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Abstract: This paper aims to address finite-time cluster synchronization (FTCS) issues for fractional-
order fully complex-valued dynamical networks (FFCVDNSs) with time delay. To compensate for
the limited application of one controller, the delay-dependent and delay-independent adaptive
controllers with regard to quadratic and absolute-valued norms are developed, respectively. Based
on the finite-time stability theorem and auxiliary inequality techniques, detailed Lyapunov analysis
is provided to ensure that FFCVDNSs can achieve FTCS, and the settling times (STs) are estimated
on the basis of system and control parameters characterized by system models to decrease the
conservativeness of the existing results. Finally, simulation examples are provided to verify the
correctness of theoretical analysis.

Keywords: complex-valued dynamical networks; finite-time stability; adaptive control; cluster
synchronization

1. Introduction

Recently, a strong upsurge in investigations of cluster synchronization issues of dy-
namical networks (DNs) have been witnessed because this technique is able to describe
some very relevant complex natural and social phenomena in multiple fields, such as
engineering control, communication engineering, communication engineering, etc. Its core
idea is that, based on the different characteristics and functions of nodes, the nodes can be
classified into distinct clusters to satisfy the distinct synchronization behaviors in the differ-
ent clusters [1-6]. It is worth noting that, in application, achieving synchronization within
a finite time can better meet practical needs [7]. Therefore, some admirable achievements
with respect to FTCS for DNs have been obtained [8-13].

However, the network models in the above-mentioned literature [8-13] focus on the
integer order case and the real state space. Note that the fractional order network systems
can characterize the quality of memory and heredity of nodes [14-16]. This inspires us to
explore the dynamical behaviors of fractional-order complex-valued dynamical networks
(FCVDN ) [17-22]. To date, several noticeable results in FTCS of complex DNs have been
acquired. For example, by utilizing the separation method to convert complex-valued
networks into two real-valued, synchronization problems for fractional-order complex-
valued neural networks were studied [23,24]. It should be pointed out that the separation
method may increase the complexity of theoretical analysis and calculation. To overcome
this drawback, some norms about the sign function of complex numbers were introduced
to address the synchronization issue of FCVDNSs [25,26].

Furthermore, time delay is utilized to describe the dependence of the current state
change rate on past states, a technique that is employed widely in communication networks,
power systems, drug circulation systems, and so on. The existence of the time delay
can increase the difficulty of analyzing system dynamic behaviors and reduce system
stability [27,28]. In recent important works, the authors only considered no delay, a
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single time delay, or a single coupling delay [25,26,29,30], which differs from dynamical
systems in the actual world. Hence, the question of how to eliminate the impact of
both time and coupling delays to achieve the cluster synchronization of FFCVDN s is
a valuable and challenging issue. On the other hand, due to the complexities of nodes’
dynamics and topological structures, complex dynamical networks are not always able to
synchronize by themselves. Therefore, different effective control approaches such as state
feedback control [8,9] and adaptive control [10,11] have been applied to achieve finite-time
cluster synchronization. As a feasible and effective control strategy, adaptive control has
fascinated a considerable number of scholars in recent years, since it can automatically
adjust the control parameters based on the operating environment changes to achieve
optimal control. Therefore, it is necessary to design an adaptive control strategy to solve
the FTCS. Regretfully, to the best of our knowledge, few results for the FTCS of FFCVDNs
with time delay under the adaptive control scheme have been published.

Motivated by the above discussion, this paper focuses on the FTCS issue of FFCVDNs
with internal delay as well as non-delayed and delayed couplings. The main contributions
of this paper can be summarized as follows: (1) A general fractional order complex network
model is investigated, where the state space is extended to the complex number field. In the
meantime, the internal delay and couplings delay are introduced to describe the complex
dynamic behaviors of nodes. (2) A non-separation approach is adopted to simplify the
design of the adaptive control strategy and decrease the computational costs. (3) The
delay-dependent and delay-independent adaptive control schemes are utilized to realize
the FTCS; less conservative results are obtained compared with the existing works.

The content of this paper is listed as follows: in Section 2, preliminaries and a model
are offered; in Section 3, the delay-dependent and delay-independent adaptive controllers
are utilized to realize FTCS for the delayed FFCVDNSs, respectively; in Section 4, some
numerical simulation examples are provided; Section 5 concludes this study.

Notations. In this study, R, R, C, C", and C"*" denote the real field, positive real
field, complex field, n-dimensional complex space, and m X n-dimensional complex matrices,
respectively. For any K = D+iQ € C, K = D—iQ, |K|; = |D|+9|, K|, = VKK,
[K] = sign(Re(K)) + isign(Im(K)), i = v/—1. Forany K = (K1,Kp, -+ ,K,) € C", K =
Re(K) +1Im(K), [IK[l = [[Re(K) 1 +1 [Im(K) Iy, [[K]l2 = VEHK. [K] = (sign(Re(K1)) +
isign(Im(Ky)),- - - ,sign(Re(Ky)) + isign(lm(lCn))T represents the signum function vector of
K. KH denotes conjugate transposition. A(k) = 1,2,... k. Iy = (1,1, ...,1)IT\,. diag(h1,1y,..1y),
En and C"([ty, +o0) denote an n x n diagonal matrix, the n-dimensional identity matrix, and
the set of all continuous n-differential functions from [t, +-c0) into C, respectively. I'(-) is the
gamma function.

2. Preliminaries and Modeling
Definition 1 ([31,32]). The fractional integral of order 0 < a < 1 for f(t) : [to, +00) — C s
defined by:

oIt = ey L9 )

0

Definition 2 ([31,32]). For f € C"([tg, +o0),C), the Caputo fractional-order derivative a-order
is defined as:

CDYF(t) = r(11—a) /tt ({/_(?)ads, 0<a<l

0

In this work, we consider the delayed FFCVDNs composed of ¥ communities and N
nodes; the dynamic equation of the i-th (i € A(N)) model is described by:

ng‘xi(t) = fgi(xi(t),xi(t — 7'[1)) + i Z al-]-Glx]-(t) + co i 2 bijCQX]'(t — 7'[2), (1)

k=1 jGCk k=1 jECk
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where x;(t) = (xi1(t), xi2(t), - -+, xin(t))T € C"; Ci represents a set of nodes belonging to
the kth cluster; g; : A(N) — A(r) satisfies thatif i € Cy, then¢g; =k; f., : C" x C" — C"isa
nonlinear function; ¢y, c; € C represent the coupling strength; 711 and 71, denote the internal
delay and the coupling delay, respectively; G; = diag(é{l),éél),- X ,(5,(11)) eC™"(1=1,2)
is the inner matrix; and A = (a;;)nyxn and B = (b;;) nxn denote the topological structure of
the FFCVDNSs without and with delay, respectively, satisfying the following rules. If nodes
i and j exist a connection, then a;;,b;; # 0 € C, a;; = — ijilfj#i aj, bi=— Z]-N:L]-#i b
otherwise, a;; = b;j = 0 (i # j).

Suppose N nodes are divided into r nonempty communities indicated by
A(N) = Uy—1C, where Gy = {1,--- ,q1}, Co = {1+ 1, g2}, -+, G = {gr1 +
1,---,N}. Then, A and B can be respectively expressed as:

ijs

An Ap - Agp By1 By -+ By

Ay Ap -+ Ay Byt By - By
A= ) . . |, B= ] . )

Arl Ar2 e Arr Brl BrZ e Brr

Assumption 1. Matrices Apy and Bpy, satisfy zero row sum matrices p,m =1,2,--- ,r.

Remark 1. According to Assumption 1, there exists a cooperative relationship between nodes in
the same community, while there exists a cooperative or competitive relationship between nodes in
different communities.

The isolated system is described by:

E)Df%;‘(t) = fgi (5€i(t)r5gi(t — 7)) )
and satisfies s¢,(t) # s¢; (i # 6j)-

Definition 3. To achieve the FTCS goal of (1) and (2), define ¢;(t) = x;(t) — s¢,(t) as the error

variables, e(tg) = x;(0) — s¢,(0). Under the controller u;(t), (1) and (2) are said to realize FTCS

if there exists an ST function T(e(ty)) such that — lim : lle;(£)]] = O, and ||¢;(t)|| = 0 for
t

—T(e(to)
t > T(e(tp)).
From Assumption 1, we infer that y_ a;;G1s¢(t) = 0and Y b;;Gosi(t — 72) = 0. Further,

jeC j€Cx
the error system can be expressed as:
r r
tho‘ei(t) = ng(ei(t), ei(t - 71'1)) + 1 Z 2 ailee]-(t) +c2 2 2 bi]'GZQj(t - 7'[2) + Mi(t), (3)
k=1 jeCk k=1 jGCk

where u;(t) is the control law, and F,(e;(t),e;(t — 1)) = fc,(xi(t), xi(t — 711)) — fe, (8¢, (t),
s¢,(t — 71m1)).

Assumption 2. For x(t),y(t) € C", t > 0, there exist constants ﬁlgp) >0, élgp) >0(p=12)
such that:

1fe (1), x(t = 1)) = fily (), y(t = )l < 8 1x(t) = y(®)lp + 5 1x(t = 1) = y(t — ) |-

Remark 2. It is not difficult to verify that many chaotic dynamical systems satisfy Assumption 2,
such as the Lorenz system, the Chua system, delayed DN, etc. [33-35].

Lemma 1 ([36]). Let f(t) be a continuously differentiable function; then:

BDEfA(1) < 2f (1), DEf(t),¢ € [to,00),a € (0,1).



Fractal Fract. 2023, 7, 645 4 0of 20
Lemma 2 ([25,37]). Let X(t) € C" be differentiable; then:
CDIRI(EN (1) < RH(HEDER(E) + (5 DIRT(H)R(H),a € (0,1), ¢ > to.
Lemma 3 ([25,30]). Leta € (0,1), [|[(L), X(t) € C" and p € C; then:
(a) EDFREWREO]+ ROIIR(E)) < [ROITEDER(E) + (5 DFRT(L))[R(H)]
(b) RE(L)NR()] + [R(D)]TIR(E) = 2R (¢ )H1 > 2[IR(#)[2-
() I W)RM] + RO W) < 20[[1(W)]ls-
(d) p+p=2Re(p) <[pl <ol
Lemma 4 ([25]). If there isa A > 0 that satisfies:
CDIV(t) < —A, V() €RT, (4)
then for all t > T, tl—i>I’JrI‘1* V(t) =0and V(t) =0, where:
o (VT@ 1))
T = to + (A) : ®)

3. Main Results

The FTCS issue for the considered FFCVDNS is addressed by designing delay-dependent
and delay-independent adaptive controllers, respectively, in this section.

3.1. Delay-Dependent Adaptive Control
Theorem 1. Suppose that Assumptions 1-2 hold. Considering systems (1) and (2), the controller
is designed as:

] 2

wm_{_Mﬂ()Aﬁﬁ — 3 L et —mp), wlt) £0,

L ©)
0, ei(t) =0,

where the feedback strength d;(t) is adapted based on the following updated law:
CDrdi(t) = e} (£)ei(t), @)
and g;, A\, él.(l), él@ > 0, satisfying:
7@ -0 <0,

CQﬁB — @(2) <0, (8)
28 7BH — @, <0,

where | = A(?’l), é’(Z) = dlag(g Cl /Cz 7t /g(Z) e Igi(’z)/ e /éi(/Z))/
1m g1+l 42 Gr-1+1- N
o) = diag(6; ( ) (l) ,GVI(\,)) 0 = diag(6, ( ) (2),--- ,éﬁ)); then, the FFCVDNSs (1)
and (2) can reallze FTCS via controllers (6) and (7). Addltzonally, the ST is estimated as:

TSTl—toJr(Vl(tO)FM)“, o

A
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N .
where Vi (tg) = %;1 (ef(to)ei(to) + o, (dito)

¢i(t) and d;(t), respe
)

—d;)?), ¢i(to) and d;(to) are the initial values of

ctively. d; is a positive constant such that 202 + clél(l)A + aél(l)AH -2 <0,

19(2) - dlag( 5 /19‘52)/ 1952)1 te 11952) te 1191€2)r e 119£2))/ D= diag(d1/d21 ce rdN)
1,'“,@] l]1+1,"',q2 ql’—l""l/"'/N

Proof. Construct the Lyapunov function:

1N

Vo) = 5 1 5 (@00~ + e ) (10)

By employing Lemmas 1 and 2, the derivative of V;(t) and the solution of (3) are
computed as:

N

CDfVi(e(t) < of

—

T
=
-

: (ei(t), et — ) + EEXes (1), it — m0))es (1)

i=1

+

N =
[\12
1~

I
—_
=

Il
-

<.

( C]ﬂl]Gle]( )+ e]H(t)cla,-jG?e,-(t))
j€C

~

+
M™M=
M‘

Z }_I CZbZ]GZQ]( ) + i (t - HZ)Csz]Gz ¢ ( ))

(11)
l:1k:1]€ck
- H L& §5 ()
= L die (De(t) — 5 1 Y67 (6 (et — mp) + e (= mp)ei(t))
i=1 p=1li=1
= S (O] + ()] Mei(t)
+ Y (di(t) —di)e (et — A} A i .(t)”’ =
i=1 i=1,¢;(t)£0 G\l
Based on Assumption 1 and Lemma 3, this yields that:
1 n H
5 Z (e (1) Fg; (ei(t), e (t — 1)) + 2 (ei(t), ei(t — 1) e (1))
nzzl L (12)
<Y (1) 52 Deg(t — ) +ef (t = )T Pey (1))
=1 =1
By using Lemma 3 again, we derive:
I8¢ H H(p\er-cH
5 Yo Y Y (e (DeraiGej(t) + ¢ (#)eras; Gy ei(t))
i=1k=1€Ck (13)
1 1 SGY)
=§l:21e%*<t><c15§ LA+ e AT e (1),
and
1 N r H
5 Z Z Z ¢ Cgbl]Gze]( ) + ¢ (t — ﬂz)Czbl]GZ ei (¢ ))
i=1k=1jeC (14)

|
N —
1=
—~
it

Jas

(1) (282 B) ey (t — ) + of1(t — 1) (@@BH)el(t)).

-
I
—

Fori € A(N), there is at least an index i, making ¢;(t) # 0 for any t > #;. Correspond-
ingly, we can obtain:

N

_ et (£)[ei(8)] + [ei(t)]Me; ()
Ai:l,gu#o [ei ()11

IN

—A. (15)
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CDIX

Substituting (12)—(16) into (11) gives:

i( (C2§ 2)B ®(2))el t—7T2 ) +Z @(1))el(t—ﬂ1))
=1

—

n
% Z (1) (— 29 +26@ + ¢80 A+ E60 AH) ¢ (1) — A {1e)
— A

On the basis of Lemma 4, the FFCVDNSs (1) and (2) under controllers (6) and (7) can
achieve FTCS within T;. This completes the proof. [

Theorem 2. Suppose that Assumptions 1 and 2 hold. Considering systems (1) and (2), the
controller is designed as:

1 & «
ui(t) = —d;(t)ei(t) - 7y O Ol (= )t = )], (A7)
where the feedback strength d;(t) is adapted given the updated law mentioned below:
1
K Didi(t) = Sei ([ (D] ei(t) + e (B)[es(1)]), (18)

and o;, A, éi(l) 6% > 0,i=1,2, N satisfying:

M _ el
{ xgya) _2&)2%, (19)
for 1 = A(n), where {1 = diag(ggl), . gl)lgél),. . ,gél) . ’gﬁl),. . ,gﬁl)),
1,41 q1+1 42 9r-1+1,--,N
e = diag(v(p) 7,00, (p=1,2), %0 = (¥ )nw and ¥ = |Re(cabya”))| +
|Im(czbl](5 )| then, the FFCVDNs5s (1) can achieve FNTS under controllers (17) and (18). More-
over, the ST is estimated by:

Va(fo)T (& + 1))»1 20)

< et
T<T, to+( A

N .
where Va(tg) = L ¥ (|lei(to)[1 + é(di(to) —d;)?). d; > 0 satisfies 81 + YD) —D <

i=1
0/ 19(1) = dlag(ﬁil)/ : /ﬂgl)/ﬁél)/' t /ﬁél) e 11951)/ e ( )) D = dlag<dlld2/ /dN)/

1,0 g1+1, .42 gr-1+1,-,N
I
YO = (Tig'))NxN and

20 _ {Re(claz,é“ )+ [Im(cyazoM)|, i=j,
! |C1a1] W |l/ 175]

Proof. Consider the Lyapunov function:

1 y 1 2 H H
i) = 5 1 (5 @)~ 402 + €10 o)] + O e) ). @
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By employing Lemmas 1 and 3, the derivative of V,(t) for the solution of (3) is
computed as:

N
LD Va(t) < % ; ([ei ()] Fe, (e (8), ei(t — 1)) + FEl (ei(t), et — 1)) [ei(1)])
N r
F3 LY T () enayGuey(e) + e (tyeiaGies(r)
i1 k=1 jey
N r
£ IV YT (0] eaby Gaty(t — ma) + 1t — ma)eab, GL s (1)
i1 k=1 jecy )
1Y N
2 ; d;(t) ([ei(D)]Mes (1) + e (D)[ei (1)]) — A ;[ei(t)]H[ei(t)]
12N
-3 7:211-:219’ ([ei(t = )] ei(t — 717) + e (8 = 72) [es (¢ — 727)])
N
3 L0 ) ()]s (1) + 1) 1)
In the light of Assumption 1 and Lemma 3, one obtains:
N
5 L (I (OF R (), 6 = )+ EES s (0t = ) (0)
N
§;||ng(91( )ei(t =) (23)

=Y 15 9We () + ZIT 1)ez(f* m),
i=1 i=1

—_~—

where ¢/(t) = (ley/(B)1, lex (D)1, -, lena()11) " and e)(t — 711) = (Jew(t — 7)1, lea (£ —

T
)l leni(E—m)|)
Furthermore, from Lemma 3, it holds that: that

N

1
LYY T (OFanGih + Soamiis o) - L myOa®, ey
i=1k=1j€Cy =1
and
1 N r - ;
5 Z Z Z ez CZbZ]GZQJ( 772) + i (t - nZ)CZbl]GZ [ez ) Z INY ¥ )el(t - 7T2) (25)
i=1 k=1 jeCy I=

Additionally, it is not difficult to find:

i ( sign(Re(e; (¢ ))))2 + (sign(lm(el-l(t))))z). (26)

I=1

M™M=

—AZel () =—A

There is at least a pair of (i,/) fori € A(N) and I € A(n), such that e; () # 0 for any
t > ty. Therefore, we obtain:

Il
-

i

—A 2 e;(H))H[ei(H)] < —A. (27)

i=
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On grounds of Lemma 3, we have:

N n _
-3 R Al a0 + 0 ls(0) = - Y- fhoa ), 2
and
1 &S o) H H 2z U 0. T
) Z;Z;si ([ei(t = 1) ei(t = 1p) + ¢ (t = 71p) [ei (£ — 77p)]) :*pz, ZINQP (t—71p)- (29)
p=li= =11=1

Substituting (23)—(25) and (27)—(28) into (22) gives:

DV i YO~ @) + Y I — 0M)e ()
1=1 1=1
i ot ) A &
A

Similarly, based on Lemma 4, the FFCVDNSs (1) under controllers (17) and (18) can
achieve FTCS within T,. This completes the proof. [

Remark 3. It follows that |[e;(to)|l1 > |lei(fo)||2 and that Ty < T, for choosing the same A, o;,
and d;. This indicates that, when assessing the ST under the same conditions, Theorem 1 provides
a more accurate result than Theorem 2. In addition, from (9) and (34), it is clear that the ST is
connected to the fractional-order « and the control parameter A.

3.2. Delay-Independent Adaptive Control

Superficially, the above delay-dependent adaptive controllers (6) and (17) are some-
what complicated and difficult to adopt in practice. Therefore, it is interesting and chal-
lenging to design delay-independent adaptive controllers to achieve FTCS of FFECVDNSs.

Theorem 3. Suppose that Assumptions 1 and 2 hold. The control law is designed as:

(e () — AL
ui(t) = { O_d’(t)el(t) Aty () f 0, -
el(t) - 0/

where the feedback strength d;(t) is adapted given the updated law mentioned below:
[ DEdi() = giei (e (1), (32)

and 0;, A > 0. If the following conditions are satisfied:

7@ —20 <,
{ v() 20 <o, (33)
where éi(l) >0, éi(z) > 0 are constants, g( d1ag(§ §1 ,§2 PR ,5(2) e,
1m q1+1, .02

2,0, 00 = diag(el”, 8, 0, (p = 1,2), ¥ = (¥D)yn and
———— 1]

gr—1+1,--,N
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|Re(czb1](5 )\ + |Im(c2b1](5 )| then the FFCVDNSs (1) are said to achieve FNTS under
controllers (31) and (32). Further, the ST can be estimated by:

. ’ N ) |
in which V3(ty) = 21 (%9 (to)ei(to) + Z fto U et (s)ei(s)ds + 2g (d;(tg) — di>2).
1 p_

d; > 0 such that 20 4+ @ 4 ;6 A + clél(l)AH +200 +20@) +¥0) — 20 < 0,
0 = diag(8®, ..., 01,07 ... 9P ... 6%, 8%)) D — diag(dy,dy, - ,dy).

1,41 q1+1, 40 Gr—1+1,--- N

Proof. Construct the following Lyapunov functional:
5 (s

By employing Lemmas 1 and 2, the derivative of V3(t) for the solution of (3) is
computed as:

+29<p [ doudst Hoan). 69

20;

(el (8 Fe, (ei(8), i(t — 1m1)) + FE (ei(t), it — 7m1) )ei (1))

IN
N| =
.MZ

I
—

DI Vs(e(t))

(e?(t)claileej(t) + 2?(1’)(31{11']‘6?21'(1’))

+
N =
.MZ
M\

Il
I
=
Il
I
=
m
o

+
N =
-MZ
M‘

(ef{( )czbleze]( ) + e]-H(t - nz)c2bijG£{ei(t))

i=1 kIleCk (36)
G I IO i (|3(+)|6|H( i)
i=1 i=1,e;(t)#0 ANTALE
N N
+ Y (1) — d)e (Dei(t) + Y Y 0P e ()e (1)
i=1 p=li=1
2 N
— Y Y0P H (¢t — et — )
p=1li=1
Similar to the derivation of (12) and (14), we have
N
LS (OB (et) et — 1)) + FE (ei(8), it — mr)es(t)
= (37)
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and N
1 T
E Z 2 ( fl( )Csz]GZQJ( ) + B (t - HZ)CZbl]GZ el( ))
i=1k=1/cCy
LSy @ @)
<35 ) Z Y i (t) (IRe(cabijé;™ )| + [Im(cabiis; ™ )|) e (£)
I=1j=1i=1 (38)
12 N n
+5 lZi ZilZi ¢ji(t — 12) (|Re(C2bij51(2))| + |Im(62bij5l(2))|)ejl(t — 112)
=1j=1I=
1 n
*EZ %_I( + Zel 7(2 )El(t—ﬂg).
=1
Substituting (13), (16), (37), and (38) into (36) gives:
1 1)
DIV (1) <5 z; eH (1) (282 +7? + 16V A+ 75V AF 4200 42002 4 ()
—2)e () — At 2 Y et - m) (@@ —200)e(t — )
2 = (39)
1 n
+5 Yo et — ) (¥ —20@)e (t — )
=1
< —A.

According to Lemma 4, the FFCVDNSs (1) under controllers (31) and (32) can achieve
FNTS within the time T3. The proof of Theorem 3 is complete. [

Theorem 4. Suppose that Assumptions 1 and 2 hold. The control law is designed as

ui(t)

—d;(t)e;(t) — Ale;(t)],

(40)
where the feedback strength d;(t) is adapted given the updated law mentioned below
1
R DFi(1) = 50 ([ei (D] ei(1) + e (1) i (1)]), (41)
and i, A > 0. If there exist constants él.(l) > 0and él.(z) > 0 such that:
M —eM <o
{ 0 _e@ <q (42)

where {(1) = d1ag(§ Cl ,§2 PEER ,é(l) i rdl)

iy, e = diag(é%”),éé”),

1,041 q1+1, 42 qr-1+1,--,N
5(p)

00, (p=1,2), %0 = () wow and )] = [Re(cabyjo)™)| + [Im(cabye)”) ), then the
FFCVDNs (1) can achieve FTCS under controllers (17) and (18). Moreover, the ST is estimated by:

1
T§T4:to+(‘@(f())r(”‘+1)) ,

A (43)
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. . 1 N 7 2 2 5(p)
inwhich Va(to) =3 L (Ileitto)ly + g (dilto) = di)? + & 67 [0 les(s) ).
= p=

d; > 0 such that ) + YO + @) + ©@ —D < 0, ® = diag(dy, dy, - - - ,dy), 8V =
( ( ) . 19(1) 19(1) . 19(1) . 19(1) L 19(1)) Y( ) — ( ( ))NXN and
2 rYr s rYr _ 7

Lm q1+1, .92 qr-1+1L--,N

diag

D _ { Re(clal,é( )+ |Im(c1aii(51(l))|, i=j,
v |C1111] |1/ i 7& ]

Proof. Construct the following Lyapunov functional:

1y (1 H H
VaCe) =3 1 (0~ P+ 00 0] + 0] )
=1 (44)
PR [ () + o))
p=1 ' t=Ttp :

By employing Lemmas 1 and 3, the derivative of V,(t) for the solution of (3) is
computed as:

N
LDiVA(E) < % ; (e (O] F, (ei(t), ei(t — 7m1)) + FE (e (t), ei(t — 7m1)) [es(1)])

N r

LT Y (s FanGi) + i ommcl )
i=1k=1j€C;
N r

F3L T (i) eabyGaey(t — 72) + e (¢ — 72)eaBy G [ (1))
i=1k=1j€Cy
N N

- ‘;1 d;i(t) (e (1)) es (1) + eH(E)[ei(1)]) — A ;[ei(t)]H[ei(t)] (45)

i(t) — d;) ([ei (£)[Hei(t) + ¢, H(t) [ei(1)])

_|_

N[ — N[ — N[ —
| ag RN
=

2 5(7)
+ 21 Z%Gip ([ei(t)]He; () + e;H(£)[e;(2)])
p=1li=
1&g
-3 Yo ) 67 ([eit — mmp) [ Hei (t — 71p) + e;H(t — 71p) [ei (£ — 71)]).

<
Il

—
Il

-

Similar to the proof of Theorem 2, this yields that:

SRV (t) < Y IE(0D + YO 4 01 + 0@ — D)o (t) — A+ Y 15V — 0M)e (¢ — )
1=1 =1
(46)

By virtue of Lemma 4, the FFCVDN s (1) under controllers (40) and (41) can achieve
FNTS within time T4. The proof of Theorem 4 is complete. [
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2
Remark 4. The controllers (7) and (18) include the time delays 7, —% > 61.(” )e,-(t — 1Tp) OF
p=1

-3 il éi(p) [e;(t)]eF(t — 7p)[e;(t — 7p)]. This implies the control inputs are large. However, the
concplusions derived from delay-dependent control are more accurate in estimating the ST under
the same d;(t), A\, 0;, and initial values. Similarly, in the adaptive update laws (7), (18), (32) and
(41), the sufficiently small adaptive gains o; can cause small control inputs, but the estimation
for the upper bounds of ST may be quite large. Therefore, there is a trade-off between the control
performance and the ST when using the adaptive control technique to handle FNTS of DNs. In
selecting the adaptive gains of them, one should consider the real requirements.

Remark 5. Time delay widely exists in systems. To achieve FFCVDNs of FTCS, delay-dependent
and delay-independent adaptive controllers have been designed in this paper. Delay-independent
controllers are often easy to implement and analyze and also have lower control energy transmission.
On the contrary, the delay-dependent controller with high control cost will usually achieve better
finite-time synchronization. Therefore, in practical applications, different types of controllers can be
selected based on task requirements.

Remark 6. In recent years, scholars have conducted research on the finite-time synchronization
problem of FCVDN5s [17,25,30,33]. However, there are some limitations in these studies, as listed
below. Firstly, in [17,25], the system parameters consist of complex and real values. Compared to
these, fully complex-valued systems are more practical and have a complex mathematical derivation.
Secondly, time delay was not considered in [17,25,30], which is a common phenomenon in reality.
Thirdly, when using state feedback control in [33], the feedback strength is fixed, which is less
energy-efficient compared to the adaptive control strategy used in this paper.

Remark 7. Finite-time synchronization has a faster convergence rate compared with asymptotic
and exponential synchronization, as the estimated ST is based on the initial states. In fact, when the
initial state is unknown, the ST cannot be estimated. Therefore, it is interesting and necessary to
study the FNTS of FFCVDNs. Next, we further explore the fixed time convergence results.

Remark 8. This article studies the FNTS of FFCVDNS by designing the adaptive controllers. DNs
are considered fully complex-valued networks, which represent more general situations and have
wider applications. These can be applied in research such as signal processing, audio analysis, and
engineering control, etc.

4. Numerical Simulations

Consider FFCVDNSs consisting of 3 communities: C; = {1,2,3}, C; = {4,5,6},
C3 = {7,8,9} and 9 nodes, each 3-dimensional. The topology among the different clusters
is shown in Figure 1. Set ¢c; =8 —2i,cp =2 —2i, m; = 0.2, 1p = 0.1, B = 0.24,

1.5+ 1.5i 0 0 1.8+ 1.8i 0 0

Gy = 0 14+ 15i 0 , Gy = 0 1.9 4 1.9i 0 ,
0 0 1.4+ 1.5 0 0 194 2.1i

~1-1i 1+1i 0 ~1-1i 0 1+1i

Ap=| 1+1 -2-2i 1+1i |, Ap= o o0 o0 |,
0 1+1 -1-1i 0 0 0
0 0 0 0 0 0

Ap=|-1-1 141 0], Ay=[1+1 -1-1i 0},

0 0 0 0 0 0
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1+1i 141 —-2-2i 0 0 0

0 0 0 —1-1i 0 1+1i —1—-1 1+1i 0
A31—<0 0 0),A32—( 0 0 0 ),A33—(1+1i —1-1i 0 )
0 0 0 0 0 0 0 1+1i —-1-1i
The nonlinear vector functions in the 3 communities are selected as:

fi(xi(t), xi(t — 1)) = Dyxi(t) + g1 (xi()) + hy (xi(t — m)),i = 1,2,3,
fa(xi(t), xi(t — 711)) = Doxi(t) + g2(xi(t)) + ha(xi(t — 711)),i = 4,5,6, (47)
fa(xi(t), x;(t — 7m1)) = Daxi(t) + g3(xi(t)) + ha(x;(t — 711)),i = 7,8,9,

“1-1i 1+1i 0 ~1-1i 1+1i 0
Ap=| 1411 —2-2i 141 |, Ap= 0 0 o0f,

where x;(t) = (x;1(t), xi1 (t), x;3(t))T € C?,

XX+ xnXip
gl (xl(t)) = (0, —Xi1Xi3, w)T,
Xi1Xip + Xi1Xi2
gZ(xj(t)) = (0’ —Xi1X;3, %)T,
Xi1Xpp + X1 X0 . T
g3(xi(t)) = (O, —Xi1Xi3, % + lRe(xiz)Im(xﬂ)) )

T
hi(x;(t)) = <0, (0.2 —0.2i)(cos(Re(x;2)) + sin(Im(xiz))i),0> ,
T
hy(x;(t)) = <0, (0.1+40.1i) (cos(Re(x;2)) + sin(Im(xl-z))i),0> ,

T
h3(xi(t)) = <0, (0.240.1i) (cos(Re(x;2)) + sin(Im(xiz))i),()) ,

—34.99 3491 0 —-1.99 1.98 0
D= —-699 2792 0 ,Dy=[59.9+0.02i —1-0.06i 0 ,

0 0 —298 0 0 —0.79
—20.95 2098 0
D; = 0 9.86 0o |.
0 0 —594

The initial conditions of system (1) are selected as:

Xip(71) = 2.8 4 0.5i — (1.1 + 0.50)i, (48)

xi1 (1) = —1.5 — 0.5 + (1.3 + 0.50)i,
xi3(7r) = 4.1 4 0.5i + (1+ 0.50)i,

where 7 € [—0.2,0]. Additionally, the trajectories of the system (2) are provided in Figure 2
with the initial values s1(7) = (=15 + 1.1i,2.1 — 1.2i,39 + 0.5i)7T,
sy(m) = (=27 +251,3.8 —1.9i,53 + 2.6i),s3() = (—3.8+5.1i,5 — 5.31,5.8 + 5.9i)T,
€ [-0.2,0], when a = 0.97.
Two examples are then given to demonstrate the correctness and flexibility of the
outcomes.

4.1. Example 1

First, consider the FTCS of the FFCVDNs with time delay (1

x ¢ - T ) with the controllers
(17) and (18). Let di(tg) = da(to) = da(ty) = 69, du(ty) = ds(t

0) = de(tg) = 105,
dy(ty) = ds(to) = do(to) = 42, 01) = gV = gV = 0.28, 6V = ¢V = ¢V = 0.15
o — g = iV = 03,0 =3, é§2 — 6, 6% =3, 9()_31 0% = 6.1, 9()—61

W= a) = oy
0 =33, % = 39()—33,0(20.97,A 95,0 =10,dy = dy = d3 = 70, dy = d5 =



Fractal Fract. 2023, 7, 645 14 of 20

de =107, d7 = dg = dg = 45,1 € A(9). According to Theorem 2, FFCVDNSs can achieve
ENTS. Figure 3 depicts the trajectories of the feedback strength d;(t). Apparently, feedback
strength d;(t) converges to the fixed values at the end. Figure 4 shows the trajectories of
synchronization errors (2) via controllers (17) and (18). Obviously, the synchronization
errors of nodes within the same community converge to 0. Figure 4 shows the trajectories of
synchronization errors (2) via controllers (17) and (18). Obviously, the same community’s
synchronization errors converge to zero.

Figure 1. The topology of system (1) with 3 communities. Cy represents different communities,

k= A(3).
0.5
50
0.4 [
40 |
=
= f |
T 20 E
z
0.1
10
0
0
40 =0
— 10
20 T
\\ e 2 0
0 ///7/10 -10 _10
Re(xy(t)) 20 -20 Re(x(t)) Im(x,(t)) 20 -20 TIm(x; ()
(@) The trajectories of Re(S1(7)). (b) The trajectories of Im(S; (77)).
3
\ 25
#
2 7 5 4
Fs
& g
0.5 o
S
. . P B
o, P 10 S R 15
S g e B
Re(xx(t) -40 -10 Re(x(t)) Im(x,(t)) 20 g 2 Tm(x, (1))
(€) The trajectories of Re(S,(7r)). (d) The trajectories of Im(S(7r)).
20
5
15
z = %
510 é
S
5
e -10
100 - S ~
5 e 15 v 5 Suy 10
0 \\\\ e 0 \\\ . //AT) 5
-~ © 5 \n\'\\ Pl
Re((t)) ~10 -0 - Re(x(t) mea() s T Imea)
(e) The trajectories of Re(S3()). (f) The trajectories of Im(S3(7)).

Figure 2. State trajectories for system (2) with 3 different communities. Obviously, the internal status
of nodes belonging to different communities varies.
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Figure 3. The curves between feedback strength d;(t) and time t under the initial values

di(to) = da(to) = ds(to) = 69, da(to) = ds(to) = de(to) = 105,d7(tg) = dg(to) = do(to) = 42,
i = A(9). Feedback strength d;(t) converges to fixed values at the end.
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(C) eij in C3, i= 7/8r9/j = A(3)

Figure 4. The solutions to synchronization errors ¢;; over time t,i = A(9), j = A(3). It is easy to see
that ¢;; converges to zero in the same community, which indicates that the internal nodes within the
same community can achieve synchronization within T, = 3.8318.

In FFCVDN:Ss, there exists three communities. Figure 5 depicts the trajectories of state
variables xj1, Xjp, and x;3 (i = A(9)) of system (1) via controllers (17) and (18). It is clear that
nodes from the same community have similar dynamic behaviors, whereas nodes from
other communities display different dynamic behaviors. This means that the system has
achieved FTCS. The ST can be estimated as T, < 3.8318.

4.2. Example 2

Next, consider the FTCS of proposed network (1) with controllers (40) and (41). Let
di(to) = da(to) = ds(ty) = 90, dy(ty) = ds(to) = de(to) = 107, dy(ty) = ds(to) =
ddo(to) = 44, 0 = gV = 6V — 028, 6V = 6 = 6V = 015, 6V = 4V =
o) = 03,6 =3, 6% —¢, 6% =3, 67 =31, 6 =61, 6 =61, 6P = 33,
0% =33, 0% =33, =097, A=95,0, =70, dy = dy = d3 = 99, dy = d5 = do = 114,
d; = dg = dg = 49,1 = A(9). Then, the conditions in Theorem 4 are met, which means

(SN
—_
~—
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FFCVDNss can achieve FNTS. Figure 6 depicts the trajectories of the feedback strength d;(t).
From Figure 6, we can see that the feedback strength d;(t) converges to fixed values at the
end. Figure 7 describes the trajectories of synchronization errors (2) via controllers (40) and
(41). Obviously, the synchronization errors of nodes within the same community converge

N
2 I I i I n T T T T T T
- x40 Xy (1) %g4(t) X4y %g,(t) Xg4(0) X0 Xg4() X0 = 2 —— 5t X3t Xt *sa!) Xealt) *7ot) *go(t) *ao )|
S or 10 ; il S oL jl|
I — [ ¥ 10 -~ — w
i1 — 4
. : oK = —
= 1 —_—
= ”/ B B | (5 / 0 ——— ——
ER g = SN ‘
% i y . , n =
0 001 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0 001 0.02 003 0.04 0.05 0.06
= ) . ’ ) " 5 . . | . I | |
0 05 1 15 2 25 8 35 4 o 05 1 15 2 25 3 35 4
t !
15 T T T T T 40 T T T
]
e 10 k X4 XM X5 X %541 %61t %4 a1t %91 = ‘ixtz(” — *s2) —% 5ot o — s —
% 5 10 |
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)
e ? D et e
3 3 of = — e
2 -10 E-0p = - % J =t
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Figure 5. Trajectories of state variables x;; of system (1) under controllers (17) and (18), i = A(9),
j = A(3). In each community, the trajectories of nodes can converge to the corresponding target
trajectories. (a) Trajectories of x;; under controllers (17) and (18), i = A(9). (b) Trajectories of x;»
under controllers (17) and (18), i = A(9). (c) Trajectories of x;3 under controllers (17) and (18),
i=A09).

a0

N { =

a0
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e
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0 002 004 006 008 01 012 014 016 018 02
L L !

0 g 2 3 4 5 [
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£ 48 aasf 40
Lasal | X}

\ 0 002 o004 006 008 01 012 014 016 018 02
\ L I
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v

Figure 6. The curves between feedback strength d;(t) and time t under the initial values
di(to) = da(to) = da(to) = 90,dy(to) = ds(to) = de(to) = 107,d7(to) = dg(to) = do(to) = 44,
i = A(9). Feedback strength d;(¢) converges to fixed values at the end.

The trajectories of x;1, x5, and x;3 (i = A(9)) of system (1) via controllers (40) and (41)
are shown in Figure 7. It is easy to see that the nodes from the same community have similar
dynamic behaviors, whereas nodes from other communities display different dynamic
behaviors. According to Figures 7 and 8, system (1) can achieve FTCS via controllers (40)
and (41), and the ST can be estimated as T4 < 5.6279.
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Figure 7. The solutions to synchronization errors ¢;; over time t, i = A(9),j = A(3). It is easy to see
that ¢;; converges to zero in the same community, which indicates that the internal nodes within the
same community can achieve synchronization within T4 = 5.6279.
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Figure 8. Trajectories of state variables x;; of system (1) under controllers (40) and (41), i = A(9),
j = A(3). In each community, the trajectories of nodes can converge to the corresponding target
trajectories. (a) Trajectories of x;; under controllers (40) and (41), i = A(9). (b) Trajectories of x;»

under the controllers (40) and (41), i = A(9). (c) Trajectories of x;3 under controllers (40) and (41),
i=A09).
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Remark 9. From Figures 4,5, 7, and 8, it can be seen that the real ST is shorter than the evaluated
ST and that there exists an estimation error. On the one hand, it is because the use of Lemmas 1-3
amplifies the estimation of ST, and on the other hand, it is prone to errors when simulating actual
systems. Based on the above discussion, finding a more accurate ST estimation will be one of our
future research topics.

Remark 10. As shown in Figures 3 and 6, the feedback strength d;(t) automatically adjusts with
changes to the operating environment. Adaptive control can reduce the conservatism on state
feedback control in which the feedback strength is fixed; thus, the strength must be maximal, which
means a kind of waste in practice.

5. Conclusions

In this paper, the FTCS issue for FFCVDNSs with time delay have been studied. The
delay-dependent and delay-independent controllers have been designed based on the
quadratic norm and the absolute-valued norm instead of transforming the complex-valued
networks into two independent real-valued systems. Some synchronization criteria have
been established to ensure the realization of FNTS, where the ST is related to the fractional
order « and fractional-order power law A. Finally, some illustrative simulations show the
correctness of the theoretical results. The results can be applied to the analysis of dynamical
networks, such as traffic control, communication engineering, distributed computing, etc.
Significantly, in practical application, some phenomena can be better characterized by
discontinuous systems [38,39]. This inspires us to study the FTCS of discontinuous systems
in the future.
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