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Abstract

In this paper, a new chaotic system with three sinusoidal nonlineari-
ties is reported. The basic behavior of the new chaotic system is analyzed
by means of equilibrium points, stability, and Lyapunov exponents. The
new system has countably infinite number of equilibrium points, which is
a novel feature of the system. The new system has multiple interesting
features such as topologically different attractors, coexisting attractors,
offset-boosted attractors, and polarity reversed offset-boosting attractors.
These special features are analyzed and verified using classical tools such
as bifurcation diagrams, Lyapunov exponent plots, and attractor dia-
grams. The bifurcation analysis and simulation results show that the
proposed system has rich chaotic dynamics. Furthermore, the adaptive
synchronization of the new system is achieved using a nonlinear feedback
control methodology. MATLAB plots are shown to illustrate the control
results for the new chaotic system with three sinusoidal nonlinearities.

Keywords: Chaotic system, Dynamic analysis, Coexisting attractors, Off-
set boosting, Adaptive synchronization.

1 Introduction

The chaos theory deals with the dynamical behavior of nonlinear dynamical
systems which are highly sensitive to initial conditions and system parameters.
Chaos has many applications in the field of science and engineering such as



navigation of mobile robots [1,/2], analog to digital converters |3] medical image
processing [4},/5], investigation of HIV virus [6] and Internet of Things [7H9)].

Many chaotic systems are introduced with unique features such as self-
excited attractors [10)11], hidden attractors [12l13], coexisting attractors [14415],
infinitely many shifted attractors [16L|17], multi scroll attractors [18}|19], mem-
ristor attractors [20,21] and fractional order [22].

The chaotic attractors can be classified as self-excited attractors and hidden
attractors. The self-excited attractors [2325] can be detected using the unsta-
ble equilibrium points while the hidden attractors can be observed in the no
equilibrium system [26-28]. Many systems have been designed with no equilib-
rium [29}[30], stable equilibrium [31133], line and curve of equilibrium [34H36],
non-hyperbolic equilibrium [37H39] and infinitely many equilibria [40,41]. The
chaotic system with amplitude control and offset boosting control are reported
in many papers [42-45].

It has been of great interest to design a new offset boostable chaotic system
with topologically different and multistability attractors. The multiple coexist-
ing attractors can be realized in a chaotic system with fixed parameter values
and different initial conditions. In [46], six different self-excited chaotic attrac-
tors are generated for different values of system parameters and realized initial
condition based on multiple coexisting attractors. In [47], three different attrac-
tors are generated based on the equilibrium and initial conditions. This initial
condition-based multiple attractor behavior is realized in many chaotic systems
such as Gyrostat system [48], memristive system [49], unified system [50], con-
servative system [51], neuron system [52] and chemical oscillator [53] etc.

Infinitely many shifted attractors or offset-boosted attractors can also be
realized in a particular chaotic system with fixed initial conditions and differ-
ent parameter values. The dc offset boosting means that the attractor of the
particular system can be shifted in any dimension in phase space. It is easy
and convenient to switch the chaotic signal from bipolar to unipolar for various
engineering applications such as Analog to Digital circuit chips, digital informa-
tion transmission and signal conditioning circuits. The offset-boosted chaotic
system can also be used to reduce the modulation devices in digital informa-
tion systems. In 2016, Li and Sprott [54] realized the dc offset boosting in
a chaotic system by introducing a single constant value. In the recent years,
the offset boosting of chaotic signals has become an active area of research in
chaotic literature and many scholars have applied the method to their proposed
chaotic systems. In some of the systems [55H59], both initial conditions trig-
gered coexisting attractors and offset boosting coexisting attractors have been
realized.

One of the main practical applications of chaotic systems is secure communi-
cation in which the chaotic systems can act as the transmitter (master system)
and receiver (slave system). In the past few decades, chaos synchronization has
received great attention owing to its applications in designing secure communi-
cation systems. Various adaptive synchronization schemes have been developed
in recent years such as sliding mode controller [60}|61], backstepping neural
network method [62,/63], observer-based synchronization |64] and so on.



In this research paper, a new offset boostable chaotic system with three
sinusoidal nonlinearities is presented and the adaptive synchronization of the
proposed system for the application of secure communication is also discussed.
The proposed system has the following novel features:

e The system has countably infinite number of equilibrium points.

e The system generates topologically different attractors, one-wing, two
wing and seven-scroll attractors.

e The system generates initial condition-oriented multiple coexisting attrac-
tors.

e The system generates offset boosting oriented infinitely many coexisting
attractors.

e The system generates polarity reversed coexisting multiple attractors.

The remaining sections of this paper are organized as follows. In Section
the mathematical model of a new dc offset boostable chaotic system is intro-
duced and its basic properties are analyzed. In Section [3] the topologically dif-
ferent attractors of the proposed system are verified using bifurcation diagrams.
In section [4] the multistability and coexisting attractors of the proposed chaotic
system are analyzed using bifurcation diagram and phase plots. In Section
the offset boosting oriented infinitely many coexisting attractors and polarity
control behavior of the proposed chaotic system are discussed with Lyapunov
exponent diagrams and phase plots. In Section [6 the adaptive synchronization
of the proposed system is addressed for the practical applications. Finally, the
conclusions are summarized in Section [7

2 Design and Analysis of New Chaotic System

Lai et al. [65] introduced a new chaotic system as given in .

T = ar—yz
—by + xz (1)
z = —cztuayz+k

In the Lai system (1), z,y and z are the state variables and a,b,c,k are the
parameters of system (I)). It was shown in [65] that the Lai system is chaotic
for (a,b,c¢,k)=(4,9,4,4). The Lyapunov exponents of Lai system are found
as [y = 1.7729, I = 0 and I3 = —7.5949. Also, the Lyapunov dimension of
the Lai system is found as Dy = 2.2334. The Lai system presents one
scroll and initial condition-oriented coexisting attractors. We are motivated by
the Lai system [65] to design a new chaotic system with topologically differ-
ent strange attractors, one-wing attractors, two-wing attractors, seven scroll at-
tractors, multi-stability and coexisting attractors, offset boosting attractors and



phase reversal attractors. The distance between the initial condition-oriented
coexisting attractors can also be controlled in the new chaotic system.

The new chaotic system (2 is designed by introducing a sinusoidal nonlinear-
ity in the first differential equation, two sinusoidal nonlinearities in the second
differential equation and replacing the term zyz by cxy in the third differential
equation of (|1)). Thus, the mathematical model of new chaotic system is in the
form of Eq.

T = asinx—cyz
= bsinx + zsinz (2)
2 = clzy—2)+d

Here z,y and z are the signal variables of new system (2)), a,b,c and d are the
system bifurcation parameters. The proposed System has some interest-
ing multiple features for various system parameter values such as topologically
different attractors, coexisting attractors, dc offset boosting and multi-scroll at-
tractors. The parameter values ¢ and d are chosen as 4 and 36.5 respectively
and other parameter values are mentioned in Table. [I] Figure [I] and Figure [2]
show the attractors of new system in yz and xy plane respectively.

In this work, Wolf algorithm is used to calculate the Lyapunov exponents of
the system with the initial condition (—1,0,1) and simulation time ¢t = 1F4
sec. Then, Lyapunov dimension (Dy,) of the system is calculated using the
Eq. .

i+ 12
3
T3 ®)

Table. shows the Lyapunov exponent values (l1,l3,l3) and their corre-
sponding Lyapunov dimension value (Dy) for all cases. Table. [2] indicates that
the proposed system has fractal chaotic behaviour within itself. It also in-
dicates that the system has highly complex behavior in cases 4 and 5. The
divergence [1 of the system is calculated by adding all the Lyapunov expo-
nent values (I = l1 + 12 +13). The negative values obtained for I1 indicate that
the system is dissipative for all cases.

The equilibrium points for the proposed system can be obtained by equating
2=0,y=0and 2=0in as given in Eq. .

Dy =2+

asinz — cyz =0 (4a)
(b+ z)sinx =0 (4b)
clay —z)+d =0 (4c)

From Eq. (b)), we have two cases to consider: (A) sinz = 0 and (B)
sinz # 0.

First, we consider the Case (A), when sinz = 0. In this case, Eq.
reduces to yz = 0. Either y = 0 or 2z = 0. When y = 0, Eq. gives cz = d
orz =4,



In this case, we have a countably infinity number of equilibrium points given
by

d
E, = <n7r,0, ) , (n is any integer) (5)
c

Next, we consider the case when sinxz = 0 and z = 0. In this case, Eq.
gives cxy +d = 0. When x = 0, the equation cxy + d = 0 has no solution.
When = = nm, where n is a non-zero integer, we get y = —%. Thus, we have
a countably infinite number of equilibrium points given by

d
F, = (mr, -, 0) , (n is any non-zero integer) (6)
enm

Next, we consider the case (B), when sinx # 0. In this case, Eq. yields
b+ 2z =0 or z = —b. Then the equilibrium points are obtained by solving the
following system:

asinzx+bcy = 0

cley+b)+d = 0

For specific values of a, b, ¢, d, the two algebraic equations can be solved
to obtain the values of x and y.

To discuss the stability type of the equilibrium points of the proposed system
(2), we suppose that the parameters a, b, ¢, d are positive constants. We calculate
the Jacobian matrix and obtain the following:

acosx —cz  —cy
J=|(b+2z)cosz 0 sinz (8)
cy cx —c

If we choose sin z = 0, then the system has countably infinite equilibrium
points given by E,, (where n is an integer) and F,, (where n is a non-zero integer)
as defined in the equations and @

First, we discuss the stability type of the equilibrium points F,, when n is
an even integer. For this case, sinz = 0 and cosx = 1. Hence, the Jacobian
matrix at E, is given by

a —-d 0
J=pb+2 0 0 (9)
0 cnm —c
which has the characteristic equation
A+ )N —aX+d(b+d/c) =0 (10)
Hence, the Jacobian matrix J has the eigenvalue A = —c and the other two

eigenvalues are roots of the characteristic equation

N —a\+db+d/c)=0 (11)



By Routh-Hurwitz criterion, we know that the quadratic equation has
a positive real root and a negative real root. This shows that the equilibrium
points F,, are saddle points and unstable, when n is an even integer.

Next, we discuss the stability type of the equilibrium points F,,, when n is
an odd integer. For this case, sinx = 0 and cosz = —1. Hence, the Jacobian
matrix at E, is given by

—a —-d 0
J=|-b—% 0 0 (12)
0 cnm —c

which has the characteristic equation

A+ )N +aX—d(b+d/c) =0 (13)

Hence, the Jacobian matrix J has the eigenvalue A = —c and the other two
eigenvalues are roots of the characteristic equation

M +a\—db+d/c)=0 (14)

By Routh-Hurwitz criterion, we know that the quadratic equation has
a positive real root and a negative real root. This shows that the equilibrium
points FE,, are saddle points and unstable, when n is an odd integer.

Combining the two cases, we conclude that the equilibrium points F, are
saddle points and unstable, where n is any integer.

Next, we discuss the stability type of the equilibrium points F;, where n is
an even integer. In this case, sinz = 0 and cosz = 1.

Hence, the Jacobian matrix at F), is given by

a 0 %
J=1| b 0 0 (15)
-4 e —c

nm

which has the characteristic equation
2

d
At (c—a)X® + A <n2w2

- ac) —bed = 0. (16)

By Routh-Hurwitz stability criterion, the characteristic equation has
unstable roots.

Thus, we conclude that the equilibrium points F;, are unstable, when n is
an even integer.

In a similar manner, we can use Routh-Hurwitz stability criterion to establish
that the equilibrium points F;, are unstable, when n is an odd integer. Com-
bining the two cases, we conclude that the equilibrium points F), are unstable,
where n is any integer.

If we choose sinx # 0, then z = —b for an equilibrium point and the values
of x and y of the equilibrium point can be obtained by solving the system
as given in Table. [3| which indicates that all the equilibrium points of system
are unstable saddle points.



3 Evolution of Topologically Different Attrac-
tors

The proposed system presents six different types of attractors for various
values of system parameters as given in Table. [I} In this section, this special
behavior of the proposed system is analyzed and verified by plotting the
bifurcation diagram and Lyapunov exponent spectrum under the parameter
a.The bifurcation diagram and Lyapunov plots can be plotted by varying the
system parameter a and keeping others as constant. In this paper, the variation
of A1, Ao and A3 are represented in blue, red and green colors respectively in all
the Lyapunov exponent plots.

3.1 Under the parameters a € [1,2], (b,¢,d) = (1,4,36.5)

The bifurcation diagram and Lyapunov exponents spectrum under the param-
eters a € [1,2] and (b, ¢,d)=(1,4,36.5) with the initial condition (—1,0,1) is
shown in Figure It is observed from the Figure that the system has
broken bifurcation diagram and the system has two wing chaotic attractor in
the region a € [1,1.13], one wing chaotic attractor in the region a € [1.25,1.6].
It is also observed from Figure [3a) that there is a change in the amplitude level
in the region a € [1.25,1.35], a € [1.36,1.57] and a € [1.58,1.6] and thus the sys-
tem presents different chaotic attractors in this regions. Figure [3b|shows the
corresponding Lyapunov exponent plot and indicates that the system presents
periodic attractor beyond a = 1.6. Figures represent the various chaotic
and periodic attractors in the region a € [1,2] and (b, ¢, d)=(1, 4, 36.5).

3.2 Under the parameters a € [1, 3], (b, ¢,d)=(10,4,36.5)

The bifurcation diagram under the parameters a € [1, 3] and (b, ¢, d) = (10, 4, 36.5)
with the initial condition (—1,0,1) is shown in Figure [4a| which indicates that
the system produces seven-scroll attractor in the region a € [1,2.25] and
single scroll attractor in the region a € [2.3,2.55]. Since there is a change in
the amplitude level beyond a = 2.55, system presents different attractors
in this region. Figure 4b|represents the corresponding Lyapunov exponent plot
under the parameter a. Figure[Idrepresents the seven-scroll chaotic attractor at
a = 1.5 in the (z,y) plane. Figure [4d| represents one scroll attractor at a = 2.5
(Blue) and a = 2.6 (Red) in (z,y) plane.

4 Evolution of Multistability and Coexisting At-
tractors

Multistability for a chaotic system means that the chaotic system under consid-
eration produces multiple attractors for the same set of parameter values but
different initial conditions. The proposed system presents multiple coex-
isting attractors for case 2 and case 5 mentioned in Table [1| for various initial



conditions. This special behavior can be verified using bifurcation diagram and
attractor diagram as given in Figures[§]-[7] In order to demonstrate the coex-
isting attractor behavior, the bifurcation diagram of system is plotted with
the initial conditions X7 = (—1,0,1) (Blue) and X5 = (1,0, —1) (Red).

4.1 Under the parameters a € [1,2], (b,¢,d) = (1,4,36.5)

Figure shows the bifurcation diagram under the parameter a in the region
aell — 2], (b,c,d) = (1,4,36.5) with the initial conditions X; (Blue) and Xo
(Red). Tt is observed in Figure that there is no overlapping of bifurcation
amplitude zmaz in the small regions a € [1.14,1.17], a € [1.25,1.31], a €
[1.4,1.47] and a € [1.59,1.69]. Thus, the new system produces coexisting
multiple chaotic and periodic attractors in these particular regions. Figures
- represent the various coexisting chaotic and periodic attractor diagrams
in the region ae[l — 2].

4.2 Under the parameters b € [0.75,1.1], (a,c,d) = (1.3,4,36.5)

Figure [6a] shows the bifurcation diagram under the parameter b in the region
b € [0.75,1.1] and (a,c,d) = (1.3,4,36.5) with the initial conditions X; (Blue)
and X5 (Red). It can be observed from Figure @ and the Lyapunov exponent
diagram given in Figure [6D] that there is no overlapping of amplitude in the
region b € [0.75,1.05]. It is also noted that the chaotic and periodic states are
still unchanged for the different initial conditions. The system has forward
bifurcation phenomena under this parameter which means that the periodic
attractors are detected in the region b € [0.75,0.96] and chaotic attractors are
detected beyond b = 0.96. Figures — @ show the various coexisting periodic
and chaotic attractors in the region b € [0.75, 1.1].

4.3 Under the parameters d € [36,38.5], (a,b,c)=(1.3,1,4)

Figure. [Ta] shows the bifurcation diagram under the parameter d in the region
d € [36 — 38.5] and (a,b,c)=(1.3,1,4) with the initial conditions X; (Blue) and
X2 (Red).It can be observed from Figure[7ajthat there is no overlapping of am-
plitude in the region d € [36.4,38.5] and the chaotic and periodic states are un-
changed under the parameter d also.The system has chaotic attractors in the
region d € [36,37.3] and then periodic attractors in the region d € [37.3,38.5]. Tt
is evident that the system experiences reverse bifurcation under the parameter

d.

5 Evolution of Offset Boosting

One of the main issues in the chaos control is offset boosting which means the
change of position of the attractor in phase space. This can be realized in a
particular chaotic system by introducing an offset booster with any one of its



state variables. The introduction of booster value increases or decreases the
average value of that particular signal and changes its location. If the signal
appears in multiple times in the system, this particular behavior can be realized
by adding multiple booster values with the signal. Recently, Chunbiao Li [66)
demonstrated parameter-oriented, initial condition-oriented offset boosting and
polarity control behavior in VB14 based chaotic systems. The author realized
the various offset boosting attractors in VB14 system by introducing a constant
parameter, periodic function and trigonometric functions.

In the proposed system , offset boosting control along the y dimension
can be realized for various booster value 6 when a = (1.5,2.5,2.6), b =10, c =4
and d = 36.5. The new chaotic system with booster parameter is given in Eq.

[T

& = asinz—c(y+90)z
y = bsinz+ zsinx (17)
2 = cxly+06)—z]+d

5.1 Offset boosting for the parameters (a, b, ¢, d)=(1.5,10, 4, 36.5)

The system presents infinitely many shifted attractors along y direction
when a = 1.5 for various values of §. This is shown in Figure [§ in which
0 =0 (Blue), § = 8 (Red), 6 = —8 (Green). Figures show the coexisting
offset boosted attractors in (z,y) and (y,z) planes. Figure represents the
time variation of the offset boosted signal y. Figure shows the Lyapunov
exponent plot of under ¢ € [-8,8]. It can be concluded from Figure
that the booster value does not affect the Lyapunov exponent values of the new

system .

5.2 Offset boosting with multistability for the parameters
(a,b,c,d)=(2.5,10,4,36.5)

The system also presents both initial condition-oriented coexisting attractors
and offset boosting oriented coexisting attractors simultaneously when a = 2.5.
This is shown in Figures [0a] and 0B in which blue and red colors represent the
coexisting attractors with 6 = 0 under (—1,0,1) (Blue) and (1,0,—1) (Red),
green and cyan colors represent the coexisting attractors with 6 = 1 under
(—1,0,1) (Green) and (1,0, —1) (Cyan), magenta and yellow colors represent
the coexisting attractors with 6 = —1 under (—1,0,1) (Magenta) and (1,0,—1)
(Yellow). It can be concluded that the distance between the coexisting attractors
can be controlled in the proposed system .Figure represents the offset
boosted attractors in yz plane with § = 0 (Blue), 6 = 2 (Red) and § = —2
(Green) with initial condition (—1,0,1) for all attractors. Figure |9d|shows that
the offset booster does not change the chaotic behavior of the system in the
region ¢ € [—1,1].



5.3 Offset boosting with polarity reversal for the param-
eters (a,b,c,d)=(2.6,10,4,36.5)

The offset boosting in the system introduces polarity reversal for negative
values of § when a = 2.6. Even though the offset boosting in the y dimension
does not change the polarity of the left-hand side of system for a negative
value of §, it introduces polarity reversal. Figure represents the polarity
reversal in which § = 6 (Blue), § = 10 (Green), § = 14 (Magenta), § = —6
(Red), § = —10 (Cyan), 6 = —14 (Yellow) and the initial condition (—1,0,1) is
chosen for all the attractors. Figure indicates that the Lyapunov spectrum
of system is not modified by an offset booster in the region ¢ € [—10,10].

& = asinz—c(y—90)z
= bsinz + zsinzx (18)
2 = caxly—90)—=z+d

6 Adaptive Synchronization of the New Chaotic
System

In this section, the adaptive synchronization of identical new chaotic system is
achieved by using master-slave adaptive feedback control method. The synchro-
nization result is verified using the Lyapunov stability theory.

The master system and slave system are given in Eq. and Eq.
respectively as follows:

1 = asinx; —cyiz1
Y1 = bsinry + z1sinx (19)
21 = clxyr —21) +d
Zo = asinxzy — cys20 + Uy
Yo = bsinxe 4 zosinzs + Uy (20)
Zo = c(xays — 22) +d+ Us

The synchronization errors can be defined as e; = xo — 1, €2 = Yo — y1,€3 =
zo — z1 and the error dynamics can be obtained from Eq. and Eq. as

given in Eq. .

é1 = alsinzg —sinzy] + c(y121 — y222) + Uy
€a = b[sinze —sinzq] + zasinxzy — 21 sinxzy + Us (21)
é3 = clrays — 21y —e3] + Us

Now, the adaptive controllers [Uy,Us,Us] for the synchronization of the pro-

10



posed system can be obtained as Eq. with the following equations:

Uy = —alsinxzs —sinaz] — éy121 — ya22] — Greg
U, = fl;[sin o —sinx] — zosinxg + 21 sinx; — Gaesy (22)
Us = —¢[xays —z1y1 — e3] — Gses

Here, G1,G5 and G35 are the positive gains and &,Z; and ¢ are the estimates
of unknown parameters a,b and ¢ respectively. By substituting the Eq. in
Eq. 7 we get the following closed-loop error dynamics:

€1 = egsinzg —sinxy] + ec[y121 — y222] — Grex
éa = ep[sinxg —sinxi] — Gaeg (23)
és = eclrays —x1y1 — €3] — Gses

Here, ¢, =a—a, e, =b—05, e. = ¢c— ¢ and thus €, = —a, €, = —b, €. = —¢.

Now, consider the Lyapunov stability function as given in Eq. ,
V = €161 + eaés + e3é3 + €alq + epéy + ecée (24)
By substituting Eq. in Eq. , we obtained that

V = —[G124+Gae2+Gsel|+eq e (sinao—sina, ) —a)+ep e (sinazo —sina, ) —b]
+ecler(yr121 — yaza + es(wayn — 21y1 —e3) — ¢ (25)

In view of Eq. , the parameter update law can be chosen as,

a = e1(sinzg — sinay)
h = es(sinxe — sinxy) (26)
6 = e1[y121 — yoz2 + e3(x2y2 — v1y1 — €3)]

From the equations and , the time derivative of the Lyapunov func-
tion can be obtained as,

V = —Gle% — GQ@% — Ggeg (27)

which is a negative semi-definite function.

Using Barbalat’s lemma and Lyapunov stability theory, we conclude that the
closed-loop system is globally asymptotically stable for all initial values of
the error signals ey, ez, e3 by using the adaptive controller and adaptive
parameter law .

The mathematical results for adaptive synchronization derived in this section
is verified with the following conditions

e The system parameters are chosen as a = 1.3, b= 1, ¢ = 4,d = 36.5.

11



e The initial conditions for master and slave system are chosen as (-1,0,1)
and (1,0,-1) respectively.

e The initial conditions for parameters are chosen as a(0) = 1,b(0) = —1
and ¢(0) = 1.

e The gains are chosen as G; = Gy = G3 = 1.

Figure represents the unsynchronized and synchronized state variables
with initial conditions (-1,0,1) (blue) and (1,0,-1) (red).

7 Conclusion

In this paper, a chaotic system with three sinusoidal nonlinearities is intro-
duced and analysed its special behaviors such as countably infinite number of
equilibrium points, different attractors, coexisting attractors and offset-boosting
attractors. The proposed system exhibits different six types of attractors which
are verified using bifurcation diagrams and Lyapunov exponent plots. The at-
tractors of the proposed system can be offset-boosted for the particular param-
eter values. The coexisting attractors and offset-boosted attractors are verified
and analyzed in detail with the help of bifurcation diagram and Lyapunov expo-
nent plots. The Lyapunov exponent plots under offset booster parameter have
constant values which indicates that the booster parameter does not modify the
stability and chaotic behavior of the proposed system. Finally, the proposed
system is adaptively synchronized for the application of secure communication
systems. The mathematical and simulation results indicate that the proposed
system has very wealthy chaotic dynamics and can be used for secure commu-
nication systems.
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2. Figure 2: Attractors of the proposed system in the xy plane for various
values of a and b, while the parameters ¢ and d are fixed at ¢ = 4 and
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are chosen as (—1,0,1).

4. Figure 4: (a) Bifurcation diagram and (b) the corresponding Lyapunov
exponent plot under the parameter a € [1,3]. (c¢) Seven-scroll attractor
in (z,y) plane when a = 1.5, (d) Single-scroll attractors in zy plane when
a = 2.5 (Blue) and a = 2.6 (Red). The remaining parameters are taken
as (b, ¢, d)=(10,4,36.5).The initial conditions are chosen as (—1,0, 1).

5. Figure 5: (a) Bifurcation diagram for the region a € [1,2],(b, ¢, d)=(1, 4, 36.5)
with the initial conditions X; (Blue) and X5 (Red), (b) Coexisting chaotic
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8. Figure 8: Parameter oriented infinitely many coexisting attractors when
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of offset boosted signal y, (d) Constant Lyapunov exponent plot of system
in the region § € [-8, 8].
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coexisting attractors in zy and yz plane respectively. Note that the dis-
tance between the coexisting attractors can be controlled by the offset
booster parameter. (c) The offset boosted attractors without initial con-
dition oriented coexisting attractors where 6 = 0 (Blue), 6 = 2 (Red) and
0 = —2 (Green), (d) Lyapnnov exponent plot of system under the
booster parameter d.

10. Figure 10: Evolution of offset boosting with polarity reversal when (a, b, ¢, d)=
(2.6,10,4,36.5). (a) Polarity reversed attractors, (b) Polarity reversed at-
tractors, (c) Shifted signal y, (d) Lyapunov spectrum plot of system
under the parameter §.

11. Figure 11: (a),(c),(e) Unsynchronized state variables and (b),(d),(f) Syn-
chronized state variables between the master system and slave system
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Figure 1: Attractors of the proposed system in yz plane when ¢ = 4 and d =
36.5. (a) Two wing attractor, (b) One scroll attractor, (¢) One scroll attractor,
(d) Two wings attractor, (e) One wing attractor and (f) One wing attractor.
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Figure 2: Attractors of proposed system in the zy plane for various values of a
and b, while the parameters ¢ and d are fixed at ¢ = 4 and d = 36.5. (a) Two
wings attractor, (b) One scroll attractor, (¢) One scroll attractor, (d) Seven
scroll attractor, (e) One wing attractor and (f) One wing attractor.
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(e) Periodic attractor at a = 1.65

Figure 3: (a) Bifurcation diagram and (b) corresponding Lyapunov exponent
plot for the parameter range a € [1,2]. (¢) Two wing chaotic attractors when
a = 1.1, (d) One wing attractors when a = 1.3 (Blue) and a = 1.5 (Red) and
(e) Periodic attractor when a = 1.65. The remaining parameters are taken as
(b,¢,d) = (1,4,36.5) and the initial conditions are chosen as (—1,0,1).
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(c)a=1.5 (d) a = 2.5(Blue) and a = 2.6(Red)

Figure 4: (a) Bifurcation diagram and (b) the corresponding Lyapunov exponent
plot under the parameter a € [1,3]. (c) Seven-scroll attractor in (x,y) plane
when a = 1.5, (d) Single-scroll attractors in zy plane when a = 2.5 (Blue) and
a = 2.6 (Red). The remaining parameters are taken as (b, ¢, d)=(10, 4, 36.5).The
initial conditions are chosen as (—1,0,1).
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Figure 5: (a) Bifurcation diagram for the region a € [1,2],(b, ¢, d)=(1,4,36.5)
with the initial conditions X; (Blue) and X2 (Red), (b) Coexisting chaotic
attractors, (c) Coexisting chaotic attractors, and (d) Coexisting periodic at-
tractors for the new system .
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Figure 6: (a) Bifurcation diagram under the parameter b € [0.75,1.1] with
initial conditions X; (Blue) and X (Red). (b) The corresponding Lyapunov
exponent plot. (c) Coexisting periodic attractors, (d) Coexisting periodic at-
tractors, (e) Coexisting periodic attractors and (f) Coexisting chaotic attractors
when (a, ¢,d)=(1.3,4,36.5) for the new system (2).
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Figure 7: (a) Bifurcation diagram and (b) Lyapunov exponents plot under the
parameter d € [36,38.5] with X; (Blue) and X5 (Red), (¢) Coexisting chaotic
attractors, (d) Coexisting periodic attractors when (a,b,c¢)=(1.3,1,4) for the

new system .
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Figure 8: Parameter oriented infinitely many coexisting attractors when
(a,b,c,d)=(1.5.10,4,36.5). (a-b) Offset boosted attractors in zy plane and yz
plane at =0 (Blue),d=8 (Red) and 6=—8 (Green), (c¢) Time variation of offset
boosted signal y, (d) Constant Lyapunov exponent plot of system in the
region 0 € [-8,8].
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Figure O: Evolution of offset boosting with multistability when
(a,b,c,d)=(2.5,10,4,36.5).  (a-b) The offset boosting with initial condi-
tion oriented coexisting attractors in xy and yz plane respectively. Note
that the distance between the coexisting attractors can be controlled by the
offset booster parameter. (c) The offset boosted attractors without initial
condition oriented coexisting attractors where § = 0 (Blue), 6 = 2 (Red) and
0 = —2 (Green), (d) Lyapnnov exponent plot of system under the booster
parameter 6.
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Figure 10: Evolution of offset boosting with polarity reversal when
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versed attractors, (c¢) Shifted signal y, (d) Lyapunov spectrum plot of system

under the parameter §.
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Figure 11: (a),(c),(e) Unsynchronized state variables and (b),(d),(f) Synchro-
nized state variables between the master system and slave system .
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Table 1: Different Cases of Parameters in the proposed system

Case| Parameters Figures Special Features
1 a=11b=1 Figures|la| & [2a) Two wings attractor
9 a=13b=1 Figures 10| & §| .Im.t1al condition oriented Coex-
L | 1sting attractors
3 a=15b=1 Figures|l¢ & |2¢ One scroll attractor
Seven-scroll attractors in (x,y)
4 a=15b=10 Figures E| & plane and offset boosting based
coexisting attractors
Simultaneous initial condition
5 a=25b=10 Figures £| & orlente'd agd offset boostlng ori-
ented infinitely many coexisting
attractors
Polarity reversal and parameter
6 a=26,b=10 Figures ﬂ & oriented infinitely many coexist-
ing attractors
Table 2: Lyapuov Exponents and Lyapunov Dimensions
Cases Lyapunov Exponents Dy, lr Types
1 11 =0.3985,ls =0, I3 = —4.799 2.083 -4.4005 Dissipative
2 Iy =0.4456, I = 0, I3 = —4.7245 2.094 -4.2789 Dissipative
3 I, =0.3417, 1, = 0, I3 = —4.438 2.077 -4.096 Dissipative
4 l1 =0.95127, I, =0, I3 = —4.973 2.1913 -4.0217 Dissipative
5 11 =0.66232, Is =0, I3 = —4.8642 2.136 -4.2017 Dissipative
6 11 =0.82392, Iy =0, I3 = —5.0237 2.164 -4.1998 Dissipative
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Table 3: Equilibrium Points when sinz # 0 (Case B) and their corresponding

Eigen Values

Case Equilibrium - Points Eigen Values
(z,y,2)

1 (38.95, -0.26, -1) (-12.056, 8.018, 0.893)

5 (£33.35,F0.304, —1) (-10.732, 6.6678, 1.1507)
(+32.68,F0.31,—-1) (-10.568, 6.499, 1.1632)

3 (£33.63,F0.301, —1) (-10.8004,6.733, 1.3178)
(£32.4,F0.3125, 1) (-10.503, 6.426, 1.343)

4 (—1158.79,0.0165, —10) | (-47.31, 43.306, -1.345)

5 (—578.61,0.033,—10) (2.124, 33.01,-37.05)

6 (465.64,—0.041, —10) (-0.696, 40.39,-44.4)
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