i fractal and fractional

S

Article

Synchronization of Fractional-Order Delayed Neural Networks
Using Dynamic-Free Adaptive Sliding Mode Control

Majid Roohi 17, Chongqi Zhang 1-*, Mostafa Taheri

check for
updates

Citation: Roohi, M.; Zhang, C.;
Taheri, M.; Basse-O’Connor, A.
Synchronization of Fractional-Order
Delayed Neural Networks Using
Dynamic-Free Adaptive Sliding
Mode Control. Fractal Fract. 2023, 7,
682. https://doi.org/10.3390/
fractalfract7090682

Academic Editors: Yangquan Chen,
Ivanka Stamova, Song Zheng and
Emad E. Mahmoud

Received: 8 August 2023
Revised: 30 August 2023
Accepted: 7 September 2023
Published: 13 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Andreas Basse-O’Connor 2

School of Economics and Statistics, Guangzhou University, Guangzhou 510006, China;
m.roohi@e.gzhu.edu.cn (M.R.); m.taheri@e.gzhu.edu.cn (M.T.)

Department of Mathematics, Aarhus University, 8000 Aarhus, Denmark; basse@math.au.dk
*  Correspondence: cqzhang@gzhu.edu.cn

Abstract: In this work, a dynamic-free adaptive sliding mode control (adaptive-SMC) methodology
for the synchronization of a specific class of chaotic delayed fractional-order neural network systems
in the presence of input saturation is proposed. By incorporating the frequency distributed model
(FDM) and the fractional version of the Lyapunov stability theory, a dynamic-free adaptive SMC
methodology is designed to effectively overcome the inherent chaotic behavior exhibited by the
delayed FONNSs to achieve synchronization. Notably, the decoupling of the control laws from
the nonlinear/linear dynamical components of the system is ensured, taking advantage of the
norm-boundedness property of the states in chaotic systems. The effectiveness of the suggested
adaptive-SMC method for chaos synchronization in delayed fractional-order Hopfield neural network
systems is validated through numerical simulations, demonstrating its robustness and efficiency. The
proposed dynamic-free adaptive-SMC approach, incorporating the FDM and fractional Lyapunov
stability theorem, offers a promising solution for synchronizing chaotic delayed FONNSs with input
saturation, with potential applications in various domains requiring synchronization of such systems.

Keywords: delayed neural networks; adaptive SMC; fractional-order delayed systems; synchronization;
Lyapunov stability theorem

1. Introduction

Fractional calculus is a branch of mathematics that generalizes the concept of differ-
entiation and integration to fractional orders. It involves operations on functions that are
not restricted to integer values of differentiation and integration orders [1,2]. Fractional
calculus has found applications in various scientific, engineering, and practical fields. Some
notable applications of fractional-order (FO) systems include signal processing and image
analysis, control systems, electromagnetism, viscoelasticity and rheology, diffusion pro-
cesses, biology and medicine, finance and economics, material science, electrochemistry,
fluid mechanics, heat transfer and so on [3].

In recent years, neural networks have made significant contributions to various fields
of science and engineering, revolutionizing areas such as medical science [4], security [5],
the manufacturing industry [6], robotics [7], and image encryption [8]. Additionally,
delayed neural networks (DNNs) have gained importance due to their ability to effectively
model and analyze dynamic systems by incorporating time-delayed information. Unlike
traditional neural networks, DNNs capture temporal dependencies and patterns in time-
series and sequential data, making them suitable for tasks such as time series forecasting,
speech recognition, financial market analysis, and control systems [9]. The incorporation of
delays between inputs and outputs allows DNNSs to accurately model complex processes
and make predictions based on historical information, enabling researchers to tackle real-
world problems that require a deep understanding of temporal dynamics [10].

The control of delayed fractional-order neural network systems (delayed FONNSs) is
essential due to their wide range of applications and unique characteristics that distinguish
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them from integer-order systems. Delayed FONNSs possess long-term memory effects,
time delays, and non-local interactions, which can lead to unpredictable and unstable
behavior if not properly regulated. Efficient control strategies tailored for delayed FONNSs
enable performance optimization, stability enhancement, and the achievement of desired
system responses, benefiting fields such as biology, chemistry, and finance [11].

The utilization of delayed FONNSs has been extensively reported in various branches of
research and engineering, including financial modeling [12], energy systems [13], optimiza-
tion [14], and medical sciences [15]. Controlling delayed FONNSs, characterized by severe
nonlinearity, high sensitivity, oscillatory features, and fractal motions, has attracted attention
in order to stabilize and regulate their behavior. Different control methods, such as fuzzy
control [16,17], Proportional-Integral-Derivative (PID) controlling [18], adaptive control [19],
back-stepping control [20], sliding mode control [21,22], and optimal control [23], have been
developed to suppress undesirable actions in fractional-order nonlinear structures.

Among these control techniques, sliding mode control (SMC) has gained popularity
due to its precision, simplicity of implementation, robustness to unknown parameters,
and resilience. SMC involves two main phases: constructing a suitable and stable sliding
surface (SS) and generating adaptive control commands that drive the chaotic paths of the
fractional-order systems to converge and remain on the designated sliding surface [24].

Recently, numerous researchers have proposed various kinds of SMC methodolo-
gies for the synchronization of fractional-order (FO) delayed systems. Namely, in [25],
a SMC was designed to synchronize uncertain FO delayed memristive neural networks.
An FO adaptive SMC methodology is introduced in [26] to lag-synchronize FO delayed
chaotic systems. In [27], a finite-time optimal SMC method was developed for fuzzy FO
system time-varying delays based on the dynamics of neural networks. Shi et al. [28], have
designed an SMC scheme for the control and stabilization of FO time-delayed chaotic sys-
tems under external excitation utilizing Lyapunov-Krasovskii stability and LMI theorems.
In [29,30], model-based SMC methods were designed to project the synchronization of
delayed FONNSs and apply these methods for secure communications. The authors in
reference [31] proposed a resilient controller that combines elements of a supervised sliding
mode controller with an optimal robust adaptive fractional PID controller, all governed
by fuzzy rules. In [32], the problem of guaranteed cost control for delayed FONNSs was
studied and a Lyapunov-based feedback control technique was introduced.

In [33], to solve the problem of stabilizing FO uncertain chaotic systems with time
delays, a hyperbolic adaptive neuro-fuzzy SMC approach was developed based on a
backstepping control strategy. In [34], a deep learning-based SMC was designed for a
delayed FO fuzzy multiagent system using LMI theory. Yan et al. formulated an FO
SMC for the stability analysis and load frequency control of a class of FO delayed power
systems in [35]. In [36], to synchronize unknown delayed FO chaotic systems, a robust
NN-based SMC was developed using the Chebyshev neural network. An observer-based
finite-time SMC was proposed to stabilize delayed FO hybrid systems with nonlinear
inputs in [19]. Parvizian et al. [37], developed an observer-based adaptive SMC technique
for FO Markovian jump systems with time delay and input nonlinearity.

However, many of these research projects suffer from one or more of the following limitations:

1.  The majority of these works focus on synchronizing two identical delayed FONNSs,
which is rarely encountered in real-world scenarios.

2. Control plans heavily rely on utilizing both linear and nonlinear elements within

the systems.

The application of SMC methods often leads to undesirable phenomena such as vibration.

4. Most studies overlook the inclusion of error models, external disturbances, and input
saturations when describing the system.

w

To address these shortcomings, we propose an innovative approach that combines the
FO edition of the Lyapunov Stability Theory (LST) with the theory of frequency distribu-
tion models (FDM). This novel method aims to develop a chattering-free adaptive SMC
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technique that is both dynamic and robust against unpredictability, external disturbances,
and input saturations.

This paper presents a novel approach for synchronizing chaotic delayed FONNSs with
system uncertainties, external disturbances, and input saturation. The proposed technique
is a dynamic-free adaptive SMC method. Initially, a smooth SS is suggested based on the
FDM, offering convenience in design and ease of use. Subsequently, the FO version of
the LST is employed to develop a suitable control method that ensures the desired sliding
motion. Importantly, the design of this method does not rely on the linear or nonlinear
equations of the delayed FONNS dynamics. To validate the effectiveness of the dynamic-
free adaptive SMC approach, two numerical examples are provided, involving two- and
three-dimensional Hopfield delayed FONNSs. These examples serve to demonstrate the
efficiency and efficacy of the proposed technique.

In summary, this study has achieved the following:

1.  Development of a dynamic-free adaptive SMC technique that effectively synchronizes
a wide range of complex and chaotic Hopfield delayed FONNSs without the issue
of chattering.

2. The proposed dynamic-free adaptive SMC approach demonstrates robustness in
suppressing system uncertainties, external disturbances, and input-saturation effects.

3. Analytical results regarding the general and asymptotic stability of the synchronized
closed-loop delayed FONNSs have been obtained by employing the FDM, adaptive
controller concepts, and the FO version of the LST. These tools contribute to the
reliability of the achieved results.

4. Simulations have been conducted to validate the theoretical findings and ensure their
applicability in real-world scenarios.

The structure of this paper is outlined as follows: In Section 2, the fundamental
concepts and preliminaries of the FO calculus and FOSs are provided. This is followed
by the presentation of the problem statement and system description. Subsequently, a
novel dynamic-free adaptive SMC technique is proposed for the synchronization of chaotic
delayed FONNSs. Section 4 includes numerical scenarios and showcases the analytical
accomplishments of the paper through two scenarios involving the synchronization of
unknown Hopfield delayed FONNSs. Finally, Section 5 concludes the paper by discussing
the obtained results and drawing conclusions from them.

2. Preliminaries and Problem Description

This section is divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

2.1. Preliminary Subjects

Definition 1 ([38]). Consider that ¥ (t) is a continuous function in R. The Riemann—Liouville
defined FO integral of ¥ (t) for a fractional number x € R is given as

WL ¥ () =D ¥ (t) = r(l;c) ./t ¥(0) (£ — o) 1do, (1)

fo

in which ty € R and T'(.) are the initial time and the Gamma function, respectively.

Definition 2 ([38]). Consider that ¥ (t) as a continuous function in R. The Caputo-defined FO
derivative of ¥ (t) for a fractional number x € R is given as

1 togn)
wore(n) = oo = ot [T ®
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wheren —1 < ® < n € Nand D* stands for the Caputo derivative operator throughout the
remaining parts of the the paper.

Feature 1 ([39]). For any real constant w € R, we have D*w = 0.
Feature 2 ([39]). Suppose that 0 < x < 1and W(t) € C™[0, T); then:

D*(IW(t)) = D*(D*W(t)) = W(¢). ®)

Theorem 1 ([40]). For any 0 < x < 1, if the FO system D*I1(t) = {(t,11(t)) holds in the
Lipschitz condition, then q = 0 is an equilibrium for it. Also, suppose that there is the Lyapunov
function V (t,11(t)) and class-K functions r1. ro and r3 with the following relations:

r(llql) < V(& 1I(E)) < ra([lql])- @)

DV (¢, 1(1)) < =r3([l4])- ®)
If this is the case, then the system D*I1(t) = {(t, LI(¢)) is said to be asymptotically stable.

Lemma 1 ([41]). If 0 < x < 1 the following inequality will be applicable for G (t):

%D"Qz(t) < G(HDXG(1). ©)

Theorem 2 (FDM theory) ([42]). Consider a continuous FO dynamical system as follows:

DFQ(t) = {(t,Q(1). @)
Also, let B : (0,00) x [0, Q] — R" be the following equation:

B(3,t) = /Oteﬂz(h*@{<ﬂ,e)de- ®)

Then, the FO system (7) is equal to

{“ A - 2 @ b+ £(1Q(1) ©)
=[5 ¢(2)B(Z,t)d3

where ¢(J) = %21_2‘ and 0 <: < 1.

Remark 1. A fractional-order system and a traditional system, characterized by their respective
approaches to modeling dynamic phenomena, exhibit fundamental differences. In a traditional
system, the processes are described using integer-order derivatives and integrals, limited to whole
numbers. This methodology is suitable for instantaneous behavior without consideration of past
states or memory effects. In contrast, a fractional-order system introduces a more flexible framework
by allowing non-integer values for differentiation and integration orders, essentially permitting
fractional orders. This adaptability enables the representation of complex behaviors involving
memory, long-range dependencies, and non-local interactions. Traditional systems are adept at
modeling well-understood systems with integer-order behaviors, but they may struggle to accurately
capture intricate dynamics such as anomalous diffusion, viscoelasticity, and fractal-like properties.
Fractional-order systems excel in such scenarios, as they encompass memory-driven responses
and encompass a wider range of response patterns, including power-law decays and growths.
Consequently, the choice between these systems hinges on the nature of the phenomena being studied,
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with fractional-order systems offering greater precision for systems that display fractional-order
dynamics, while traditional systems continue to be applied effectively in scenarios with integer-
order behaviors.

2.2. Problem Statement
Recently, in [43], the dynamical mechanism of FOHNN is presented as follows:

DFx(t) = —aixi(t) + Y wifi (i () + 1 (10)
=1

where 0 < x < 1,i = 1,2, ..., n, x;(f) is the ith state of the neuron of the FOHNN; 4;
is the frequency at which the i-th neuron’s potential returns to its quiescent state when
disconnected from the network; w;; is an entry of weight matrix W= (w;) axn

, which presents connected neurons; f; (x]-(t)) is the activation function of the jth
neuron and is a bounded differentiable function and the activation function for the ith
neuron; and I; is the i-th element of external distributions.

Now, fori =1,2, ..., n, consider the following class of delayed FONNSs:

D"‘xi(t) = —aixi(t) + iMij{lj (x] ) + Z {2] x] T)) + I (11)
=

where n denotes the number of units of NN, x;(¢) is the ith state of the neuron of the
delayed FONNSs, {;; and {,; denote the activation function of the jth neuron, M;; and
P;j denote the components of the connection weight matrices of the jth neuron on the ith
neuron, a; > 0 is an unknown number and shows the rate with which the ith neuron resets
its potential to the resting state when disconnected from the network, I; shows the ith
element of external distributions, and T means the delay of transmission.

Here, to address the problem of synchronization and stabilization of the error system
for the delayed FONNSs, if we designate the system (11) as the drive system, then the
following system will act as the response system:

D*y;(t) = —biy;(t) Z }1] (y] ) + Z Qz/}Z] (]/](t - T)) + Ji+¥i(ui(t)) (12)

=

where y;(t) is the ith state of the neuron of the delayed FONNSs, };; and },; denote the
activation function of the jth neuron,N;; and Q;; denote the components of the connection
weight matrices of the jth neuron on the ith neuron, b; > 0 is same as 4; in (11), J; shows
the ith element of the external distributions, and T means the delay of transmission.

Furthermore, u;(t) denotes the control input, and ¥;(u;(t)) is the input saturation
function:

Yi(u;(t)) = w;(t) + A(u;(t), i=1,..., n (13)
in which
u™ — u;(t) if uy, > u;(t)
Aui(t)) = ¢ (0 —1)u;(t) if ublt <u(t)y<u™,i=1,...,n, (14)
uPr —u;(t) if ui(t) > up,

where uP1, uy, € R* and u™, Un, € R™ are the bounds of the input saturation procedure
(13), and 8 € R refers to the slope of saturation.
Now, by defining the error parameter vector, one gets

E=X-Y=[x(), x), ..., wt) -

) [ ( ) y2(B), - ya(H)]"
= [e1(t), ex(t), - (15)

en(D)]".
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Thus, fori = 1,2, ..., n, the dynamics of the synchronization error function can then
be obtained as follows:
D¥e;(t) = D"x;(t) — D*y;(t) (16)

- (@ (0(0) ~ O +
+émﬁﬁﬁ 7)

lM=

[Mij{j(%;(£)) = Nijaj(y(1))]

= Qijhoj(yi(t—1)] + (L= i)
—¥i(u(t)).

The ultimate objective is to develop an adaptive control mechanism that is appropriate
and usable in such a way that, fori =1,2, ..., n,

(17)

~—

i leg(8) | = Jim |xi(t) — yi(£)]| = 0. (18)

The topic of synchronization between the drive mechanism (11) and the response
mechanism (12) will be resolved and realized if Equation (18) is developed.

Assumption 1. The state trajectories of error for chaotic systems are generally limited in phase-
space [44,45], which may be deduced from the fact that chaotic systems produce irregular attractors
as a consequence of their behavior. As a result, there exist the positive numbers @1, @y;, d1; and dy;,
which meet the conditions outlined in the following relations:

n

—(ai(t)x;(t) — bi(t)yi(t)) + Z[Ml]{l]( i(£)) = Nijtij(yi (1)) ]

]:

< @1 + @y||E(t)]| (19)

and

n

2[ jloj (x(t = 7)) = Qijtaj (yj(t — 7)) ]

]:

< 01+ ol|E(E—T)|. (20)

Additionally, there is an expectation that the uncertainty terms I; and J; will be
bounded. Therefore, there are positive constants dq; and dy; in such a way that

|(I; = Ji)| < dyj +doi|E]|, i=12 ..., n (21)

As a result of (19), (20), and (21),

—(ai(t)x;(t) — bi(t)yi(t)) +

im:

10550 = 3o 00] |+ | Byt ) = @yttt -]
+(Li = J)| < vi+ GIE| 4+ GIE(t— 1)

j

Assumption 2. The boundedness feature of the controller is one of the most critical conditions that
must be met in order for a control law to be relevant. As a consequence, it is preferable that the
A(u;i(t)) is bounded. As a result, one has

|A(ui(t))] < @; < oo (23)

3. Adaptive SMC Methodology Design

First, the sliding surface will be introduced, and after the relevant analyses, an adaptive
control law will be designed to overcome the synchronization problem.
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Therefore, fori =1, ..., n, the proposed FO sliding-surface equation is suggested as
si(t) = ei(t) + D7 [puiei(t) + lei (t)"sor (ei (1)) ], (24)
where y; and 0 < x,q < 1 are positive constants, and

[ tanh(m), for |m| > 1
sor(m) = { m, for|m| < 1.

When the sliding motion takes place, it is common knowledge that the requirement
s;(t) = 01is satisfied; hence, using Feature 2,

(25)

si(t) =0=D"s;(t) =0 (26)
= D"s;(t) = D"e;(t) + pe;(t) + lei(t)|Tsor(e;(t)) =0 (27)
= D"¢;(t) = — (piei(t) + lei(t)|sor(e;(t))). (28)

Theorem 3. The sliding dynamic Equation (28) will be stable, and the states of the FO error neural
network (17) have an asymptotic convergence to the origin.

Proof. Based on Theorem 2, fori = 1,...,n, Equation (28) can be represented as

LU — —22B,(2,8) — (ei(t) + [ei() sor(ei(£)). 29)
ei(t) = [ @i(2)Bi(2,t)d3

Now, by choosing the following form of Lyapunov function:

Vi(t) = [ 9i(DBA2,0d2 (30)
one has dVy;(t b 0B;(,t
A ELIENE e (31)
Utilizing Equation (29)
dV;f(t) = /O°° @i(3)Bi(3,t) {*QzBi(g,h) — (piei(t) + |e,~(t)|qsor(ei(t)))}dg (32)
- —/OOO @i(2)3°BA(3,t)d3 — [(piei(t) + |ei ()| Tsor(e;(t)))] /Ooo ¢i(2)Bi(3,t) d3 (33)
ei(t)
=~ [ 9 D22BA2, 042 — el (1) — ei(B)]ei(t) Tsor(ei () &

Here, concerning Equations (34), and (25), two items need to be investigated:

e item 1:if |¢j| < 1, then e;(t)sor(e;(t)) = e;(t)%; thus, in (34), one gets

dVy;(t)
dt

= —/OOO (Pi(g)ngiZ(g,t)dQ - eiZ(t)(yi + |ei(t)|‘7) <0 (35)

o item?2:if |e;| > 1, thene;(t)sor(e;(t)) = e;(t)tanhe;(t) < |e;(t)|; hence, in (30), one obtains

dvy;(t 0
:it< ) _/0 ¢;(3)2%B2(2,1)d3 — pie(t) — lei(t)["T7 < 0 (36)
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Therefore, inequalities (35) and (36) shows that dvtlii"t(t) < 0; this means that the sliding

mode dynamic (28) has asymptotic stability, and this completes the proof. O

Now, fori =1, ..., n, a dynamic-free adaptive SMC is designed as

) = | 1)+ ) Por(es() + s+ (4 ZHIEN + BEG = 7)1 + 9+ i sors ) @)
D*y,(t) = vlsil, 70 =79 i=1 ..., n (38)

DAL = rlslEl,  G(0) =G i=1, .o m (39)

DRSi(t) = I [[E(E—D)l|,  6:(0) =i i=1, ..., 1. (40)

Dg,(t) =3alsil,  ¢i(0) = i=1,...,n. (41)

Theorem 4. Suppose we have the FO error dynamical mechanism (17). Then, by operating the
SMC methodology (37) and related adaption terms (38)—(41), the process of the trajectories of the
FO dynamical mechanism (17) will exhibit asymptotic stability.

Proof of Theorem 4. Consider the following equality as a Lyapunov function

R 2 - 2 A 2 R 2
VZi(t)_;<Sz‘2+3/<')’i_7i) +1<Ci_gi) +§(5i—5i> +;(¢i—¢i> ) (42)

Then, using Lemma 1, one obtains

D*Vyi(t) < ;D*s; + 3(9i — 7i)D* (% - %‘) +1 (51 - Q’)D" (Cl - Ci) +7 (51 - 5i> D* (51 - 51')

+3 <(Pi - fpi)D" ((pi - (Pi)-

Based on Feature 1 in Caputo FO derivative, one obtains

(43)

1/~ » 1/° Coo1/7 "1/~ 8
D*V;(t) < s;D"s; + - (’Yi - %’) D*y; + p (?i - §i)D“§ +7 <(5i - 51‘) DK51E (901' - %‘)DK% (44)
Inserting D*s; from (27) and relations (38)—(41) in (43), one gets
DVai() < s [D% (1) + i) + () sor(e1))]) + (7= ) bl + (6= & )
+(a-a)sllEc =1+ (0.~ o) s

Now, by replacing D*e;(t) from (17), and utilizing (13),

(45)

D*Vy(t) <s;

l_(ai(t)xi(t) —bi(t)yi(t)) +j£1 [Mii{a; (x(t)) — Nijhj(y(1))]

+£1 [Pij{2j(xj(t = 7)) = Qij}ai (yj(t = 7)) ] + (Ii = Ji) — ui(t) + A(ui(t)) | + piei(t) (46)

=

Helsor(e()] + (1= ) sl + (6= ) sllEl + (0 - ) sllEe = o)+ (- 01 s
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< Isi ‘—(ﬂi(f)xi(f) —bi(t)yi(t)) +j§ [Mii{1j(xj(t)) — Nij}lj(yj(t))]‘
+ i [Pij{aj(xj(t = 7)) — Qij}2i (yj(t — 1))] ’ + (L = Ji)| + |A(“i(t))|]
pa (47)

+meU%+MUWwN@®)—mUH+<%—vobﬂ+<@—a>&WH

+(a-a)llEc =l + (0.~ 0 )l

Using (22) and (23) and replacing u;(¢) from (37) in relation (47), one concludes

D*Vyi(t) < sil[vi + Gl E| + Sl E(t — T)|| + @i
+s; [piei(t) + \ez;(t)wsor(fi(f))

- |[mest) + laolsorte®) + i (7 GBI+ AEE =Dl + g+ Jsor(s)] || 69

+<';’i %‘) |sil + (Cl Cz‘) Isil IlE[| + (51 51') [sil |E(t — D)l + <<Pz - fPi) |sil

< Isillvi + GIEI + & E(t — T)

+@}s{ww+(%+émn+awawn+@+¢0wmwwﬂ

. - - . (49)
+ (3= )lsil+ (6= )IslEl+ (6= ) sllEC =)+ (2 0 ) Il
Using the fact that s;(t)sor(s;(t)) < |s;| for any s; € R, we obtain
D*Vy(t) < _\/iSiZ — Isil (%’ + GIEN+GllE(E = 1) + ¢ + lPi> + vilsil + Gilsilll ENl + <5i) [sil |E(t = T)] (50)
+oilsil
< - st =il < 0. (51)

As a result, the criteria for stability in Theorem 1 have been fulfilled, and the proof has
reached its conclusion. O

Remark 2. The “Dynamic-Free Adaptive-SMC” technique is a cutting-edge control approach
that combines principles of adaptive control and sliding mode control to achieve robust and precise
control performance without requiring a precise dynamic model of the system. This technique is
particularly advantageous in scenarios where system dynamics are uncertain, variable, or difficult
to model accurately. By leveraging adaptive mechanisms, the control algorithm can continuously
update its parameters based on real-time feedback, adapting to changes in the system’s behavior. The
incorporation of sliding mode control ensures that the system’s trajectory converges to a desired
state along a predefined sliding surface, even in the presence of disturbances, uncertainties, and
variations in the system’s dynamics. This innovative approach offers improved tracking accuracy,
disturbance rejection, and robustness compared to traditional control methods, making it a valuable
tool in various applications ranging from robotics and aerospace systems to industrial processes and
beyond [46].

4. Numerical Simulations

Here, two numerical scenarios of delayed FO-HNNS are investigated to illustrate the
applicability of the designed adaptive SMC method in practice. The numerical algorithm
proposed in [2,47] has been used for numerical simulations, considering h=0.01 for time-
step in the R2023a version of MATLAB software.
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D*x1(t) = —x1(t) — 2 tanh(x1(t)) 4+ 2.3 tanh(xx(t)) — 1.3 tanh(x1(t — 7)) — 1.2 tanh(x2(t — T)) + 0.2
D*x,(t) = —xp(t) — 3.3 tanh(x1(t)) — 1.5 tanh(xo(t)) — 3.5 tanh(x1(t — 7)) — 2 tanh(xo(t — 7)) + 0.3,

y1(t) +0.5sin(yy(t)) + sin(ya(t)) + 0.5 tanh(y1 (t — 7)) + tanh(y2(t — 7)) + 0.1 + ¥ (u1 (1))
t

4.1. Synchronization of 2D Unknown Hopfield Delayed FONNSs

In this example, the following 2-dimensional unknown Hopfield delayed FONNSs are
considered for illustration. Therefore, the drive system is as follows:

(52)

with x = 0.92 and T = 1.2. Also, x1(0) = —5 and x,(0) = 5 are selected as initial values.
And, the response system is as follows:

. . 53
D¥ya(t) = —0.5 g+ sin(y1 () — 05 sin(ya(t)) — 0.5 tanh(y, (t — 7)) — tanh(ya(t — 7)) + 015 + ¥ (ua(t)), )
Also, y1(0) = 5 and y,(0) = —4 are the initial values.
The parameters of the control technique (37) are fixedas , = , =3, v =25,

r=2,1=12,and 3 = 1.8. Moreover, the constants of the sliding surface (24) are selected
by 1 = 2 = 2, q = 0.9. Furthermore, the nonlinear function ¥;(u;(t)) is defined as

3 if u;i(f) >3
Yi(u;(t)) = { 0.98u;(t) if =3<u(t) <3 i=1,2. (54)
-3 Zf ui(t) < -3

Figures 1 and 2 depict, respectively, the synchronization of the states of FO drive-
response mechanisms (52) and (53) and the controlled error of the Hopfield delayed
FONNSs ((52) and (53)). Evidently, the unusual attractors of the chaotic FO error system
are rapidly stabilized. In addition, Figure 3 depicts the time history of the adaptive
controller (37). It is observed that the control input (37) approaches equilibrium without
any traces of the chattering phenomena. This indicates that the devised adaptive controller
can effectively synchronize the 2-dimensional Hopfield delayed FONNSs ((52) and (53)).
Moreover, as shown in Figure 3, as the signals of the control laws method and the saturation
boundaries, they are suppressed by the saturation condition, and the leaping phenomena
occur. Therefore, jumping states and switching states may be simply applied, particularly
when relays and indicated saturation conditions are used.

6 T T

4.{ _X1~

2k -
> |\
- o _——— e — — -
Moo A\

2k B

4 -

5 1 1

0 3 8 9

Time (sec)

Figure 1. The time evolution of the synchronization of the Hopfield delayed FONNSs ((52) and (53)).
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Figure 2. The time evolution of the synchronization errors of the Hopfield delayed FONNSs ((52)
and (53)).

4 ] T

Time (sec)

Figure 3. The time evolution of the control inputs (37) for the synchronized Hopfield delayed
FONNSs ((52) and (53)).

Also, Figures 4 and 5 show the time response of the sliding surface (24) in both function
plot and surface plot, respectively. Clearly, from Figure 4, each parameter of the sliding
surface (24) approaches the origin, and there are no traces of the chattering phenomena in
the sliding surfaces. In addition, Figure 5 indicates that the result of applying this method
is a stable surface.

6 T T

Time (sec)

Figure 4. The time evolution of the SS (24) to synchronize the Hopfield delayed FONNSs ((52) and (53)).
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Figure 5. The time evolution of the surface plot depicting the SS (24) implementation for achieving
synchronization of the Hopfield delayed FONNSs ((52) and (53)).

4.2. Synchronization of 3D Unknown Hopfield Delayed FONNSs

Here, to illustrate the effectiveness of the proposed adaptive SMC, 3-dimensional
unknown Hopfield delayed FONNSs are investigated. Thus, the drive system is

t
D*xy(t) = —xo(t) + 1.8 tanh(x1) + 1.71 tanh(xp) + 1.15 tanh(x3) — 1.3 tanh(x3(t — 7)) — 0.3, (55)
D*x3(t) = —x3(t) — 4.75 tanh(x1) — 1.1tanh(x3) + 0.56 tanh(x3(t — 7)),

where ¥ = 0.96 and T = 0.8. Also, x1(0) = 2, x2(0) = —2 and x3(0) = 3 are selected as
initial values.
And, the response system is as follows:

{ D*xq(t) = —x1(t) + 2 tanh(xq) — 1.2 tanh(xy) + 1.3 tanh(x3(t — 7)) + 0.2,

D"y, (t) = —6 y1(t) + 3 sin(y1(t)) — 2.5 sin(ys(t)) + sin(y2(t — 7)) + 3 tanh(y3(t — 7)) + 0.5+ ¥1 (u1 (1)),
Dy, (t) = =7 yo(t) — sin(y1(t)) + 1.5sin(yo(t)) + 2sin(y3(t))tanh(yi(t — 7)) + 1.6 sin(y3(t — 7))

+2 tanh(y3(t — 7)) + 0.1+ Yo (ua(t)), (56)
DRys(t) = 5.5 y(t) — 25 sin(yy (1)) + 2 sin(ya(t)) — sin(ys(£)) — sin(ya(t — 7))

+3 tanh(y1(t — 7)) + 0.3 + ¥3(us(t)),

Also, y1(0) = —3,y2(0) = 4 and y»(0) = —3 are the initial values.
The constants of the control method (37) are fixedas 1 = p =25and 3 =4,

v=23,r=18,1=23,and 3 = 2.6. Plus, the parameters of the SS (24) are y; =4, y; =2,
g = 0.94 and p = 5. Furthermore, the nonlinear mechanism ¥;(u;(t)) is as follows:

5 lf u,-( ) >5
‘I’,-(u,'(t)) = {ui(t) if =5 <u; (f S i=1,23. (57)
=5 if ui(t) < —

The synchronized states of the drive-response Hopfield delayed FONNSs ((55) and
(56)), as well as the state trajectories of the controlled error of the Hopfield delayed FONNSs,
are shown in Figures 6 and 7, respectively. It is clear that the chaotic FO error system’s
peculiar attractions are fast stabilizing. In addition, the time history of the adaptive
controller (37) is shown in Figure 8. It can be seen that the control input (37) is moving
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closer and closer to equilibrium without exhibiting any signs of the chattering phenomenon.
This indicates that the adaptive controller that was developed is capable of synchronizing
the 3-dimensional unknown Hopfield delayed FONNSs ((55) and (56)) in an efficient
manner. In addition, as can be seen in Figure 3 that, when the signals of the control law
go close to the borders of the saturation state, the saturation condition causes them to
be suppressed, which in turn causes the jumping phenomenon to take place. As a direct
consequence of this, jumping states and switching states may be implemented with relative
ease, in particular in situations where relays and indicated saturation conditions are used.

10 T T

Time (sec)

Figure 6. The evolution of the synchronization of the Hopfield delayed FONNSs ((55) and (56)).

15 T T

-15

Time (sec)

Figure 7. The time evolution of the synchronization error of the Hopfield delayed FONNSs ((55) and (56)).

Furthermore, the temporal response of the SS (24), applied to synchronize the drive-
response Hopfield delayed FONNSs ((55) and (56)), is shown in both the function plot and
the surface plot, shown in Figures 9 and 10, respectively. Figure 9 makes it abundantly clear
that each parameter of the sliding surface (24) is getting closer and closer to the origin, and
there are no indications that the chattering phenomenon is present in the sliding surfaces.
In addition, the use of this approach results in a surface that is stable, as seen in Figure 10.
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Figure 8. The time evolution of the control inputs (37) for the synchronized Hopfield delayed
FONNSs ((55) and (56)).
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Figure 9. The time evolution of the SS (27) to synchronize Hopfield delayed FONNSs ((55) and (56)).
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Figure 10. The time evolution of the surface plot depicting the SS (24) implementation for achieving
synchronization of the delayed FONNSs ((55) and (56)).
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Now, to draw a comparison to the adaptive SMC method, we also employ another
adaptive sliding mode controller, as outlined in Reference [48], for the synchronization of
the FO Hopfield neural network described by Equations (55) and (56) with ¥ = 0.99. It is
worth noting that Reference [48] deals with adaptive synchronization for a specific category
of uncertain delayed fractional-order Hopfield neural networks in the presence of external
disturbances. Here, we adopt the control methodology from [48] in the following manner:

si(t) = / (D¥e;(t) + piei(t) + q; sign(e;(t)))dt, (58)

where p; and g; are positive numbers. Also, fori =1, 2, 3:

t) = = (i) + 1 )i = i) = i1 £ 1Myl lef0)] + £ 1B e = )] ) = g gl
i i(t) +pi |ei i (O L IMylL] le B il e qi Signiei (59)
“etsi(h) — ¢l sign(si(h),

a; = s (Dei(t) (60)

) d
di = 1j's;(t), (61)
where L{ , L? ,Gi gll-’ ,11{ and 17}’ are positive constants as control parameters.

The controller parameters are chosen as L{ = L; =22, LZ; = 2,L‘§ = L‘g = L‘§ =223,
6i =¢5=6¢§=19,¢] =25, =} =3, 5 = =5 =18 and ) = 2,75 = n§ = 25.
Moreover, fori =1,2,3,p; =09 and gq; = 1.1.

Figure 11 illustrates the trajectories of controlled error states for the Hopfield delayed
FONNSs described by equations (55) and (56). These systems are controlled using the
proposed adaptive SMC method (37) and the SMC method (59) presented in [48]. While
both methods manage to guide the error states to the origin, it is evident that the suggested
adaptive SMC exhibits superior convergence compared to the SMC method (59). A detailed
analysis of this comparison is consolidated in Table 1.

10 =

15 % T
10 = == Adaptive SMC (37) |_
— \ — — Existing method (59)
;T— 5 \ 0.6 1 N
A
0 -
-5 L L
0 3 6 9
20 10 L~ 7~ —————————
1ok Yo Adaptive SMC (37) |/
= % 0 = - — Existing method (59)
o or 7
10K 0.6 1 -
20 1 .
0 3 6 9
30 o — T
. - Adaptive SMC (37)
= 15[ 1 12 C - = Existing method (59)/7
& _f\ 0.6 1
EE
-15 L .
3 6 9
Time (sec)

Figure 11. Comparison of state trajectories of the error of the FO systems ((55) and (56)), controlled
with suggested adaptive SMC and SMC method in [48].
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Table 1. A Comparative Analysis of the Outcomes Achieved with AMF (21) and SMC (37).

Aspects of Comparison

The Outcomes of This Research

The Outcomes of Ref. [48]

Control Approach

Controller Configuration Parameters
System Details.

Amplitude of Oscillations

Dynamic-free adaptive SMC

In total, the selection of 2n + 5 parameters

is necessary.

The dynamic-free adaptive SMC method
does not require dynamic terms of the
systems; only the states are sufficient.

Standard Range (determined by the
behavior of the error system)

Adaptive SMC
In total, the selection of 8n parameters
is necessary
The Adaptive SMC requires complete
access to dynamic terms from both the
drive and response systems.
Beyond Range (determined by the
behavior of the error system)

The benefits of the suggested
dynamic-free adaptive SMC are
as follows:

The advantages of the adaptive SMC
method include:
(1) A potential challenge with numerous

Conclusions

(1) Enhanced robustness;

(2) Simplified controller design for
practical feasibility;

(3) Absence of chattering;

(4) Heightened convergence precision.

parameters that can be complex

to manage;

(2) Effective operation when the system
states are known;

(3) Absence of chattering;

Remark 3. In Figures 4 and 8, we delve into the concept of sliding surfaces, illustrating the
convergence of sliding surface states to the origin. This illustrative model is widely employed across
the relevant literature. Howeuver, it is important to note that obtaining an exact depiction of the stable
surfaces proves challenging due to the nature of Figures 4 and 8, which present line views of sliding
surfaces (24) in Scenarios 1 and 2. To address this limitation, we have included Figures 5 and 10,
which offer a surface plotting perspective to visually demonstrate the stability of sliding surface (24)
in Scenarios 1 and 2. These supplementary fiqures provide a more comprehensive understanding of
the stability concept.

Remark 4. The dynamic-free adaptive sliding mode control method, rooted in the principles of the
frequency distributed model (FDM) theorem, the Lyapunov stability theorem, and norm-bounded
control, presents a compelling approach for addressing the synchronization of non-identical systems,
all while remaining free from explicit system dynamics. In contrast to traditional methods that often
rely on explicit knowledge of system dynamics, the dynamic-free nature of this approach stands
out. By capitalizing on the FDM theorem, the method estimates and counteracts disturbances
without necessitating in-depth knowledge of the complex underlying dynamics of the systems. This
is especially advantageous when dealing with non-identical systems, as such complexities can vary
significantly. Furthermore, the inclusion of the Lyapunov stability theorem guarantees the method’s
convergence and stability, even in the context of non-identical systems. The controller’s adaptability
is further augmented by its adaptive nature, enabling it to automatically adjust control actions
based on observed differences between the systems. This adaptability addresses the challenge of
synchronizing non-identical systems by ensuring that the control strategy accommodates variations.
The norm-bounded control aspect maintains control signals within predefined bounds, resulting in a
smoother and more predictable response, which is particularly crucial when dealing with diverse
system dynamics. In conclusion, this dynamic-free adaptive sliding mode control method offers a
novel and potent solution for synchronizing non-identical systems. By focusing on disturbance
estimation, adaptability, and stability analysis, the method overcomes the limitations of explicit
system dynamics. This distinctive feature, coupled with its adaptability, positions the method as a
strong contender for real-world scenarios involving non-identical systems.

Remark 5. In practical applications, particularly when dealing with complex fractional-order (FO)
systems that defy accurate modeling and are plagued by inherent uncertainties, this model-free
controller holds substantial promise. Furthermore, its implementation can be seamlessly achieved
using readily available digital devices such as the FPGA (Field-Programmable Gate Array) or DSP
(Digital Signal Processing), requiring only knowledge of the system’s current state.
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Remark 6. Research into the proposed dynamic-free adaptive SMC approach for synchronizing
delayed fractional-order nonlinear chaotic systems (FONNS) is an evolving area with notable
achievements. However, it is essential to acknowledge the existing limitations, with the anticipation
of future improvements. These limitations encompass (1) constraints on the differentiation order,
typically limited to the range of O to 1; (2) the intricate nature of analyzing and computing models
for delayed systems and control methodologies, which can be challenging; (3) the reliance on
trial-and-error methods for selecting optimal controller settings.

Addressing these restrictions is pivotal for advancing the efficacy and versatility of
the dynamic-free adaptive SMC approach in synchronizing chaotic systems.

5. Discussion and Conclusions

This work presents a novel dynamic-free adaptive sliding mode control (adaptive
SMC) methodology for achieving synchronization in a specific class of chaotic delayed
fractional-order neural network systems with input saturation. By incorporating the FDM
and the FO version of the Lyapunov stability theory, the proposed adaptive SMC method
effectively overcomes the inherent chaotic behavior exhibited by the delayed FONNSs
and ensures synchronization. One key advantage of the approach is the decoupling of
control inputs from the nonlinear-linear dynamical terms of the system, leveraging the
norm-boundedness property of states in chaotic systems. Through numerical simulations,
the effectiveness of the adaptive SMC method has been demonstrated to achieve chaos
synchronization in delayed fractional-order Hopfield neural network systems, showcasing
its robustness and efficiency. The integration of the FDM and FO Lyapunov stability
theorem offers a promising solution for synchronizing chaotic unknown Hopfield delayed
FONNSs with input saturation. This innovative approach holds potential applications in
diverse domains that require the synchronization of such systems. Therefore, the proposed
dynamic-free adaptive SMC method represents a significant contribution to the field of
chaotic systems control, providing a reliable and efficient means to achieve synchronization
in complex neural network systems with time delays and fractional-order dynamics, even
in the presence of input saturation. The findings open up new possibilities for research
and applications in various areas where the stable synchronization of chaotic systems is of
paramount importance.
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