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Abstract: Recently, hidden attractors with stable equilibria have received considerable attention in
chaos theory and nonlinear dynamical systems. Based on discrete fractional calculus, this paper
proposes a simple two-dimensional and three-dimensional fractional maps. Both fractional maps
are chaotic and have a unique equilibrium point. Results show that the dynamics of the proposed
fractional maps are sensitive to both initial conditions and fractional order. There are coexisting
attractors which have been displayed in terms of bifurcation diagrams, phase portraits and a 0-1
test. Furthermore, control schemes are introduced to stabilize the chaotic trajectories of the two
novel systems.
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1. Introduction

Continuous-time and discrete-time chaotic dynamical systems have been extensively studied over
the last years. Referring to discrete-time systems number of chaotic maps have been deeply analyzed.
Researchers such as Hénon, Lozi and Arnold have attempted to provide different maps with different
features. In [1], Hénon proposed the first map by employing the Poincaré section on the Lorenz system.
In 1960, the Russian mathematician Vladimer I Arnold discovered a two-dimensional chaotic map
using an image of cat [2]. More recently, Lozi developed a new discrete chaotic system by replacing
the quadratic term in the Hénon map with quasi-linear term [3]. All of the chaotic attractors in these
maps fall into the class of self-excited attractors, for which the initial conditions are located near the
unstable fixed points. Recently, another type of attractors called hidden chaotic attractors have been
discovered, referring to attractors whose basin of attraction does not intersect with any neighborhoods
of any equilibrium of the systems [4]. They are generated by nonlinear systems without equilibrium
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points or with nonlinear systems with special equilibrium points, for example systems with stable
equilibrium points [5]. The topic of chaotic maps with hidden attractors has been recently investigated.
For example, in [6] a 1D chaotic discontinuous map without equilibria has been illustrated, whereas in
[7] three-dimensional chaotic maps with different types of stable equilibria have been proposed by
designing the simplest and most elegant difference systems. Moreover, in [8] 2D chaotic quadratic
maps without equilibria and with no discontinuity in the right-hand equations have been introduced.
On the basis of the famous Hénon map, some two-dimensional chaotic maps with no equilibrium point
and with stable equilibrium have been illustrated in [9]. Some other examples of chaotic attractors
with curve equilibrium were numerically presented in [10]. These studies have proven the significant
role of hidden attractors in practical engineering applications.

Fractional calculus is a very interesting topic in mathematics with several potential applications
in many fields of science and engineering [11]. Recently, several efforts have been devoted to the study
of complex dynamics of fractional maps, i.e., maps described by fractional-order difference equations.
Researchers have extensively examined the potential application of these maps in many fields such as,
engineering, economics and other areas [12-14]. For this purpose, many fractional maps have been
reported in the literature to show the different dynamical phenomena. For example, a fractional 3D
generalized Hénon map has been studied [15], whereas the Stefanski, Rossler and Wang fractional
maps have been illustrated in [16]. Moreover, in [17] the fractional-order version of the Grassi-Miller
map is considered, whereas in [18] the dynamics of the fractional discrete double scroll are analyzed in
detail. Results show that the dynamics of such systems are clearly dependent on the fractional-order
and they are more complex because of their memory effect. Moreover, control and synchronization
based on these fractional chaotic maps have also attracted lots of attention [19-22]

Up to the present day, most of the literature on the analysis of fractional maps is still limited
to systems with self exited attractors. To our knowledge, fractional maps with hidden attractors
have rarely been reported [23], which has inspired researchers to devote themselves to the design
of new two and three-dimensional fractional discrete-time chaotic systems [24-26]. Based on the
above considerations, new two and three-dimensional fractional chaotic maps with hidden coexisting
attractors are developed. The conducted analysis highlights that hidden attractors are generated for
some values of the fractional order in the difference equations. The presence of chaos is validated
via the bifurcation diagrams and phase portraits. Furthermore, we apply the 0-1 test method to
distinguish chaos from regular behavior [27]. The idea under the test is to transform the states of
the fractional maps into p — g plots. Generally, unbounded p — g trajectories imply chaotic behavior
whereas bounded trajectories imply regular behavior. We also propose two active controllers with the
aim of stabilizing the chaotic dynamics of the two fractional maps.

2. Basic Concepts

Herein, some discrete fractional calculus background and theorems are introduced briefly. The
definition of fractional Caputo-like difference operator will be given first.

Definition 1. For a given function u : N; = {a, a+1, ...} — R, the Caputo definition of the fractional
difference operator of order v ¢ N is defined as:

1 t—(1—-v) »
m Z (t—s—=1)"Asu(s), (1)

S

Caqu(t) =

where the symbol T'(.) represents the Euler’s gamma function and t € N,y _,. According to reference [28], the
definition of v-th fractional sum of Asu (t) is expressed in the following:

Au(t) = (t=s=1)" Du(s), @

witht € Ny, and v > 0.
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In the following, we need to define the discrete version of the proposed maps. For that, we
introduce the following theorem:

Theorem 1. [29] In particular, for the initial value problem

CAYu(t) = f(t+v—Tu(t+v—1)), o
Au(a) = ug,
the solution turns out to the discrete integral equation as
t—v
u(t) = ug(t) + o Y (t—s—1)EVfs+v—1Lu(s+v—1)), @)
(V) s=a+1-v
inwhicht € N, 1, % is a discrete kernel function, and wy is the initial condition.
Seta = 0and = O(S( )) = r(y)rr(g:sjv ). Equation (4) can be transformed to:
1 &T(n—j+v),,. .
u(n)—uo+r(v)]; F(n—j+1)f(]_1’u(]_1))‘ (5)

2.1. Stability of Fractional Order Maps

The stability of equilibrium points for fractional maps can be analysed using the
following theorem.
Theorem 2. [30,31] Let xy be an equilibrium point of a nonlinear fractional difference system CAYF (t) =

F(x(t+v—1)) where x(t) = (x1(t), x2(t), .., xa ()T, and (x/) = %(XX) x=x

is the Jacobian matrix at the

equilibrium point x¢. The equilibrium point x s is asymptotically stable when all the eigenvalues (A;, i =1, .., n)

of ] verifies:
_ v
Ai € {z eC: |z| < (ZCOS%) and |argz| > %} (6)

We recall the following lemma, which is a special case of Theorem 2.

Lemma 1. [30] Two-dimensional fractional map is locally asymptotically stable if det] > 0 and

NG

and )
v >logy Ir(J)? = 426t(]) — ,

in which Tr(]) is the trace of the Jacobian matrix | and Det(]) is the determinant of the matrix .

We now present the following theorem, which identifies the asymptotic stability conditions of the
zero solution to a linear fractional difference system.

Theorem 3. [30] For a linear fractional difference system
CAVe (t) =Me(t+v—1), 8)

where e(t) = (e1(t),.,en(t))T, 0 < v < 1, M € R™" and V¥t € N,yq1_,, the zero equilibrium is
asymptotically stable if
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_ 14
S {z eC: |z| < (2cosaF§'Z_|1/7T> and |argz| > 1/271}’ )

for all the eigenvalues A of M.
3. New Two and Three-Dimensional Fractional Maps

3.1. Description of the New Two-Dimensional Fractional Map

An effective method for defining new integer order maps with quadratic nonlinearity terms
was proposed by [32]. Motivated by this strategy, we removed and added some terms to obtain the
following two-dimensional fractional map:

CAVx(H) =y(t+v—1) —x(t+v—1),
CALy(t) = —033x(t+v—1) + Ay(t +v —1) — 048x%(t +v — 1) +047y%(t +v — 1) (10)
+0.01x(t+v—1Dy(t+v—1)—09,

with state variables x and y, and system parameter A. 0 < v < 1 denotes the fractional order. For
calculating the equilibrium points of the fractional map (10), we assign its left hand side to zero:

y =X, ) ) (11)
—0.33x + Ay — 0.48x~ + 0.47y“ + 0.01xy — 0.9 =0,

from system of Equation (11) it follows:
(—0.33+ A)x —0.9 = 0. (12)

It is easy to verify that the fractional map (10) has a unique equilibrium point when A # 0.33. The
Jacobian matrix of the fractional map (10) at an arbitrary point (x,y), is given by:

~1 1
- . 13
J <—0.33 —129x+0.01y A+ 094y + O.le) (13)

The associated characteristic equation is defined in terms of the trace (Tr(])) and determinant
(Det(])) of the matrix J by:

det(AI — J) = A2 — Tr(J)A + Det(]) = 0, (14)

—A+0.3—0.95y 4 1.28x. For A = —0.83, the

_(70.9 —0.9

T17+ 115 )- Based on Lemma 1 the equilibrium

where Tr(]) = —1+ A +0.94y + 0.01x and Det(])
fractional map has a unique equilibrium point E =
)

point E is stable when v > log, L& 4[2)6t( )=TrJ . By simple calculation it is easy to verify that the

equilibruim point E is asymptotically stable when the fractional order v > 0.1430.

In order to investigate the variety of dynamics behavior that can be observed in the fractional
map (10) near to the stable equilibrium point E, it is important to present at first the corresponding
numerical formula. In view of Theorem 1, the fractional map (10) is changed to:

x(n) = x0+ gy X i (v = 1) =G = 1),
]
¥ =yo+ iy & Tl (—033x(j — 1) + Ay(j — 1) — 048x2(j — 1)+ (15)
]
0.47y(j — 1) +0.01x(j — 1)y(j — 1) — 0.9),

where x( and yg are the initial conditions. Numerical analysis are presented in the next subsection.
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3.2. Bifurcation and 0-1 Test

In the following, the coexisting of hidden attractors in the fractional map are revealed by phase
portraits, bifurcation diagrams and 0-1 test. The phase portrait is a geometric representation of the
trajectories of a dynamical system. For the system parameter A = —0.83, fractional order v = 0.999
and initial condition (xg, o) = (0.32, —1.85), a hidden strange attractor is numerically obtained as
it observed in Figure 1. The Lyapunov exponents (LEs) of the fractional map (10) are LE; = 0.0107.
LE; = —0.0279. Since the maximum Lyapunov exponent is larger than zero, we can determine that
the hidden attractor is chaotic.

For A = —0.83, the dynamic evolution of the fractional map versus v is given via plotting
its bifurcation diagram (see Figure 2). The bifurcation diagram is obtained by plotting the local
maximum value of the variable x for two sets of initial conditions. The blue diagram begins with
the initial condition (xp, ) = (0.32, —1.85) and the red diagram begins with the initial condition
(x0,y0) = (—0.32, —1.85). When the fractional order v varies from 1 to 0.999, our fractional system (10)
generates chaos with transient states. As v decreases further a coexisting periodic orbits are obtained.
The coexisting attractors with different values of v are shown in Figure 3. Two periodic attractors
coexist for v = 0.9989, v = 0.9987, v = 0.9984 with initial values (xg,y9) = (0.32, —1.85) and
(x0,y0) = (—0.32, —1.85) as shown in Figure 3b—d. A hidden chaotic attractor is observed with order
v = 0.9996. It is noticed that the type of hidden attractors not only depend on the value of v but also
on the initial conditions.

15

25 .
-2.5 -0.5 15
x

Figure 1. Strange attractor of the two-dimensional fractional map (10) for v = 0.999 and A = —0.83.

Now, the p — g plots of the 0-1 test are used to confirm the property of coexisting attractors.
The 0-1 test is relatively new method that was proposed by Gottwald and Melbourne [27] to test the
presence of chaos in a series of data which originate from deterministic systems. For the fractional
map (10) consider a set of discrete points x(j) where j = 1,..., N. For a randomly chosen constant
¢ € (0, ), decompose the state x(1) into two components p and g as:

M-
M-

x(j)cos(jc), q(n) =Y x(j)sin(jc), n=1,2,.,N. (16)

1 j

p(n) =
1

]

Generally, unbounded p — g trajectories imply chaotic behavior whereas bounded trajectories imply
regular behavior. As in Figure 3 we chose to fix the system parameter A to A = —0.83 and vary the
fractional order v. Figure 4 shows the p — q plots with v = 0.9996 and v = 0.9984, where the blue
plots are obtained for the initial values (xo,y0) = (0.32, —1.85) and the red plots are obtained for
(x0,0) = (—0.32, —1.85). In particular, Figure 4a shows Brownian like trajectories in p versus g plan
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for both initial conditions, confirming that the dynamics of the fractional map (10) are chaotic for
both initial values and fractional order v = 0.9996. When v = 0.9984, Figure 4b depicts bounded like
trajectories in p versus g plane for both initial conditions, which confirms the coexisting of hidden
periodic orbits.

15

0.5

_25 Il Il Il Il Il Il Il Il Il
0.995 0.9955 0.996 0.9965 0.997 0.9975 0.998 0.9985 0.999 0.9995 1
174

Figure 2. Bifurcation diagrams of the two-dimensional fractional map (10) versus v for A = —0.83.

(a) (b)

-05f \
> = -0.5
oy %
-25 -25
2 -1 0 1 -2 -1 0 1
T T
() (d)
> 05 " > 05
-25 -25 o
-2 -1 0 1 -2 -1 0 1
T z

Figure 3. The coexisting hidden attractors of the two-dimensional fractional map (10) for system
parameter A = —0.83 and initial condition (—0.32, —1.85) for red attractors and (0.32, —1.85) for blue
attractors, with fractional order varying: (a) v = 0.9996, (b) v = 0.9989, (c) v = 0.9987, (d) v = 0.9984.
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Figure 4. The 0-1 test of the two-dimensional fractional map. (a) Brownian like trajectories for both
initial conditions with v = 0.9996, (b) bounded trajectories for both initial conditions with v = 0.9984.

3.3. Description of the New Three-Dimensional Fractional Map

We introduce here a new three-dimensional fractional map with two nonlinearities:

CAYx(H) =y(t+v—1) —x(t+v—1),

CAVy(t) = z(t+v—1)—y(t+v—1),

CAVz(t) = —y(t+v—1) —04z(t+v—1) — 0dx(t+v—1)z(t +v —1)
+0.1y(t+v—1Dz(t+v—1)+1,

17)

where v is the fractional order in which 0 < v < 1. The equilibrium points of the fractional map (17)
are found by:
y=x
z=1, (18)
-y —04z-01xz+01yz+1=0,

from Equation (18) we have the simplified form
—1l4x+1=0. (19)

It is obvious that the point Ef = (ﬁ, ﬁ, 11—4) is the only equilibrium point and it is stable.
Similarly, the discrete version of system (17) is obtained by applying Theorem 1 as follows:

n —7 . .

x(m) =50+ rfy; L HE g Wi -1 —x(-1),

y(n) =0+ iy X amren) (6= 1) =y = 1)), 0
n ) . .

2(n) =20+ iy & o (—y(i = 1) —04z(j— 1)

—01x(j —1)z(j —1) +0.1y(j — 1)z(j — 1) + 1).

Here, x¢, yo and z( are the initial states. Taking advantage of the numerical solution (20), numerical
simulation can be performed to show the basic properties of the novel system (17).

3.4. Bifurcation and 0-1 Test

To evaluate the dynamic properties of the new system, the initial condition need to set as
(x0,Y0,20) = (—0.26,3.83, —2.22). The three-dimensional fractional map (17) with stable equilibrium
point display strange attractor for v = 0.999 as shown in Figure 5. Here, the largest Lyapunove
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exponent (LE,,y) of the fractional map (17) is calculated as LE;;;x = 0.0488, so the strange attractor in
Figure 5 is chaotic.

The bifurcation diagram can help us to observe the dynamic behaviours of the fractional map (17).
The fractional order v is considered as the only bifurcation parameter in this subsection. Changing
v from 0.95 to 1 and setting two different initial conditions we can obtain the bifurcation diagram
in Figure 6, where the blue color diagram and the red color diagram are yielded from the initial
conditions (xo,Yo,2z0) = (—0.26, —3.83, —2.22) and (xo, yo,z0) = (—0.26,3.83, —2.22), respectively.
When v € (0.9503,0.9922) coexisting fixed point attractors are observed. When the fractional order
increases from 0.9922 to 0.9975, we can observe coexisting periodic windows. For 0.9957 < v < 1, the
states of the fractional map go from periodic behavior to chaos. The coexistence of the different dynamic
behaviours of the new fractional map (17) is confirmed with phase portrait and p — q plots of the
0-1 test for different values of v. Figure 7 shows the phase portraits of the system while Figure 8 shows
the p — g plots for the same fractional orders where the blue plots are obtained for the initial values
(x0,Y0,20) = (—0.26, —3.83, —2.22) and the red plots are obtained for (xg, yo,z0) = (—0.26,3.83, —2.22).
Figure 8a depicts bounded like trajectories, which confirms the periodic phenomena of the hidden
attractor in Figure 7a for v = 0.993. For v = 0.9984, a hidden attractor coexists as shown in Figure 7,
whose Brownian-like trajectories can be seen in Figure 8.

20 g
e R
TR Ty
0" [ ]
10 ; RN
. ',' .
. L% .
-~ b o
5 i -
: { %,
N .
0 '/;z» *
ed = .
- hY
- X
-5 L
Ry
\g i
-10 5 i >’"
B

Figure 5. Strange attractor of the three-dimensional fractional map (17).
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Figure 6. Bifurcation diagram of the three-dimensional fractional map (15) versus v.
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Figure 7. Coexisting hidden attractors of the three-dimensional fractional map (17) with initial condition
(—0.26,3.83, —2.22) for red attractors and (—0.26, —3.83, —2.22) for blue attractors, (a) for fractional
order v = 0.993, (b) for fractional order v = 0.9984.
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. . . . . . . . . .
-40 -30 -20 -10 0 10 -20 0 20 40 60 80 100 120

Figure 8. The p — g plots of the three-dimensional fractional map, (a) bounded trajectories for v = 0.993,
(b) Brownian-like trajectories for both initial conditions with v = 0.9984.

4. Chaos Control

In this section, adaptive controllers are designed to stabilize the chaotic trajectories of
two-dimensional fractional map (10) as well as the three-dimensional fractional map (17) to zero
asymptotically. The purpose of such controllers is to assure that all states of the proposed maps
converge to zero, by adding an adaptive term into one of the systems states that forces the systems to
become linear. A purely linear fractional difference system of the form CAYF (t) = MF (t +v — 1) has
zero as its equilibrium. We use the stability theory of linear fractional difference systems to guarantee
the asymptotic stability of the zero equilibrium.

The controlled two-dimensional fractional map (10) is given by

CAlx(t) =y(t+v—1) —x(t+v—1),
CAVY(t) = —0.33x(t+v —1) + Ay(t +v —1) — 0.48x2(t +v — 1) + 0.47y*(t +v — 1) (21)
+0.01x(t+v—1)y(t+v—1)—09+C(¢),

where C(t) denotes the one-dimensional controller. Our goal is to find a suitable one-dimensional
controller such that both of states of system are stabilized towards zero asymptotically. For that, we
propose the following theorem.

Theorem 4. The two-dimensional fractional map (10) can be stabilized by the one-dimensional controller
described by

C(t) = 0.33x(t) + 0.48x2(t) + 0.47y(t) — 0.01x()y(t) +0.9,  t€ Ny (22)

Proof. If we substitute the adaptive control law (26) to the second state of the fractional map we obtain
the following set of equations:

{ CAVX(f) = —x(t+v—1)+y(t+v—1), 23

CALy(t) = Ay(t +v —1).
System (23) can be represent by the following compact form:

CAY(x, )T = Mx (x(t —14v),y(t—1+v))T, (24)
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-1 1
M:(O A). (25)

So, the eigenvalues A1, A, of the matrix M have been found that satisfies the condition of the
Theorem 3:

where

E
2
Thus the zero equilibrium of (24) is asymptotically stable, therefore, we can conclude that the
proposed two-dimensional system (10) is stabilized. O

Al =\
larg Aj| = T > and |[A] <1< (ZCOSM%#) , i=12

%

Now, we give the evolution of states and phase space plots of the controlled system to confirm
the above theoretical results. In Figure 9, the value parameter is taken as A = —0.83 and the fractional
order is chosen as v = 0.999. The simulation are done using the initial value (x¢,yo) = (0.32, —1.85). It
is clear that the controller has compelled the states towards zeros.

With the same procedure, we may state the following result regarding the chaos control of the
three-dimensional fractional map (17).

(a) (b) (¢)

0.5 0.03
0.5
o) 0.02
] — j
| 0.01
—~ -0.5
-0.5
E/ = = 0 ®
8 1 -1
-0.01 [ ]
-15 -15 ~0.02
-2 -2 -0.03
0 5 10 15 20 0 5 10 15 20 -0.1 -0.05 0 0.05 0.1
n n n

Figure 9. (a) Stabilization of state x(1), (b) stabilization of state y(n), (c) attractor of the controlled
system (10) for v = 0.999.

Theorem 5. The three-dimensional fractional map (17) can be stabilized by the one-dimensional controller
described by
L(t) = y(t) +0.1z(t)(x(t) —y(t)) =1,  t € Noyy. (26)

Again, assuming the fractional order value v = 0.998, the resulting states and phase plot are
depicted in Figure 10. The results confirms the success of the proposed law in stabilizing the systems
states asymptotically.
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5 5
4 4
3
3
— — 2
g 2 IS
S~— N—
8 >
1
0
-1
_l _2
5 10 15 20 5 10 15 20
n n

0.4
0.2
02
0 -
0.2 01
5 0.4 N PS
® o6 -01
-08 02
02
-1 01
-12 0 0
0 10 20 30 Yy -02 -01 g

n

Figure 10. (a) Stabilization of state x (1), (b) stabilization of state (1), (c) stabilization of state z(n) ,(d)
attractor of the controlled system (17) for v = 0.998.

5. Conclusions

In this paper, two fractional maps with stable equilibrium points are developed. The complex
dynamics of these fractional maps are discussed numerically with some changes in system parameters
and fractional order v. The presence of chaos and the property of coexisting attractors have been
validated via the computation of a 0-1 test and bifurcation diagrams. The type of hidden attractors
does not only depend on the value of fractional order but also on the initial condition. Finally,
one-dimensional control laws have been designed, with the aim to stabilize at zero the dynamics of
the two proposed maps. These novel maps are good candidates for engineering applications. We will
focus on putting this claim to the test in a future study. An interesting question under investigation is
that of developing a new type of fractional pseudo number generator based on the fractional maps
with hidden attractors for potential cryptographic applications. It is our intention to investigate this
issue further in future studies.
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