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1. Introduction

The study of chaos control has been engaged by many researchers in recent years, because of its practical
applications such as in laser physics, secure communications, nonlinear circuits, systems modelling, and in power,
electrical, biological and mechanical systems [1,2,3,4,5,6,7,8]. The researchers related to chaos control can be
classified into 3 categories, those who focus on the synchronization of chaos [9,10,11], on the regulation of chaos
[12] and on the tracking control of chaos [13,14,15].

In particular, the research related to tracking control of the chaotic system itself focuses on two different classes.
One of these two classes is where the system output is directed to a specific chaotic output [9,13,14,15,16]. Another
category of chaotic system tracking is that anti control of the chaos. In fact, researchers try to direct unpleasant chaos
to another unwilling chaos called anti control of the chaos that few articles are found in this area [17,18,19]. One of
the methods related to anti control of chaos is the well-known OGY method. In a chaotic system, trajectories will not
be able to move to an unstable predicted orbit or, if successful, will be eliminated rapidly. By the use of the OGY
method, the trajectories of the chaotic system are forced to remain on the same unstable orbit for a short time. In
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other words, the OGY method is a discrete technique that considers small perturbations promoted in the
neighbourhood of the desired orbit when the trajectory crosses a specific surface [20].

But some disorders and their treatment such as epileptic seizure can be shown by converting an unwilling chaotic
behaviour of the brain activity into another chaotic behaviour. It shows the necessity of applying such approaches of
chaos to chaos control in order to control the biological systems. For instance, during epileptic seizures’ episodes,
there are some bifurcations to states system can be proven [4,5]. We can say that after epileptic seizures, geometric
features of the basin of attraction for the EEG signal change [6]. Hence, we can consider that converting an
unwelcome chaotic dynamic into some other chaotic dynamical regime, would be possible by the treatment of such
disorders.

Because of the complexity of chaotic systems, most of the methods were mentioned for a particular class of chaotic
systems either only control a fixed stable point or their synchronization, tracking, and regulation. In fact, the anti-
chaos control factor is the limiting factor that drives the system to another desirable chaos by exerting pressure on
the system dynamics. However, there is no mention of the important issue of converting chaotic dynamics into
desirable chaotic dynamics. Since in biological systems, accessibility of the system parameters and system input are
practically difficult or impossible [4], direct or indirect control of chaotic behaviour is an open research issue. As a
result, chaos dynamics correction is necessary but has not been addressed in the methods described in classical
control.

Since changing the system’s dynamics during the time can be presented by the Hamilton energy function, this has
drawn the attention of many sciences in recent decades [ 1,2]. Nowadays we witness that using the Hamiltonian energy
in the chaos control of dynamical systems has been prevalent [1]. The ability to suppress the chaos in periodic
oscillators and hyper-chaotic systems by using the suggested method, via the energy modulation and negative
feedback of the Hamilton function, would be possible [1]. However, a control scheme based on the energy feedback,
in this study has been seen that via applying the online regulation of energy feedback gain, converting chaotic
dynamics into chaotic dynamics would be made possible. Design of such approaches in control of biological systems,
this can be important enough in the realm of the practical point of view [3].

It is clear that, in the state space, for chaos to chaos controlling, energy changes can be expressive of the changes
in the pattern of the basin of attraction, hence, it seemed controller of energy-based feedback can also be viable. So,
in this research, we illustrate the potential of the mentioned control strategy for chaos to chaos control.

This paper is organized as follows. In the present section, a brief introduction related to the literature survey was
expressed. Methods and materials description and proposed control strategy are introduced in Section 2. The Results,
simulations, and discussion are addressed in Section 3 and The Lorenz chaotic system is taken as an example to show
the feasibility and efficiency of theoretical results. Finally, the conclusion is provided in Section 4.

2. Methods and Materials

2.1. The proposed control strategy

As we just mentioned in the introductory section of the article, we are looking for a quantity that can describe the
pattern of attractors and energy can be a proper quantity to describe the pattern of attractors because changes in
energy over time reflects the change in the patterns of the attractor [21,22].

2.1.1. Hamilton energy function-based controller

One of the suggestions that has come up in recent years is a quantity called Hamilton Energy. Hamilton Energy is
a quantity that corresponds to the sum of the total system energy and represents kinetic energy and potential energy.
By Helmholtz’s theorem, we break down any velocity vector field f(x) into a sum of two vector fields, one divergence-
free vector f,(x) that calculates rotational tensor of f{x) and the other one is one gradient vector field f;(x) which
carries its divergence [22]

f&) = fe(0) + fax) (1)

where f(x) is the general autonomous dynamical system. Eq.2 can be used to specify the energy of the system. the
generalized Hamiltonian form for dynamical equations that plays the role of the system’s total energy, is

dx
£
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where VH, J(x) and R(x) are the gradient vector of a smooth energy function H(x), a skew-symmetric matrix and
asymmetric matrix, respectively.

2.1.2. Controller design negative Hamilton energy feedback

Since in chaotic systems, the desired trajectory is not definable and Since in biological systems, we do not have
access to dynamic system parameters or input system, we want to modify the system dynamics by using external
feedback so that we can change the attractor pattern by the energy feedback controller and convert chaos dynamics
into desired chaos dynamics. The negative feedback that is proportional to the Hamiltonian function has been applied
to energy as follows:

H =VH" f;(r)VH -kH 3)

where -KH is negative feedback Hamilton energy and K is Hamilton energy’s Gain. Hamilton feedback is observed
feedback from the system that in additions to having information on system output, also has lots of information on
system behaviour and its dynamics. Indeed, by adding Eq.3 to the Lorenz system equations, we indirectly not as
system input, change the attractor’s pattern by negative feedback Hamilton energy.

Our proposal is that if by using an online self-regulating system, the gain control of feedback is run, the ability for
controlling with Hamilton's feedback would not be bounded to the chaos omission. Since we intend to set the
parameter k by the fuzzy controller, a fuzzy system will be appropriated whose then-part is a number. The rules
written for the Takagi-Sugeno fuzzy system are numerals instead of membership functions, which are therefore easy
to implement and are suitable for tuning the energy feedback. So, we apply a Takagi-Sugeno fuzzy logic system in
the control system as an online regulator controller. We set the fuzzy logic system’s input as an amount of states’
distance from the origin and the speed of its changes. the output of the fuzzy system shows the amount of energy
feedback gain. In order to stay limited the minimum distance of states from the origin and the speed of their variations
from the origin, fuzzy rules have been extracted. So, the stability of the control system is also guaranteed by changing
the parameters of the fuzzy system. The fuzzy set of inputs is limited to [-0.5,0.5] and their input values are both {N,
Z, P} which are negative, zero and positive, respectively. The output, energy feedback gain, is limited to {0,1}.
Triangular membership functions are used as Inputs when the amount of states’ distance from the origin is in N and
the speed of its change is N, according to trial and error, it indicates that the amount of energy feedback gain, should
be at the minimum value. The results of our circumstances can be driven similarly.

3. Results and Discussion

We appraised the usefulness of the suggested strategy for various initial conditions. Figure 1 illustrates the
membership functions of inputs of the fuzzy system, and Table 1 illustrates the rules which are applied for the fuzzy
system. When the controller was activated, the system behaviour changed after a transitory period. The third-order
continuous-time well-known Lorenz chaotic system which based on a nonlinear and chaotic behaviour, described by
[22]:

X1 = o(x3—x1)
Xy = Bx1—X;—X1X3 4)
X3 = —pX3 + X1X;

where parameters o, § and p are system parameters which in this study we used 0 = 10, = g , p=28.

According to Eq. (2), fg = <_—(§/x) is the responsible part for the divergence of the field and f. = <pxcfxz) is the
xy

part that does not contribute to it and by using Eq. (2), the Hamilton equation of Lornz system is as follows [22]

1
Hiorenz (X.y.2) = E(_gxz +y2 + ZZ) )

and Hamilton energy derivative is:

—ﬁZ

HLorenz(x-y- z) = pxz _yz _ﬁzz (6)
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For example, in the presence of a controller and without the controller for the initial conditions (0.2, 0.1 and 0.2),
the trajectories in the state space of Lorenz chaotic system is shown in Figure 2. We can use Wolf's well-known
method to calculate the values of Lyapunov spectrums for investigating chaos dynamic changes in the System.

We use for initial conditions [27], the Averaged Lyapunov spectrums, where 4,, is the Lyapunov exponent in the
n™ initial condition and i is considered as the number of initial conditions, as follows:

T==%h 12y 7

We can see the results of calculating the Averaged Lyapunov Exponents in the presence of a controller and without
it on Table 2.

Table 1. Rules of fuzzy extracted in Takagi-Sugeno fuzzy system

Edot E Negative Zero Positive
Negative 0.01 0.7 0.2
Zero 1 0.01 0.5
Positive 0.5 1 0.7

According to the results (Table 2), the difference in Lyapunov spectrums in the uncontrolled mode and with the
presence of the controller mode were:

|/1x—noco - Ax—wcol = 0.1259

y- —Ay- =0.
|/1 noco Ay W(;ol 0 1004‘8 (8)
|Az—noco - Az—wcol =0.114

Table 2. The computing values of averaged Lyapunov exponents calculated after applying the controller and before applying
the controller (o0 = 10, f = 2 «p=128)

Uncontrolled system Controlled system
2, = 0.05044 2, =0.17634
A, =0.05922 A, =0.15970
2, =0.04232 2, = 0.15642

The observed variations of the Lyapunov spectrum mean that using the controller gave rise to changing the system
dynamics and pattern of the system attractor in the state space. In fact, through exerting the controller, the system
trajectories gradually entered a new attractor showing the system dynamics converted to some new dynamics.
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Figure 1. Fuzzy membership functions of the fuzzy inputs system
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4, Conclusion

A new argument is raised that instead of anti-chaos control methods, we drive system dynamics from undesirable
chaos to desirable ones. But it is mandatory to use closed-loop control methods which is a feedback controller. As
we know, the classic feedback controller, only relevant to states or output system feedback. For converting an
unwilling chaos dynamic to the desired chaos dynamics, we had to define special feedback that comes from a quantity
whose changes over time reflect changes in chaos dynamics and also includes a parameter describing system
dynamics. One of the suggestions that have come up in recent years is to get feedback from a quantity called
Hamilton, which represents the energy of the system itself. Hamilton's feedback is observed from a system that, in
addition to having information on system output, also has much information on system behaviour and dynamics. The
main idea in this study is to use Hamilton’s feedback with a fuzzy self-regulating system that could be able to enhance
the capabilities of the control system so that it could be used both to control chaos to desired chaos and to regulate
the chaos.

It can be understood by the results that we can use the fuzzy self-regulating system in order to convert chaotic
dynamics into another one by maintaining the control system's stability. Thus, it can be shown that chaos to chaos
control can be made feasible by using mechanisms of online optimization to control energy feedback. The difference
in Lyapunov spectrums in both uncontrolled and controlled mode of the chaotic Lorenz system means that the
attractor pattern has changed, and trajectories of the system showing the system dynamics converted to some new
dynamics. We believe in the point that never we can talk about the similarity of system dynamics by comparing peak-
to-peak indices. The application of this controlling attitude should not be limited to delete chaos. A widespread of
horizons for researchers are available and would encourage engineers and researchers in the realm of chaos control
not too distant future and we want to test this control method on other chaotic systems and by real data too.
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Figure 2. Trajectories in the state space of the Lorenz system with the controller (a) and without the controller (b), by initial
conditions: (0.2, 0.1 and 0.2)
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