W3=[0 0 0 Ry O,g,]. ¥4=[0,9, NI, 0 0],
Ws=[ 0,60 €Ru;; 0 0 0 0 O], y5= [ 091 NaTdij 0 O] .
Agi= Sl_iT Fyi, Bsi = SiT Fy; and &; are the designed filter parameters.

Proof 3. As of right now, we are going to speculate about the M, performance for (23). In light of HP described below:

=3 {éiT(k)fi(k) —y2d] (k)d;(k)}, by combining (4) with LKF (5), we can determine
ieQ

AV + V00 + Y ETRER - 2dT 0d0) < 3 CLint. 25)

ieQ ieQ

where ngkz[ &l dik) ]

¥+ PPy ¥ v

o= * Py — S — S|, Py
! * * PSi—SZi—S;

*k % *k

‘i‘; =% &ri 0,,.6n]- In view of Schur-complement, here we take S; = diag(S);, Sy} and Fy; = S1iA fis PF g = Sy B i, we obtain

o SO O

i S —sT 0
# Pp— 8-S Py

<0, 26
% % P3i—SZi—S;—i 0 (26)
* * * -1

here
\?i = diag{‘i’(]’l)i,—(l —-0)Py,—(1 - 5)YimQ“’_(1 - B)YimQ2is_(1 - 6)YiM Q3i’ﬂlvﬂ2"%3’_yi21}’
P=[Si4+44) 0 0 Si(A4;+A4) 0 0 S, Yenmn(Ag+AAy 0 S;B;]|,
Yy = [ SyBfi(G+AC) SyAfi 0 0 0 0 0 0 SyBfiD;|,

9
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liJ3i

= [ %i _gfi 0n,7n ] .

Here by using Lemma 2, A4; is replaced by R, F;N,, AA is replaced by R,;FiN,;, AAy; is replaced by R,y FiN, and AG is

replaced by R,;F;N, Therefore it implies that if for 0 < 6 < 1 LMI (26) holds, then it follows (25) we obtain,
AT N
AV +8V(0) + 2 U 0EK) - 72dT (k) <0. @7)
i€Q
The proof of the H_, performance and the remaining portion of this theorem’s proof is identical to that of Theorem 2, so it has been
excluded here.

Remark 2. It ought to be mentioned, the results obtained using mode and delay-dependent LKF will be much useful in practice. The
state vector with delay information is utilised to establish a new LKF for the considered system. Choice of mode and delay-dependent
LKF over a mode-delay-independent one will yield less conservative outcomes. But it could be challenging to deal the time difference
of mode-dependent LKF and may result in some high computational time.
4. Numerical examples

The utility and efficacy of the filter design created in this research are demonstrated numerically in this section.
Example 1.

Case 1. First, we take into account the system [3] without uncertainty, with each subsystem parameter being:

Subsystem 1

[ 002 -02 02 03 001 0.1 0.1
A =| 001 001 -002{,4,=(03 -005 -01 |,B,=|-01],
| -0.01 -0.03 0.02 01 0 —0.09 0.4
[—02 0.1 -02 037" 0.1 0.1 -0.1
Ap=] 02 02 -01],¢,=|02|,4,3=/02 02 —0.1|,D;=02
| 02 01 02 0.1 0.1 01 02
Subsystem 2
[0.03 001 0.02 [—0.03 001 0.02 0.3
Ay=|-01 —0.03 —0.01[,A4,=[ 003 -002 002]|,B,=| 03 |,
[ 001 001 003 | 0 0.01 -0.1 -0.2
[ 001 0.1 0.1 01 —02 02 0.1
Ap=|-002 01 01f,¢c=[01],4,=]-001 01 02{,D,=-03
| 02 009 02 0.2 02 009 0.
Subsystem 3
[ 0.03 -0.01 -0.01 0.1 02 -02 -0.3
Ay=|-001 0 -001[,A;=]|01 02 -01]|,B3=[-02],
| 0.001 —-0.02 -0.01 001 -0.1 02 0.1
[0.1 —02 -02 021 -02 0.1 =02
Ag =01 02 —01],¢3=|-01] ,A5=[ 01 02 -0.1]|,D;=-0.1.
(01 —02 02 0.1 0.1 =01 -02

6 =0.02 is the chosen switching signal and weight of the output signal is provided by

& =[01 -03 07].&=[-04 —-02 -04],%=[03 -02 03],

the time-varying delays satisfying 1 < Y;(k) <4, 2 <Yj(k) <4. Then the LMl in 1 are figured out by the help of minimum ¥, level,
here we obtain the parameters for the developed filters

0.0076  0.0004  0.0239 0.0946 13204 |
Ap =|-0.0201 0.0276 —-0.0238 |,B;; =| —0.0240 |, &, =[ 2.2003 | ,
0.0387 -0.0213 -0.0324 —-0.0320 —6.5068
—-0.0237 —0.0128 0.0266 0.0054 492337
Ap=|-0.0350 —0.0141 0.0478 [,Bs,=| 0.2843 |, &/, =[3.9463 | ,
0.0110  0.0077 —0.0345 —-0.1447 5.9750

10
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4

3.5 ]

0.5 i
0 ‘ ‘ ‘ ‘ ‘
5 10 15 20 25 30
Fig. 1. Switching signal.
3 ;
< 02} * x {11)(K) (]
o *  xf_{11}Kk)
o 0—*%**3@%*%*3@********** R F KK FFF
<3 * K oy
- T02f ‘ ‘ ‘ ‘ ‘ ]
5 10 15 20 25 30
Time k
3 ‘
&05) * 0 x {12)k) 1
o O s % % % % % % o 3 % % % % % % ok k% k%o * X {120k) |4
< -05} 1
><‘_ Il Il Il Il Il
5 10 15 20 25 30
Time k
Z o05fF ‘ -
= *  x_{13}k)
% O*iiiii%***#%%**%******é % X3t
< 05 1
[sed
><‘_ 1 1 1 1 1
5 10 15 20 25 30
Time k
Fig. 2. Response of states x; (k) & x (k).
0.0260  0.0551 —-0.0135 —-0.0877 —1.3709 i
Af3 =[-0.0116 -0.0433 -0.0171 ,Bf3 =1-0.0347 ,%ﬂ =| 2.7770
-0.0417 -0.1037 0.0120 0.0163 -2.1914

Moreover, the error system has a H performance level of y = 0.6979, indicating exponential stability. Furthermore, we demon-
strate the versatility of the filter established after figuring out an effective solution. The disturbances for each modes are: d;(k) =
1.1in(0.02k), d,;(k) = 0.5sin(0.03k) and d5;(k) = 0.2 sin(0.01k).

The signal that switches between every subsystem within the specified time frames is denoted in Fig. 1. The outcome for the state
vectors x;(k) and filtering state x (k) were shown in Figs. 2, 3 and 4, here i = 1,2,3. This illustration explains the switching and
coupled terms were managed concurrently, and the convergence indicates the system is stable. The error state performance is shown
in Fig. 5. It is simple to demonstrated the filter developed here minimises the disturbances within the designed systems together with
time-varying delay.

Case 2. We consider linear uncertain system [23] made up of three subsystems:

11
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Subsystem 1

£ osf : ]
< 0.2F * x_{21)k) (4
x ’ *  xf_{21}(k)
& 01F . i
N R R
XE _01 C ¥ 1 1 1 1 1
5 10 15 20 25 30
Time k
¥ ofFFrfEwFF¥EFETYX %
N o4l " * * % x_{22)(k) |]
- ool *  xf_{22}(K)| |
i:Q“ _0-3 | Il Il Il Il Il |
5 10 15 20 25 30
Time k
=3 ‘
R 04f * x_{23}k) [
« 02f * xf_{23}(k) |
< OF % ¥ % % 3 % % 4 % 3 % % % ¥ ok % % k % % % ok *k % % % * * %
R -02f * ‘ ‘ ‘ ‘ ‘ i
5 10 15 20 25 30
Time k
Fig. 3. Response of states x,(k) & x (k).
X 06 : .
& o4l ¥ x_{31)k) ||
- *  xf_{31}(k)
—~ 0.2 i
X
S o—ss*e%%*iaﬂe*%iiﬁ******%************
5 10 15 20 25 30
Time k
g % T :‘ T T T T
IR AES S IO S S L D T
< _oql *  xf_{32)(K)
S
><m _02 L I I I I I ]
5 10 15 20 25 30
Time k
3 ;
3 0.2% * x_{33}K) |
5 0] * * X330
‘% O 3 % o % % % % 3 % 3k % 5 3 % ¥ K K O K K Ok K K Kk Xk X ¥
>< )‘A Il Il Il Il
5 10 15 20 25 30
Time k
Fig. 4. Response of states x;(k) & x 3(k).
[—0.01 -0.02 0.02 0.02 0.1 0 -0.2 0.1 -0.2
003 003 -003[4,=[04 —002 -01 | A,=|02 02 -01],
_—0.02 -0.01 0.02 0.1 0 -0.03 0.1 0.1 0.1
[02 0.1 =02
02 01 -0.1[B=[01 -0.1 05]",c;=[06 03 0.],D, =05,
_0.1 0.1 02
[ 0.2 -0.1 -0.1 -0.2 -0.1
0.1 |,Ry =| 02 [LRypn=|-02],Ry;3=|-03[,R, =| 02 |,
-0.1 -0.2 -0.5 0.2 -0.5

12
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miifi;%*******#*********%*****
g *
o ~0.5f .
—1?§ ! ! ! I I E|
10 15 20 25 30
Time k
0.2F ‘ ‘ ]
— OAeé**-*-************************ae
X _go} * i
o -04} .
-06} .
_08 1 1 1 1 1 =
5 10 15 20 25 30
Time k
0.2 h
* o . % *
= Ofi**jﬁjﬁ%iﬁ*i*iﬁ%*%*%***********ae
o
® 02} ]
5 10 15 20 25 30
Time k
Fig. 5. Error state e(k).
f03 04 02T 03 01
Ny=|[-02| Ny =|-01| ,Nyp=|-01| .Nys=[-02].N,=|02
| 0.1 0.1 0.1 0.1 0.1
Subsystem 2
[0.02 001 003 —0.01 0.02 0.02 .
A;=|-0.1 -001 —=0.02|,A,=| 001 —0.02 001]|,B,=[04 03 -06] ,
[ 001 001 0.02 0 0.01 0.1
[ 02 01 o1 05 —-02 01 0.1
Ap =|-003 01 02(,C={02].,4,;=]-002 01 02]|,D,=-0.6,
| 02 009 0.1 0.1 02 009 02
[-0.3 0.1 -03 -0.1 —-0.2
Rpo=| 02 [.Ry=|04],Rpyp;=| =04 |,Rpyos=| 0.1 |,R=|-0.1],
| -0.1 0.1 0.5 -12 —-0.1
fo1 02T 017 037 —017
Nyp=|-02| ,Nyn=|-02| Ny, =[=01| , Ny =|-02| ,N,=| 02
| 0.1 0.1 | 0.1 0.2 0.1
Subsystem 3
[ 0.02 -0.02 -0.01] 0.1 01 =02 .
A3=|-001 002 =002, A3=|01 02 =01]|,By=[-04 -05 02] ,
| 001 —0.02 —0.01 | 0.01 -0.1 02
[02 -03 -0.1 01 —-02 01 -0.1
Ag=[01 02 -0.1|,C3=|-02]| ,4,5=|-001 01 02 |,Dy=-0.1,
0.1 —0.1 02 0.1 —02 01 =02
[0.2 -0.1 -03 -0.2 -03
Ry=[041,Rys=| 02 [,Rys1=| 0.1 |.Ryn=| 0.1 |.R5=]| 03 |,
0.3 —-0.3 1.2 -0.2 0.1
fo01 ] 027" 017" 027" 017"
Na3 = —02 ’Nad3 = —01 ’Nad31 = —01 ’Nad32 = —02 ’NC3 = 02
| 0.1 0.3 0.1 0.3 0.1

6 =0.01 is the chosen switching signal and weight of the outcome-signal is:

& =102 05 -07].%,=[06 03 -07],8=[03 02 05],

13
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10 15 20

Fig. 6. Switching signal.
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The time-varying delays satisfying 2 < Y;(k) <4, 2 < Yij(k) < 6, we obtain

[ 0.0163 —0.0315
Ay =[-0.0080 0.0298
| —0.0137  -0.0061
[—0.0105 0.0162
App=[-00199 0.0237
| —0.0523  -0.0191
[ 0.0487  0.0168
A =[00247  0.0125
00126 —0.0216

0.0353

~0.0457 |, B, =

0.0265

0.0664
~0.0091 |, B, =
0.0470

~0.0382
~0.0469 |, B3 =
~0.0381

20
Time k
Fig. 7. Error state e(k).
.
0.0177 ~3.3984
-0.0559 |, & =| 55292
0.0231 4.5890
0.1146 441937
0.1900 |, &/, =|4.6185| .
~0.1028 6.4272
—0.2382 22164
0.2616 |, &3 =| 4.0686
—0.2087 —2.2682

s

25
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Further, system is exponentially-stable where the obtained H, level is y; = 0.8386, the switching and error responses are shown
in Figs. 6 & 7, respectively. This demonstrates the applicability of the proposed outcomes.

14
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5. Conclusion

For the discrete-time interconnected systems, we have examined the EMSS with time-varying delays and the H, filter method
is also examined in this study. Designing a suitable filter for the described interconnected systems is the primary contribution. To
demonstrate the exponential stability for the designed system, a set of LMI are provided with the disturbance rejection level y; > 0.
Standard packages are used to solve this set of LMI constraints. Finally, examples with two cases are demonstrated for the prescribed
system with and without uncertainty in-order to deliver the positive impact for the intended outcomes. It is important to remember
that when the switching signal i’ is large the results still hold, but the computation complexity will be high, that is, the duration for
convergence is also increased. This could lead to wide research analysis and will be our future topic of research.
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