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Abstract—A time-delay neural system is an accurate class
of neural system that exposes delays in both the state values
and their derivatives. In this case, it is critical to maintain the
system stability. Here, the stability investigation on uncertain
switched-neutral systems with state-time delays is the focus of
this paper. In fact, a novel adequate condition in terms of the
feasibility of Linear Matrix Inequalities (LMIs) is offered to
guarantee the global asymptotically stability of this category of
systems with parameter uncertainties, based on the Lyapunov-
Krasovskii functional method. Additionally, resistance against
errors and disturbances can be ensured using the Multiple
Quadratic Lyapunov Functions (MQLFs). Through a numerical
example, the designed method’s effectiveness is proven.
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I. INTRODUCTION

Researchers have become more intrigued by neural systems
in recent years due to their ability to be practice to numerous
real-dynamical systems in different domains of knowledge.
Engineering encompasses information science, combinatorial
optimization, automatic control, signal processing, and fault
diagnosis [1], [2], [3], [4].

Indeed, a time-delay neural is a specific type of neural
system that exhibits lags (retards or delays) in the state values
along with their derivatives. In fact, time delays can widely
arise during the electronic realization of neural networks, by
dint of the finite switching speed of amplifiers and the time
needed for communication. For this reason, there has been a
significant amount of interest in delayed neural networks. It
is crucial to maintain stability when using neural networks
for tasks such as designing associative memory and pattern
recognition...etc. The hardware realization of neural networks
can cause delays in signal transmission, which can result
in undesirable dynamical behaviors, such as oscillation and
instability [5], [6].

Hence, when studying the stability of the neural system, it’s
important to take into account time delays. Numerous valuable
stability criteria have been developed due to the extensive
research on the stability analysis of delayed neural networks in
the past several decades [7], [8]. The stabilization of delayed
dynamical systems has further appealed to a lot of interest,
and many feedback stabilization control techniques have been
proposed [9], [10], [11].

4

Despite that, switched systems, which are an important
subclass of hybrid systems, feature a logic rule that governs
the switching between a finite number of subsystems [12].
During the beyond few decades, switched structures had been
investigated due to their fulfillment in real-global applications
[13], [14], [15]. Exponential stabilisation and L2-gain for un-
certain switched nonlinear systems with interval time-varying
delays have been discussed by Dong et al. [16]. Moreover,
the average dwell time approach has been used by Liu et al.
Robust stability requirements for discrete-time switched neural
networks with different activation functions has been provided
through Arunkumar et al. [17]. Ma et al.’s study [18] looked
into the use of an asynchronous switching delay system to
stabilize networked switched linear systems. After that, global
exponential stability for switched stochastic neural networks
with time-varying delays was examined by Wu et al. [19].

Referring to [20], stability study for uncertain switched
systems with time-varying latency has been examined. In [21],
the semi-tensor product of matrices was used to study the
stabilization analysis and stabilizing switching signal design of
switched Boolean networks. The conversation above demon-
strates the need to research switched neural networks with
parametric uncertainty and time delay.

The robust stability issue for uncertain switched neutral
time-delay systems has not roughly been studied. The focus
of this paper is on analysing the stability of switched neutral
delayed systems with parameter uncertainties. To offer updated
stability conditions in the occurrence of faults and disturbances
within the investigated system, the research work introduces a
novel criteria for ensuring robust asymptotic stability by using
(MQLF) approach.

Moreover, LMI is used for optimization, problem verifi-
cation, and deriving feasibility conditions. Lastly, numerical
example is provided to show the efficiency of the proposed
theorems.

The remainder of this work is demonstrated below: Section
IT contains the problem formulation. In Section III, the robust
stability study for like systems with affected by faults and
disturbances is clarified, as well as the suggested theorems
are hereafter shown in details. The simulation results of the
developed stability method is provided in Section IV. At last,
Section V gives a conclusion.
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II. PROBLEM FORMULATION

The following describes a class of uncertain switched linear
neutral systems with state delays:

#(t) — Jyi(t —e3) = Rya(t) + Dox(t — 1)
+Bou(t)+F d(t)+E,_ f(t) 0

y(t) = Cox(t) + Kq,d(t) + Ky, f(t)

z(t) =06(t) 5 Vte[—,0]

The state vector of the system, denoted as z(t) € R", is
influenced by an input vector for control, u(t) € R™, while the
output vector is represented by y(t) € RP. A switching signal,

1 [0,00[— N = {1,2,3,...,n}, manages the switching of
subsystems i € N. The constant matrices R;, D;, J;, B;,
and C; are confirmed to have appropriate dimensions. The
disturbance input is denoted by d(t) € L& [0,00[, and the
fault vector is represented as f(t) € R'. Each subsystem is
characterized by known real matrices Iy, Fg,, Ky,, and K,
for every i. The state’s derivative and delay time are specified
by €1 > 0 and €5 > 0, with v = max {e1,e2}, and (¢) is an
initial continuous vector-valued function.

III. MULTIPLE QUADRATIC LYAPUNOV FUNCTIONS

In system theory, developing Lyapunov functions is essen-
tial, especially when determining whether the system under
study is internally stable. Stability is indicated by the exis-
tence of a suitable Lyapunov function. A common option is
the Common Quadratic Lyapunov Function, which acts as a
total Lyapunov candidate function for all of the modes that
comprise the switched dynamical system. On the other hand,
by connecting several quadratic Lyapunov functions, MQLFs
provide an unorthodox method. Every function is maximized
in the area that it is assigned.

In fact, MQLFs are preferred over CQLFs due to their less
conservative nature, even though the global function may allow
discontinuities and exhibit non-decreasing behavior over state
trajectories. Relevant literature has emphasized the usefulness
of MQLFs and their intuitive results, as discussed in [11]. It is
noteworthy that MQLFs show a decrease in each active mode,
as shown in [12], with their values post-switching instances
staying lower than beforehand.

A. New Stability Criterion

The subsequent paper investigates the stability study of
the switched neutral system in linear form with state delay-
dependent (1) behavior. From this, choose a Lyapunov func-
tional candidate using the following criteria:

Vi, t) = Vi, (z, 1) + Vo, (2, ) + Vs, (2, 1) )

When given positive constants P;, ();, and H;, the following
theorem holds for system (Eq. 1) with the Lyapunov functional
candidate given by (Eq. 3).

The parameter uncertainties are expressed through the follow-
ing formulations:

J=J,+AJ,, R=R, + AR,, D =D, + AD,, and
B =B, +AB,.

These uncertain matrices, denoted by the symbol A, are
time-dependent, with AJ,, AR,, AD,,and AB, varying
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with time t.

Furthermore, the parameter uncertainties are subject to
norm-bounded terms: As well, the norm-bounded parameter
uncertainty terms are given as

AJ; = Zi, Zil WlmARi = Zi, Zig Wa,,
AB; = Zi4 Zi4 W4i where Zil’ Ziz’ Zi;i’ Zi4’ Wil’

Wi,, W;, and Wy, are known constant matrices. After that,
T T T T

S <L, D> <, > <Iyand > <,

1; 21‘ 37; 41'

Theorem 1:

The stability of the switched neutral system together with
state-time delays (Eq. 1) is established for a fixed value
€ > 0,7 > 0, under the condition that there exist positive
definite symmetric matrices X;, 7;, and Y;, along with
scalar \;. This stability is satisfied by the satisfaction of the
following LMI.

[ N(X;) 0 JY; B E, +C"Ky,

* -T; 0 0 0

* * -Y;, O 0

* * * I; 0

* * * =N+ K%Kdi

* * * * .

* * * * *

* * * * *

* * * * *

* * * * *

F + CiTKd X RT XZCZT Xl EZY; ]
0 TiDiT 0 0 0
0 Y, JE 0 0 0
0 BF 0 0 0
0 ET 0 0 0
KT K, FT o o o |0
* - 1i7Y; 0 0 0
* * —I; 0 0
* * * =T; 0
* * * * —%Yi
N E))

The expression N (X;) is given by
where (T) represents the transposition operation applied
symmetrically and I stands for the identity matrix.

Proof:

In essence, express © = x(t), x., = x(t—€1), Te, = T(t—€2),
f1 = f(t) dy = d(t) and oy = (t + Oé).

Additionally, denote w = (1 + 1) in the subsequent
demonstration. The (MQLF) functional (2)is introduced.

with

zt (1) P; ()

t

=~

Az, t

i

NEN e, T iz (s)ds

)
)
() f 52 () H;i(s)ds
P (o7 () Hi(s)ds ) do

-

TS
8
I
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The (MQLF) function is fulfilled when the matrices P;,
Qi, and H, are symmetric positive definite.

Vi(a:, t) =2iT Pw + 2T Lix — .13?1 Qive, + 3T Hyi

—iT Hyie, + [° [T Hii —i" a1 Hydon | da
=2iT P + 2T Q2 — 33?1 Qize, +niT Hy
—iT Myie, — [°_ T oq Hyirondo

=z’ (Pi(Ri +Di)+ (R + Dy)" P + Qi) x

~22TP, [°_ Djioyda + 227 P, Ji,

4227 P, Byu(t) + 207 B,E; fi + 227 (t) P, Fyd,

—xg lesTl +niTHz — xz; H;i.,

— fiel T o Hyiondo

—22T P, ffsl D;tarda = — f?al 22T P, D;iando

< fi)el " P,D;H; ' DI Pz + iT oy Higon dex

<e12T"P,D;H; ' DI Px + f_osl T a1 H;dondo

“4)

Additionally substituting,

T (H; +e1Hy)i = xTR?wHiRZ-:E + 2xT]5LszHiDix€1

+22T RTwM; Jiie, + 22T RTwH, B;u(t)
+2£CTRZTWHZE7]C1 + 2$TR,LTLL)H1.F7d1
+2z1 @iTwHijii‘e? + 2acET1 @waiBiu(t)
+2xziDiTwHéEi f1+ 22T QiTwHif‘idl
+oT DTwH; Dyze, + 2i% T wH; Byu(t)
1247 JTWHE, fi + 247, JTwH, F,d,
+il JTwH; Jig., + u” (t)Bf wH,; B;u(t)
L () BYwHE, f; +u” () FTwH F.dy
—‘y—d{FLOJHZFLdl + fT(t)E;TOJHZBlU(t)

(&)

Finally, the candidate Lyapunov function is rewritten as:

Vila,t) = o7 (PR, + D) + (Ri + D) P, + Qi
+€1PiRZ'M,L-71RlTP7;) x + QZ'TPZ'Li'gQ + 2.’ETP1§ZU(t)
+22T PE, f1 4+ 22T (t) PiF,dy — 2% Qix.,
—l—xTRiTwHiRix + 2xTRiTwHZ-D¢x€1
+22TRTwH, J;i., + 22T RTwH, Byu(t)
+2£L’TR;TWH1E1f1 + 2{ETRZTWH2Fld1

+22L DTwH, J;ie, + 2ng1 DYwH;B;u(t)

+22L DIWH,E, fy + 20T BT wH,F.dy

+2l ET'wH; Bz, + 22T DIwH,; Bu(t)

+2i T JTWHE, fi + 231 JTwH, F,d,

—l—x? JiTwHiDijiaz + UT(t)BiTUHiBZ'U(t)

Vil JTwH, T, +u” (t) BT wH,; Biu(t)

+d{F‘1wH1FLd1 + flTEZTOJHZBlU(t)

(6)

The primary objective is to ensure the reduction of the impact
of faults represented by the function f; and the output signal

y(t).
[l
fi€ L2—0 ”le2

Vi = <A )
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The criterion 1p; will be used to minimise energy so that we
can examine the stability of the system presented in the Eq.
(1), as explained below.

Moreover, the objective is to reduce the criterion function
in the manner shown below:

U= [y @Oy(t) — N2FT fy + Vil )t
0
Vil Dlimo — Vil Dline

®)

with

y (ty(t) =
[Cia(t) + Ky, f1 + Ka,d1]" [Cia(t) + Ky, f1 + Ka,di]
=27 () CI Cix(t) + 2T () CT Ky, f1 + 2T (t)CF K4, dy
+d{Kd7 Cll‘(t) + d{qu Kfi fl + dar (t)Kg:K(h dq
9
Simplifying Eq. (8) is given as: )

oo

i = / {8%¢(e1) B} dt (10)
0
wherein:
B =120 2l 2L WT@t) fI df
defined in the following manner:
p(er) =

]T such that ); is

G11 S12 S13 S14  S15  S16
622 623 S24 S25 S26
* 633 G34 S35 S36 an
* * G4  S45  S46
* * * G55 S56
* * * X G66

—

* X X ¥ X

i1 = P(R;+D;)+(R; + D))" P, + Q; +e1 PD;H; ' DI' P,
C12 = u)R_;TH,LDi B

Gi3 = PiJ; + wRI'H; J;

c1u = P,B; + wR] H;B;

S15 = ClTKdl + .Ple7 +wA?HZE7

S16 = ClTKdl + PzBdl -I-OJA;THZFI

G0 =wDI'H,D; — Q;
23 = WQ%HVE
Go4 = wQZ-THiBi
G35 = wDI H,E,

So6 = wD; H;F,

633 =wDIH,;J; — H;
34 = WQ» H;J;B;
S35 = W-Q%HiEi

G36 = WDZ-THZ‘F,L-

S1a =wBIH;B; — I;
G5 = WBZTHZE
G = wB; H;F,

5 = L + Kj K, + wE] H,E,
S56 = KZ:KdL + LUELTHZE
S = Kd,ini +wF1THrLF1
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It’s clear that inequality (8) V; < 0, if ¢(g1) < 0.

The matrix p(e;) < 0 is considered monotonic rising
according to v < 0 , thus, keeps towards 0 < § < = if
E(y) < 0 The inequality(13) can be rewritten by means of
the Schur complement.

[ S(P“Qz) 0 P, _1 PiBi ClTKﬂ + PD,i
* —Q; 0 0 0
* * _Hi 0 0
* * * —1I; 0
* * * * “N2I + K};Kdi
* * * * *
* * * * *
i * * * * *
CTK,+PB, R’  PD, T
0 DF 0
0 T 0
0 BT 0
KT Ky, ET 0 <0
KL%Kdi FT 0
* —ﬁ i_l 0
* * —%Hi
(12)

where: B B B B
S(P;,Q;) = P;(R; +d;) + (R; + D))TP, + L; + CI'C;

From diag(E, ,E, ,Z, ,1;,Z, ) which can be multiplied
on both sides of the Eq. (12)and after that, using the Schur

complement, one gets

[FZ]} 10 x 10 <0 (13)

g =2, CF
Iy =Ey,
110 = D;iE3,
=)
F27 = ._QHLDZT
Ta3 = —=3,
Dy7 = S, J7
Tw=1I

Iy7 = BZ-T

Iss = K Kq,
Ts7 = ET

Tos = —A2I; + KT K,
Der = F'

_ 1y
Py =—15Yi
Igg = —1I;

Tgg = _E2t~
Fio10 = —5Z3,
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Fij =0 if not
End demonstration )
As a result, from Theorem 1, one holds that V; < 0.

IV. NUMERICAL EXAMPLE

This section presents an illustrated example that was
obtained from [22]. The pertinence of the developed theorems
is shown and considered in this letter.

Consider a system of uncertain switched neutral (1) that
consists of two subsystems. The parameters of these
subsystems are as follows:

e Mode 1

5 0 ~01 0.1
Rl:[o —3}’D1:[ 0 0.1]

01 0.1 10
Jl:[ 0 —0.1]’ Bl:{o 1}

L0 0.01 0.01
01:{0 1], Fl:[O.OZ 0.1}

0.01 0.01
B = [ 0.02 0.1 } K4, =[01 01]
Ky =102 02] andvy=0.5

0.1 0.1 o1
o[8[ ) e[ 0]
Z14 = *8.1 },Wn — [0.01 03],
Wy = [0.01 02] Wz = [001 02],
Wy = 0.02

e Mode 2

02 01 10
‘]2:[ 0 —0.1]’ BQ:{O 1}

L0 0.01 0.01
C’Q:|:0 1], FIZ[O.OQ 0'1:|
0.01 0.01
£ = [ 0.02 0.1 } Kg, =101 0.1]

K; =102 02] andvy=05

0.1 0.1 —0.1
Loy = { 0.1 ]’Z” [ —0.1 }’ZQ?’ { 0.1 ]
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Wiy = [001 02] Wi = [001 02],
Wyo = 0.02

Theorem 1 proves that LMI (3) is feasible. After solving
the LMI, the stability of (1) is dictated. The matrices that
correspond are determined as follows:

e Mode 1
— [ 0.4500 —0.0003 | 50
=1 | —0.0003 0.7218 |
_ [ 12.7884  —0.0031 | =0
—21 7 —0.0031 12.9149 |
- [ 03101 —0.0004 | 50
=37 | —0.0004 0.3199 |
e Mode 2
— [ 0.6659 —0.0005 ] _
=127 | —0.0005 2.2668
=, _ | 176201 0.0269 | _
=27 0.0269 15.1129
= [ 28709 00159 | _
=27 00159 22215
2 —_—
g
5
&
1O 2 6 8 10 15
Time (s)

Fig. 1. The switching signal.

The switching signal and output responses are shown in
Fig. 1 and 2, respectively.
V. CONCLUSION

The stability issue related to switched neutral time-delay
systems with uncertainties which are norm-bounded has been

Vol. 15, No. 3, 2024

3 T
Mode 2 :

T H H

i Mode 21 Mode 11 Mode 2

€ > S — — — — — —
€ > )‘f /\/VW

8 10 15
Time (s)

Fig. 2. Output response of uncertain switched neutral system.

addressed throughout the present research. It has been illus-
trated and computed that a new set of criteria can be generated
from (MQLF) through resolving a set of LMIs.

Ultimately, the forcefulness and effectiveness of sufficient
stability conditions have been illustrated from simulation re-
sults.

In forthcoming studies, the proposed methodologies will be
expanded to encompass broader, uncertain stochastic switched
neural using intervals and time-varying delays.
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