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Abstract: The main aim of this work is to design a non-fragile sampled data control (NFSDC) scheme for the
asymptotic synchronization criteria for interconnected coupled circuit systems (multi-agent systems, MASs). NFSDC
is used to conduct synchronization analysis of the considered MASs in the presence of time-varying delays. By
constructing suitable Lyapunov functions, sufficient conditions are derived in terms of linear matrix inequalities
(LMIs) to ensure synchronization between the MAS leader and follower systems. Finally, two numerical examples
are given to show the effectiveness of the proposed control scheme and less conservation of the proposed Lyapunov
functions.
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1 Introduction

In recent times, multi-agent systems (MASs)
have emerged as the most important nonlinear model
and have been used efficiently (Beard et al., 2002;
Fax and Murray, 2004; Ren and Sorensen, 2008). A
system is composed of small subsystems, known as
agents, which work together to form a network of
other agents. Agents can connect with one another
through a network to accomplish global objectives
without the need of local contact or supervisors. Ac-
quiring data from all agents is a challenging task,
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even though the entire system is controlled. In such
cases, we use a multichannel system view. Specifi-
cally, in agreement with the prearranged values of
our problem, data acquisition can be categorized
as a leader-follower (Jia et al., 2011; Rakkiyappan
et al., 2015; Tang et al., 2015) or a leaderless problem
(Meng et al., 2011). In the leader-follower problem,
the leader serves as a commander, who creates the
necessary path without the knowledge of the follow-
ers. A subgroup of followers must directly access the
information about the leader in this case. For some
applications, MAS integration is not a single phase,
but rather a two-part process that includes a bal-
ancing physical and communication restrictions. In
this context, the research on MASs has progressed
dramatically in recent years (Wang CY et al., 2019;
Liu JL et al., 2021; Yue et al., 2021).
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Artificial neural networks (ANNs) have grown
in popularity among the scientists and researchers
who worked in the field of artificial intelligence net-
works since the 1980s. A neural network (NN) is a
computer imitation composed of nodes that are con-
nected to each other (or neurons). ANN research has
made major progress in biology, automatic control,
computer acknowledgement, etc., providing a bet-
ter understanding of challenging and practical issues
of modern systems (Sompolinsky et al., 1988; Chen
and Aihara, 1995; Zheng et al., 2017). In this regard,
ANNSs provide substantial nonlinearities, making it
challenging to analyze their dynamical properties.
Thus, several researchers have focused their efforts
on analyzing the dynamical behavior of ANNs and
have produced some noticeable results in Alimi et al.
(2019) and Wang WP et al. (2019).

In practice, chaotic synchronization is a crit-
The concept of
chaotic synchronization involves synchronizing two
chaotic systems. However, the projected results in-
dicated that the followers’ system actions had an
effect on the leader system, despite the fact that the
leader system was self-contained. The fundamental
complexity of nonlinear dynamics causes extra chal-
lenges in handling synchronization issues in MASs
in this paper. Note that the aforementioned liter-

ical matter in nonlinear science.

ature primarily focused on synchronized MASs, in
which all agents have similar dynamics. However,
in real-world applications, various dynamics may be
more realistic. As a result, studying synchroniza-
tion in MASs becomes significantly more difficult.
A practical synchronization is used in this case be-
cause of many different types of agents in the sys-
tem. Indeed, MAS synchronization issues are diffi-
cult to tackle due to the intrinsic complexity of non-
linear dynamics. Jia et al. (2019) addressed synchro-
nization of MASs with time-varying control and de-
layed communications. Sang and Zhao (2019) stud-
ied the chaotic synchronization for NNs under time-
varying delays using the Lyapunov stability theory.
Kaviarasan et al. (2021) investigated a stochastic
non-fragile controller for MASs with a communica-
tion delay. In Zhao YS et al. (2019), a widespread
synchronization for chaotic NNs was given, and nu-
merous suitable conditions were found by employing
a suitable Lyapunov-Krosovskii functional.

To achieve the MAS aim, many control systems
have been used, including impulsive control, event-

triggered control (Zhou et al., 2015), pinning control
(Wang YL et al., 2014), quantized control (Tan et al.,
2019), and adaptive control. Zhang et al. (2018)
and Jiang et al. (2020) derived sampled data control
(SDC) for MASs. Zhong et al. (2022) discussed Ho,
load frequency control for a multi-area power system
based on non-fragile propositional integral control.
Among them, SDC performed well in a task to study
the dynamics of MASs due to the improvement of
digital technology. The main purpose of SDC is to
update the control signals only at sampling instants
during the sampling intervals. In sampling inter-
vals, control signals on SDC systems are consistent
and may change only during the instants of the sam-
ple. Control signals are thus gradually transmitted
in SDC systems, and these discontinuous signals can-
not be employed directly for stabilizing the control
systems. From this perspective, SDC has been in-
creasingly important in control systems, and some
remarkable results have been achieved (Liu Y et al.,
2019; Xu et al., 2021; Zhao C et al., 2021; Lavanya
and Nagarani, 2022). On the other hand, non-fragile
control can adjust gain fluctuation in the design of
the controller and is used to assure system stability
when small disruptions occur in the design of the con-
troller. A few noteworthy works on the non-fragile
control problem in MASs have been published (Ali
et al., 2020b; Saravanakumar et al., 2020).

To a greater extent, the conditions for achieving
asymptotic synchronization of nonlinear MASs with
non-fragile sampled data control (NFSDC) have not
been comprehensively addressed (Zhang et al., 2018;
Jia et al., 2019; Jiang et al., 2020), which serves as a
motivation for the investigation in this paper.

The contributions of this paper are summarized
as follows:

1. In practical applications, NN-based circuit
systems are modeled as MAS-based leader and fol-
lower systems for analyzing the synchronization is-
sue, which is based on Lyapunov-Krasovskii func-
tional with Kronecker product.

2. For MASs, NFSDC is designed, and then suf-
ficient conditions of synchronization criteria are de-
rived using Lemma 1. The derived conditions assure
the asymptotic stability of the MAS error system of
MAS:S.

3. The generality of our strategy for designing a
controller distinguishes it from the past work in this
area of research. Furthermore, it provides a broad



Arockia Samy et al. / Front Inform Technol Electron Eng 2023 24(4):553-566 555

framework for investigating synchronization difficul-
ties that are related to the consistency of control
strength over time, such as NFSDC.

4. The approaches in Ma et al. (2016) have been
compared to confirm the efficacy of the suggested
method in the numerical simulation.

According to Theorem 2, designing NFSDC can
achieve leader-following synchronization of MASs
with time-varying delay. Some improved inequal-
ity techniques have been successfully used for MASs.
As a result, the whole analysis procedure has been
simplified. Furthermore, less conservative stability
requirements are constructed using linear matrix in-
equalities (LMIs). Finally, numerical validation con-
firms the effectiveness of the designed control strat-
egy using MASs, indicating the efficacy of our sug-
gested method when time-varying delays occur.

Notations: ~R"™ R

dimensional Euclidean space and n x n real matrices,
respectively. 0 and I refer to the zero and identity

and denote the n-

matrices with suitable dimensions, respectively. Su-
perscript T denotes the transpose of a matrix. ®
refers to the Kronecker product. || - || refers the Eu-
clidean norm of a vector.

2 Problem statement and preliminar-
ies

This section provides the preliminary work for
our main study, including some fundamental con-
cepts in algebraic graph theory and mathematical
representations of the relevant subject.

Let G = (v,e,W) be an interconnection graph
that is used to connect N agents, each of which
has a node v = {z1,29, -
edge ¢ C {v x v}.
agent z; to z;, then z; is a neighbor of z; and

,znv}t and a directed
If the edge (z;,2;) € € from

W = laij]nxn is the adjacent weighted matrix.
The edge of agent z; to z; is a;; and must be zero.
N; denotes the set of agent neighbors i. A path
of agent z; toward agent z; is a string sequence of
edges (zi, 21,), (21,5 215), (21, 27). When a direc-
tional path from one node to the other node ex-
ists, the directional graph is said to be strongly
linked. The Laplacian matrix L = (l;;)Nxn of G
is defined by lij = — 0y, ) 75 j, lii = Z;‘V:Lj;ﬁi Q5
(i,j=1,2,--- ,N).

Let us consider the leader and followers system

as follows:

Leader :

Zo(t) = —Azo(t) + Bg(z0(t)) + Cg(zo(t — ¢(t))),

Followers :

Zi(t) = —Az(t) + Bg(zi(t)) + Cg(zi(t — u(t)))
+U(t),

(1
where 20(t) = [201(t), z02(t), ..., zon(t)]t € R™
refers to the state of the leader agents, and z;(t) =
[2i1(t), 2zi2(t), ..., zin(t)]T € R™ refers to the state
of the " agent. The control input is u;(t) € R™.
A = diag(a1, a2, ....,ay) is a diagonal matrix, and
B = (bij)nxn and C =
g(z0(t)) and g(z;(t)) € R™ represent the activation
functions of the leader system and follower system,
respectively. ¢(t) is a time-varying delay and satisfies
0 <u(t) <tvand i(t) <A where A > 0and ¢ > 0 are
constants.

(€ij)nxn are weight matrices.

Here, cooperative synchronization implies that
the two dynamic systems with the leader and fol-
lowers will attain the same partial state simultane-
ously. Generally, the leader uses channels to broad-
cast a communication signal that triggers the follow-
ers, and this signal induces the coordination between
the leader and followers.

Let n;(t) = 2i(t) — 2o(t).
error is described as

ni(t) = — Ani(t) + Bh(n:(t))
+ Ch(ni(t — (1)) + ui(t).

The synchronization

(2)

The compact representation of the synchroniza-
tion error system (2) is given below:

(t) == (T @ A)n(t) + (I @ B)h(n(t))
+ I @ C)h(n(t —(t)) + U(#),

us (),
,g(nz(t))
NH]T, and h(n(t —
) = g(no(t — u(t))), g(n ( -
u(t)), -+ g (t = u(t))) — g(no(t —
Definition 1 (Subramanian et al., 2019)
MAS (1) is called asymptotic synchronization if

Q
—~
=
o
—~
~
~—

The

Jim (@) = Jim flz:(8) = 20 ()] =0,

foralli=1,2,---,N.
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It is possible to obtain sufficient conditions with
a suitable Lyapunov function using the following
lemma:
Lemma 1 (Seuret and Gouaisbaut, 2013) For a
given matrix Q > 0, the following inequality holds

for w: [c,d] — R™:

d _ 1
- / 5T Qus(s)ds < —

d—c
(w(d) ~ () ~ =
d—c
where IT = w(d) + w(c) — 72 fcdw(g)dg.
Assumption 1 (Ali et al., 2020a) For all ¢ =

1,2,--- ,n and g,(-), there exist positive constants
O, and O] such that

o, g%g@;, Va£beR.

The time-step sampled data from agent i are en-
capsulated in a packet of data, subsequently trans-
ferred to its controller and agent j over agent ¢ com-
munication network. Zero-order hold (ZOH) is used
to update the input and output actuators of con-
troller . ZOH represents the outcome of keeping
each sample value for one sample interval while con-
verting a discrete-time signal to a continuous-time
signal. Now, we consider the following NFSDC

scheme:

wi(t) =6(J + AJ(t {Z% z(tk) — 2i(t))
(4)

~ u(ealta) — m(tk»},

where § > 0 is the coupling strength, .J is the feed-
back controller, and AJ(t) is an unknown gain ma-
trix that satisfies AJ = B1¥(t)Bs, with T (1)@ (¢) <
I, where 3 and S5 are two given constant matrices.

To stabilize Eq. (4), we assume that the control
has discrete measurements z(f;) only at sampling
instant tp with 0 = tg < t; < - < tp < -++ <
limy 00 t, < 00. Now, we consider tx41 —t = g <
o, for all £ > 0. Under sampling control, we have
2(ty) = z(t — o(t)), where p(t) = ¢t —ty for t €
[tk, tk+1). Then, Eq. (4) can be rewritten as

ui(t) =6(J + AJ(t) { Z (2(t — o(t))
=1 (5)

—ailt = ot))) — dumi(t — g<t>>}-

Define T = diag(¢1, d2, -+ ,¢n). Then the
compact form of NFSDC can be converted into

—0(L® (J + B1y(t)B2))(n(t — o(t)))
—0(Y @ (J + B19(t)B2))(n(t — o(t))).

v = (©)

Combining Eqgs. (3) and (6), the error system is
described as

i(t) == (1 @ An(t) + (I © BYh(n(t)
+ (L Cohln(t = 1(1) -
~ (L& (T + BBt — oft))
~ 6 @ (7 + ()8 (n(t - elt):

The primary goal of this research is to achieve
the asymptotic synchronization of MAS (7) using
NFSDC with a large upper sampling interval bound,
which is detailed as follows:

Problem 1 Here, the objective is to achieve syn-
chronization between leader and follower systems:

1. We construct the delay-dependent sufficient
conditions in the form of LMIs, which demonstrate
that multi-agent error dynamic networks (7) can
achieve asymptotic synchronization.

2. To solve the LMIs in the appropriate direc-
tion, the control gain matrix .J is calculated.

3 Main results

The leader-following synchronization of MAS
(1) connected by nodes in a topology is discussed
in this section.
Theorem 1 Under Assumption 1, for some pos-
itive constants ¢, A, ¢ and given gain matrix J, if
there exist positive matrices Py, P», Ps, Py, Ps, Pg,
P;, and any matrices S1, So, and S3 with appropriate
dimensions, such that the following equalities

En=(IP)+{I®P)+(IxP)—4I® Ps)
—4(I @ P7) —2(I ® $1A) — 61 (1 ® My)
— 6L ® S141BTST) — 82(Y @ Sy, BT ST,
S = —2(I ® Py),
Eu=—I®S514)-0(L®S5J)—-iT®S5J),
Z15 = —2(I® Pr),
Zi6=—I®5)-I2814)+(IxP),
Z17 = ®S51B)+ 62(I @ M),
Z1s=1®5,C,
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=6(I ® Pg),
10 =6(I® Py,
—(I® P3)—
=6(I® Fs),
—1-MNI®P) -
— 3L ® A pY),
Z3 = —0(L®S3J) — (Y @ S3J),
Z38 = O2(1 ® Ma),
Eu=-3(L®Bps) —3(T®Hb),

4(I ® Pg),

@l\.’)

[1] [1] [1] [1] [1]

)
@
Il

O1(I ® M)

6= —(I ®r8T) = (L ® S1.J) — §(T ® S1.J),
Sy =1® 5B,

Sg = I ® 53C,

s =—(I @ Py) —4(I ® Py),

Z5,10 = 6(I ® Pr),
Zo6 = (I ® Ps) + 0*(1 ® Pr) —2(1 ® )
—0*(L ® 82187 87) — 6%(X @ Sap1 81 Sy ),

Zer = (I ® S2B),
568 = I® 53(77
SErm=U®Ps)—(I®M),

Sss=—-(1-NUI®F)-
S99 = —12(1 @ Fs),
Z1010 = —12(I ® Py),

(I ® M),

hold for

— —_
—_ = =

re) <0, wherer, k=1,2,---,10, (8)

then the considered leader and followers are asymp-
totically synchronized under the proposed NFSDC
scheme (6).

Proof
tional as follows:

Construct the Lyapunov-Krosovskii func-

5

V(t) =D Vit), t € [tr, trsr),

i=1

where

Vi(t) =t (t)(I @ Po)n(t),
Va(t) = [i, " (s)I @ Pa)n(s)ds
+ [ 0" (s)(I @ Py)n(s)ds,
5(t) = [, 10" (s)(I @ Py)n(s)ds,
i) = J ) KT (1(s))(I © Ps)h(n(s))ds,
5(t) = [, [y i(s)T(I @ Pg)ij(s)dsdf
+th gfe 7(s)T (I @ Pr)i(s)dsdf.

9)

Based on Eq. (9), we have

Vi(t) = 20" () (I ® Py)i(t)
=n" () @ Pi(t) +n" ()T @ P)n(t),
(10)
Va(t) = 0" (t)(I ® Pa)n(t)
— (1= Mn"(t = () (I @ Po)n(t — u(t))
+n" () (I @ Ps)n(t)
=" (t — ) (I @ Pa)n(t — ),

(11)

Va(t) =n" (t)(I @ Py)n(t)

(- )T @ Pan(t — ), (%)

(1)) (I © Ps)h(n(t))
()" (n(t = «(1))(I ® Ps)h(n(t — u(t)))
n(t))(I © Ps)h(n(t))

(1= 2R" (n(t = o)) ® Ps)h(n(t — (1)),
(13)

Using Lemma 1, we have

—o [ e Pl

< —[n(t) = n(t — )T (I © Ps)[n(t)
—3[II" (I ® Ps)I],

)
(15)
o[ e Pis)s

< —[n(t) —n(t — o))" (I ® Pr)[n(t)
—3[II" (I ® P;)I].

—n(t - o)]
(16)

For any matrices My and Ms, from Assumption
1, we have

[y

L

T

{ —601(I®@ M) O:(I® M)
* —(I ® My)
>

0.
(17)
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|: ’I](t — L(t) :| |: I ® Mg) 92([ ® Mg)
h(n(t — u(t))) —(I ® M>)
| omt =)

{ ROt — (1)) } =0 .

Moreover, for any matrices Sy, Se, and S3, it
follows that

0=2(n") (I ®S1) + 7" (t)(I @ Ss)
+ 0" (t— o) (I @ S3))(—n(t) +n(t)).

Directly, we denote

1/ 1/
Y = —/ n(s)ds, 99 = —/ n(s)ds.
LSty 0 t—o

Hence, on collecting Eqgs. (10)—(19), we have

V(t) < CT(1)EC(),

(19)

(20)

where

Ch@)y=[n" @), n"(t—0), n"(t —u(t), " (t— o(t)),
0 (t), K (n(t)), BT (n(t — u(1))),

n'(t— o),
97, 93],

and = is as expressed in Theorem 1. If = < 0, in light
of Eq. (8), we have V(t) < 0. This means that, based
on the Lyapunov-Krosovskii stability theorem, it is
established that the addressed MAS (1) with gain J
is asymptotically synchronized. Thus, the proof is
completed.

Using Theorem 1, the following Theorem 2 is

derived to obtain the control gain matrix for the
NFSDC scheme (6) to asymptotically synchronize
the leader and followers system (1):
Theorem 2 Under Assumption 1, for some posi-
tive constants ¢, A, o, k1, and ko, if there exist pos-
itive matrices Pi, P», P3, Py, Ps, Ps, Pr, and any
matrix S with appropriate dimensions, such that the
following equalities

[1)¢

=

H=I®P)+(I®P)+(I®P,)—4(I® Ps)
—4(I® P;) —2(I ® AST) —0,(I ® M)

— (L@ ABY) — (X @ BiBY),

Zp=-2I® P),

Eu=—I®rAST) —§(L® JST) —6(r @ JST),
S5 =2 ® Py,

Ei=—I28")-IT®AS") + (I P),

(I ® BST) 4+ 65(I ® M),

Err =
Zig=I®CST,
Z10=6(I ® Fs),
E 10=06(I® Pr),
oy = —(1® P3) — 4(I @ ),
Sog = 6(I® Ps),
Sy =—(1=AN{I®P) - 01(I @ M)
— (L @ K3B1BT),
Zgs = —6(L ® ko JST) — 6(T @ ko JST),
35 = Oy(1 ® M),
Z44 = —3(L ® SBaBYST) — 3(T @ SBBYST),
S =— (I ®rS") = (L ® K1 JST)
— (Y @ k1 JST),
Zu =1®rk BSY,
Zi=1®KCST,
Zss = —(I®@ Py) —4(I ® Pr),
Z5,10 =6(I @ ),
Zo6 =*(I ® Ps) + 0*(I® Pr) —2(I ® Sa)
— 02 (L @ Saf1Bl Sy ) — 6*(T @ Sapr Bl Sy ),
Ze7 =1 @K1 BS™,
Zes = I ® koCST,
Emr=(I®P5) — (I® M),
Sgs=—(1-N{I®P5)— (I® M),
Zgo = —12(I @ Pp),
1010 = —12(I1 ® Py),
hold for
Z=[5..] <0, wherer, k =1,2,---,10, (21)

then the considered leader and followers are asymp-
totically synchronized under the proposed NFSDC
scheme (6). In addition, the gain matrix J is given
by J = QS L.

Proof We define S; = S71 Sy = k871,
S3 = f‘EQS—l, Q = JS, PR = SPRST (ﬁ =
1,27'-- 77), Ml = SMlST, and M2 = SMgST.
Then, both sides of LMI (8) are multiplied with
diag((I ® S),(I® S), -+ ,(I®S)) and =

10x

pressed in Theorem 1. If = < 0, in light of Eq. (21),
we have V(t) < 0.
the Lyapunov-Krosovskii stability theorem, it is es-
tablished that the addressed MAS (1) with gain J
is asymptotically synchronized. Thus, the proof is
completed.

is as ex-

This means that, based on
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Remark 1 The above theorem ensures that the re-
quired criteria are obtained using some constructed
inequalities and Lemma 1. It is observed that the in-
tegral portions which are less delay-dependent within
the Writtinger inequality are ignored, and hence we
achieve less conservativeness than Ma et al. (2016).
Therefore, our results are more general than those in
Ma et al. (2016).

Remark 2 Based on the derived LMI condition in
Theorem 2, Algorithm 1 describes the calculation of
the control gain matrix.

Algorithm 1 Asymptotic synchronization of MASs
Step 1: Set the parameters. A, B, and C are fixed system
parameters. ¢, 81, and (o are selected as parameters, as
well as some positive constants A, §, k1, K2, and g-upper
bound.

Step 2: Using Assumption 1, choose suitable matrices ©;
and Oa.

Step 3: There exist symmetric matrices Pr >0 (r =
1,2,---,7) and any matrix S such that LMIs (21) hold for
a given upper bound.

Step 4: If the test is successful, the procedure proceeds
to the next phase. Otherwise, return to steps 1 and 2 to
change the parameters.

Step 5: The gain matrix is calculated by J = QS~1.

Remark 3 If 6 = 1 and AJ = 0, then Eq. (5)
is called nominally sampled data control. It is de-
scribed as follows:

N
uit =J —lij th— t —Zit— t
(t) ; (zj(t = o)) — zi(t — (1)) 22)

— ¢ini(t — o(t)).

From Remark 3, we readily arrive at the fol-
lowing corollary for considered synchronization error
system (7) under SDC scheme (22):

Corollary 1 Under Assumption 1, for some posi-
tive constants ¢, A, g, K1, and ko, if there exist posi-
tive matrices Pg (R = 1,2,---,7) and any matrix S
with appropriate dimensions, such that the following

equalities

En=(I@P)+(I®P)+(I®D)—4I® D)
—4(I® Py) —2(I® AST) —0,(I ® M),

Z=-2® F),
Eu=—(LeST)) - (Testh,
S5 =-20® Py),
Eie=—-I®8") - (I®ASY),

[1)¢

17 = (I®BST) + @2(I®M1),

[1)c

w=1®CST,

[1)c

10 =6(I ® Ps),

El,lO = 6([ ® p7),

(1)«

22 = _(I®P3) _4(I®P6), 529 = 6(I®P6)7

—(1 =N ®Py) —6.(I® M),

[1)¢
\

33 —
Z3s = Oo(I @ My),
Eu=—(L®kyJST) — (T @ ko JST),
Eu=—I®rk8T) — (Lo PJ)— (Y PLJ),
Sy =1® Kk BST,
Z4s =1 ® koBSTB,
Ess =—(I®Py) —4(I® Pr),

It

[1

500 = 6(I @ Pr),

[1)¢

66 = 2(I® Ps) + 0°(I® Pr) —2(I @ mST),
Z¢r =1 ® k1 BST,
EGg =1I® mC’ST,

(I® Ps)—(I® M),

\1
3
|

Exs=—(1-NI®P5) - (I®M,),
Egg = —12(I®P6)7

Z1000 = —12(I ® Py),

Z=[5..] <0, wherer,x =1,2,---,10,  (23)
then the considered leader and followers are asymp-
totically synchronized under the proposed SDC
scheme (6). In addition, the gain matrix J is given
by J =QS .

Proof
those given in Theorem 2.

Remark 4 If there is no time-varying delay (i.e.,
t(t) = 0 in system (7)), then the multi-agent net-
works will be reconstructed as follows:

The remaining elements are the same as

i(t) = (I © A)n(t) + (I @ B)h(n(t)) +U(t). (24)

Now, using the same procedure as in Theorem
2, the following corollary can be obtained:
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Corollary 2 Under Assumption 1, for some posi-
tive constants ¢ and k1, if there exist positive matri-
ces Pg (8 = 1,2,3) and any matrix S with appropri-
ate dimensions, such that the following equalities

En=(I®P) —4(I® Ps) —2(I ® AST)
—O0:1(I® M) —8*(L® BY)

- (Y ® B1BY),
Ei=—I®rAS") - (Lo JST)
- 3(reJsth),
Zi3=-2® P3),
Eu=-I®8T) - (IoASY),

[1)¢

15= (I ® BSY) + 65(I ® M),

16 =6(I ® P3),

22 = —2(L® SP2fy ST) — 2(T ® SB35,
21 =— (I ®raST) — (L @ k1 JST)

[1¢ )¢

[1)¢

—6(r®@ K JST),
525 = I® BFLl;S’T,
- N PR
Sy =—(IQP,) — E(I®P3),

It

1 =0°(I® P3) — 2(I ® x, ST)
- (L eriBf]) - (T @rifiB)),

[1

é55 = —(I®M1),
56 = 6(I ® P3)7

=[5..] <0, wherer, Kk =1,2,...,6,  (25)
then MAS (24) can be asymptotically synchronized.
In addition, the gain matrix J is given by J = QS *.
Proof WedefineS; =571 Sy =r1 571, Q=JS,
P_ﬁ = SPﬁST (ﬁ = 1,273), and Ml = SMlST.
Then, both sides of LMI (25) are multiplied with
diag(I® S),(I®8),---,(I®5S)), and = is as ex-
6%

pressed in Theorem 2. If = < 0, in light of LMI
(25), we have V(t) < 0. This means that, based on
the Lyapunov-Krosovskii stability theorem, it is es-
tablished that the addressed MAS (1) with gain J
is asymptotically synchronized. Thus, the proof is
completed.

Remark 5 In this paper, the synchronization
problem is changed into the delay functional dif-
ferential equation with error as its dynamics, and
thus Lyapunov-Krosovskii stability is employed in
the analysis. Note that the computational complex-
ity depends on the number of sampling periods, the
number of agents (N), and the state vector dimen-
sion of agent dynamics (n). If the number of agents,
state vector dimension, and number of sampling pe-
riods increase, the computation for solving LMIs will
be more complicated, which means that the size of
the LMIs increases, and it is more time-consuming to
verify the feasibility of the obtained LMI conditions.
In this respect, all the results of the condition derived
in this paper may be more suitable for small, low-
dimensional networks of agents.
LMI approaches, deriving stable conditions in the

For higher-order

maximum sampling period with high computational
efficiency becomes future research work.

4 Numerical validation

The validation of the derived sufficient require-
ments has been carried out. Initial consideration is
given to the MASs as a means of demonstrating the
superiority of the proposed method over the existing
methods. Next, in the context of a design example,
the nonlinear NN model is studied.

4.1 Example 1: comparison example

Consider the MASs with time-varying delays
similar to those in Ma et al. (2016) as follows:

Leader:

Zo(t) = —Azo(t) + Bg(20(t)) + Cg(20(t — (1)),

Followers:

zZi(t) = —Az(t) + Bg(zi(t)) + Cg(zi(t — u(t)))
+U(t),

(26)

where i = 0,1,2,3,4, and g(z;(t)) = tanh(z;(¢)) is
an activation function. ¢(t) = 0.79sint 4+ 1.11 and

10 1+2 20
A= B= 1
o v =0 ]

o —-1.3v2% 0.1
0.1 -1.3V2%
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The leader’s Laplacian and adjacency matrices
associated with the MASs are

2 -1 0 -1
0 1 -1 0
-1 0 2 -1
-1 0 -1 2

L= =

o O O
o O O O
o O O O
o O O O

The constant parameters are t = 1.9, A = 0.79, k1 =
0.02, k1 = 0.04, 6 = 0.7, and o0 = 0.079. The other
matrices are taken as

003 0 002 0
ﬁl_[ 0 0.04]’62_[ 0 0.02}

Employing the MATLAB LMI control toolbox,
the gain matrix is calculated by solving LMIs (21) in
Theorem 2. The corresponding gain matrix is

J 1.3326 0.4831
| 0.1367 0.2541 |°

In this scenario, the initial circumstances for
the agent are chosen to be z(0) = [0.8,—0.1]7T,
21(0) = [0.2,-0.6]T, 25(0) = [0.4,-0.2]T, 23(0) =
[0.7,—-0.3]T, 24(0) = [0.6,—0.4]", and the network
synchronization is shown in Fig. 1. The validity of
Theorem 2 is confirmed by all supporters entering the
area around the leader synchronization. The MAS
state trajectories are shown in Fig. 2 and the syn-
chronization of MASs with controllers is displaced in
Fig. 3. The comparison of the time delay for system
(7) is presented in Table 1. The corresponding con-
trol gain matrix and upper bound are presented in
Table 2. The synchronization of MASs with different
delays is displayed in Fig. 4.

4.2 Example 2: design example

The proposed units implemented in the NNs
with two neurons are depicted in Figs. 5 and 6. Sys-
tem (24) can be expressed based on an analysis of the
circuit nodes in Fig. 1. The values of the parameters

Leader 0

Fig. 1 Communication of MASs

given in Table 3 are taken from Lu (2002) and Wang
TC et al. (2016), which are standards available in
the existing works for the electronic circuits given in
Figs. 5 and 6.

Table 1 Comparison of the maximum allowable time
delays

Method L

Ma et al. (2016) 1
Theorem 2 1.9
Corollary 1 1.7

Table 2 Upper bound g and control gain matrix J
corresponding to Example 1

Method 0 J
1.3326 0.4831
Theorem 2 0.079 { 0.1367 0.2541 }
—1.2336 0.0875
Corollary 1 0.044 |: 0.2390  —92.4249 i|
Zo1(t)
Z44(t)
zmgt;
» Z31(8
8 za(0
»
‘ | ‘ : (@
0 05 10 _ 15 20 25 3.0
Time (s)

States

0 0.5 1.0 1.5 2.0 2.5 3.0
Time (s)

Fig. 2 Evolution of MASs z;;(t) (a) and z;2(t) (b)
(1=0,1,2,3,4)

Table 3 Circuit parameters and their values

Parameter Value ‘ ‘ Parameter Value
Cq, Co 1 uF Reci11 666 kQ
R1, Ra 1 MQ Rc12 10 MQ

Rp11 500 kQ Re21 5 MQ
Ry12 10 MQ Ry29 Varies
Rpo1 200 k2 Rco22 Varies
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le 1 1
T _01{31 z1(t) + 701&1151(2 (t))
t t—u(t
G ) + gt )
t—(t
; +011R6129(22( Ll( )2
& () + m—g(a(®)
dt 021?2 C2Rb211
29(t)) + 21(t — o(t
o0+ gttt )
t—u(t))).
el o
08—
1.0
06 0.5 —e41(t)
" 0.4 oA —e12(f)
g 0.(2) _0'50 0.05 :0.10 0.15 0.20 0.25 0.30
02
04 o ]
-06

0 02 04 06 08 10 12 14 16 18 20
Time (s)
0.8

1.0

0.6
0.5
0.4
O\ A=
0.2 05
0 "“0__0.05 0.10 0.15 0.20 0.25 0.30
-0.2

e21(f) 1
ex(1). ..

States

-0.4 1
(b)
_06 L L L L L L L L L
0 0.2 04 06 08 10 12 14 16 1.8 20
Time (s)
0.8 T T T
1.0 1
06 es(t)
0.4 0.5 es(t).
0
] 0.2 05
s 0 _0.05 0.10 0.15_0.20 0.25_0.30
] 0
-0.2
-0.4 1
(c)
08 02 04 06 08 10 12 14 16 1.8 20
Time (s)
0.8
0.6f 1.0 1
es(f)
0.4} 05 esx(l) -4
802 °
= -0.5
» 0 0___0.05 010 0.15 0.20 025 0.30
-0.2
-0.4 1
(d)
_06 L L L L L L L L L
0O 02 04 06 08 10 12 14 16 18 20
Time (s)
Fig. 3 Synchronization plots of errors ey;(t) (a),

e2i(t) (b), esi(t) (c), and eq;(t) (d) (4=1, 2) under
non-fragile sampled data control

0.8
0.6
0.4
0.2

AWN2O

States
o
y

-02 -

-0.4t
(a)

0.25 0.30

~08, 0.05 0.10 015 0.2

Time (s)

o

0.8
0.6
0.4
0.2

[ L]
AWNSO

States
o
y

-0.2}
-0.41
-0.61
-0.8

(b)
0 0.05 0.10 0.15 0.20 0.25 0.30
Time (s)

Fig. 4 Synchronization plots of errors e;(t) (¢ =
0,1,2,3,4) with ¢t = 1.2 (a) or ¢t = 1.5 (b)

Here, we consider an artificial circuit model
based on Wang TC et al. (2016). The circuit has
an activation function circuit with a time-varying
delay and holds a corresponding unit. Each circuit
unit contains inductors, resistors, capacitors, some
operational amplifiers, and other common electrical
components. The circuit implementations are ad-
justed according to the complexity of the NN model.
In this investigation, NNs (27) have two neurons and
can be rewritten as

(t) = —Az(t) + By(z(t)) + Cg(2(t — u(1))),

where z(t) = [21(t), 22(t)]T € R™.

Here, we look into the synchronization analy-
sis of NFSDC in multi-agent networks using delayed
NNs. Consider the leader and followers system (28)
as follows:

(28)

Leader:

Zo(t) = —Azo(t) + Bg(z0(t)) + Cg(z0(t — ¢(t))),

Followers:

Zi(t) = —Az(t) + Bg(zi(t)) + Cg(zi(t — u(t)))
+U (1),

(29)

where g(z;(t)) = tanh(z;(¢)) (: = 0,1,2,3,4) are the
activation functions, ¢(t) = 0.69sint + 1.21, and

10 2 —0.1
A = B =
[0 1}’ {—0.5 bao ]’
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Activation function unit

g(z:(t))
Time-varying
Cy delay unit Activation function unit
— z4(t)
by*g(z(t))
A A
A
AT crfgzt-pt)) Ren| 3 | 3| Ree
< <
Pl 4% o9zt p0) -
— 21| Re22
Rb21 é szz
V A I }_ Cz ¢
+ Zo(t-4(1) < tzalt-u(t) >
Z(t)  Time-varying Activation function unit
= R, delay unit
— L
9(z2(t))

Activation function unit

Fig. 5 Circuit realization of a two-dimensional neural network based circuit system with time-varying delays

—1.5 -0.1
C= .
|: —0.2 C29 ]
It is permissible for bos and coo to be variable
values, keeping bag + c2o = 0.5.

The leader’s Laplacian and adjacency matrices
associated with the MASs are

2 -1 0 -1 1 0 00
0 1 -1 0 00 0 0
L_—102—1’T_0000
-1 0 -1 2 00 0 0

Let us take constants « = 1.9, A = 0.69, § = 0.7,
k1 = 0.01, ko = 0.03, and ¢ = 0.084. The matrices

are
002 0
]’52_[ 0 0.06}

0.04 0

ﬁl:[ 0 005

Employing the MATLAB LMI control toolbox,
the gain matrix is calculated by solving LMIs (21) in
Theorem 2. The corresponding gain matrix is

[ 1.9542 1.3163
T | 1.5364 2.8275 |

For the present circumstances, the agents
are chosen to be zo(0) = [1.4,—1.1]T, 2(0)
[0.3,—0.6]T, 2(0) = [0.2,-04]T, 23(0) =

Fig. 6 Circuit realization of the tangent hyperbolic

[0.6,—0.2]T, 24(0) = [0.5,—0.9]", and the network
synchronization is plotted in Fig. 1. The validity of
Theorem 2 is confirmed by all supporters entering the
area around the leader synchronization. The state
trajectories of MASs are shown in Fig. 7, and the syn-
chronization of MASs with controllers is displaced in
Fig. 8. The comparison of the maximum allowable
time delay for system (5) is presented in Table 4. The
corresponding upper bound and control gain matrix
are presented in Table 5. The synchronization of
MASs with different delays is displayed in Fig. 9.
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Table 4 Comparison of the maximum allowable time

delays
Method L
Subramanian et al. (2019) 0.2
Ma et al. (2016) 1
Theorem 2 1.9
Corollary 2 1.5

564
7 . . .
6 -
= 201(f)
5 —z1(1) 1
—21(f)
g 4 — Z31(f) ]
% 3 — Z41(1) 1
2 1
! @ |
% 05 10 15 20 25 30
Time (s)
0 T T T T T
-1 Zoo(1) 1
-2 3 Z12(8) .
Zyo(1)

8 -3 : Z32(1) 1

T Zao(8)

& -4 1
_5 -
_6 -

(b)
_70 0.5 1.0 1.5 2.0 25 3.0

Time (s)

Fig. 7 Evolution of MASs z;1(t) (a) and z;2(t) (b)
(1=0,1,2,3,4)

eq1(f) 1
e1(t)

States

(2)

0 0.5 1.0 1.5 2.0 25 3.0
Time (s)

1.2 es(t)
es(1) 1

States

(©)]

_0'20 0.5 1.0 1.5 2.0 2.5 3.0

Time (s)

Table 5 Upper bound g and control gain matrix J
corresponding to Example 2

Method o J
1.9542  1.3163
Theorem 2 0.084 |: 15364  2.8975 :|
0.0327 —1.1546
Corollary 1 0.017 |: 15810 0.4865 }

5 Conclusions

In this work, the multi-agent system (MAS)
synchronization problem has been investigated us-
ing a non-fragile sampled data control (NFSDC)

1.4

1.2 e21(f) |

1.0 eax(f) ]

0.8 : 1

States

0.6 1
0.4 1

02 ® |

09 0.5 1.0 1.5 2.0 2.5 3.0
Time (s)

1.4

1.2 es1(t) ]

1.0 ea(t) 4

0.8 1
0.6 1

States

0.2¢ 1
(d)

2.5 3.0

o
o

0.5 1.0 1.5 2.
Time (s)

Fig. 8 Synchronization plots of errors eq;(t) (a), e2;(t) (b), es;(t) (c), and eq;(t) (d) (¢=1, 2) under non-fragile

sampled data control
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wWhN=0O
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0.4 1

(b)
0.25

0 0.05 0.10 0.15 0.20 0.30

Time (s)

Fig. 9 Synchronization plots of errors e;(t) (¢ =0,1,2,3,4) with ¢ = 1.4 (a) or ¢ = 1.7 (b)
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scheme. The suitable Lyapunov-Krosovskii func-
tional has been constructed to derive the synchro-
nization criteria for the proposed MASs, expressed
in linear matrix inequality (LMI) forms. The pro-
posed control scheme has achieved synchronization
between the leader and follower systems with de-
rived sufficient conditions. Finally, numerical val-
idation has demonstrated the effectiveness of the
presented method. As a future work topic, it will
be exciting to explore the possibility of extending
the NFSDC scheme to event-triggered control when
unanticipated disruptions occur in MASs.

Peng et al. (2022) and Yang et al. (2022)
discussed the event-triggered optimal control and
observer-based fault detection filter methods. Zhu
et al. (2022) discussed the mnovel reconstruction
method for temperature distribution measurement
based on ultrasonic tomography. Motivated by these
studies, the proposed control method can be applied
to multi-area nonlinear power systems based on the
novel reconstruction approach, which will be consid-
ered in future work.
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