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Mathematical models are of great interest for experimentalists since they provide a way for control-
ling and synchronizing different chaotic states. In previous works, we have used a Takens-Bogdanov
(T-B) system under hyperchaotic dynamic conditions (two or more positive Lyapunov exponents)
because they adequately reflect the dynamics of the patterns in small aspect ratio pre-turbulent
Beénard-Marangoni convection near a codimension-2 point (with resonance between 2:1 modes),
in square symmetry (D4). In this paper, we discuss the coupling of two different four dimensional
hyperchaotic models derived from the Lorenz equations by using the same method introduced in
previous works. As in the former system of used equations, we found that two identical hyperchaotic
systems based on either Chen or Lii equation systems evolve into different states in the pattern space,
where the synchronization state or the complexity could be controlled by a small external signal, as

was shown in T-B equations. Published by AIP Publishing. https://doi.org/10.1063/1.5027615

Synchronization and control of complex dynamical states
are very important tasks in fluid dynamics. Mathemati-
cal models ad hoc based on ordinary differential equations
(ODE) that fit real experiments are very useful tools to
help in the design of these systems. In previous works,
we presented complete synchronization by coupling two
equal hyperchaotic systems of Takens-Bogdanov (T-B)
equations and their control by very small amplitude har-
monic signals and tuning the frequency. In this work, we
extend those results to two different systems of hyper-
chaotic equations derived from the Lorenz 3D model.
Complete synchronization, as in the T-B system, and the
results of control with a small amplitude signal tuning
their frequency are shown.

I. INTRODUCTION

It is well known that when heat or mass is transported in a
fluid by convective mechanisms, in the movements of the fluid
can be found almost all the dynamic behaviors that appear
in nature when a control parameter increases the transported
magnitude. For instance, when a stationary fluid layer is
heated from below, a flow of heat is transported from the bot-
tom to the upper surface initially by conduction, as normally
occurs in a solid. Increasing the applied temperature gradient
sufficiently to overpass a threshold, the layer becomes unsta-
ble by buoyancy or surface tension and breaks the symmetry.
The conductive stage is followed by convective movements
in the fluid, forming self-ordered structures (or “patterns”) in
the temperature, density, pressure, and velocity fields.

These “patterns” are rolls, hexagons, with different forms
like rolls, hexagonal, or could be also waves that appear
near the convection threshold; depending on many parame-
ters like boundary conditions properties and symmetries, and
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from thermal and mechanical properties of the fluid. The
patterns could be stationary'? or time-dependent.> Further
increasing the control parameter, the structures become unsta-
ble producing movements that can be regular or chaotics, that
is, time-dependent structures that finally give place to dif-
ferent pre-turbulent structures like vortices, thermal plumes,
and bubbles moving in a main flow.””® Finally, fully devel-
oped turbulent movements dominate the heat transport in the
fluid, as can be observed every day in weather forecast in
TV news. It is well known that Navier-Stokes partial differ-
ential equations (PDE) are the mathematical tools to model
all the hydrodynamic descriptions in these kinds of problems
in nature and in related experiments.'? The difficulties to
solve them with actual frames and real boundary conditions
are also well known. Many approximations are necessary to
solve these equations when nonlinearities become important
or when the control parameter is far from threshold.

Since Lorenz published his model in 1963!!" to describe
atmospheric convection incorporating in their solution flows
“deterministic but not periodic” (that is, “chaotic dynamics”),
many mathematical and numeric works have been performed
on these non-linear dynamic equations and their chaotic beha-
vior.'”> And new systems of equations appear to model low
dimensional dynamics (3D) in many application fields such as
reaction-diffusion mechanisms in chemistry, Lotka-Volterra in
ecology, or Chua’s circuits in electronics engineering.

Many of the equation systems used in applications, like
Rossler equations,13 are derived from the Lorenz model and
consequently are related to the basic equations of hydrody-
namics. More recently, other equations also related to the
Lorenz model have been proposed like Refs. 14—16, which
have been used in many fields of applications, such as thermo-
convection experiments, and this is an additional reason that
motivates our interest in these kind of mathematical models.

Published by AIP Publishing.
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A few years after (1979), Rossler presented his equations for
3D systems. He modified their equation system to obtain a
model involving regions of parameters with more than one
positive Lyapunov exponent.'” The result was a system with a
dynamic that expands in more than one direction in the phase
space producing more complex attractors. Rossler define as
a “hyperchaotic system” to a chaotic system with more than
one Lyapunov exponent positive. Consequently, hyperchaotic
behavior arises as a natural regime in extended space time sys-
tems, in high dimensional confined oscillators, or in situations
where many oscillators are coupled, as occurs, for example,
in “Complex networks.”!8

Other systems of equations, with regions of parame-
ters producing hyperchaos in confined oscillators, have been
obtained by modifying an original 3D chaotic system of
equations (that provide one positive Lyapunov exponent) by
adding a coupled equation that transforms the system in
4D. Hyperchaos appears to adjust the parameters to obtain
a region with two positive Lyapunov exponents in this 4D
equation system. It is important to remark that even if hav-
ing hyperchaotic oscillations is necessary to have at least
four dimensions, the inverse is not true. Not all the 4D sys-
tems are hyperchaotic; they need to have at least two positive
Lyapunov exponents.

The additional equation plays the role of feedback as
in hyperchaotic Chen,'® in a generalized Lorenz system,?
or in hyperchaotic Lii systems.?! Another important way to
obtain hyper-chaos is to couple two (or more) chaotic systems
avoiding the “chaos suppression” phenomena.??

Chaos suppression is a well-known effect related directly
to this work and frequently considered as the opposite to
“chaos generation.” To suppress chaos, the positive Lyapunov
exponents should be canceled. It has been obtained in the past
by parameter perturbations or parametric forcing or modula-
tion of the control parameter and can be considered among the
methods to control chaos. >

A classical way to increase the order in a system is to
couple two or more oscillators (similar or different) choosing
carefully the parameters of coupling to obtain complete syn-
chronization (CS). In 2002 was presented an example of chaos
suppression through the coupling of two Duffing oscillators,
one of them in a chaotic regime and the other in a periodic
regime.”’

In particular, chaos suppression by coupling two systems
was demonstrated in 3D systems coupling asymmetrically
two classical chaotic oscillators.?> In this work, two identi-
cal Rossler (in funnel and no-funnel regimes), two Lorenz,
and two Lotka-Volterra systems of equations have been cou-
pled. The method used here with three 3D systems rests on
selecting an adequate coupling in order to drive a chaotic
dynamics towards a regular periodic attractor. As explained
in this work, the problem fits in the more general frame of
Synchronization®® or in the general Theory of Oscillations.?’
In fact, numerical simulations display that for two coupled
identical oscillators, the type and strength of coupling deter-
mine the Lyapunov exponents that can suppress chaos. This
result in terms of synchronization theory means that the cou-
pled system rests in a state of complete synchronization (CS),
a kind of synchronization that in the new global system
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(composed now of the six equations coupled in 3D or eight
equations in 4D) depends on the dynamics of the oscillators
but also on the type of coupling between them, that is, number
of links, symmetries, and strength of coupling. As an example,
in Ref. 28, the synchronization that was obtained is directly
related to the asymmetry of the coupling.

After these works, our interest was shifted to couple four
dimensional hyperchaotic models. In this frame, first we pre-
sented the results obtained by coupling two T-B systems?® and
then other hyperchaotic systems with the aim of analyzing the
influence of the type of coupling and strength coefficient on
the type of chaos and synchronization that could be obtained,
looking for the possibility of generic behaviors in 4D sys-
tems. Finally, we look for the possibility of controlling such
complex systems previously coupled and synchronized. This
can be done by studying the effects of harmonic signals with
small amplitude injected to modify the state of the system as
suggested in Ref. 29 but keeping their synchronization or
dynamic possibilities as in Ref. 30. Following the latter work,
in this paper, we use a method to choose the control frequen-
cies based on histograms obtained from the signals observed.
In fact, it is not possible to select the frequencies by classi-
cal Fourier methods as will be discussed in the next section
(Sec. II).

As aresume, in this work, we extend the methods used in
Ref. 30 to two hyperchaotic models (“Chen” and “Lii”) that
are related to the Lorenz system but with different topologies
and dynamics, with the aim to check the possibility of the
existence of generic behaviors in four dimensional systems.
We present the results of self-synchronization by coupling two
equal oscillators and the attempts to control the coupled sys-
tems by injecting small signals (less than 1% in amplitude of
the variable x) and modifying their frequencies. A scheme of
how systems are coupled and perturbed is shown in Fig. 1.
Note that we are not changing the parameters, but we are just
perturbing a coupled and synchronized system with a really
small harmonic perturbation.

The work is organized as follows: after this Introduc-
tion follows Sec. II devoted to describe the dynamics of the
used systems compared with the results obtained between
both systems before coupling. Section III presents results of
coupling on synchronization and chaos suppression. Section
IV presents the results obtained in the driven systems when a
signal is injected with three different frequencies. Finally, in
Sec. V, the most important conclusions are summarized.

Il. THE DYNAMICAL SYSTEMS
A. Chen and Lii hyperchaotic systems

In the light of the facts presented here, we decided to
work with models associated with Lorenz generalized systems
working in the hyperchaotic regime. The “Chen system,” as it
is usually named, was presented in Chen and Ueta'* and in
Celikovsky and Chen '3 as a dual system with respect to the
Lorenz, in the sense defined by Celikovsky and Vanecek.?' In
fact, considering the linear part in the matrix of coefficients
(A = [a;3 x 3]) of both systems, the Lorenz system satisfies
that ajay; > 0, while for the Chen system ajpa;; < 0. This
means that the systems have a different canonical family,"
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FIG. 1. Scheme of how dynamical systems are coupled and perturbed by a harmonic signal at frequency f.

and in spite of many similitudes they are topologically differ-
ent. In 2002, Lii and Chen'® completed the frame of the “gen-
eralized Lorenz systems” with another related chaotic system
where ajpaz; = 0, just in the transition between Lorenz and
Chen systems. This system is usually named “Lii.”

A mathematical proof for the Chen attractor existence
based on the fundamental works of Shil’nikov can be found
in Ref. 32. Authors display the existence of heteroclinic and
homoclinic orbits using the Shil’nikov criteria,>® verifying
that the Chen system has both kinds of Smale’s horseshoe

type of chaos. In spite of these and other important analytic
results, the work made to know the behavior of these systems
against parameters has been mostly numeric.

Chen chaotic three dimensional system (3D) has been
transformed later (2006) into hyperchaotic (4D), simply by
adding a linear controller to the second equation of a 3D
Chen chaotic system.'”? By a similar method, hyperchaotic
states in a 3D Lii system have been generated introducing a
state feedback controller, transforming the system into 4D.
These numerical results have been verified experimentally in

(a) (b)
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FIG. 2. Time series and phase space for Chen System under different variables and planes. (a) Time series for x(¢) variable. (b) Time series for w(f) variable.

(c) Phase space for the plane (x—z). (d) Phase space for the plane (x—w).
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electronic circuits.”! In this work, we are using the following A Chen system in the hyperchaotic regime produces tem-
equation systems: poral files of variables like x(#) and w(f), which are depicted
i —aly—x in Figs. 2(a) and 2(b). The .phase space of the Chen attractor
5 = —dv—xz+cy can be observed by projecting on the planes (z—x) and (w—x)
hyperchaotic Chen system s (D) [see Figs. 2(c) and 2(d)]. We have selected the planes of phase
¢ == bz projections appearing in the figures to understand better the
wo=xtk effects of coupling two systems and the effects of the injected
where a = 36,b = 3,c = 26,d = 16, and k = 0 and control signals. The corresponding figures for temporal vari-
i =aly—w) ables appearing in the Lii hyperchaotic attractor are depicted
L j =-—x—xz+cy in Figs. 3(a) and 3(b) for x(¢#) and w(¢), respectively. More-
hyperchaotic Lii system ; =xy—bz , (2)  over, their space phase for the two planes (x,z) and (x,w) is
w o =xy+dw illustrated in Figs. 3(c) and 3(d), respectively.

Additional details as dependence of Lyapunov exponents
with parameters or bifurcation diagrams can be found in
Ref. 19. An important remark is to note that in Ref. 34 has
been shown by analytical and numerical methods the riddled
property for the Chen attractor, a fact that gives to the attractor
some unusual properties. This property is shared with the T-B
system studied in Ref. 28.

where a = 36,b =3,c =20,andd = 1.

It has been mentioned that a hyperchaotic state requires at
least two positive Lyapunov exponents. In a continuous four
dimensional dissipative system like the one we are consider-
ing here, there are four possible types of attractors classified
by their Lyapunov exponents Aj, Ay, Az, Aq.

Hyperchaotic attractor: (A1, Ay > 0,A3 < 0,44 = 0).

Chaotic attractor: (A; > 0,4, < 0,13 < 0,14 =0).

lll. COUPLING EFFECTS
Periodic orbits: (A < 0,1, < 0,A3 < 0,14 = 0).

Quasi-periodic orbits: (A} < 0,1y < 0,A3 = 0,14 =0). It is well known that complexity in the global dynamics of
Equilibrium point: (A; < 0,13 < 0,A3 < 0,24 < 0). coupled systems depends on the dynamics of each oscillator

(a) (b)
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FIG. 3. Times series and phase space for Lii System under different variables and planes. (a) Time series for x(¢) variable. (b) Time series for w(r) variable.
(c) Phase space for the plane (x—z). (d) Phase space for the plane (x—w).
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FIG. 4. Time series and phase space under different planes and variables for Chen coupled system. (a) Time series for x(¢) variable for systems 1 and 2: blue for
x1 (1), whereas red for x (¢). (b) Time series for w(t) variable for systems 1 and 2: blue for w; (¢), whereas red for w,(f). (c) Phase space for the projection (x—z).

(d) Phase space for the projection (x—w).

and also on symmetries and strength of the external links. The
links transform two isolated dynamics (here four dimensional
systems) into a new system of eight equations, a new system
that will have a collective regime with an emerging behavior
that will not only depend on the dynamics that each oscillator
is able to generate but also on the effects produced by the type
and strength of the coupling between variables of the system.
It is important to recall that in four dimensional oscillators,
equivalent variables could be coupled in many different ways
going from one to four links coupling all the equations that
additionally could be in one or two directions (asymmetric or
symmetric).

Synchronization induced by asymmetric coupling (master-
slave configuration) of two or more autonomous oscillators
is a well-known effect.?>?® In four dimensional systems (4D)
with symmetrical coupling of two identical T-B systems, one
variable (x) has been presented in Ref. 28.

Synchronization regimes of these and other equations
(principally 3D) analyzed have also used different coupling
schemes (symmetric or asymmetric), considering the coupling
as a direct function of the error between both systems act-
ing as a feedback loop. Phase synchronization (PS) has been

obtained using selected values for parameters that must be
fine-tuned to fit Lyapunov exponent windows.>> The synchro-
nized regimes obtained in this case are not too stable and
depend strongly on the coupling coefficient.

Complete synchronization (CS) as a result of coupling
in four dimensional oscillators was observed in the hyper-
chaotic T-B system.?® In this work, asymmetric coupling was
chosen to obtain a robust synchronization manifold recov-
ering for the coupled system the internal symmetry of each
oscillator by coupling the feedback on two different variables
(x and z). Internal symmetry of the equations of the global
system couples the variables by pairs (x and y to z and w).

Introducing the coupling between oscillators 1 and 2 in
this way appears as a closed “ring structure” that provides
the robustness necessary to obtain complete synchronization
(CS), a fact that was impossible to obtain in the case of
the symmetrical coupling scheme based on only one vari-
able. This situation was explored by studying the dependence
of Lyapunov exponents against the two parameters of the
coupling strength &,(x, — x1) and €,(z; — z2).

In other previous works before coupling the oscillators
that are analyzed here, we have verified that each one of
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FIG. 5. Time series and phase space under different planes and variables for Lii coupled system. (a) Time series for x(f) variable for systems 1 and 2: blue for
x1 (1), whereas red for x,(¢). (b) Time series for w(z) variable for systems 1 and 2: blue for w; (¢), whereas red for w,(#). (c) Phase space for the projection (x—z).
(d) Phase space for the projection (x—z).

them is able to display all the dynamical states like station- synchronization is determined by looking at the behavior of
ary solutions, oscillatory with simple or multiple periods, the largest Lyapunov positive exponents (or the sum of all
chaotic solutions, and more complex hyperchaotic situations of them), it is important to detect in the parameter space the
as a function of the parameters. When the possibility for ~ values for which synchronization is possible and to know the

(a) (b)

r/Frequency (dB/Hz)

Powe

0 10 20 30 40
Frequency (Hz)

FIG. 6. Lii system Fourier spectrum. (a) x(¢) Fourier spectrum. (b) Zoomed-in x(¢) Fourier spectrum.



075519-7 Mancini, Becheikh, and Vidal

values of the strength of coupling that are necessary. Fre-
quently appears this possibility only for narrow windows in
the parameter space.

A classification of the synchronization states of these
attractors used in this work can be found in Refs. 35 and
28. We consider here these results as our reference in
4D systems because it is possible to follow the sequence
of results from the experiment in hydrodynamics® to the
attempts to synchronize two equal mathematical systems
and the control of complexity by harmonic signals of small
amplitude.*”

A. The coupled equations

The coupled system transforms the set of four equations
(1) into other higher dimensional systems (eight equations),
where variables are named by subscripts 1 and 2, correspond-
ing to each original system. Each oscillator uses the adjusted
parameter with the aim to be in a hyperchaotic region (with
more than one positive Lyapunov exponent).

The coupling terms ¢, and ¢, can be interpreted as the
feedback for systems reproducing the same trajectory on
the synchronized manifold separately without any feedback
between them. This kind of coupling extends the inner sym-
metries of each equation system to the coupled one which has
a higher dimension.

Regarding the results shown, it is important to remark
that the simulations have a transitory stage where systems are
iterated 10° time units. On the second phase, the systems are
iterated 10° time units to obtain the output signal. For the sake
of clarity, we plot just some chunk of these signals.

xp =alyr —x1) + &ex(x2 — x1),

Y1 = —dx; —x1z12 +cyr — wi,

21 = xiy1 — bz + &(z2 — 21),

wy =x12 +k, 3

X =a(yr — x2) + &x(x1 — x2),

(@)

Chaos 28, 075519 (2018)

Y2 = —dxs — X222 + cy2 — Wy,
22 = X2y2 — b2y + £,(z1 — 22),
Wy =x2 + k,

where a = 36, b =3,
€, = 145and ¢, = 14.5.

X1 =a(y; —wiy) + &(x2 — x1),

V1= —X12 —X12212 + ¢y12,

21 =Xx12)12 — bz + &.(22 — 21),

Wi = x1y12 +dwy,

X2 = a(ys) —wa) + &:(x1 — x2), 4)
Yo = —Xp — X222 + CY2,

22 = xy2 — bz + &.(z1 — 22),

Wy = Xoy2 + dws,

where a =36, b =3, ¢ =20, and d = 1 and the coupling
factors are defined as ¢, = 10 and &, = 10.

The results obtained for the Chen coupled system are
depicted in Fig. 4. Figures 4(a) and 4(b) display that x, is com-
pletely synchronized to x; and w, completely synchronized to
wi. To represent the attractor, we choose the projection onto
the planes (z—x), where the result is illustrated in Fig. 4(c),
whereas for the projection (w—x) the corresponding graph is
depicted in Fig. 4(d).

Similar results obtained in the Lii system are illustrated
in Fig. 5 with identical distribution of variables. Comparing
these results with those in Figs. 2 and 3, we observe in tem-
poral signals that complete synchronization (CS) has been
obtained with some variables like x or w being synchronized
in counter phase and others in phase.

IV. DRIVING THE COUPLED SYSTEMS WITH
HARMONIC SIGNALS

The used hyperchaotic oscillators have some general fea-
tures in their dynamics that should be taken into consideration.
One of these general results is the common picture of the

200

FIG. 7. Lii system histogram. (a) x(¢) histogram for uncoupled system. (b) x(7) histogram for coupled system.
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Fourier spectrum of the main variables obtained with long
temporal data files.

We have checked that the spectrum of these hyperchaotic
systems has normally a low frequency region over-imposed

Chaos 28, 075519 (2018)

to the characteristic chaotic 1/f noise, followed by a long tail,
as shown in Fig. 6(a). The existence of this common shape
in the Fourier spectrum was observed in Takens-Bodanov?%3°
and in Chen and Lii hyperchaotic systems.>> The Fourier

(a) (b) (C)
(‘;)
(J)E‘ ; (k) (|)w ;

10 0 10 20 30 20 40 “30 20 10

wl

wl

FIG. 8. Impact of the selected frequency for the injected function on the behavior of Chen coupled system. (a) Time series for x(¢) by using an injection
function under f = 1/0.49. (b) Time series for x(¢) by using an injection function under f = 1/0.78. (c) Time series for x(¢) by using an injection function under
f =1/0.9. (d) Phase space for the projection (x—z) by using an injection function under f = 1/0.49. (e) Phase space for the projection (x—z) by using an injection
function under f = 1/0.78. (f) Phase space for the projection (x—z) by using an injection function under f = 1/0.9. (g) Phase space for the projection (x—w) by
using an injection function under f = 1/0.49. (h) Phase space for the projection (x—w) by using an injection function under f = 1/0.78. (i) Phase space for the
projection (x—w) by using an injection function under f = 1/0.9. (j) x; (f) versus x,(#) using an injection function under f = 1/0.49. (k) x; (f) versus x, () using
an injection function under f = 1/0.78. (1) x; (¢) versus x;(#) using an injection function under f = 1/0.9.
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spectrum displayed in Fig. 6(a) for the variable x is enlarged
to see a detail of the low frequency region for the Lii system
[see Fig. 6(b)]. It is easy to see that not too much informa-
tion could be obtained from this Fourier spectrum in order
to choose a frequency for synchronization or control the
system.

As in many other systems (like the Rossler attractor in
the “funnel” parameter conditions!'?), it is not possible to con-
struct a Poincaré section, and under this restriction, we cannot
define an “analytical phase”?® that helps us to synchronize or
control the system.

To overcome this problem, we calculate a histogram of a
data file like x(#) to see the most relevant characteristic peri-
ods that appear in the system as described in Ref. 30. Periods
are obtained from a long signal data file measuring the time
between two maximum or minimum first neighbors in the sig-
nal. The histogram represents the frequencies (in number on

(a) (b)

Chaos 28, 075519 (2018)

times) that each period appears in a long signal data file. A
typical histogram appears in Fig. 7(b).

By using the information obtained in this recurrence time
distribution, it is possible to analyze better the effects of a
noiseless harmonic signal injected to the synchronized sys-
tem [as shown in Fig. 7(a)]. This histogram is not a Poincaré
section and times are not the classic “return times,” but for a
long file which represents the more frequently visited peri-
ods in the system, are connected with the homoclinic and
heteroclinic orbits.

In Figs. 8 and 9, the effects of the signals injected with
the frequencies chosen to fit some of the peaks observed in
the time recurrence plot are compared with the effects of other
two signals with other frequencies chosen in other two regions
of the histogram. In all cases, the amplitude will be the same,
a small fraction (0.1% of the variable maximum value). The
results are shown in Fig. 8 for the Chen system and in Fig. 9

0

00 0000 30000 40000 30000 0 10000 20000

30000 40001 500 o 00 0000 30000 20000 5000

FIG. 9. Impact of the selected frequency for the injected function on the behavior of Lii coupled system. (a) Time series for x(¢) by using an injection function
under f = 1/0.55. (b) Time series for x(¢) by using an injection function under f = 1. (c) Time series for x(¢) by using an injection function under f = 1/2.8.
(d) Phase space for the projection (x—z) by using an injection function under f = 1/0.55. (e) Phase space for the projection (x—z) by using an injection function
under f = 1. (f) Phase space for the projection (x—z) by using an injection function under f = 1/2.8. (g) Phase space for the projection (x—w) by using an
injection function under f = 1/0.55. (h) Phase space for the projection (x—w) by using an injection function under f = 1. (i) Phase space for the projection (x—z)

by using an injection function under f = 1/2.8.
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for the Lii system. Both figures have been ordered in a column
with the results for each frequency injected. The results corre-
sponding to the variable x(¢) is depicted in the first row of the
file; phase space projection (z—x) is illustrated in the second
row of file and (w—x) projection is depicted in the third row
for each frequency for three different signals with different
frequencies.

For the Chen system, there is an additional row file to
display the synchronization between the signals that remain
synchronized (CS) in spite of the different frequencies of the
injected signals applied. The results display a tuning to three
different states (keeping the system synchronized).

The Lii system loses the complete synchronization, but
the signal moves the equilibrium to a region of the attrac-
tor with a tangent bifurcation having an intermittent behavior
with a laminar region that can be seen clearly in the central
column for the second frequency injected (Fig. 9). The sys-
tem could keep general synchronization but with intermittent
chaotic bursts.

V. CONCLUSIONS

In this work, we display many new details about the
behavior of Chen and Lii systems in the hyperchaotic regime
obtained by numerical simulation that are summarized in
Figs. 2 and 3, respectively.

Two identical hyperchaotic oscillators with equation sys-
tems Chen and Lii have been coupled as in the case of T-B, to
verify whether they become synchronized when they are sym-
metrically coupled with the appropriate strength of coupling.
This important result has been checked by using symmetrical
coupling first with one link in variable x, and then with two
links (in x and z). Complete synchronization has been obtained
in both cases by coupling, but robustness improves by using
two links. The results for two links are displayed in Figs. 4
and 7, and to our knowledge, this is the first report of complete
synchronization with these systems of equations and types of
links.

After the coupled systems are synchronized, a harmonic
signal of very small amplitude (i.e., 0.1% of x amplitude) was
injected to each system to check if a control of the complexity
of the system is possible, as occurs in the T-B system.?’ The
results in the Chen system, which is depicted in Fig. 8, gen-
eralize to this system the possibility of controlling complexity
with small amplitude signals by simply tuning the frequency.

Figure 9 displays for the Lii system similar results show-
ing an intermittent burst of laminarity in a hyperchaotic signal,
a fact that informs us about the existence of a tangent bifurca-
tion in the attractor. It appears as relevant that, in spite of the
hyperchaotic character of these systems, some control can be
obtained with very small amplitude signals by only adjusting
the frequencies to specific values.

To control these systems of equations as in our former
work with T-B equations, we use histograms constructed ad
hoc. These histograms represent the most characteristic times,
or the more frequently visited times in the data sequence, and
confirm that the method introduced in Ref. 30 is more use-
ful than the Fourier spectrum to choose the frequencies of the
injection signal. Additional work is necessary to obtain a close

Chaos 28, 075519 (2018)

relationship between the histograms and the heteroclinic and
homoclinic orbits in the phase space.*¢-

ACKNOWLEDGMENTS

We are grateful for financial support from: Education
and Science Ministry (MEC) projects FIS2014-54101-P and
FIS2017-83401-P, Spain. R.B. and G.V. have been supported
by Enigmedia. H.M. acknowledges J. Burguete University of
Navarra (UNAV), Spain for helpful comments.

'M. C. Cross and P. C. Hohenberg, “Pattern formation outside of equilib-
rium,” Rev. Mod. Phys. 65, 851-1112 (1993).

2L. Koschmieder, Bénard Cells and Taylor Vortices (Cambridge University
Press, Cambridge, 1963), Vol. 253, pp. 722-723.

3T. Ondarguhu, G. B. Mindlin, H. L. Mancini, and C. Pérez Garcfa, “Dynam-
ical patterns in Bénard-Marangoni convection in a square container,” Phys.
Rev. Lett. 70, 3892-3895 (1993).

4G. B. Mindlin, T. Ondarguhu, H. L. Mancini, C. Pérez-Garcia, and
A. Garcimartin, “Comparison of data from Bénard-Marangoni convection
in a square container with a model based on symmetry arguments,” Int.
Journal of Bifurcation and Chaos 4, 1121-1133 (1994).

SH. Mancini and D. Maza, “Bénard-Marangoni thermal oscillators: An
experimental study,” Phys. Rev. E, 55, 2757-2768 (1997).

6M. Rabinovich, A. B. Ezersky, and P. Weidman, The Dynamics of Patterns
(World Scientific Press, 2000).

7J. P. Gollub and S. Benson, “Many routes to turbulent convection,” J. Fluid
Mech. 100, 449-470 (1980).

8P. Bergé, M. Dubois, and V. Croquette, “Approach to Rayleigh-Bénard tur-
bulent convection in different geometries,” in Convective transport and
Instability Phenomena, edited by O. Zierep & H. Oertel, (Braun-Verlag,
Karlsruhe, 1982).

F. H. Busse and J. A. Whitehead, “Instabilities of convection rolls in a high
Prandtl number fluid,” J. Fluid Mech. 47, 305-320 (1971).

10P. Colinet, J. C. Legros, and M. Velarde, Nonlinear Dynamics of Surface-
Tension-Driven Instabilities (Wiley-VCH, 2001).

E. N. Lorenz, “Deterministic nonperiodic flow,” J. Atmos. Sci. 20(2),
130-141 (1963).

12C. Sparrow, The Lorenz Equations: Bifurcations, Chaos and the Strange
Attractors (Springer-Verlag. New York, Heidelberg, Berlin, 1982).

130. E. Réssler, “An equation for continuous chaos,” Phys. Lett. A 57(5),
397-398 (1976).

4G, Chen and T. Ueta, “Yet another chaotic attractor,” Int. J. Bifurcat. Chaos
09(7), 1465-1466 (1999).

138, Celikovsky and G. Chen, “On a generalized Lorenz canonical from of
chaotic systems,” Int. J. Bifurcat. Chaos 12(08), 1789-1812 (2002).

163, Lii and G. Chen, “A new chaotic attractor coined,” Int. J. Bifurcat. Chaos
12(03), 659-661 (2002).

170. E. Rossler, “An equation for hyperchaos,” Phys. Lett. A 71(2), 155-157
(1979).

185, Boccaletti, V. Latora, Y. Moreno, M. Chavez, and D.-U. Hwang, “Com-
plex networks: Structure and dynamics,” Phys. Rep. 424(4), 175-308
(2006).

19T Gao, Z. Chen, Z. Yuan, and G. Chen, “A hyperchaos generated from
Chen’s system,” Int. J. Mod. Phys. C 17(4), 471-478 (2006).

0T, Gao, Z. Chen, Q. Gu, and Z. Yuan, “A new hyper-chaos generated
from generalized Lorenz system via nonlinear feedback,” Chaos Solitons
Fractals 35(2), 390-397 (2008).

2IA. Chen, J. Lii, J. Lii, and S. Yu, “Generating hyperchaotic Lii attractor via
state feedback control,” Physica A 364, 103—-110 (2006).

22y, Patidar, N. K. Pareek, and K. K. Sud, “Suppression of chaos using
mutual coupling,” Phys. Lett. A 304(5), 121-129 (2002).

238, Boccaletti, C. Grebogi, Y.-C. Lai, H. Mancini, and D. Maza, “The
control of chaos: Theory and applications,” Phys. Rep. 329(3), 103-197
(2000).

24R. O. Grigoriev, M. C. Cross, and H. G. Schuster, “Pinning control of
spatiotemporal chaos,” Phys. Rev. Lett. 79, 2795-2798 (1997).

23], Bragard, G. Vidal, H. Mancini, C. Mendoza, and S. Boccaletti, “Chaos
suppression through asymmetric coupling,” Chaos 17(4), 043107 (2007).
264, Pikovsky, M. Rosenblum, and J. Kurths, “Synchronization: A universal

concept in nonlinear science,” Am. J. Phys. 70(6), 655-655 (2002).


https://doi.org/10.1103/RevModPhys.65.851
https://doi.org/10.1103/PhysRevLett.70.3892
https://doi.org/10.1017/S0022112080001243
https://doi.org/10.1017/S0022112071001071
https://doi.org/10.1175/1520-0469(1963)020{\T1\textexclamdown }0130:DNF{\T1\textquestiondown }2.0.CO;2
https://doi.org/10.1016/0375-9601(76)90101-8
https://doi.org/10.1142/S0218127499001024
https://doi.org/10.1142/S0218127402005467
https://doi.org/10.1142/S0218127402004620
https://doi.org/10.1016/0375-9601(79)90150-6
https://doi.org/10.1016/j.physrep.2005.10.009
https://doi.org/10.1142/S0129183106008625
https://doi.org/10.1016/j.chaos.2006.05.030
https://doi.org/10.1016/j.physa.2005.09.039
https://doi.org/10.1016/S0375-9601(02)01382-8
https://doi.org/10.1016/S0370-1573(99)00096-4
https://doi.org/10.1103/PhysRevLett.79.2795
https://doi.org/10.1063/1.2797378
https://doi.org/10.1119/1.1475332

075519-11 Mancini, Becheikh, and Vidal

27J. Guckenheimer and P. J. Holmes, Nonlinear Oscillations, Dynamical
Systems and Bifurcations of Vector Fields (Spinger-Verlag, New York,
1983).

28G. Vidal and H. Mancini, “Hyperchaotic synchronization under square
symmetry,” Int. J. Bifurcat. Chaos 19(2), 719-726 (2009).

29V. Anishchenko, S. Astakhov, and T. Vadivasova, “Phase dynamics of two
coupled oscillators under external periodic force,” Europhys. Lett. 86(3),
30003 (2009).

30H., Mancini and G. Vidal, “Dynamics of two coupled chaotic systems driven
by external signals,” Eur. Phys. J. D 62(1), 57-66 (2011).

318. Celikovsk and A. Vanek, “Bilinear systems and chaos,” Kybernetika 30,
403-424 (1994).

Chaos 28, 075519 (2018)

321, Shil’nikov, “A case of existence of a countable number of periodic
motions,” Math. Dokl. 6, 163-166 (1965).

33C. P. Silva, “Shil’nikov’s theorem—A tutorial,” IEEE Trans. Circuits Syst.
140(10), 675-682 (1993).

34T, Zhou, Y. Tang, and G. Chen, “Chen’s attractor exists,” Int. J. Bifurcat.
Chaos 14(9), 3167-3177 (2004).

3G, Vidal and H. Mancini, “Hyperchaotic synchronization,” Int. J. Bifurcat.
Chaos 20, 885-896 (2010).

36G. B. Mindlin and H. G. Solari, “Tori and Klein bottles in four-dimensional
chaotic flows,” Physica D 102(3), 177-186 (1997).

37R. Gilmore and C. Letellier, The Symmetry of Chaos (Oxford University
Press, New York, 2007).


https://doi.org/10.1142/S0218127409023081
https://doi.org/10.1209/0295-5075/86/30003
https://doi.org/10.1140/epjd/e2010-10314-9
https://doi.org/10.1109/81.246142
https://doi.org/10.1142/S0218127404011296
https://doi.org/10.1142/S0218127410026174
https://doi.org/10.1016/S0167-2789(96)00189-3

	I. Introduction
	II. The dynamical systems
	A. Chen and Lü hyperchaotic systems

	III. Coupling effects
	A. The coupled equations

	IV. Driving the coupled systems with harmonic signals
	V. Conclusions
	Acknowledgments

