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ABSTRACT

The primary goal of this thesis is to examine the synchronization of the combination of
specific fractional-order chaotic systems. Two main contributions of this thesis which
are:

1. The first contribution is study compound synchronization between three unified
chaotic systems with classical order of derivatives and one unified chaotic system of
fractional order is presented.

2.The second contribution presents a novel approach to examine the issue of chaos
combination anti-synchronization amongst three chaotic systems with fractional-order
impacted by random noise.

The study of the proposed synchronization schemes relies on active control and
adaptive control techniques to analyse the convergence and stability of the error of
synchronization systems. The proposed synchronization schemes are illustrated using

some examples and numerical simulations.

Keywords: Fractional chaotic systems, Combination synchronization, Active con-

trol, Adaptive control, Random noise.



RESUME

Cette these a pour objectif principal d’étudier la synchronisation combinée de quelques
systemes chaotiques d’ordre fractionnaire. Elle présente deux contributions impor-
tants:

1. La premier contribution est pour developper le probleme de la synchronisation
combinée entre trois systémes chaotiques unifiés d’ordre de dérivation classique et un
systéme chaotique unifié d’ordre fractionnaire.

2. La deuxieme contribution est de présenter une nouvelle approche pour étudier le
probleme de l'anti-synchronisation combinée entre trois systemes chaotiques d’ordre
fractionnaire perturbés par un bruit aléatoire.

L’étude des schémas de synchronisation proposés s’appuie a la fois sur des tech-
niques de controle continu et de contrdle adaptatif pour analyser la stabilité et la
convergence des systemes des erreurs de synchronisations. Les schémas de synchroni-

sation proposés sont illustrés par des exemples et des simulations numériques.

Mots-clés:Synchronisation combinée, Systémes chaotiques fractionnaires, Controle

adaptatif ,Controle continu, Bruit aléatoire.
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General Introduction

he topic of fractional calculus has attracted a lot of attention in recent years across
T various areas of science and technology, like viscoelasticity, diffusion modeling,
control processing, signal transmission, and so forth [1, 2, 3, 4, 5, 6].

The study of systems’ stability with fractional order is more delicate than for their
counterparts, integer-order systems. Indeed, based on the theory of the stability of
integer-order linear systems, a system is considered stable if and only if the root of the
characteristic polynomial has negative real parts, that is to say, is located on the complex
plane’s left half. Moreover, the notion of linear systems stability with fractional-order is
a little different from that the classical systems. It has been noted that a stable fractional-
order systems can indeed have a characteristic polynomial roots in the complex plane’s
right half, which shows that fractional systems are memory systems that are more
stable (when the fractional order is less than 1) compared to integer-order systems, and
consequently, they display a much more sophisticated dynamic behavior, which is of
great importance, in particular in the area of secure communication [7, 8].

The phenomenon of chaos synchronization has garnered significant interest in the
study of chaotic dynamical systems as a result of its potential applications across
various branches of engineering and information science, including cryptology [9],
secure communication [7], image encryption [10], and control processing [4].

The fundamental configuration of a synchronization system involves two systems:
one is referred to as the drive system, and the other as the response (reaction) system.
It is recalled that these systems may be totally distinct or identical with differing
initial conditions. One or more coupling signals are used by the transmitter system

to synchronize the reception system. Several synchronization methods to guarantee



the asymptotic stability of synchronization errors [11, 12, 13, 14, 15]. Specitic kinds
of chaotic systems with fractional order have been proposed . However, all previous
methods focus primarily on traditional synchronization of two chaotic systems, which
represents a very specific case of combination synchronization. Actually, the concept of
combination synchronization of one response system and two drive systems was first
introduced by Luo et al. [16]. This type of synchronization can significantly improve
the anti-attack and anti-decoding capabilities in secure information systems. Several
approaches to achieving this synchronization in typical chaotic systems of fractional
order have been discussed in [17, 18, 19, 20, 21, 22].

Motivated by the above considerations, the work presented in this thesis generally
falls within this particular context. It fundamentally concerns the design of the combi-
nation synchronization of fractional drive-response chaotic systems. This thesis’s main
contributions are:

1. The compound synchronization problem of three classical derivation order uni-
fied chaotic systems and one unified chaotic system of fractional order is proposed
[23].

2. The second contribution introduces a novel approach to studying the issue
of chaos combination anti-synchronization among three chaotic systems of fractional
order affected by random noise perturbations. [24].

The thesis is structured as:

In Chapter 1, some definitions and fundamental concepts related to dynamical
chaotic systems are provided.

In Chapter 2, we provide some general concepts and auxiliary results related to the
fractional calculus.

The Chapter 3 is for fractional-order chaotic dynamical systems.

In Chapter 4, we provide definitions related to traditional and combination syn-
chronization.

In Chapter 5, we study the issue of compound combination synchronization of
three integer unified chaotic systems and one fractional unified chaotic system using
fractional control.

In Chapter 6, a new straightforward adaptive control scheme is introduced to en-

sure robust chaos combination anti-synchronization of three fractional-order chaotic



systems with completely boundary noise and unidentified parameters.
Finally, in conclusions and perspectives, we encapsulate the contributions made
within the thesis and we propose new avenues for future study, along with suggestions

for improvements and perspectives in the considered field.



Chapter

Classical dynamical systems and chaos

A dynamic system generally refers to phenomena that change and develop over time.
The term "system" refers to a set of state variables that vary with time, along with the
interactions that connect them. These state variables form a mathematical space known
as the "phase space." Such systems can be represented using differential equations or
mathematical models, and they are used to analyze and predict the behavior of various
phenomena in fields such as physics, economics, engineering, and biology.

Chaos is commonly characterized as a specific dynamical system behavior that in-
cludes sensitivity to beginning conditions, nonlinearity, determinism, unpredictability,
and irregularity.

In this chapter, the main concepts about dynamical systems and chaos are covered,
including some definitions about continuous or discrete dynamical systems like fixed
point, attractor, invariant set, trajectory, limit set, flows, theorem of existence and
uniqueness, bifurcation, stability of non-linear systems, and some characterization of

chaotic behavior.

1.1 Dynamical systems

In the mathematical context, a dynamical system is a structure that changes over time.
Dynamical systems are classified into two types: continuous or discrete dynamical

systems.



1.1.1 Continuous dynamical systems

A dynamical system that is continuous can be defined by a differential equations system

as follows:
X = f(x,1), (1.1)

the function f describes how the state vector x evolves over time .

Example 1.1.1. As an example of continuous dynamical system, the simple pendulum model

(without damping), which can be dscribed by:

() = y(®),
i(t) = =5 sin(x(t),
with:
* x, y represent the state vectors.
* x defines the pendulum’s angle.
* y denotes the rate of change of the pendulum’s angle.
* g denotes the acceleration caused by gravity.

* [ represents the pendulum’s length .
Example 1.1.2. The model of Lotka—Volterra predator—prey is:
X1(t) = axy — Bx1xz,
Xo(t) = —yxz + O0x1X2,

with:

* The number of prey at time t is represented by x;.

* The population of predator at the time t is represented by x, .

* The parameter a describes the natural increase in the prey population x;.
* 0 is the rate at which the predator x, increase by consuming the prey x;.

*y represents the predator x,’s natural death rate.

1.1.2 Discrete dynamical systems

A discrete dynamical system is described by iterative functions as follows :

X1 = f(xe), (1.2)

5



where f is any function that characterizes the dynamics of the system and the variable

xr denotes the state of system (1.2) at time step k.

Example 1.1.3. A famous example of discrete dynamical system is the logistic growth model,

which describes population dynamics:
X
Xt = Axi(1 = 20). (1.3)

Where:
* xx is the population at the time step k.
* Xi41 1S the population at the next time step k + 1.
* A is the growth rate.

* Kis the carrying capacity.

Example 1.1.4. The model of Bacteria Growth, is given by:

N1 = Ny

Where:

* Ny is the number of bacteria at time step t.

* 1 is the growth rate .
This model uses a discrete-time exponential growth model to simulate the growth of bacteria in
a controlled environment . Suppose that we start with 100 bacteria (Ny = 100) and they double

every hour (r = 2).

Time Step (t) | Bacteria Count (N;)
0 (initial) 100
1 100 x 2 = 200
2 200 x 2 = 400
3 400 x 2 = 800
4 800 x 2 = 1600

Example 1.1.5. The Standard-Taylor Map, also known as the Chirikov-Taylor Map, is a famous
two-dimensional discrete dynamical system that exhibits chaotic behavior. It’s commonly used

in the study of dynamical systems, especially in chaos theory. The equations for the Standard-



Taylor Map are:
Ope1 = 0, + Pn+1(m0d27—()/

Pus1 = Pn + Ksin(0,,)(mod2m).
With:
- 0, € [0, 2m) is the angular variable (or position),
- pu € R is the momentum variable (or velocity),
- K is the nonlinearity parameter that controls the degree of chaos in the system,

- n is the discrete time step index.

Remark 1.1.1. The system (1.1) or (1.2) is called autonomous if its future behavior depends
only on its current state, with no change over time. Otherwise, if the function f clearly is

dependent on time, it’s called non-autonomous.

In the rest of this work, we will be interested in continuous autonomous systems.

Now, let’s consider a system with first-order differential equation:
() = f(x), (1.4)

with x = (X1,XQ, ceey Xn)T,f = (fl/fZ/ ...,fn)T.

1.2 Cauchy-Lipschitz theorem

The following theorem ensures that under conditions, a differential system (1.5) has

unique solution

Theorem 1.2.1.

Let the differential system:
x(t) = f(x),
x(0) = xo,

(1.5)

with f is a function defined in a neighbourhood of the initial condition.
Assume that:

* f is continuous function with respect to the variable x.

* f is a function that is Lipschitz and continuous with respect to x,

then the problem has unique solution in the neighbourhood of the initial condition.



1.3 Some concepts about continuous dynamical systems

In the current section, we give some important notions and their definitions about
dynamical systems that are continuous, including fixed points, trajectories, flows, and
invariant sets. We also talk about attractors and their types. We move after that
to periodic orbits and the technique to investigate their stability, which is Poincaré-

Bendixon, vector field divergence, and Poincaré’s application.

1.3.1 Flow

A flow of a dynamic system (1.4) is an application that describes how a point in the

phase space evolves over time. It can be defined by:

Pi(x0) = x(t),

where:

* x(t) denotes the system’s state at the time .

* ¢, represents the function of flow .

* x) represents the initial condition at time t = 0, which is crucial because it deter-
mines the specific path that the system will follow through its phase space over time.
The flow function ¢, has these characteristics:

(i) ¢; is a continuous function.
(ii) po(xo) = xo.
(iii) Ps15(x0) = Pr(ps(x0)).

Example 1.3.1. Let’s assume the system:

x1(t) = x, (1.6)

Xo(t) = —x

Figure 1.1 shows the flow of the system (1.6) .

1.3.2 Trajectory

A trajectory is defined by a sequence of states generated by the flow function ¢; from

an initial condition xo, i.e., if x(t) = ¢:(xp), then a trajectory is the set of the point x(t),



—— Champ vectoriel —— Trajectoriees

Figure 1.1: Flow of the linear continuous system (1.6)

for all t > 0. In each trajectory corresponding to an initial condition, we can see how
two different starting points can lead to two distinct paths within the same dynamical

system.

1.3.3 Fixed point

A fixed point (critical point, stationary point, equilibrium point) represents a state where
the variables of the system don’t change over time; this indicates that the derivative of

each state of the system is equal to zero. That is:
x(t)=0= f(x) =0. (1.7)

For nonlinear dynamical systems stability, a fixed point is essential as it determines the

long-term behavior of the system in response to external forces.

1.3.4 a-limit set and w-limit set

The a-limit set and w-limit set are concepts employed in analyzing the behavior of
differential equation solutions as time progresses to negative or positive infinity.
e The a— limit is the set of points where the trajectory of the system approaches as time

moves backward. It is defined as:
a(xg) = {y € R" : Aty —> —oo, such that P(ty, x0) = yas k— +oo}.

e The w— limit is the set of points such that the trajectory of the system approaches

as time f goes to +oo. It is defined as:
w(xo) = {y € R": I, —> +o0, such that Pp(t, xo) = yas k — +oo},

9



where ¢(t, xo) is the solution of a dynamical system at time ¢ starting from the initial

starting condition x,.
Example 1.3.2. Consider the system in R*:

dx dy

i

This system has the solution:

x(t) = xoe™!,  y(t) = yoe".

1. As t — +oo, we see that (x(t), y(t)) — (0,0). So, the w-limit set of any non-zero initial

point is {(0, 0)}.
2. As t — —oo, the trajectory diverges to infinity, meaning the a-limit set of any non-zero

initial point is empty (a(x, y) = 0).

1.3.5 Periodic orbits ( Cycles)

The following definitions introduce several concepts related to the periodic orbits

(cycles).

Definition 1.3.1. A periodic orbit (cycle) is any closed trajectory of the system (1.4), that is
not a fixed point.

Definition 1.3.2. Let y be a periodic orbit of (1.4). y is said to be stable, if Ye > 0,3V a
neighborhood of the orbit y, such that:

VxeVandt>0, dp(tx),y) <e.

Definition 1.3.3. A periodic orbit y is considered asymptotically stable when the following

two conditions are satisfied:
1- v is stable.

2- Vx € V(a neighborhood of y), we have:

tlirp d(p(t,x),y) =0.

10



1.3.6 Invariant set

An invariant set E under the flow ¢, is a region in phase space, where once a trajectory

enters, it cannot leave for all future times. Formally, it can be represented as:

Vx € E,¢y(x) € E,Vt > 0.

1.3.7 Attractor

In dynamical system, an attractor is an invariant set A, such that, for initial condition
xo in neighborhood of A, all trajectories of the system, ¢(t, xo), t > 0, will approach A,

as time ¢ tends to infinity.

1.3.8 Type of attractors

They are classified as "strange (chaotic) attractors" and "regular attractors."

eRegular attractors: There are three different types of regular attractor:

* Point attractor (fixed point): It is the simple attractor, where the trajectories of the

system converge to a single point.

* Limit cycle attractor: it is a periodic orbit, where the trajectories of the system con-

verge to a closed loop.

* Quasi-periodic attractor (Torus):

1.5 — - - —
1t r - e L

[

> 0.5 T

[ I B R

of —————— - — — — -

1
[ B

Figure 1.2: Fixed point.
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Figure 1.4: Quasi-periodic attractor (Torus).

eStrange attractor: It found it in chaotic or hyperchaotic systems, where the trajec-
tories of the system exhibit a complex fractal-like behavior.

This type is characterized by:
* Their volume is zero.
* Their dimension is fractal not an integer.
* Their trajectories have complex behavior.
* Sensitivity to initial conditions.

Figure 1.5 represents one of the most famous strange attractors, which is the attractor

of the Lorenz system,
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Figure 1.5: Lorenz attractor.

1.3.9 Poincaré-Bendixson Theorem

Theorem 1.3.1. Let D be a plane’s bounded attracting domain, then each trajectory in D has

the following B-limit:
1. Either a fixed point.
2. Or a periodic orbit.

3. Or the union of equilibrium sites with regular orbits that link them (either homoclinic or

heteroclinic orbits).

Example 1.3.3. Our purpose is to establish the existence of a periodic orbit using the Theorem
of Poincaré-Bendison

Let us examine the following system:
. 1 >
x:y+1x(1—2r ),
1
j=—x+5y1-1),
2
with: r* = x> + y°.

Let’s first look for the fixed points of this vector field. The first equation gives us:

y= —}Ix(l — 7).

After substituting into the second equation, we find:

_x (1 + %(1 —22))(1 - r2)) — 0.

13



So, a fixed point exists at the origin (x,y) = (0,0), and any other fixed point must satisfy

the equation:

2r* =32 +9 =0.

Since the solutions of previous equation are not real, the origin is unique fixed point of the
system.

Using the polar coordinates, we get:

1 1
= Zr(l +5in*60%) — Er?’.

| 1+ sin?(0 1+ sin®(0
Forr < (%()),wehavef>0,forr2 (%()),wehaver'<0.

Then
0 < sin’6<1,
< 1+sin?0<2,
1+sin?6
N
thatis, 2 < r<1.
Let:

M= {(r,@)lg Srﬁl}.

Because the origin represents the only fixed point of the system, the region M contains no
equilibria and all trajectories remain in M for all t > 0 and M is compact, it is therefore a
trapping region that contains no equilibria. By the Theorem of Poincaré-Bendixson , there is

just one periodic orbit in M at least.

1.3.10 Vector field’s divergence

The divergence of a system at a point quantifies the behavior of trajectories in its vicinity;
specifically, a negative divergence indicates contraction and convergence of trajectories,
while a positive divergence signifies expansion and divergence of trajectories. Here is

its definition.

14



Definition 1.3.4. Let’s the two dimension systems :

X1 = k(x1, x2),
1= k(x1, x2) 1.8)
X = h(x1,x2),
Let Y be a vector field described by the differential system (1.8) in the phase space.

The following expression gives the divergence of Y at the point (x1, x2):

) ok oh
div(Y)(x1,x2) = a—xl(xllxz) + 8_x2(x1’x2)'

/.
—_——— - - A e — — — — — — —

—_—— e
—_—— - - - -~

——’—'—'—'—"—"—'—"—"—"*—////-/0’-’-'-*

- - - - — ===

Figure 1.6: Stable limit cycle

Proposition 1.3.1. (Bendixson’s negative criterion) Let us consider the dynamical system
(1.8) and let E be a simply connected region, which is “all in one piece” or "without holes”.

If the number
dk  oh

_— —
8X1 8x2'

has a constant sign on E, there is no limit cycle in E.
Example 1.3.4. Consider the following linear system :

X1 =ax, + be = k(xl, Xz) (1 9)

X = cx1 + de = h(xl,xz),

15
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Figure 1.7: Unstable limit cycle

wherea +d # 0.

We have
Jdk  oh

—+-—=a+d.
8x1 8x2
Since a +d has a constant sign, for each point in the plane, so, according to Bendixson’s negative

criterion 1.3.1, a linear system (1.9) cannot have a limit cycle.

Proposition 1.3.2. (Dulac’s negatif Criterion)
Considering the dynamical system (1.8), and let E be a simply connected region, and let A(x1, x)
in E be strictly positive, continuous and differentiable function.

Let’s consider the quantity:
JdAk  JdAh

EPE

If this quantity has a constant sign in E, then there is no limit cycle contained in E.

Example 1.3.5. Let us examine the next system.::

x=x(1-x—ay) = k(xy, x2)

y =yl —y—bx)=h(xi,x2)

with a and b are two parameters strictly positive.
Let A(x,y) = E a continuous differentiable and strictly positive the function for all x > 0,y >

0 >, we have:
1—x—
Ak=——2" A=
y X
JdAk JdAh 1 1

W—FW_ x oy

1-y—bx
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This quantity is strictly negative at every point within the interior of the positive quadrant.
Therefore, by Dulac’s criterion, it can be concluded that no limit cycle exists within the positive

quadrant.

1.3.11 Poincaré’s Application

The Poincare application, also known as the first return map, was created by Henri
Poincare in 1881. It is perhaps, the most fundamental technique for examining the
stability of periodic orbits . The Poincare application’s concept is rather easy [52].

Let us consider the dynamical system (1.8) governed by a flow ¢;: E — E, where E is
the state space.

Assume that:
1. The system (1.8) exhibits a closed trajectory .

2. At xy, let  (called the Poincaré section) be a lower-dimensionel submanifold in E,

which is a hyperplane perpendicular to y,

The Poincaré application is every application P : £ — X, which is expressed by:

P(x) = ¢+(x),

with 7 is the first return time to the section X for the point x. i.e., T represents the
smallest positive time when ¢, € L.
This application reduces the analysis and the continuous dynamical systems stability

to discrete dynamical systems in X.

Figure 1.8: Poincaré’s section (3.109).
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Theorem 1.3.2. (Stability of a periodic orbit via Poincaré’s application) Consider S as an open
subset of R%. assume that f € C1(S) and the system (1.8) have a periodic solution of period T,
denoted by y(t). Then, at x = 0, the Poincaré application derivative P(s) on the straight line X
normal to:

I={xeR*x=y(t)-70),0<t<T},

is as follows:

f SO )d
P’(O):eOfoy t/
with:
g2 9
B 8x1' 8x2 !
and
f=(hh)-

The next corollary summarizes the earlier theory.
Corollary 1.3.1.

i) The limit cycle y(t) is stable if:

T

fvﬂﬂmw<o

0

ii) The limit cycle y(t) is unstable if:

T

fvﬂﬂmm>&

0

Example 1.3.6. Let the planar system:

x=-y+x(1-x*-1?),
y=x+yl—-x2-y?).
This system has a cycle :

y(t) = (cos(t), sin(t))".

Using the corollary 1.3.1, we get:

dk 3 5 o
ax(xl y) =1 3x y

18



and

oh 3 ) )
ay(x,y) =1-x"-3y~.
50 ok oh
Vi y) = 5@y + - y),
= 2-4x? -4y,
as a result:
V f(cost, sint) = 2 — 4cos*(t) — 4sin®(t) = —2.
Thus
T
fv.f(y(t))dt =-2T <0,
0
Finally:

P0)y=e?T <1.

From this, we conclude that the orbit y(t) is a stable limit cycle.

1.4 Stability of non-linear system

Stability is a study of the behavior of the system solutions in the vicinity of equilibrium
points and is a key tool in the qualitative study of a dynamical system’s solutions.

Suppose that x* € R" an equilibrium point, is said to be:

e stable, if the trajectories of the dynamical system that start close to the equilibrium
point stay close to the equilibrium over the time. Mathematically, this can be ex-
pressed as:

Ve>0,36>0 / [Ix(0) = x|l <6 |lx(t) — ¥'|| <e.

e asymptotically stable: if it is stable and if any trajectory that start near equilibrium
point converge to it, when time ¢ converges to infinity. Mathematically, this can be

described as:
Ve > 0,46 > 0, such that [|x(0) — x7|| < 6, tlim |lx(t) — x*|| = 0,
where ||.|| represents the norm in R".

e Unstable if x* is not stable.
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For non-linear systems, there are two techniques in order to investigate their solution’s

stability, indirect method and direct method.

1.4.1 Indirect method (Method of linearization)

This method is often employed to analyse the stability of nonlinear system by approx-
imating them like linear systems around a fixed point.

We can summarize the idea of this method as follows:

1. Determine the following dynamical system :

X = f(x), xeR". (1.10)

2. Determine the fixed points x* by resolving the following equation:
f(x)=0. (1.11)

3. Linearize the system (1.10) around the point x".

4. Expand f(x) into a Taylor series around x".

5. Examine the eigenvalues of the Jacobian matrix J(x") to investigate the stability.
Then, we have :

e The fixed point is asymptotically stable if all of the Jacobian matrix’s eigenvalues

have negative real parts.

e If the Jacobian matrix has a pure imaginary eigenvalues, the fixed point is classified

as a center.
e If an eigenvalue has a positive real part, the fixed point is unstable.

o If J+(x") has real eigenvalues of the identical sign, the fixed point is called a stable
node if the eigenvalues are negative and an unstable node if the eigenvalues are

positive.

e If the Jacobian matrix has eigenvalues with positive real parts with other eigenvalues

with negative real parts, then the fixed point is a saddle point.
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Example 1.4.1. Let the nonlinear system:

T 2
xl_xl_x2/

P 42
X2—X1

— X2,
The fixed points are: (0,0) and (1, 1).

The Jacobienne matrix is :

1 —ZXZ
]f(xl, Xp) =
le -1

For (0,0), we have :

1 0
]f(O/O) = ’
0 -1

The matrix J¢(0, 0) have two eigenvalues:
/\1 =1 , /\2 =-1.

A1 >0and A, <0, thus, the point (0, 0) is unstable .

For the point (1,1) we have :

Jr(1,1) =
-1
The matrix J¢(1, 1) has two eigenvalues:
/\1 = 1, /\2 = —3.

A1 > 0and A; < 0 thus, the point (1, 1) is unstable.

In the both cases, the fixed point is stable in one direction and unstable in the other

direction, which means that the fixed points (0,0) and (1, 1) are saddle points. Figure

(1.9) represents the temporal evolution of the states x; and x, with initial condition

(xl,xz)) = (001, 001)

Definition 1.4.1.

Let Dy and D, be two dynamic differential systems defined on the open sets S; C R? and

S, C RR?, respectively. These systems (or their phase portraits) are considered topologically

equivalent, If a homeomorphism H mapping exists from Sy to Sy, such that the image of the

phase portrait of D, under H corresponds to the phase portrait of D.
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Figure 1.9: Temporal evolution of the states x; and x,.

Theorem 1.4.1. (Hartman-Grobman Theorem) [53] Consider a nonlinear dynamical system
D defined on S ¢ IR? (S is an open set) with a unique equilibrium at 0 € S. The phase portrait
of the nonlinear system D and that of its linearized system D1 in the vicinity of the equilibrium
are said to be topologically equivalent if the fixed point is hyperbolic ( non-zero real part of

eigenvalues of the Jacobian matrix at this fixed point) .

1.4.2 Limitation of linearisation

Linearization provides an effective method for studying the local stability of nonlinear
dynamical systems by approximating them as linear systems, but care must be taken
regarding its limitations. Then, when the method of linearization predicts a focus, a
saddle point, or anode, it is valid. However, when the linear system has an eigenvalue
with a zero real part, it is not enough to comprehend the dynamics of a nonlinear
system. Other techniques must be used in this situation because linearization does not

yield definitive information. The following example explains this case:
Example 1.4.2. Let the nonlinear system:

X =x —ax;(x? + x2),
2o +0) (1.12)
¥ =—x1 + axy(x] — x3).

with « is a parameter.

There is one fixed point of the system(1.12) at the origin.
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At (0,0), the Jacobian matrix is:

0 1

J(0,0) = ,
-1 0
which owns two eigenvalues purely imaginary:
/\1[2 = 4.

The linearization theorem does not apply in this situation since the origin is a center for all .

We move to polar coordinates (r, 0) :
x1 = rcosO, x, = rsin0, (1.13)

then:
= x3 + x5,
tan6 = ﬂ,
X2
which implique
Tr = x1X1 + XpXo,
9 _ X1X:2 - X23(,:1

c0s20 x%

By using (1.13), we get:

P =ar’

0 =
We note that:
o If « < 0, 7 approaches 0; then the trajectories spiral to the origin, indicating that it is
asymptotically stable.
o If a = 0, the trajectories move around the origin in circles, which is a stable and neutral center.
e Trajectories spiral outward from the unstable origin if « > 0.
Thus, the linearization method means that the fixed point is a center, while the original system
may have a stable or unstable focus.
The dynamic states of the system (1.14) are shown evolving over time in Figure 1.10, where

a = —1 and the initial condition is (x,,x2) = (0.1,0.1).

1.4.3 Direct method

A direct method is a powerful way that gives us the information about the stability of a fixed
point, not only locally but globally as well. We can rely on it, if the point is not hyperbolic.
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Figure 1.10: Temporel evolution of the states x; and x,, when a = —1.
To begin, we give the definition of a positive function.

Definition 1.4.2. [25] Let V be a function, and S an open set that includes the origin. We
say that V is positive definite function (or negative definite function), if it’s continuously

differentiable and defined on S and satisfies the following characteristics:
1. V(0,0)=0.

2. forall (x,y) € S—(0,0), V(x,y) > 0 (or V(x,y) <0).

Lyapunov function

Let x* be a system fixed point (1.4), S a neighborhood of x* and the function V : S — IR, such

that :
V(x)=0,
Vix)>0 if x#ux7,
we put
L IV
V= kzzvf 8—kak.

Then, we have:
Theorem 1.4.2. [25] Suppose that there exist a positive Lyapunov function V.
(i) If the function V < 0in S — {x*}, x* is considered as a stable point.
(ii) If the function V < 0in S — {x"}, x* is considered as an asymptotically stable point.

(iii) If the function V > 0in S — {x*}, x" is an unstable point.
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Example 1.4.3. Consider the system:

X ==y +px(x* + ),

v =x+ By + ),

(1.14)

with B is a parameter.
It evident that (0, 0) is the unique equilibrium point of (1.14). The Jacobiennne matrix in(0, 0)

s :

0 -
J(0,0) =
1 0
the eigenvalues are:
/\1’2 = +i.

This corresponds to a center. However, the linearization Theorem cannot be applied in this case.

For solving this problem, we can use the direct technique.

Let the function V :
Vo) = 50+ ).

Since:
V(0,0) =0,

Vix,y) >0 if (x,y)#(0,0),
then, V(x, y) is positive definite function.

Vix,y) = (2_:’( + g—‘y/y' = B(x* + y»)* < 0.

Thus, the origin is :

1. Asymptotically stable point, for p < 0.

2. Unstable point for p > 0.

1.5 Bifurcation

In theory of dynamical system, and particularly in chaos theory, bifurcation refers to
a point at which a small modification in the parameters of system leads to a sudden
qualitative change in its behavior. In this part, we present at first some types of bifur-

cation in one dimension includes bifurcation of saddle-node, bifurcation of pitchfork
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and transcritical bifurcation, every time we give a diagram for more illustration , after

that the bifurcation in dimension greater than one is presented with its types.

1.5.1 Several kinds of bifurcations in codimension 1

Le’s consider the non-linear system:

y=fyuw), (1.15)

with y € R is the system solution and u is a parameter .
Applying the Taylor expansion of the function f in the vicinity of the equilibrium

point y* = 0, we get :
f, 1) = koo + kropt + ko + kaopt” + knyp + koo + ..

1. Bifurcations of saddle-node
when kig = 1, ko = =1 and k;; = 0 for (i, j) # ((1,0), (i, j) # (0,2)), then the system
(1.15) become:
y=p-y, peR.

We have three possibility:

(@) ifu <0, f(y, ) = u—y* # 0, then there’s no equilibrium pointand y <0 ¥V v.
(b)if u=0,f(y,u) =-y*=0— y =0, then (0,0) is a unique equilibrium point

andy<0 V .

(©) ifu>0,f(y,u) =p—y*>=0—> y= =y, then there are two equilibrium points,

which are:
Vi= =V
then:
af .
8_y* =2u<0—-y; is stable,
1
Jd
Ji =2 <0—>y, is unstable.
8y2

Figure 1.11 illustrates the diagram of saddle-node bifurcations.

2. Pitchfork bifurcation
When ki1 = 1 and ks = =1 and k;; = 0 for (i, j) # ((1,1), (i, j) # (0,3)), then system
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Figure 1.11: Saddle-Node Bifurcation Diagram
(1.15) become:

Y=y ) =yu-v)=flyw, peR

There are three possibilities that could occur:

(@) u<O0:
p-y*=0 —  p=y*(refuse),
fyw)=0- v
y=0,
then, y = 0 is the unique equilibrium, and it is an stable point because
g—j;(O) =u<0.

(b) u=0- f(y, ) = =y <0, then, (0,0) is the only equilibrium, and it is stable.
() u>0:

fly,p) =0— Vv

then, there are three equilibrium points:

Vi=-Vib =03 =y = Vi
then:

d
8—?;(]/]) = —2u <0, then,y; is stable point.
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0

a—g(yz) = u > 0, then, y; is unstable point.
of
dy

Figure 1.12 illustrates the diagram of pitchfork bifurcations.

(v3) = —2u < 0, then,y; is stable point.

151

o
n

Fixed point y*
o

Parameter p

Figure 1.12: Pitchfork Bifurcation Diagram

3. Transcritical bifurcation

This kind of bifurcation in one dimension corresponds to k;; = 1 and kp, = 1 and

kij = 0 for (i, j) # ((1,1), (i, j) # (0,2)), then system (1.15) become:
y =y +y") = ylu+y) = fy,m), uR
Two equilibrium points exist for us :
V=01 = -1,

As for the nature of equilibrium points, we have:

0

a—]yf(yi) = U,

af B 0
8_y(3/2) =—p<u

According to the value of y, there are three possibilities that could occur:

(@) u <0: y; = 0is stable and y; = u is unstable.
(b) u = 0:The two points are combined into one semi-stable point.
(c) u>0:y; =0isunstable and y, = u is stable.
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Then,the stability of these fixed positions is exchanged.

The Figure 1.13 illustrates the diagram of transcritical bifurcation.

o
0

Fixed point y*
\ o
[ n o
AY
\
AY

=

4
T

AY

'
N
'

Parameter p

Figure 1.13: transcritical Bifurcation Diagram

1.5.2 Bifurcation in higher dimension (Hopf bifurcation)

The term "Hopf bifurcation" comes from the research of German scientist Eberhard
Hopf, who investigated this type of bifurcating event in systems that are either two-
dimensional or higher-dimensional. The Hopf bifurcation happens when the jacobian
matrix [, (y*, 1) has two eigenvalues, which are conjugate purely imaginary, the other
eigenvalues’ real values different from zero, then this leads to a limit cycle and the
equilibrium point loses its stability, and vice versa. Two kinds of Hopf bifurcations
exists: subcritical and supercritical.

When an unstable equilibrium point produces a stable limit cycle, this is known as a
supercritical Hopf bifurcation.

However, when an unstable limit cycle is generated for a stable equilibrium point, the
Hopf bifurcation is called a subcritical.

Let’s consider :
y=fy,w, (1.16)

where (y, ) e UCR"XR,n > 1,

and

fly,u) =0,
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Consider the system:

X = pxy — X + p(x1, X2, 1), (1.17)
Xo = X1 + pxy +q(x1, x2, 1),

where (1.16) is an analytical polar system, u € R and:

p(x1, X, 1) = Z X, x),.

i+j22

_ i

q(x1, X2, 1) = Z 2;X) X,
i+j22

The following number o:
3n
0= 5 [3(as0 + boz) + (a12 + ba1) — 2(axb2o + agaboz) + a11(ac2 + a20) — b11 (b2 + b2o)],

is called the Lyapunov number. According to the sign of this number, we can determine

the nature of the origin as:
1. If o # 0, then (0,0) is a simple weak focus.
2. If 0 <0, then (0,0) is stable.
3. If 0 > 0, then (0,0) is unstable.
Theorem 1.5.1. Consider the planar analytic system given by (1.17).
1. If 0 # 0, a Hopf bifurcation happens at the origin, when u = 0.

2. If 0 <0, an unique stable limit cycle emerges from the origin of (1.17) as p increases past

zero, the Hopf bifurcation is “supercritical.”.

3. When o > 0, a single unstable limit cycle emerges from the origin of planar system (1.17)

as U decreases below zero, and the Hopf bifurcation is “subcritical”.

Example 1.5.1. ( Example of supercritical Hopf bifurcation)

Let’s the following system:

X1 = pxy — xp — 11 (¥ + x3), 118)
Xo = X1+ uxy — 0(x3 + %3),

Since the Lyapnouv number of this system is

_2n

0,
T <

o=
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then, (0,0) is stable, and consiquently, the system has a supercritical Hopf bifurcation in u < 0.

Using the polar coordinates: x; = rcos@ and x, = rsin@

T = X1X1 + XoXo,
9 _ X1Xy — X2X4 (119)

c0s260 X2 ’

Replacing X, and x, by their values in (1.16), we get:

F=r(u—r?),

0=1,

(1.20)

The fixed point origin r = 0, a stable spiral, attracts all trajectories, when u < 0.
For u = 0, the origin remains a faint but stable spiral.
For u > 0, when the origin is an unstable spiral, there exists a stable limit cycle at r = \[1L.

Figures 1.14 and 1.15 illustrate this phenomenon.
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Figure 1.14: >0

1.6 Chaos

Over the past decade, researchers across disciplines, such as physics, biology, astron-
omy, and economics have developed a revolutionary approach to understanding the
emergence of complexity in nature. This groundbreaking field, known as chaos theory,
offers profound insights into the unpredictable and dynamic behavior of complex sys-
tems. As with many scientific concepts, chaos has no universally accepted definition,

leading to the emergence of several slightly differing interpretations.
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Figure 1.15: u <0

In this sectionn, we’ll start by going over a few approaches about chaos definition,
provided by different researchers, like Devaney’s [26], Li-Yorke’s [27], Wiggins [28],
Lyapunov [28], and Knudsen [29]. Next, we’ll talk about how to characterize the
behavior of chaotic systems. The most significant scenarios for the path towards chaos

will be discussed in the last part.

1.6.1 Devaney’s approach of chaos

According to Robert L. Devaney, If a dynamical system exhibits three particular char-

acteristics, it is considered chaotic:

1. Topological transitivity: That is, for any two arbitrary regions in the space of
possible states, there exists an orbit that moves from the first region to the second

region, meaning the system has a mixed nature
2. Dense periodic orbits.

3. Sensitivity to starting conditions (property of the “butterfly effect”): Asmall pertur-
bation in the initial states leads to different outcoes, making long-term prediction

pratically impossible.

1.6.2 Li-Yorke’s approach of chaos

According to Li and Yorke, the function g € C" is said to be Li—Yorke chaotic, if there

exits a pair of different initial conditions x; and x,, such that, for some € > 0:
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lim suplg”(x1) - §"(x2)| > O,

which means that the system schows the proprtiy of sensitivity to initial conditions.
In addition, the system must have dense periodic orbits an comes arbitrarily close to

every state in the state space ( property of topologically mixing).

1.6.3 Wiggins’ approach chaos

Wiggins” approach of chaos focuses on the following characteristics:
1. Topological transitivity
2. Dense periodic orbits.
3. Sensitivity to initial conditions.

4. Strange attractor which has a non-integer dimension.

1.6.4 Lyapunov’s approach of chaos

Lyapunov’s approach of chaos is focussed on the concept of Lyappunov exponents,
which measure the rate of separation of two close trajictories in any dynamical system.
A dynamical system is classified as chaotic if it fulfills the following fundamental
condition:

* At least a positive Lyapunov exponent is required for the system.

1.6.5 Knudsen’s approach of chaos

Let the continuous function H : E — E be defined on the metric space (e, d); then

according to Knudsen, the dynamical system is chaotic if:
1. H owns a dense orbit.
2. The sensitivity of H is dependent on the initial conditions.

3. It is driven by deterministic laws, meaning no random processesare involced,
while its sensivity to initial conditions mak es its behavior appears unppredictable

over time.
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1.6.6 Some characteristics of chaotic systems

Chaotic systems are nonlinear deterministic systems that are complex and highly sensi-

tive to initial conditions. Here are the most important characteristics of chaotic systems

A)

B)

O)

Sensitivity to initial conditions
A small disturbance in the initial state of a nonlinear system can lead to very different

behaviors (a property of the butterfly effect).

Figure 1.16: Sensitivity to initial conditions of Lorenz system

Determinisme
Itis driven by deterministic laws, meaning no random processes are involved, while
its sensitivity to initial conditions make es its behavior appears unppredictable over

time.

Lyapunov exponents

Sensitivity is quantified using the Lyapunov exponent. A positive lyapunov means
that the system is highly responsive to the starting conditions. According to this,
Lyapunov exponents quantify how quickly orbits diverge from one another. The
number of Lyapunov exponents is equivalent to the dimension of the phase space.,
and they are typically arranged from greatest to smallest A, A5, A3,.... Three re-

quirements must be met by the Lyapunov exponents in order for chaos to appear:
* At least one of them is positive, which explains why the trajectories diverge.

* The trajectories converge, since at least one of them is negative.
]
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* The dissipative nature of a chaotic system, or its energy loss, is explained by the

fact that the sum of all the exponents is negative.

D) Strange attractor
Chaotic systems do not follow favored trajectories and are, at all scales, very un-
predictable and infinitely complicated. The curve of such system always evolves in
a bounded space, ending up describing a certain geometric object, that symbolizes
its attractor. This behavior is dubbed weird, since it never passes through the same

places.

E) Fractal structure
In general, chaotic or hyperchaotic systems exhibit self-similarity at different scales,

creating fractal-like patterns when visualized.

F) Long-term unpredictability
Although a chaotic system is deterministic, it has the property of unpredictability

due to its sensitivity to initial conditions.

G) Non-periodic behavior
A chaotic or hyperchaotic system has an unpredictable behavior that never repeats.

Their behavior is aperiodic and irregular.

1.6.7 Scenario towards chaos

The classic scenario towards chaos or hyperchaos refers to the process by which a
deterministic dynamic system transitions from stable behavior to chaotic behavior.

This process is typically observed in nonlinear systems, where small disturbances in
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initial conditions can lead to entirely different outcomes, which is one of the most

important characteristics of chaos.

1. Period doubling
Period doubling is a fundamental route to chaos observed in nonlinear dynamical
systems, where a system undergoes a sequence of bifurcations, each time doubling
the period of its limit cycle.

As a system parameter is varied, the system transitions from:
e A stable fixed point, to
e A period-2 cycle, then

e A period-4 cycle, then period-8, and so on,

Eventually leading to chaotic behavior.

4.2

Figure 1.17: Period doubling of Logistic map.

2. Intermittence
The unpredictable development of chaotic bursts in a regularly oscillating system
is what defines this situation via intermittences. After maintaining a certain "reg-
ularity"—a periodic or almost periodic regime—for a while, the system suddenly

destabilizes, resulting in a chaotic explosion.

3. Quasi-periodicity
Quasi-periodicity, which happens when a second system upsets an initially peri-
odic system, is the third scenario of the transition to chaos. A system is considered

quasi-periodic if the ratio of the periods of the two systems is not rational. As
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a result, this regime may become unstable and either directly chaotic or a third

frequency may appear.
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Chapter

Fractional calculus

Fractional calculus is one of the most crucial tools in the science of non-linear dynamic
systems. Integer-order integration and differentiation operations are extended by it. .

An equation with fractional derivatives is called a fractional differential equation.
These equations can be conveniently and correctly modeled for many systems, such
as heat diffusion systems, viscoelastic systems, batteries, etc. By including fractional-
order derivatives, fractional differential equations (FDEs) expand on the idea of ordi-
nary differential equations and partial differential equations. These equations provide
a solid framework for simulating processes that are difficult to capture with conven-
tional integer-order differential equations, such as memory, hereditary characteristics,
or anomalous dynamics. Due to their ability to account for memory and non-locality,
they have become an essential tool in contemporary research and engineering, driving
advancements in theoretical and applied fields.

In this chapter, we discuss some of the most important elements associated with
fractional calculus. In the first section, we recall some important spatial functions
such as Gamma, Beta and Mettag-Leffler functions. The second section includes
Laplace’s transform with some of its properties. The third section contains a set of
the most famous definitions concerning fractional differential operators, namely those

of Riemann-Liouville,Caputo and Griinwald-Letnikov .
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2.1 Special functions

In this part, we give some concepts about three types of special functions: Gamma,
Beta, and Mittag-Leffler, which are essential to the study of fractional-order differential

equations.

2.1.1 Gamma function

The gamma function of Euler [30, 31], which is denoted by I'(.), is among the most
crucial roles in fractional calculus. The definition of this function given by the Euler

limit is as follows:

. SIs*
) = gl—{?olx[x+ Nx+ 2] [x+ 9| 1)
An other definition of this function is:
I'(x) = fy"_le_ydy,x > 0. (2.2)
0
The most crucial characteristic of the gamma function is:
I'(x+1) =xI'(x). (2.3)

IfT(1) =1, we get:
I'n+1)=nI(n)=n(n-1)=nl.
According to (2.2), the gamma function is just for strictly positive numbers. In the

following, we will see how to extend it to negative numbers:

We have:
r
'x-1)= (x),for—1<x—1<0,
x—1
I'x-1
Fee—2)= ¥ o pcxa<cn,
x—2
Finally:
r 1
reg =0 for Cn<x<—(m-1)

Figure 2.1 represents the graph of gamma function .
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Figure 2.1: Graph of gamma function

2.1.2 Beta function

The beta function is defined as follows [30]:
1
B(z,w) = f 11 = 1)dr, for Re(z) > 0 and Re(w) > 0. (2.4)
0
The relationship between the gamma and beta functions is :

I'@)I (w)
B ==
S v
Figure 2.2 represents the beta’s graph:

Figure 2.2: Graph of beta function

2.1.3 Mittag-Leffler function

To solve any differential equation in the theory of differential equations in integer order,

the exponential function exp(.) is necessary. In fractional-order differential equations,
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the Mittag-Leffler (sometimes also called the generalized exponential function) plays

the same role. It had been introduced by G.M. Mittage-Leffler [30], and it is described

by:
o k
E.(2) = ;? ﬁ (2.5)
The function of Mittag-Leffler of two-parameter type is provided by:
Eop(z) = ; 1"(ozli—k+ﬁ)'a > 0,8 > 0. (2.6)
As an example:
0 k z_
F1a(2) = ;; F(ali 12) — g 27)

Figure 2.3 represents the Mitag-leffler’s graph.

1
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Figure 2.3: Mittag-leffler’s Graph

Derivation of Mittag-Leffler function

* The function of Mittag-Leffler with one-parameter

The Mittag-Leffler function’s m-th derivation using the parameter «a is :

(m) _ - (k + m)!Zk
B = kZ:(; KT (ak + am+1)

* The function of Mittag-Leffler with two-parameters

The m-th derivation of the function of Mittag-Leffler with two parameters a and f) is:

(my _ - (k + M)!Zk
Eep = Z kT (ak + am + B)

k=0
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2.2 Laplace transform

In fractional calculus theory, the Laplace transform approach is crucial, particularly
when resolving fractional differential equations.
Here, we define the Laplace transform and discuss some of its features.

It's important to remember that any function f(.) is considered to be of exponential

order f, if there are two constants N > 0 and T > 0, such that:
Ff( <N, forallt > T. (2.8)

Consider a function f(t) having exponential order 8, then [32]:

f f(tyetdt, (2.9)
0

exist for all s, where Res > f.
The integral (2.9) is known as the function f(t) Laplace transform, and we identify it by

L{f(t)}, then:

L{f(t)} = ff(t)e‘“dt. (2.10)
0
f(t) is called the origin and it can be restored from the integral:
c+ico
f(t) = L{F(t); t} = f e*'F(s)ds, for c = Re(s) > ¢, (2.11)

with the Laplace integral’s absolute convergence is located in the right half plane by c.

Example 2.2.1. Observe the functions:

f(t) = exp(at), and g(t) = t",

where u > —1anda,t € R.

The Laplace transforme of the considered functions are

INu+1
(u ), and L{e"} = L
Su+1 sS—a

L{t"} =
Theorem 2.2.1.

Let B > 0, ¢ € C, define y(t) = E [-B(ptP)]. The Laplace transform of y(t) is:

sP-1

s+’

Ly(s) =

where @ € C, Re(s) > 0, and |ps~P| < 1.

(2.12)
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Remark 2.2.1.

Differentiating equation (5.13) n times with respect to ¢ produces the next relationship:

G

L {tﬁ”E(”)(—(ptﬁ)} (s) = T

(2.13)

where @ € C, Re(s) > 0, and |ps~p| < 1.

Theorem 2.2.2. (Theorem of final value)

Assume that F(s) is the Laplace transformation of the function f(t) Consider F(s) as Laplace
transformation of the function f(t). If the open left half-plane contains all of the poles of sF(s),
we have

lim £(£) = lim sF(s) (2.14)

Laplace transform properties

Important characteristics of the Laplace transform include:

* The product convolution’s Laplace transform:
Let H(s) be the Laplace transforms of h(t) and K(s) be the Laplace transforms of
k(t), then the Laplace transform of h(t) and k(t)’s product convolution is provided
by:
L{h(t) * k(t); s} = H(s)K(s). (2.15)

Example 2.2.2. Let: f(t) = e7" and g(t) = sin(t),

Our goal is to compute the Laplace Transform of (f * g)(t), the Laplace transforms of f(t)

and g(t) are :
1
_t _ —
Lie }_s+1’L{g(t)} 1482
Based on the theorem of convolution, we have:
1 1 1
—t % S = =
Lie™ »sin(t)) (s + 1)'(1 + sz) (1+5)1 +s?)°

* The derivative’s Laplace transform:
Letnbe aninteger number. For the Laplace transform of the function g(t) derivative
is:
n—-1
L{K(¢); s} = s"H(s) — Z "0, (2.16)

k=0
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* Fractional integral’s Laplace transform:

Consider the next fractional integral of y(t):

—a a—1
D F( )f(t 2)" " y(z)dz, a > 0. (2.17)

This expression is a convolution integral.
Then :

LD y(t) = %L{t“ L) = sY (@), (2.18)

with Y(¢) is the Laplace transform of y(t).

2.3 Fractional derivatives

Fractional derivatives is an ancient subject, returning to a group of mathematician
researchers like Leibniz, Caputo, and Riemann-Liouville. This topic has gained great
importance due to its utilization in many sciences and engineering fields, like data
encryption, biomedical engineering, and secure communication.

The derivation with fractional-order is a generalization of the classical derivative. Since
1695, many researchers have attempted to give some approach definitions about it.
Here, we will mention the most popular of them like Caputo, Riemann-Liouville and

Griinwald-Letnikov.

2.3.1 Griinwald-Letnikov approach of fractional-order derivative

This technique is defined by Griinwald and Letnikov [33]. They defined it by finite
fractional differences.

Let us consider the relation:

) =1 (AZ;]; )(x), (2.19)

(AZ f)(x) is a finite difference of order n € IN and a step & € R, which is defined by:

MA@ = Y (1) | F(x = kh), forx € R, (2.20)
k=0 k
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Replacing n € N in (2.19) by a > 0, we get:

D f(x) = lim ™ i(—nk [i] F(x = kh), (2.21)
k=0

wherenh =t -«

The expression (2.21) is called Griinwald-Letnikov approach of fractional derivative of

f.

2.3.2 Riemann-Liouville approach of fractional derivative

Let f be an integrable and continuous function in every finite interval (a, t).

The formula of Cauchy for the m — th integral of f is:

U B o (¢
“D" () = =T f TS (2.22)
Using Gamma function, we have:
"D f(x) = o f - f (Cc))l —dg, (2.23)

The concept behind of the integral of Riemann-Liouville with fractional-order is to
generalize Cauchy’s formula for obtaining n — th integration to a non-integer order. To
this end, we replace n by a real « > 0. Then the fractional integral of Riemann-Liouville

[30] is provided by:

Dy (@)
D f(t) = @ )f(t O —dC, (2.24)

The Riemann-Liouville derivative fractlonal of function f(t) is:

dm
" @y

1 [ FOdC

Dif®) Mo -ay @ ) G-

D" f(B) =

(2.25)

wherem —1 < a < n.

2.3.3 Caputo Approach of fractional derivative

Now, suppose that f is of class C", n € IN. So, fo n > 1, the fractional derivative of

Caputo of the function f(t) [34] is given by:

e @1 [ fO0dC
DO = DGO = =y ) g

(2.26)
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wheren -1 < a < n.

Caputo’s fractional derivative: some characteristics

* There is a relationship between the fractional derivatives of Riemann-Liouville
and fractional derivatives of Caputo . The two approaches are linked together by

the next relationship:

cye o v fk(a) k—a
aDt (t) =4 Dt f(t) - ; m(t - [1) ,n—1<a<n. (227)

* The Caputo’s differential operator has a property of linearity. i.e., for (n, u) € R:
oDi(mx(t) + uy(t)) = n,Dix(t) + u D x(t).

* Let f(t) = c. Since f™ =0, we get:

1 (e
rn-a)J, (t-0 !

CDéc = dC = 0. (2.28)

* The Caputo’s differential operator has the following property
DFGDY) =5 DT f (1), (2.29)
wherem e N"andn—-1<a <n.

* The fractional derivation of the function f(f) = (t — a)? is:

I'(g+1)

(it —a) = TE-a+1)

(t—a)’™®, for all B> a. (2.30)

if B = 2 and a = 0, the fractional derivative of f(t) = #* is:

2
I'G—-a)

SDY 12 = e, (2.31)

Figure 2.4 illustrate the graph of >, for differents values of a.

* The Caputo fractional derivative’s Laplace transformation is:

n—1
L{D*f(t),s} = s"F(s) — s k-1 f(k)(O) (2.32)
k=0
withn—-1<a<n.
if « € (0,1], we have
L{D"f(t),s} = s“F(s) — s~ f(0) (2.33)
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Figure 2.4: Graph of the fonction #?, for differents values of .

The Laplace transform is often used to find the solution of differential equations; it’s
necessary to choose which type of initial conditions to use. Recall that the Laplace
transform of the Caputo fractional derivative enables the use of same initial values
of integer-order, leading to a physical interpretation. For this, it will be frequently

employed, throughout this work.
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Chapter

Fractional dynamical systems

A fractional dynamical system is a system that includes fractional-order derivatives
instead of integer-order derivatives. The researchers use these systems for simulating
real-world processes of memory effects, hereditary characteristics, and anomalous dif-
fusion.

In this chapter, Caputo differential equations with fractional-order and the existence
and uniqueness of a solution theorem , as well as the numerical solutions and analyt-
ical solutions of linear equations and non-linear equations are covered. Moreover, we
will talk about the qualitative study of the dynamical system with Caputo fractional
derivative, including fixed points and the stability in both cases commensurate systems

with fractional-order and non-commensurate systems with fractional-order.

3.1 Fractional differential equation

Our interest in this part of the chapter is limited to the important elements of the dif-
ferential equations with fractional-order theory of Caputo fractional derivative. We
recall the theorem of existence and uniqueness, the impact of solving a fractional dif-
ferential equation’s with initial value problem with Caputo fractional derivative, then
the explicit resolution of linear fractional differential equations, and we end this part

by presenting a numerical technique necessary for the resolution of fractional equations.
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Consider the initial value problem:

“Dy(b) = f(t, y(b))
Diy(0) =y, j=01,.,n-1,

(3.1)

with “D¥ indicates the derivation operator in the Caputo sense, and n -1 < a < n.
The existence and uniqueness of the solution to the initial value problem (3.1) can be
established by the The existence and uniqueness of the solution to the initial value

problem (3.1) can be established by the following theorem.

Theorem 3.1.1. [35]
Let R >0, kK > Oandy(]) €R, j=01,...m=1andlet g:S=[0,"] xR — R, bea

continuous function, satisfying the Lipschitz condition for y:

Ig(t, y1) — g(t, y2)| < Lly1 — v, (3.2)
and let:
k = min{k’, (RT(a + 1)/N)V4}, (3.3)
where:
N = sup; .«lg(t, 2)|, (3.4)

then , y € C[0, h] is the unique solution of the problem (3.1) .

Theorem 3.1.2. [35]
Under the assumptions of the 3.1.1 theorem, the initial conditions problem (3.1) is equivalent

to the equation of Volterra integral :

-1

1 [ .
v = Z fl+ s [ -0 o o 35)

k=0

Proof. Suppose that y represents a solution of equation (3.5). The latter can be given as:

v = Z Lo+ o7 0, () (3.6)

Applying the differentiation operator §D? on both parts of this relation, we find:

(k) CDa t

-1
SDry(t) = Z—+§D? oD} f(E, (1))

k) Cpa 4k
Ty CDY
= % + it y(). (3.7)

o~
I
o
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Since k < a, then {D? =0
Therefore y is a solution of the equation (3.1).
It remains to show that: $DJy(0) = 4.

Indeed, by applying the operator gD{, 0 < j < n -1 on the Volterra equation (3.5), we

obtain:
n=1 (k) Cry/ sk
i Yy oD; t i
Dy = Y =S —+5D] oD} oD, £t (1)
k=0 )
n-1 (k) cry k
Yo oDt i
= ) Tt oD TS y). (3.8)
k=0 '
We remind that:
0, sij>k
DI = {r(k+1), ifi=k (3.9)
M+
F(k—j+1)t ,  ifj<k
Which implies:
0, sij>k
SO, = {rk+1),  ifj=k (3.10)
0, if j<k

Howevera —j > 1.

Which indicates that the integral oD, ™ £(¢, y(£))l=o is null.

Therefore SD/y(0) =y

Let us now suppose that y is a solution of equation (3.1) and show that y is the solution
to (3.5).

Let us set z(t) = f(¢, y(t)), we then have:

n-1 () gk—a
104 104 y t
20 = fly®) =508y =500 - ) rr e
k=0
n-1 _ (k) k
104 104 y t
= th y(t) — §Dt Z (;(—,
k=0 )
n=1 _ (k) 4k
= {DrO - ) )
k=0 ’
= §D}(y — Tuaaly, O1)(®)
= oD} oD; " (y - Tuaaly, 0)(), (3.11)
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n—1
with T,_1[y, 0](t) = X % ygk), is the Taylor polynomial with degree n — 1.

By applying the operator (D;" on both sides of this last equation, we get:
oD;"z(t) = oD; " (y — T,aaly, OD(E) + q(b), (3.12)

g represents a polynomial with degree < n — 1.

Because the function z is continuous, the function (D;"z has a zero with order at least
n at the origin.

Furthermore, using construction : y — T,,_1[y, 0] having the similar property .

therefore the function OD;(”_“)(]/ — Ty-1ly, 0]) must also have a zero with order n.
Consequently the polynomial g having the similar property, but since it is of degree

<n -1, it follows that g = 0.

Consequently:
oD;"z(t) = oD} "~ (y = Taly, O1)(). (3.13)
that implies:
y(t) = Tualy, 01(t) + oDy z(t)
tk 1 [ -
- kZ y® 4 ) fo (t— 1)* (1, y(1))d. (3.14)
Od

3.1.1 Analytical resolution of fractional linear equations

In this part, we are interested in explicitly solving a linear fractional differential equation
with Caputo derivative .

A one-dimensional equation case

Theorem 3.1.3. [36]

Let « > 0 and n = [a] + 1. The general form of the solution to the problem:

SDy(t) = Ay(H) +q(H), A € R, andqa continuous function. 615

y®(0) =y, k=0,1,.,n-1,

is given by the formula:
) = Z yOu(t) + () (3.16)
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where:
oD q(), if 1=0
i = tt (3.17)
L[ gt -vuymdr,  if A#0,

and:
up(t) = D7%e,(t), where ey (t) = E4(AtY), k=0,1,..,n—1. (3.18)
Proof. e Si A = 0, the problem (3.15) becomes:

CDYy(t) = q(t)

yoo) =y®,  k=01,.,n-1

Because e, (t) = E,(0) = 1, we have u(t) = 7 pour toutk=0,1,..,.n—1.

Using the relationship between the Riemann-Liouville derivative and that of Caputo,

we find:
Ca Rya v y(k)(o) k—a
ODt ]/(f) = ODt y(t) - m = q(t) (3.19)
k=0
Which implies:
n—1 15
Rpya _ Y (0) k—a
§DIy(t) = ; Th—asDt IO (3.20)

We apply the integral of Riemann-Liouville on both parties of the equation (3.20), we
find:

T
—_
<
>
=
=
—

O)ODt—atk—a

-a Rpya — —a
oD thy(t) - ;; Tk—a+1) +oD; q(t)
n—1 (k)(o)tk
- VY L+ D), (3.21)
k=0 )
The latter is equivalent to:
n-1
y(t) =) yPOult) + §(t), where () = \D;q(t). (3.22)
k=0

e Now suppose that A # 0. The proof is done in two steps (a) and (b).

a) The function uy satisfies The differential equation that is homogeneous, that is:
gD‘t"uk = Au, Yk = 1,...,,n — 1 and verifies the initial conditions ul((j)(O) = Orj(Kronecker
delta) for j,k=0,..,n—-1.

b) The function j represents a solution of the non-homogeneous differential equation,
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with The differential equation that is homogeneous.

We start with (a).

A simple calculation shows that:

Hence:

_ M-k _
= Deal?) _;‘F(aj+1+k)'

/\jtaj+k

(3.23)

(3.24)

Let us now show that uy is a solution of the homogeneous differential equation. Indeed:

Which ensures that u; represents a solution of the homogeneous equation.

Furthermore, if j = k, we have:

Ifj<k:

And for j > k, we get:

However, in contrast:

S D)

u®(0) =

u(0) =

u(0) =

j(t)

C a

Zr(a]+1+k)

/\]ta]+k
Z I'(aj+1+k)

A
;F(a(j—1)+1+k)

D'D7e,(0) = e,(0) = 1.

A

D/D7%e,(0) = D~ 7e,(0) =

%jo‘q(t—’c)e;(”c)df
%Lq(t)e;(t—’c)d”c.

C ata]+k

a(j-1)+k

0.

D/D7e,(0) = DY™e,(0) = 0

1‘£q(t—f)u6(’[)d’(

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)



We recall that this integral always exists, whatever ¢ > 0, because g is a continuous
function, e, integrable, and §#(0) =
According to a property of the differentiation of integrals with a parameter, we have:
D Y AN 1.
Dit) = = | qelt - vz + 1q(t) €.0) . (3.30)
A Jo NG
=0

Using the property of continuity of g and the weak singularity of e, we can easily verify
that DY §(0) = 0

Similarly, we also find:
1 t
Dky(t) =3 f q(T)egﬁl)(t —1)dt, forall k=0,..,n—-1. (3.31)
0

Thus, D¥(0) = 0
As a result i satisfies all initial conditions that are homogeneous .

Let us now show that j represents a solution of the non-homogeneous differential

equation.
Since:
= Ayt
a = . 3.32
6, 0) = o, (u) Y. Tap (332)
So, we get:
i = 5 [ g (-
B At — 7)%~ 1
- f 5 )Z I'(aj)
— j—1 _ aj—ld
;/\ e fo (x)(t — 7) dt
_ Z A0-D OD;“fq(t). (3.33)

j=1
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Thus:

SDegH = Y AT SDy oD Yg(t)
j=1

()

-

1

]

Al oD q(t)

-

Il
o

]

= g+ A oD;Vq(t)

j=1
= q(t)+ Ag(®). (3.34)
m]
Example 3.1.1.
As an example, we take:
CD¥y(t) = y(t) — 2, a € (0,1),
oty Y (3.35)
y(0)=0,4(0)=0
Since : A = 1and q(t) = =2, one can gets:
1 :
gty = 1 f q(t — Duy(t)dt (3.36)
0
£
= f —2uy(T)dT
0
= —2[E. ()]
= 2 -=2E,(t%). (3.37)
On the other hand:
1 t
Y yu) = YO +y (0) f E(t%)dt = 0. (3.38)
k=0 0
Which implies that the general form of the solution of the problem (3.35), is:
y(t) = 2 = 2E,(t9). (3.39)
Case of a multidimensional equation
Now, Let the differential equation with fractional-order [36]:
SDfy(t) = Ay(t)+4(t), (3.40)
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withO<a <1, Ae M,(R),y € R"and g: [0,h] — R".

We start by solving the homogeneous problem:
SDfy(t) = Ay(). (3.41)

We distinguish two scenarios.:
e Scenario 1: if that the matrix A has simple eigenvalues.
Let A4, Ay, ..., A, be its values, and vy, vy, ..., v, be the associated eigenvectors.

In this situation, the solution of equation (3.41) is given by:

yit) = cxOkEq(Axt?), (3.42)
k=1

where ¢, € R, Vk =1, ..., 1.
e Scenario 2: Now assume that the matrix A has multiple eigenvalues.
Let A be its eigenvalue, of multiplicity degree k.
We therefore have:
+ If kis equal to the number of eigenvectors associated with A that are linearly indepen-
dent, in this situation, the solution of (3.41) is of the form (3.42).
+ If m (m < k) is equal to the number of eigenvectors associated with A that are lin-
early independent , in this situation, the other solutions (k — m), which are linearly
independent are given by:
yO(t) = Z UMD EED Ay - for i=m+1, ...,k (3.43)
j=m
where the eigenvectors u') represent the solutions of the non-homogeneous linear

system:

(A = ADul*Y = 40, (3.44)

Remark 3.1.1. Let (y1, Y2, ..., Yu)! be the solution of the homogeneous problem (3.41), then

(Y1,Ya, ..., Yu)T, the solution of the non-homogeneous problem (3.40), with the initial condition

y(0) = yo is:

Y,’(t) = yi(t) + f: yi(t - T)qi(’[)d’f Yi=1,..,n (345)
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Example 3.1.2. (Case 1)

Let the fractional system:

- 2 [ 2 1 ]
oDiy(t) = Ay(t), y(t) eR® et A= .
A’s eigenvalues are provided by:
M=1-V2 =1+ V2,
and the associated eigenvectors are respectively given by:
o1=(1- V2, DT, v,=(1+ V2,1)".

Therefore, The system’s general solution (3.46 is:

1-142

y(t) = 01{
1

]Ea((l — V2)1) +c2[ L+

V2 ]Ea((l + V2)1.
1

Let’s choose now

we then have

c1=1andc, = -1.

Which implies:

y(b) =[ - V2 ]Ea«l — V2)1) —( L+ V2 ]Ea«l + V2)t).
1 1

Example 3.1.3. (Case 2)

Now, consider the system with fractional-order :
oDiy(t) = Ay(t), y € Rn

where
10 2 =2
A= 2 6 =2
4 0 4

The eigenvalues of A are:

Ay = 8 (with multiplicity )2, A, =4,
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and the associated eigenvectors are respectively given by:
v =(1,0,1)7, v, =(0,1,1)T. (3.53)

Since the number of eigenvectors associated with Ay = 8 is equal to (m = 1) which is strictly
less than k = 2 ( k represents the degree of multiplicity), then the other (k — m) solutions of the

system, which are linearly independent, are given by:

y(Z)(t) — 1D 2= Eg"_j)( At

.MN

—_

]:
uDtE(8t%) + u®E,(8tY), (3.54)

T
where: u® = (1, 0, 1) satisfying the following condition:
(A - ADu® = u®, (3.55)
T
Let u® = (a, b, c) . We then have:

2a0+2b—-2c=1,

2a-2b-2c=0, (3.56)

4 —4c = 1.

Which gives: (a,b,c) = (1/4,1/4,0).

Therefore, The system’s general solution(3.51) is :

y(t) = (1,0, 1)7E(8t%) + c2(0,1, 1) E,(4t%)

+ ¢3((1,0, 1)THEL(8t%) + (1/4,1/4,0)TE,(8tY)). (3.57)
Under the initial condition y(0) = (0,0, 1), the constants c, ¢, and c3 are given as:
c1=1/2, co=1/2, et c3 = 2. (3.58)
Finally, the solution of the system (3.51) is given by:

y(t) = (1/2,0,1/2)TE,(8t%) + (0,1/2,1/2)"E,(4t%)

+ ((=2,0,2)THE(8t) — (1/2,1/2,0) E,(8t%)). (3.59)
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3.1.2 Numerical resolution of non-linear fractional equations

In general, to solve nonlinear differential equations, we use numerical methods, since
the analytical solution in this case is usually impossible. There are a number of tech-
niques to solve differential equations with fractional order numerically, including the
Adams-Basheforth-Moulton approach, the method of variational iteration , the decom-
position method of Adomian , and the method of Griinwald-Letnikov for fractional
difference . In this section, is for the numerical method of Adams-Bashforth-Moulton,
to solve a Caputo-type differential equation with fractional-order. This method is based
on a fractional formulation of the classical method of Adams-Bashforth-Moulton . This
is the numerical method that we will use throughout this work for the fractional-order
simulation dynamical systems.

Generalized Adams-Basheforth-Moulton method:

The Adams-Basheforth-Moulton method is a numerical method introduced by Di-
ethelm and Freed [37], based on the Volterra equation (3.5).

We suppose that y; is the approximation of y(t), for all j = 1,...,k, in the interval [0, T].
To obtain yx.1, we replace the integral in the Volterra equation (3.5), using the formula
for the product of quadrature of trapezoids where the nodes ¢; for j = 0, ...k + 1, respec-
tively take the function (t41 — .)* L.

We then obtain the approximation:

k+1

tr+1
[ -0 g@ie < Y aag) (3.60
0 -
j=0
where
frr1
Ajke1 = (tre1 — T)a_l(Pj,kHde (3.61)
0
and
T— i']'_l .
PRI Zf tj_1<’f<tj
j bl
t]+1 - T .
Pik1 = ,if i <T <t (3.62)
Fje1 = £
0, otherwise.
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Since t; = jh, for j =0, ...,k + 1, we then get:

h a+1
(x(oz+1)(k —(k=a)k+1)), if j=0
o = (k= 42+ (k= ) =2k — 1)), if 1<j<k (363
djk+1 a(a+1)((k j+2) + (k- ) 2(k—j+ ™Y, if 1<j<k (3.63)
m, lf]:k+1

We then find the implicit equation of the Adams-Moulton method at one step:

-1

K
1
Yl Z Ll é]) %(%ﬂj,kﬂf (ti, yj) + ager e f (b1, Yis1)- (3.64)

=0
The issue with this last formula is that yi.; that are unknown and appears in both
parties of the equation, and because of the nonlinearity of f, it cannot be solved for 4
in a direct way. To do this, by inserting a preliminary approximate value of y; in the
right-hand part of this last equality.

vk, represents the preliminary approximation and called the prediction term, is found

in the same way, just, by replacing the formula of trapezoid by the formula of rectangle

-1

Vs Z + (()]) r(a)(zﬂ]kﬂf(t]/]/])+ﬂk+1k+1f(tk+1/yk+1) (3.65)

=0
Thus, to found y} , we once again use the one-step method of Adams-Bashforth
(similarly for the correction formula), but we substitute the integral with the product

rule of rectangles:

frr1 k
(ta = D9 ~ Y bjxnglh), (3.66)
0 —
where:
h* nar n
bixs1 = ;((k+ 1=7%= (k= 7. (3.67)
We then have:
n-1 j ) 1 k
yZ+1 = Z jl 0) F_Z bix1f(tj, y;). (3.68)
k=0 /° =0

Finally, the expressions (3.65) and (3.68), with a;x,1 and bjx,1, which are particularly
computed from (3.61) and (3.67), respectively, form the method of Adams-Bashforth-

Moulton of fractional system.
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The name of method is PECE (P(Predict),E( Evaluate),C( Correct), E (Evaluate)) be-
cause it starts by computing the predictor using the relation (3.68), then it evaluates
f ks, y’; +1). Using this last evaluation, we compute the corrector via the relation (3.65),

and evaluate f(tis1, Yir1) in the end.

3.2 Fractional Chaotic Systems

In autonomous continuous dynamical systems with order less than three, chaos is
impossible the model of a chaotic system can be reorganized into three differential
equations containing fractional derivatives.

Now, let the following nonlinear system with fractional-order:
D%x = f(x), (3.69)

with x € R*, a = (a1, ap,...,a,)T (0 < a; <1,i=1,2,..,n) and D" is the derivation
operator in the sense of Caputo.

Solving the equation below to calculate the equilibrium points of the system (3.69) :
D% =0. (3.70)

Remark 3.2.1. In equation (3.69), which describes the dynamics of a nonlinear system of non-
integer order, two types of systems will be presented: commensurate systems (or commensurate

orders) and non-commensurate systems (or non-commensurate orders).

Definition 3.2.1. If all the orders of derivations a;, i = 1,2, ..., n of the system (3.69) are equal,

we say that the system is commensurate. Otherwise, the system is said to be non-commensurate

3.2.1 Differences between systems of fractional and integer order
Let us consider the two systems :
x(t)=ptt, 0<B <1, x(0)=x (3.71)
Dx(t) = ptF™!, 0<B <1, 0<a<1andx(0) = x (3.72)
The solutions of the systems (3.71) and (3.72), are respectively given by:
x(t) =t + xo, (3.73)
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O Tarp

It can be easily seen that the solution of the integer system (3.71) is asymptotically

+ Xo. (3.74)

stable, forall0 < g < 1.
However, the solution of the fractional system (3.72) is asymptotically stable, when
0<p<2-a.

This shows that fractional systems have different characteristics than integer systems.

3.2.2 Necessary and sufficient conditions for the stability of the sys-

tem.

In the theory of stability of linear systems of integer order, a system is considered stable
if all the roots of its characteristic polynomial have strictly negative real parts, that is,
situated in the complex plane’s left half. Whereas, in the situation of linear fractional
systems, the definition of stability is strictly different from that of classical systems.
Indeed, in fractional systems, we can have roots in the complex plane’s right half and
be stable.

The following theorem allows us to assert the necessary and sufficient conditions

for the stability of fractional-order systems [56].

Theorem 3.2.1. [4] Let’s the non-linear system with fractional-order a:

DY = f(Y),
Y(0) = Yo.

(3.75)
where Y € R", 0 < a <1, and f € R" is a function that is non-linear and continuous .

1- Suppose that the system (3.75) is commensurate. Let A1, Ay, ..., A, represent the eigenvalues

of the Jacobian matrix A = 3—y associated with f at the equilibrium points.
Then, the system (3.75) is considered asymptotically stable if:

Tt

larg(A;) > az, foralli=1,2,...,n. (3.76)

2- Now suppose that the system (3.75) is non-commensurate, i.e.,. i # j/a; # a; , and let m be

the lowest common multiple of the denominators u; of A;, such that:
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a; = _:I (ui/ Ui) = 1/ Ui, 0; € z (377)

1

Define 0 = %, and let Ay, Ay, ..., a, be the eigenvalues of the characteristic equation:

det (diag(ay, a2", ..., alf) = A) = 0. (3.78)

Then, the non-commensurate system (3.75) is asymptotically stable if:

Tt
Y

larg(A)] > 6

foralli=1,2,...,n. (3.79)

To demonstrate the validity of the preceding theorem, it is necessary to establish

the next theorem.

Theorem 3.2.2.

Let consider the function g(t) as a non-constant function and periodic where T its period,
suppose that g(t) is m-times differentiable, the fractional derivative of this function °D? cannot
be a periodic function with period T(the operator °D%is the operator of fractional derivative of

Caputo, Riemann-Louiville or Griinwald-Letnikov)
Proof 3.2.1. 1. Commensurate System

(a) If A\is diagonalisable, then according to the chapter of fractional differential equation,

the solution of (3.75) is given by:

n

Y(t) = Z e Ea (A, (3.80)

k=1
by Theorem (2.2.1), its Laplace transform is:

n ga-1

Y(s) = Z W (3.81)

k=1

(b) If Ais not diagonalisable, then according to the part of analytical solution of multidi-
mensional equation, the solution of (3.75) is:

-1
YOOt = Y DD ) 1=, kg =1, (3.82)
i=0
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with k;j represents the eigenvalue’s multiplicity, A;. and ) k; = n.
j=1
Using the relation 2.2.1 and we apple the Laplace transformation to both parties of

equation (3.82), we get:

1-1 _1

Y0(s) = Y )(l 1) 7

I=1,..,k,j=1,...,m. (3.83)

i=0
Suppose that every eigenvalue is located in the region {A € C;larg(A| > F)}. B
using equations(3.81) and (3.83), we get:

lim Y(t) = limsY(s) =0,
y—)OO S—00
Now, we suppose that exists A; such that
an
larg(A] < 7)
then using Theorem 3.2.2, we have:
lim [E,(AtY)] = o0
y—)OO
Thus from (3.80) and (3.82)Y(t) is unbounded.

2. Non-commensurate system

The next equation is obtained by applying the Laplace transform to both parts of (3.75).
H aq ay — [ o1-1 ay—1 T
(diag ([s™,...,s"]) —A)Y(s) = (S 11(0),...,s yn(O)) . (3.84)
The result of multiplying s on the two parties of (3.84) is:
(diag ([s™, ...,5%]) = A)sY(s) = (s*11(0), ..., s x,(0))", (3.85)

the previous equation does not have one solution sY(s) just when:

det(diag ([s",...,s""]) = A) = 0. (3.86)

We denote s = As = A™ and replacing in (3.86) give us the equation (3.78). If all the
roots of the equation (3.86) lie within the complex plane’s open left half., Re(s) < 0 (i.e.,
larg(s)| > 3, which implies |arg(A)| > 6%), then we consider (3.85) in Re(s) < 0. In this

restricted area, (3.85) has one solution:

sX(s) = (sX1(s),...,sX,(s)).
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then, we get:

lim sYi(s)=0, i=1,...,n.

s—0, Re(s)<0

Utilizing the Theorem of final-value2.2.2, we get:

}1_)1& yi(t) = S_>0111RIE(1$)S0 sYi(s)=0, i=1,...,n.

Remark 3.2.2. If the system studied is linear, the stability conditions in the previous theorems
remain true, just by replacing the Jacobian matrix of f by its linear part.

Figure 3.1, illustrates the different stability regions of a fractional system, where 0 < a < 1.

Figure 3.1: The regions of stability for a fractional system, where 0 < a < 1.

Example 3.2.1. Consider the non-linear fractional-order system :

Dex =1+ x%y — 4x,

(3.87)
D%y = —x*y + 3x,
where D* is the Caputo differentiation operator.
Calculate the equilibrium points by solving the next equation:
1+x*y—4x=0,
(3.88)

—x?y +3x = 0.
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P = (1, 3) represents the only equilibrium point of (3.87)

At equilibrium point P, the system’s Jacobian matrix is:

2 1
(3.89)
-3 -1
It has the next characteristic polynomial:
P(A)=A*-A+1. (3.90)
The system’s eigenvalues related to point P are provided by:
1. V3. 1 V3,
A = E + Tl and Ay = E - 71. (391)
When o = 0.65, we can easily see that:
larg(Ar)l = 1.047 > 25 = 1.021. (3.92)

2

Using the Theorem 3.2.1, shows the equilibrium point stability P. However, in the integer case,

the equilibrium point P is unstable.

3.2.3 Necessary condition for chaos

Looking at the commensurate system (3.75), it is evident that the equilibrium points
are found by solving the equation f(y) = 0. According to Theorem 3.2.1, if all the
eigenvalues of the Jacobian matrix ( g—jy[) for these points satisfy the condition in (3.76),
then these points are considered locally asymptotically stable.

In the theory of three-dimensional dynamical systems, an equilibrium is called a saddle
point, when linearized system that is corresponding to an equilibrium has at least one
eigenvalue in stable region and the others are in unstable region. In addition, if and
only if, the corresponding linearized system has one stable eigenvalue and the rest are
unstable, this point is referred to as saddle point of index 1 and is referred to as saddle
point of index 2 if and only if, two eigenvalue is unstable region and one eigenvalue in
stable region.

For chaotic system, it is commonly know that ” scrolls” are product only at index 2
saddle point, on the other hand index 1 saddle point is responsible for joining these

scrolls.
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Assume that we have s three-dimension chaotic system, has an attractor of a single
scroll. Then this system has a index 2 saddle point, surrounded by this attractor. Let A

an eigenvalue of index 2 saddle point and A if A satisfies the condition:

R(A)

a> 2 arctan(‘
e N

(1)

then, the fractional system (3.69) is able be have a chaotic behavior.

. (3.93)

3.2.4 Direct fractional Lyapunov method

The concept of the direct Lyapounov method consists in finding a Lyapounov function
associated with a nonlinear problem. When there is this function , the system is stable.
This method is difficult to implement, however it is of a much more general scope.
Note that this method allows us to give a sufficient condition of stability, that is, we can
demonstrate the stability of a system, even in the face of the impossibility of finding a
Lyapounov function, since we are unable to identify such a Lyapounov function using
any generic rule. However, in physics problems, energy is often a good candidate. Our
extension in this part, is the direct Lyapounov method of fractional systems to study

the asymptotic stability of solutions of the following system:

DAx(t) = f(x(1)), (3.94)
where f:IR" — IR" represents a nonlinear function, x € R" is the state vector and
a € (0,1).

To achieve this objective, we recall some classical results of stability in the sense of

Lyapunov, on which our work described in the last chapters of this work is based.

Theorem 3.2.3. [40] If there is a positive function of Lyapunov V(x), and the Caputo fractional
derivative of this function is strictly negative, i. e. , (D*(V(x)) < 0,Vt > to), then the solution

of (3.94) is asymptotically stable.

3.2.5 Lyapunov candidate functions for stability

This section presents a new property for fractional derivatives with Caputo derivative,
when 0 < a < 1, this enables the expansion of the direct Lyapunov method of fractional
order to develop a simple candidate Lyapunov function for numerous fractional order

systems and, therefore, the evidence of their stability.
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Lemme 3.2.1. [40] Let h € R be a Caputo-differentiable function. Yt > t, we have:
%D“hz(t) < h(t)D*h(t), a€(0,1). (3.95)

Proof 3.2.2. By definition, we have:

appy L " h(r)
D*h(t) = fi-a ), G- T)adT' (3.96)
ie.,:
1, B 1 " h(t)h(t)
SDIE) = Mw ), oo dr (3.97)
Thus: ‘
(D h(t) — %D“hz(t) =T 11_ 3 [h(®) (; f (TT))] LOPR (3.98)
Making the modification:

y(7) = h(t) = h(7),
The equation (3.98) is able to be described as :

. 1 o —1 " y(0y(7)
h(t)D*h(t) — 5D HA(t) = fa—w ) G- dr. (3.99)

Let’s integrate by part, we put:
du = y(0) (),

(-1 (3.100)
“TTi-a)
then:
i Lar2en _ 1 ~y(7) y2(to) 1 L)
HOD O =2 D0 = I S =0 A~ )t =0 T —a) Jy, -
(3.101)
Applying the rule of hospital , we obtain:
—1? 2 y
lim VAR oy (3.102)

ot 2T — a)(f — 1) % 2aT(1 — a)(f — 7)o

Finally:
« Loay2 Y (to) 1 AG)
i = > > tp.
h(t)D*h(t) 2D h=(t) T = )=o) + A=) ), (- T)a+1dT >0, forall t >t
(3.103)
Remark 3.2.3. The previous lemma is true, if h(t) € R", and in this case:
%D“hT(t)h(t) < W' (Y)D*h(t), forall a € (0,1) (3.104)
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Corollary 3.2.1. Let’s consider the following system with fractional-order :
Deh(t) = f(n(1)),
with a € (0,1). Let h = 0, the equilibrium of this system if the condition.
h(t)f(h(t)) <0 ,Yh, (resp. h(t)f(h(t)) <O, forallh #0,)
satisfied, then the equilibrium O is a stable point(or asymptotically stable)

Proof. Let’s the Lyapounov function:

Vit = 50

using the previous lemma, we have:
DV (h(t)) < h(t)Dh(t) = h(t)f(h(t)) <0, Vh (resp. <0, Vh #0),

then, using the Theorem 3.2.3, 0 is a stable point (or asymptotically stable ).

(3.105)

(3.106)

(3.107)

(3.108)

O

Example 3.2.2. Examine the model of satellite chaotic system with fractional-order [41], which

can be given by:
Dex = %yz - 04x + 2z,
D*y = —xz + 0.175y,
D% = xy — V6x — 0.4z.
where:
*x, y and z represent the system’s state variables.

*O<a<l.

* D represents the operator of Caputo fractional derivative with order a.

(3.109)

The attractors of chaotic system (3.109) are shown in Figure 3.2 and the temporal evolution

of the states x, y and z are shown in Figure 3.3.

To analyse the asymptotically stability of the system, we consider the controlled chaotic

system as follows
Dx = 3yz - 0.4x + 2z,
D%y = —xz + 0.175y — ky,
D%z = xy — Véx — 0.4z,
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Figure 3.3: Temporel evolution of the states x, y and z.
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where k is positive feedback control gains.
If the feedback control gains k > 0.175, then he controlled chaotic system (6.1) is asymptotically
stable.

Define the Lyapunov functional as
_Ll 2, .2
V(x,y,z) = §(6x +3y° +z )
By using Lemma 3.2.1, the fractional-order derivative of V is given by

D*V(x,y,z) < 6xDx+3yDy+zD"z
6
= 2xyz —24x* + —xz +
’ V6
—3xyz — 3(k — 0.175)y* +
+xXyz — Véxz — 0.422

< —2.4x* - 3(k — 0.175)y* — 0.42%.

If the feedback control gains k > 0.175,, then D*V (x,y,z) < 0 for (x,y,z) # (0,0,0) .

Thus, the system (6.1) asymptotically converges to zero.

For the numerical simulations, we use the method of Adams-Bashforth-Moulton [37] to solve
this system.

We assume that the starting conditions of the system are employed as
x(0) = 0.1, y(0) = 0.1 and z(0) = 0.2

To ensure the condion of stability, the control input is chosen as k = 0.5, and the fractional-order
is selected as o = 0.98.

The controlled chaotic system’s time-history is displayed in Figure 3.4.

It is evident that every solution to this system approaches the origin values, confirming the

asymptotic stability of the controlled chaotic system (3.110).
Example 3.2.3. Consider the system;

D*x(t) = —x(t) + (1),
D*y(t) = —x(t) - y(t),

(3.111)

Define the Lyapunov function as:

V0, y 1) = 52200 + 750 (3.112)
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Figure 3.4: Time-history of the controlled chaotic system (3.110).

It is evident that the V is a function that is positive definite.

On the other hand, using Lemma 3.2.1, the derivative of fractional-order of V is:

DV, 1) = 3D+ DY)

XOD(D) + 2y (OD (D)

IA

IA

x(H)D%x(t) + > (D y(t)
—x*(t) - y*(t)
< 0, for (x,y) #(0,0) (3.113)

IA

Thus, the system (3.111) asymptotically converges to zero.
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Chapter

Synchronization of chaotic system

The word "synchronization" comes from a Greek root that means "to share the common
moment." Until now, the term "synchronization" has been used colloquially to refer
to the agreement or connection in time of different activities. There has been a lot of
research done on the study of synchronization experiences in the dynamical systems
evolution. It began in the 17th century, when Huygens discovered that two pendulum
clocks that were hanging at the same beam, but they were very weakly related might
be made to synchronize in phase. The coordinated lighting of fireflies is another early
example.

Recently, chaotic systems have become the focus of synchronization search, when

there is a shared behavior between two, three or more chaotic systems, whether they
are equivalent or not, due to a coupling or forcing of some part of their motion (either
noisy or periodic), this is known as synchronization of chaos. Its concept is two chaotic
systems may develop on different attractors, but when they are linked, they begin on
different attractors and eventually end up following a similar path, since the solutions
of chaotic systems with local initial conditions diverge quickly.
A combination synchronization strategy between three chaotic systems was the subject
of two papers published in 2011 and 2012 [42, 43]. It was initially demonstrated by
these authors that it was possible to synchronize the response system’s state variables
with the total of the state variables of two driving systems.

This chapter discusses the phenomenon of synchronization of chaotic dynamical
systems. First, we will discuss the types of synchronization and combination synchro-

nization, and we present an application of compound combination synchronization of
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one fractional-order systemand three integer-order systems.

4.1 Synchronization Techniques

Conventional synchronization techniques typically rely on using circuits that are iden-
tical. Let us consider two identical chaotic systems that oscillate entirely on their own.
If they are permitted to exchange energy, a process known as "coupling," the two sys-
tems will eventually adopt a common behavior: they synchronize. Chaotic systems can
couple either both ways (bidirectional coupling) or in just one direction (unidirectional

coupling).

4.1.1 Unidirectional coupling

This kind of arrangement is called "master-slave" or "" drive-response” and occurs
when energy is transferred from one system to another after it has been divided into
two smaller systems, one of which leads and the other follows.

Consider two identical systems as follows:
D*Xi(t) = h(Xy, 1), (4.1)

and

D*X,(t) = h(Xa, 1), (4.2)

the two equations (4.1) and (4.2) are said to be unidirectionally coupled, if the second

equation changes and two new equations are created:
D“Xl(t) = h(Xl, t), (43)
and
h(XZI t) if Xl = XZ/

DX (t) = (4.4)
h(Xy,X5,t) otherwise.

4.1.2 Bidirectional coupling

When two subsystems are connected to one another in some manner, their trajectories

are impacted by one another’s actions. This is known as bidirectional coupling.
DiXa(t) = (X4, 1), (4.5)
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Figure 4.1: Unidirectional coupling

and

D*X5(t) = ha(Xa, 1), (4.6)

If both systems (4.5) and (4.6) can be rewritten in the following ways:
DaXl(t) =& (Xll Xl/ XZ/ t)/ (47)

and

D*X5(t) = §2(Xo, X1, X, 1), (4.8)

they are considered coupled, where g; and g, are non-linear functions, the system vari-
able is represented by the first variable in each equation, and the coupling effect’s output

is represented by the second and third variables. The following example demonstrates

Figure 4.2: Bidirectional coupling

the difference between unidirectional and bidirectional coupling synchronization, in

an easily understood way:.
Example 4.1.1. Let two identical fractional chaotic systems:

D% = f(x), (4.9)
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and
D% = g(y), (4.10)

with x = (x1,x2,x3)" are the state vector of the system(4.9), y = (y1, Y2, y3)" are the state vector
of the system(4.10), f = (f, f2, )" and ¢ = (31, $2, §3)". are continuous vector function of the
system (4.9)and (4.10) respectively

The coupling between these systems can be given , using the equations:

Dy = fi(x) + ki(y1 — x1),
D%xy = fo(x) + ka(y1 — x1), (4.11)
D5 = f3(x) + ka(yr — x1),
and
D%y = g1(x) + r1(x1 — 1),
D%y; = &2(x) + r2(x1 — y1), (4.12)

D%ys = g3(x) + r3(x1 — 1),
with ki, r;,1 = 1,2, 3 are constants of coupling.

We have two cases:

1. ki = OVi = 1,2,3 : the system (4.9) ’s state affects system (4.10), whereas system (4.10)
has no effect on system (4.9), which means that there is a unidimensional coupling between
the two systems. Then, system (4.9) is the transmitter or master, and system (4.10) is the

slave or receiver.

2. if diwithk; # 0and r; # 0Vi = 1,2, 3, a bidirectional coupling is created between the two

systems, meaning that each influences the other, and also vice versa.

4.2 Synchronization types

Consider the drive system:

D%x; = fi(x1), (4.13)
and the controlled response system:
DD(.XQ = f2(x2) +u, (414)

where x; and x; € R" are state vectors, f; and f, are non linear functions and u is a

controller to be determined.
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Let x1(0) and x,(0) be a initial conditions of systems (4.13) and (4.14), respectively.

We have the following definitions.

Definition 4.2.1. (Complete Synchronization)
The two systems (4.13) and (4.14) are said to be complete synchronization, if their states coincide

over time. It holds, if the condition
lim [lv,(1) ~ %28 = 0.
is satisfied
Remark 4.2.1. If fi = f,, this synchronization called identical complete synchronization.

Definition 4.2.2. (Anti-synchronization)

If there is a controller u = (uy, Uy, ..., u,)", such that:
}gg Ix1(t) + x2(8)I = O,

then, the systems (4.13) and (4.14) are achieved anti-synchronization, for all initial conditions

x1(0), x2(0).

Definition 4.2.3. (Generalized synchronization)
The two systems (4.13) and (4.14) are synchronized in the generalized sense, if exists a controller

u = (uy, Uy, ..., u,)" and a transformation M such that:
lim |lx; (£) - M(x2) ()] = 0,
there is no consideration of the initial conditions in this particular case.

Definition 4.2.4. (Projective synchronization)
We say that exists is a projective synchronization of the systems (4.13) and (4.14), if there is an
effective control u(x1;x,), where, for all initial conditions x1(0) and x,(0) of the systems (4.13)

and (4.14), the following equation :
tlgg llx1(t) — Ox2(H)I| = O,

is satisfied, where O is a non-zero constant known as the scale factor.
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Definition 4.2.5. (Modified Projective synchronization)

If there is an effective control u(xy; x2) and if the following expression is satisfied:
lHm |®x:(f) — x2(H)ll = 0,

where © is a non-zero constant matrix known as scale matrix, then there is a modified projective

synchronization between the systems (4.13) and (4.14).

Definition 4.2.6. (Q — S synchronization)

If there is an effective control u(xy; x;) and if the following expression is satisfied:
Hm [IQx: (f) = Sx2(Hll = 0,

where Q and S are non-zero constant matrices, then there is a Q — S synchronization between

the systems (4.13) and (4.14).

4.3 Combination synchronization

All the previous methods focus on the usual synchronization between two chaotic
systems, that is a very special situation of combination synchronization. In the year
2011, Runzi et al. [16] introduced a novel method for synchronizing two drive systems
and one response system , known as "combination synchronization,” in which the
combination of trajectories of two drive systems and one response system remain
similar. Combination synchronization can significantly improve secure information’s
resistance to attacks and decoding. Many types of kind ofthis synchronization has
beeb devloped in recent years, such as dual combination synchronization [44, 45],
generalized combination synchronization [46], projective combination synchronization
[47], and also combination-combination synchronization [48].
Consider the drive systems:

D%x3 = f3(x3), (4.15)
D%y = fa(xs), (4.16)

and other controlled response system as:

DaJC5 = f5(X5) + 0, (417)
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where x3, x4 and x5 € R" is state vectors, f3, fs and f5 are non linear functions and v is
an other controller to be determined.

We have.

Definition 4.3.1. ( Combination snchronization)

If there is an effective control v(xs, x4, x5) and if the following expression is satisfied:
tlim |Ax3(t) + Bxy(t) + Cxs(t)l| = 0,

with A, B and C are non-zero constant matrices, then exists a combination synchronization

between the systems (4.15), (4.16) and (4.17).

Definition 4.3.2. (Compound combination snchronization)

If there is an effective control u(x1, x2, X3, x4) and if the following expression is satisfied:
lim [|Ax,(f) + Bx1 (£)(Cxs(t) + Dxa())ll = 0,

with A, B, C and D are non-zero diagonal constant matrices, then there is a compound combi-

nation synchronization between the systems (4.13), (4.15), (4.16) and (4.14).

Definition 4.3.3. ( Combination-combination snchronization)

If there is an effective control u(x1, x3, X2, x5) and if the following expression is satisfied:
}im [|Ax,(t) + Bxs(t) + Cxq(t) + Dxs(t)|| = 0,

with A, B, C and D are non-zero constant matrices, then there is a combination- combination

synchronization between the systems (4.13)-(4.15) and (4.14)-(4.17).
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Chapter 5

Compound combination synchronization
(CCS) between four unified chaotic

systems

In the present chapter, our goal is to examine the problem of compound combination
synchronization, we study this problem between four distinct non integer-order sys-
tems that are chaotic and similar. Utilizing the theory of stability of linear systems,
Laplace transformation and a novel suitable control law is proposed to confirm that
this type of synchronization is achieved. This control technique is applied for realised
compound combination synchronization between four united chaotic systems that are

identical. To illustrate the efficacy of the suggested approach, simulations are provided.

5.1 CCS’s general control method

This section designs compound combination synchronization of several fractional-
order chaotic systems.

The scaling drive system is:
x = f(x), (5.1)

the first base drive system is:

v =28), (5.2)

the second base drive system is:
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= h(z), (5.3)

where:
* x € R" is the state vector associated with the first drive system (5.1).
*y € R" demotes the drive system’s (5.2) state vector.
*z € R" demotes the state vector associated with the first drive system 5.3) .
* f, gand h: R" — R" represent vector functions that are continuous.

The response system is defined as:
Dfw = R(w) + u, (5.4)

with:
*pe€Qsuchthat: 0<p <1
* DP represents the Caputo operator of the fractional order p.
*w € R" represents the response system’s state vector(5.4).
*R:R" — R" is function that is continuous .
*u € R" is an active controller.
The concept of compound combination synchronization between (5.1)-(5.3) and (5.4) is

expressed as:

Definition 5.1.1. The drive systems (5.1)-(5.3) and the response system (5.4) are achieved
CCS, if there are four diagonal matrices V = diag (v1,vy, ...,0,), N = diag(ny,ny, ..., 1),
WV =diag (Yn, Yo, ..., V) and Q = diag (41, 92, ..., gn)and a controller u such that

t1i1+n I(QW + VX (WZ - NY)) (t)|| = 0.
HereX, Y, Z and W are diagonal matrices defined as:

= dlag (.’Xl, X2, eeny xn) ’

= dlllg (y]; yZ/ eeey ]/n) 7

= diag (z1,22, s Zn),

S N =X

= diag (wy, Wy, ..., Wy) .

(5.5)
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The state error is :

e=QW + VX (¥Z - NY).

We have:

¢ = QW+ VX(PZ-NY)+VX(PZ-NY)

QW + VF(x) (WZ - NY) + VX (VH(z) — NG(y))
where

F(x) =diag(fi(x), f2(x), ..., fu(x)),
G(y) = diag(1(y), &2(Y), s &n(Y)),
H(z) =diag(hi(2), hy(2), ..., hu(2)).

(5.6)

(5.7)

(5.8)

Here, the current goal is to identify a suitable controller u, where the error of

synchronization (5.7) tends to zero, witch indicates that the compound combination

synchronization between the systems (5.1)-(5.3) and (5.4) is achieved. To verify the

synchronization strategy, the linear part of the error system is controlled.
To achieve this goal, a novel control law technique is proposed:

Assume that function of the control u is:

u=—R(w) + I'"?[R(w) + «],

with « is:
K= _Q_1CI
Q7! represents the inverse matrix of matrix Q.
And
C=—-(P+M)e+QR(w)+ VF(x) (WZ - NY) + VX(VH(z) - NG(y)),
and

* R(w) = diag (r1(w), r2(w), ..., 1a(w))-
* P denotes the linear component of the system under study .
* M represents an unidentified control matrix that has to be found..

Then, we get:
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Theorem 5.1.1. Using the active controller (5.9), the drive systems (5.1)- (5.3)and the response

system (6.3), will be achieve compound combination synchronization.
Proof. Replacing the controller (5.9) into Equ. (5.4), we get:

D'w = R(w) — R(w) + I'? [R(w) + «]

(5.12)
=I"P[R(w) + «].
Introducing the Laplace transform (2.33) into (5.12), with F(s) = L(w), we obtain:
sPE(s) — " 1w(0) = s" 'L(R(w) + Q). (5.13)
Multiplying both sides of Equ. (5.13) by s'7, we get:
sF(s) — w(0) = L(R(w) + Q). (5.14)
Introducing the inverse of Laplace transformation to Equ.(5.14), we obtain:
w = R(w) + «. (5.15)

Substituting Equ. (5.15) into (5.7) and using the function C that is described by (5.10),

we get:

¢ = QW + VF(x)(WZ - NY) + VX(WH(z) - NG(v))
= Q(R(w) + x) + VF(x)(¥Z - NY) + VX(WH(z) - NG(v))
= QR(w) + Qx + VF(x)(¥Z - NY) + VX(WH(z) - NG(y)),
= QR(w) + Q(-Q"'C) + VF(x)(WZ - NY) + VX(WH(2) - NG(y))
= QR(w) - |~(P + M)e + QK(w) + VF(x)(¥Z - NY) (5.16)
+ NX(WH(z) - NG(y))| + VF(x)(¥Z - NY) + VX(WH(z) - NG(y))
= QR(w) + (P + M)e - QR(w) - VF(x)(WZ - NY) - VX(¥H(z) - NG(y))
+ VF(x)(WZ - NY) + VX(WH(z) - NG(y))
= (P +Me.
According to the dynamical linear systems stability theorem, if we chose the matrix
M, so that the eigenvalues of the matrix (P + M) has strictly negative real parts ,
it might be remarked that the error system (5.16) is asymptotically approaches to

zero, that indicate the response systems (5.4) will provide the compound combination

synchronization with the three drive systems (5.1)-(5.3). O
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5.2 Numerical simulation results

To confirm that the specified synchronization strategy is successful, three unified chaotic
systems with integer-order are selected like the drive systems and for the response ,
one united chaotic system with fractional-order is taken.

The united chaotic systems with integer-order( which are Lorenz, Chen and Lu

systems) [49] are:

X1 = (25(5 + 10)(3(2 — xl),

X, = (—356 + 28)X1 — X1X3 + (29(5 - 1)X2, (517)
. 0+8

%=MM—(3)%

y1 = (256 + 10)(v2 — v1),

yz = (—35(3 + 28)}/1 = Y1Ys3 + (29(5 — 1)y2, (518)

. 0+8

Y3 =1Y1Y2 — (T)]/sl
and

Z1 = (256 + 10)(z, — Zl)

yz = (—356 + 28)21 — 2123 + (29(5 — 1)Z2, (519)
, 0+8
Y3 = 2122 = (—5~)z

Figure 5.1: The Lorenz attractor system (5.17), withp =1 and 6 = 0.

The united chaotic system with fractional order and controlled is :

Dﬁlwl = (256 + 10)(7,02 - wl) + Uy,
Dq@()z = (—356 + 28)7/01 — w3 + (296 - 1)7/02 + Uy, (520)

0+8
Dr{ws =W Wy — (T)ws + us,
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Figure 5.2: The Lii attractor system (5.17), withp = 1and 6 = 0.8.
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Figure 5.3: The attractor of Chen system (5.20), with 6 =1 and p = 0.98 .
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Figure 5.4: The evolution of synchronization errors(5.22),with 6 = 1 over time

with:
*For the drive systems the state variables are:x;, y; and z;, and the state variables of the
response system are represented by w; withi=1,2,3.

*0<6<1.

*uq, Uy, Uz indicate the active controllers that need to be created..
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V,W,Nand Q are :

V =diag (v1,v2,03)
N = diag (n1,1,,13)
W = diag (1, ¢2,13)

Q = diag (41,92, 93)

In view of CCS control method suggested in the theoretical part, the error states can be

defined like :

€1 = 1w +U1x7 ()/121 - nlyl),
ey = QoWs + VX2 (Yazp — M2Y2),
€3 = (3Ws3 + U3X3 (1,[)323 - nsys) .

The error system can be derived as follows:

é1 = i + v1X1 (Unz1 — mr) + o1 (Yhzh —mipn),
6y = qZZUQ + VX (l!)zZz - nzyz) + VX2 (lPQZQ - 1/12]]2) , (521)
63 = qaWs + 3X3 (V323 — N3Ys3.) + 03X3 (PaZs — M3Y3) -

Using the Laplace transform and the controller (5.9), we get:

é1 = (R (w) + k1) + 01X (Y121 — my1) + v1x1 (Y — min),
¢z = 2(Ro(W) + K2) + 02X2 (P2z2 — M2Y2) + V2o (Y222 — N212),

é3 = q3(R3(w) + k3) + v3X3 (V323 — n3y3) + vsx3 (Ya2s3 — N313) .

The suggested system’s linear element is :

~(256+10) (256+10) O
P=]| (-356+28) (295-1) 0

6+8
0 0 —(———
(=5-)
To ensure the stability condition, we choose M as as:
0 0 0
M=] —(-350+28) —586 (296 —1)
6+8
0 0 —(—
(=5-)
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then:

_(255+10) (256 + 10) 0 e
(P + M)e = 0 —295+1) (295-1) || e
0+8
0 0 —2(—) €3
3
The matrices Q andQ! are :
q1 0 O
Q=10 q> 0
0 0 qs
and
1
™ 0 O
Q'=lo L o
1
0 0 .

Now we can calculate the vector v:

K1 = -1 i—[(256 + 10)(81 - 62)] + qul(ZU) + nlxl(lplzl - n1y1) + ’lel(lplz'l — n1y1)] ,

Ky = -1 :—[(296 + 10)(6‘2 - 83)] + qZRz(ZU) + sz(z(l[!zZQ - leyQ) + UzXz(lngZz - n2y'2)] ,

ks = = [-2(%) e + gsRa(w) + vats(szs — mays) + vaxa(szs — msps)|

Then:

K1 = —%[—(256 +10)(e1 — e2) + g1R1(w) + v1(256 + 10)(x2 — x1)(VP121 — 1Y)

+ 0121 (1(256 + 10)(z2 — 21) — 11(256 + 10)(y — yl))],

Ky = —%[02(296 + 10)(62 - 63) + quz(ZU) + 02<(—35(5 + 28)X1 — X1X3 + (29(5 - 1)X2)(77b2 - Tl2y2)
2

+ 0225 (11(=355 + 28)z1 — 7123 + (296 — 1)z2 — ma((=356 + 28)y1 — Y15 + (295 — 1)y2))],

0+8

1 0+38
o2l

qs_

+ 03x3(gb3(zlzz - (6 ; 8)23) - n3(y1y2 — (6;—8) y3))l.

)63 + l]3R3(w) + Ul(x1x2 - ( )xg)(¢323 - 713]/3)
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then:

Wy = Ry(w) — L,L1|—(25(S +10)(e1 — e2) + g1 R1(w) + Z)1((25(S + 10)(x2 — x1)(P121 — m1y1)

201 (11256 + 10)(z2 — 21) — 11(256 + 10)(y2 - yl)))l,

Wy = Ro(w) — qlz + Z72|(29(5 +10)(e2 — €3) + g2Ra(w) + v2(P2 — ”2y2)<(—355 +28)x1 — x1x3
+(295 = 1)x3) + 0225(1 (=350 + 28)z1 — 7123 + (296 — 1)z

—n((=350 + 28)y1 — Y1y + (296 - 1)3/2»]'

w3 = R3(w) — ql3|—2 (%)es + q3R3(w) + Ul(xlxz - (%) xs)(%zcs — N3Y3)

st = (3)2) o (5)5)

Substituting x, ¥,z and @ in (5.21), we get:

e = —(255 + 10) (61 - 82) ,

6 = —(29(5 + 1) (82 — 63) p (522)
, 0+8
é3 = —2( 3 )63.

It is easy to see that its eigenvalues are:

—(256 +10), — (296 +1), — 2(6%8)

7

that are strictly negative real part. According to stability theory of linear systems with
integer-order, error system (5.22) solutions error goes to zero, which means that the
systems (5.17)-(5.20) are globally synchronized.

About the simulation, assume that the initial value of the three drive systems are:
Xl(O) = 0, XQ(O) =1and X3(0) = —5,

yl(O) = 2, yQ(O) =3 and y3(0) = —3,
z1(0) = 3, z2(0) = 3 and z3(0) = -3,

the initial conditions of the response system are:

wl(O) = 5, wz(O) = —-5and ZU3(0) =b5.
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And
vi:nizwi:qi:21i21/2/3/

Therefore, the error system initial conditions are:
e1(0) = 10, e,(0) = =10 and e3(0) = 10,

The attractors of the unified chaotic system, for differents values p and 6 appear in
Figures 5.1, 5.2 and 5.3,

Figure 5.4 shows the evolution of synchronization errors between the three drive sys-
tems (5.17)-(5.19) and the response system (5.20), where 6 = 1.

Of course, each solution of the error system (5.22) goes to zero, that shows that the
CCS of the systems is realized. fractional calculus and the fractional Lyapunov direct

method theorem,
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Chapter 6

Chaos combination anti-synchronization
(CCA) of chaotic systems affected by

random noise

In view of some important concepts about the direct method of Lyapunov in fractional-
order , and fractional calculus , the CCAS of chaotic systems with non integer-order
problem is studied in this chapter. These systems are perturbed by some random noise.
For achieving the synchronization error system’s asymptotic stability , a new simple
adaptive control scheme is introduced. The CCAS technique is applied for a class
of some chaotic systems with non integer-order . A numerical example is provided.
To confirm effectiveness of the general technique, where the synchronizations of two
chaotic financial systems and one chaotic dynamos system can be achieved. The results

from simulations show that the suggested techniques are reliable and efficient.

6.1 General scheme of an adaptive CCAS

Consider two drive systems as an example of chaotic systems with non integer-order ,

which are:

DPx = f(x) + &1(x¥)n + Ra(8), (6.1)
and

DPy = g(y) + &2(y)0 + Ra(t), (6.2)
where:
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* DF is the differential operator of Caputo..

*p € (0,1) represents the fractional-order.

*(xX1, X2, o0y X)) T represent the states of the firstdrive, y = (y1, v, ..., yn)T € R" represent
the states of the second drive systems.

*The two functions f, g : R" — IR" are continuous and without uncertain parameters

* &1, & € R™" are matrix functions.

*1 = (M, M2 )T € R™ are the uncertain parameters of the systems ( 6.1), 6 =
(61, 63, ..., 65)T € IR of the system( 6.2).

* Ry(t) are the bounded noise of system (6.1) and R(t) are the bounded noise of
system(6.2), respectively.

The response system is also described by:
DPz = h(z) + &3(2)9 + Rs(t) + u, (6.3)

where:
*z =(z1,22,...,21)" € R" represents the state of the system (6.3).
*h € R" — IR" represents the vector function without uncertain parameter.
* &3 € R™" is matrix function.
*9 =(8,9,,...,9,)" € R is the uncertain parameters of the system (6.3) .
* Rs(t) is the bounded noise of the system (6.3).
Here, we anounce the definition of CCAS between the systems (6.1)-(6.2) and (6.3) as

follow.

Definition 6.1.1. The response system (6.3) and drive systems (6.1-6.2) are considered combi-

nation anti-synchronized if, with an appropriately designed adaptive controller u, we have:

tl_lg}o ”(x +y+2z) (t)” =0.

consider the state error:

e=x+y+z (6.4)

From Egs. (6.1), (6.2) and (6.3), the error dynamical system (6.4) can be defined as

DPe = f(x) + g(y) + h(z) + &1(0)7] + E2(y)0 + E3(2)9 + R(t) + u, (6.5)
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where

R(t) = Rq(f) + Ro(£) + Rs(b),

which satisfies the following condition:
IR < o fort >0, and o > 0.

The issue to achieve the CCAS of chaotic systems, is now become a problem of
choosing a control law u, where the error of synchronization (6.5) tends to zero.
In the following section, A simple adaptive control scheme is suggested to ensure this

gaol.

Theorem 6.1.1. Assume that:

1. The controller u is:

u=-px,y,z) - (él(x)ﬁ +E(Y)0 + &(z)@) - (O + ﬁ)e, (6.6)

where e # 0, p(x, y,z) = (f(x) + g(y) + h(z)) and O represents positive matrix.

2. The update laws are:

Dy = [&(x)]"e, (6.7)

Dré = [&()] e, (6.8)
and

DF9 = [&()] e, (6.9)

with A, 0 and S represent the estimations of 1, 0 and 9, respectively. The CCAS between the
drive systems (6.1), (6.2) and the response system (6.3) can be attained.

Proof. According to the control (6.6), the error dynamical system is obtained by

DFe = & (x)e, + &a(y)eo + E3(z)es + R(t) — (O + ﬁ)e, (6.10)
where
ey =1n-1,
eg =06 — é,
and
es =9 -3,
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Define the Lyapunov functional as
V= Yoo, o1 T T
=5 (e e+e ey +egeg + eses) .
By using Lemma 3.2.1, we have:

D'V < e'DPe+e[Dle, + ejDleg + egDPeg
= el (gl(x)e,7 + & (y)e, + E3(2)es + R(t) — Oe — %6) +
—e [E1(0)] e = ef [E:(0)] e — ef [E3(0)] e
< Ollell — '@ = & lell

= —¢'Ke

< 0, foralle # 0. (6.11)

According to Theorem 3.2.3, it can be remarked that the system (6.10) asymptotically
converges to zero, that indicate that the combination between the systems (6.1),(6.2)and

(6.3) achieve CCAS. O

Remark 6.1.1. Indeed, the choice of the previous control (6.6) poses a problem of the non-
continuity of the control u at point 0. It will then have an obstacle for our algorithm, that we
will use for the solutions of the considered systems. To avoid this problem, we will replace the

control (6.6)(without changing the previous theorem'’s proof) by

o

+ e+ e €(t))e, (6.12)

u=-p,y,z) - (51(?6)77 + &N + 53(2)\@) -(©

where € is a small enough positive function, wich tends to 0, when t is large enough.

6.2 Illustrative example and simulation results

6.2.1 Illustrative example

The financial system with fractional-order and the modified coupled dynamos sys-
tem are used as examples in this section to confirm the efficacy and efficiency of the
suggested strategies..

Assumed is the fractional-order financial systems [50] represent the two drive sys-

tems and the modified system of coupled dynamos [51] represents the response system.
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The dynamic equations of the drive systems respectively,are

DPxy = x5 — axqy + x1x3 + r1(t),
DFx; =1 —bx, — x2 + 1p(t), (6.13)
DFPx3 = —x1 — cx3 + 13(t),

and
DPyr = ys —ay1 + yaya + 1a(t),
DPy, =1 - by, — 2 + 15(t), (6.14)
DPys = —y; — cys + 14(1).

Tthe modified coupled dynamos system [51] is given by

DPzy = —azy + 25 (23 + B) + 1r7(t) + Uy,
DPZZ = —-tzy + 727 (Z3 — ﬁ) + T’S(t) + Uy, (615)

DpZ3 = —Z1Zp + 23 + Tg(t) + us,
where ((r1, 72, r3)(t))T, ((rg,7s, r6)(t))T and ((r7, g, rg)(t))T are the bounded noise of systems

(6.13), (6.14) and (6.15), respectively, i.e., d 0; > 0,1 = 1.2, 3, such that:

|[r1(t) + r4(t) + r7(t)|| < 01, for all ¢
lr2(t) + r5(t) + r5(t)|| < 0, for all ¢

lr3(t) + re(t) + ro(t)|| < 03, for all t.
Now, we define the combination anti-synchronization error as
€1 =XxX1+ Y1 +2y,

€ =Xo + Yo + 2y,

€3 = X3 + Y3 + 23,

Define the error estimate parameters as:

e, =a—4d,
eb:b—B,
e.=c—¢,
ea=a—a

and
es =p—p,



such thatd, b, ¢, &, ﬁ represent the parameters for the estimate of 4, b, ¢, , 5, respectively.

By using Theorem 6.1.1, one gets:

lex

) R 0
1y :b(xz+y2)+x%+y§+@Zz—21(23—ﬁ)—(k2+é)eb

R 0
1 = =0(x,y) +a(x + ) + 4z — 2 (3 +ﬁ)_(k1 " e_ll)el’

Uz = (X1 + yl) + 6(36'3 + }/3) + Z1Zp — Z3 — (k3 + ﬁ)eg,
3

where O(x, y) = x3 + y3 + x1X2 + Y112, and

DFj = —e1 (JC1 + }/1),
ng = —€ (Xz + ]/2)
DrP¢ = —e3 (X3 + yg,)

Dra = —€1Z1 — €2y,

Dpﬁ = €12y — €3Z1.

DPe; = —e, (x1 + Y1) — €az1 + €22 + Ry (t) — (kg + ﬁ)el,

leq
DPe, = —ey (X2 + 12) — €aZo — €pz1 + Ro(t) — (ko + ﬁ)@z,
2
o
DPes = —e. (x3 + y3) + Rs(t) — (ks + ﬁ)es,

Rq(t) = ri(t) + ra(t) + 17(2),

Ro(t) = ro(t) + 15(t) + 15(t),

Rs(t) = r3(t) + r6(t) + ro(t).
Define the Lyapunov function as;

3
— 2‘2 2, 2., 2 2, 2
V=05) e +e +e +e + e, +eg
i=1
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(6.17)

(6.18)

(6.19)

(6.20)



According to Lemma 3.2.1, one has

DV <

IA

IN

By Theorem 3.2.3, we can conclude that the error systems (6.18) tends to 0, which
means that CCAS between systems (6.13), (6.14) and (6.15) can be satisfied, under the

controller (6.16).

Remark 6.2.1. As we mentioned in Remark 6.1.1, the choice of the previous controls (6.16)

poses a problem at the zero point. To avoid this problem, the controllers (6.16) can be replaced

by

—(ky +

—(kg +

-k 4+ —
27 leal +10-®+10

uz = (x1 +y1) + &(x3 + y3) + 2120 — 23

jea] + 10-+10

3
Z e;DPe; + e,DVe, + e,DPe, + e.DPe,
i=1

eaDPe, + egDPeg

0
e1(—e,(x1 + y1) —e.z1 + egzy + Ry(t) — (k1 + |€_I|)el

o)
+ea(—ep(Xa + Y2) — €aZa — epz1 + Ra(t) — (ko + —>)es)

les]
o
@GM%+M+&®-%+§W@

—(e,DPd + eyDPb + e.D"¢ + e,DV& + egDP )
3 3
— Z kie? + Z Oileil + ea(—e1(x1 + y1) — DPd)
i=1 i=1
+ep(—ex (X2 + y2) — D”IQ) +e.(—e3(x3 + y3) — DPE)

ea(—e1z1 — €222 — DP @) + eglerzo — exz1 — Dpﬁ)
3 2

e:
—Zéi—l,ei £0,i=1,2,3
— le;]

5
- Z kief‘ < 0.
i=1

uy = —(x3 + y3) + 80X + Y1) — X1X2 — Y1V + &z — 25(23 + P)

—1)8
leg] + 10-6+10) 7V

Uy = b2z + y2) + X2 + 12 + 4z — 21(23 — )

0
= )621

o
3 )63.
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Therefore, the error dynamics becomes

DFe; = —e,(x1 + y1) — €az1 + €22 + Ry(t)

— k + —1

k0o
DPey = —ep(x2 + Y2) — €aza — €21 + Ra(t)
— k + —2

ket 0o
DPes = —e.(x3 + y3) + Rs(t)
—(ks +

)ell

(6.22)
)ea,

—3)6
les] + 10-(+10 77

6.2.2 Numerical simulations

Here, the method of Adams—-Bashforth-Moulton [37] is employed to solve these sys-
tems. We suppose that the starting values the starting values of the drive systems are

employed, respectively, as:
x1(0) = —3, XZ(O) = -3 and X3(0) = 3,

11(0) = =3, 12(0) = =3 and y3(0) = 3.
the initial conditions of the response system are:
z1(0) = =3, z(0) = =3 and z3(0) = 3.
Hence, the initial conditions of the error system are :
e1(0) = =9, €2(0) = -9, e3(0) = 9,
the bounded noise are selected as
r1(t) = 0.01 sin(7tt),
1r2(t) = 0.01 sin(7tt),
r3(t) = 0.01 sin(7t),
r4(t) = 0.02 cos(2mt),

r5(t) = 0.02 cos(27t),

r6(t) = 0.02 cos(27tt),
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Figure 6.1: Typical chaotic system dynamical behaviors (6.13).

r7(t) = 0.03 sin(37tt),
rg(t) = 0.03 sin(37tt),
r9(t) = 0.03 sin(37tt).

To ensure the condion of stability, the control inputs are chosen as:
(ky, k2, k3) = (0.5,0.6,0.7),
the unidentified parameters of systems (6.13) and (6.14) are taken as:
a=3,b=01,c=1,

the unknown parameters of system (6.15) are chosen as:

Also:
4(0)=2,b(0)=0.2,¢(0) =05,

&(0)=1and (0) =05,

and finally p = 0.98.

The projections of fractional-order financial chaotic system (6.13) without random
noise (r1(t), r2(t), 5(t)), are shown in Figure 6.1.
The modified coupled dynamos system (5.20) exhibits a chaotic behavior without ran-
dom noise 77(t), rs(t), r9(t) and controllers (u4, uy, u3), which is represent in Figure 6.2.
Figure 6.3 give us the temporal evolution of synchronization error without the con-

troller (6.16) and adaptive law (6.17).
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Figure 6.2: Typical chaotic system dynamical behaviors (6.15).

Figure 6.3: The time responses of error system(6.22).

— i —b—¢

0 5 10 I5 ¢ 20 25 30 35

Figure 6.4: Time response of the update parameters of system (6.13).
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Figure 6.5: Time response of the update parameters of system (6.15).

Figures 6.4 and 6.5 represent the temporal evolution of the estimate parameter systems.
Obviously, each of the estimated parameters and the errors of synchronization tend
to the original values and 0, respectively, that means that the CCAS of the proposed

systems is achieved.
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Conclusion

In this thesis work, we have presented different strategies about the combination syn-
chronization of certain chaotic systems with fractional-order.

In the first chapter, we have presented certain concepts notions of chaotic dynamical
systems, which we believe are useful for a good understanding of our research topic
presented in this thesis.

In the second chapter, we have shown some basic notions of fractional calculus. We
have also justified our choice of the Caputo derivation in the work presented in this
thesis. We have then described in the third chapter the equations with fractional-order
and the stabilization chaotic systems with fractional by the approach of a new extension
of the direct method of Lyapounov of fractional-order. The use of this new approach
has allowed us to show under certain adequate hypotheses the demonstration of the
asymptotic stabilization of such systems.

The fourth and fifth chapters are mainly devoted to the study of two major subjects.
In the first topic, the issue of compound combination synchronization between three
integer-order united chaotic systems and one fractional-order united chaotic system has
been considered. While in the second topic, a novel method to study the issue of chaos
combination anti-synchronization of three fractional order chaotic systems perturbed
by random noise has been devloped and a suitable Lyapunov function has been adopted
to perform the stability in addition to the convergence of the synchronization error.

Finally, the validity and capability of the suggested synchronization techniques
have been tested and verified by numerical simulations.

Although the work presented in this thesis is limited to simple access, our funda-

mental results could therefore give rise to further studies in the following directions:
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* Penta compound combination synchronization of some chaotic systems with non
integer-order with analysis and application.
*Generalized the compound combination synchronization to 7n- non integer-order

chaotic systems.
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