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неионообменных взаимодействий между матрицей 

и поляризуемыми ионами. Такая особенность этого 

материала обеспечивает получение 

ионообменников с более высокой эффективностью 

по сравнению с ионообменниками на полимерных 

носителях. В то же время нельзя забывать о том, что 

ионообменники на основе силикагеля можно 

использовать только в диапазоне pH = 2 ÷ 10. 

Если рассматривать применение таких 

ионообменных метериалов в хроматографии, то 

они могут быть использованы только в 

одноколоночном варианте [5].  

Однако перспектива разработки 

принципиально новых материалов даёт более 

широкую возможность применения ионного 

обмена, а также создание новых технологий в 

разделении растворов.  
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ABSTRACT  

The article is devoted to the analysis and control of the development of dynamic processes in 

multidimensional chaotic systems. The research scheme is presented and the rationale for the methods used is 

given. According to the research algorithm, on the example of interactions of a system consisting of interconnected 

objects, the features of controlling their dynamics in the framework of the Open System are shown. The results of 

analytical and numerical modeling of the system behavior during interaction in the interference field and the 

possibility of controlling its dynamics are presented in graphical form. As an example, in the identified areas of 

interest of the researcher, the results of calculations of informative parameters, such as Poincare diagrams, Tsallis 

entropy, Lyapunov exponents, stability indices, fractal dimension are shown. The main informational and dynamic 

characteristics of the process under study allow us to visually evaluate its behavior and choose an impact control 

strategy that is satisfactory to the researcher. 

АННОТАЦИЯ  

Предлагаемая вниманию статья посвящена вопросам анализа и управления развитием динамических 

процессов в многомерных хаотических системах. Представлена схема исследований и дано обоснование 

используемых методов. Согласно алгоритму исследования, на примере взаимодействий системы, 

состоящей из взаимосвязанных объектов показаны особенности управления их динамикой в рамках 

Открытой Системы. В графической форме представлены результаты аналитико-численного 

моделирования поведения системы при взаимодействии в поле помех и возможности управления её 

динамикой. В качестве примера, в выделенных областях интереса исследователя, показаны результаты 

вычислений информативных параметров, таких как диаграммы Пуанкаре, энтропия Цаллиса, показатели 

Ляпунова, показатели стабильности, фрактальная размерность. Основные информационные и 

динамические характеристики исследуемого процесса позволяют нам визуально оценить его поведение и 

выбрать удовлетворяющую исследователя стратегию управления воздействием. 
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Predicting the dynamics of complex systems is an 

urgent problem related to the assessment of its 

evolution. The interaction of objects in the Open 

System leads to an increase in chaotic processes, as a 

result of which one can observe a state of dynamic 

chaos in it. The phase portrait of the processes under 

study allows us to present the parameters of a dynamic 

system and to trace the change in their behavior caused 

by the influence of control actions, mutual influence, 

noise effects, etc. [1-5]. 

Control of the development of chaos in nonlinear 

dynamical systems is of practical importance. The 

process of influencing a system with a chaotic character 

is based on the phenomenon of the sensitivity of chaotic 

systems to small disturbing influences, as a result of 

which a new system can be obtained with parameters 

satisfying the intended purpose [6]. 

In contrast to traditional methods for analyzing 

complex processes, the nonlinear recurrence analysis 

proposed by Poincare, as well as the obtained 

recurrence diagrams, allow one to study and predict the 

behavior of the system using discrete mapping [7-10]. 

In addition, the use of nonlinear recurrence 

analysis allows, using a limited amount of data, to 

adequately analyze the process and present it in the 

form of a discrete recurrence diagram. The visual 

features of the recurrence diagram are its topology, 

texture and color palette of points located on the square 

matrix — traces of the intersection of the process path 

in phase space with the secant plane [8,9,11]. Such 

attributes of the recurrence diagram allow, through 

visual thinking, to interpret the nature of the process 

under study, its development trend, to study in detail 

the areas of interest, to reveal hidden features, etc. 

[8,9,11]. 

An important informative indicator of chaotic 

complex self-organizing systems is entropy. In the 

study of transient and recurrent processes in 

multidimensional chaotic systems of fractional order, 

entropy oscillations [4,10,12] are of considerable 

interest. Unlike traditional methods, the Tsallis entropy 

is preferred for evaluating the results of interactions of 

heterogeneous chaotic fractional systems. The core of 

the issue is the thermodynamics of Tsallis, which leads 

to a statistical physics not Boltzmann type: individual 

particles with Boltzmann statistics + strong 

interactions  new degrees of freedom with no 

Boltzmann statistics + lack of interaction [13].  

The proposed indicator has both theoretical and 

practical significance for the description of complex 

systems [14,15]. 

Tsallis entropy has the form [13]: 

 

𝑆𝑞̃ = −∑ (𝑃𝑖
𝑞̃
𝑙𝑛𝑔(𝑃𝑖))𝑖 = (1 − ∑ 𝑃𝑖

𝑞̃
𝑖 )/(𝑞̃ − 1) (1) 

 

where 𝑞̃- measure is not extensiveness of the 

system and can take a value: −∞:+∞, 𝑖 - systems 

status number, 𝑃𝑖  - the probability of finding the system 

in state 𝑖 , 𝑖 - summing over all states.  

Let's consider the interconnected information 

objects interacting within the framework of the Open 

System. An example research scheme for studying the 

behavior of interacting systems is presented in Figure 

1. 

 

 
Figure 1. The structure of the study of the interactions of information objects, the management of their behavior, 

state analysis and decision making. 
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Presentation of interacting systems 

As an example of interacting systems, the 

following were chosen: 

A - Chen’s hyperchaotic system following [16]: 

𝐷𝑥1
𝑞1 = 𝑎1(𝑥2 − 𝑥1) + 𝑥4, 

𝐷𝑥2
𝑞2 = 𝛾𝑥1 − 𝑥1𝑥3 + 𝑐1𝑥2, 

𝐷𝑥3
𝑞3 = 𝑥1𝑥2 − 𝑏1𝑥3, 

𝐷𝑥4
𝑞4 = 𝑥2𝑥3 + 𝑑1𝑥4,  (2) 

where𝑞1 = 𝑞2 = 𝑞3 = 𝑞4 = 0.95, the system 

parameters are (𝑎1, 𝑏1, 𝑐1, 𝑑1, 𝛾) = (35,3,28,7). 
B - Rabinovitch-Fabricant Fractional-order 

Rabinovich-Fabrikant system following [17]: 

𝑥̇1 = 𝑥2(𝑥3 − 1 + 𝑥1
2) + 𝛾𝑥1,

𝑥̇2 = 𝑥1(3𝑥3 + 1 − 𝑥1
2) + 𝛾𝑥2,

𝑥̇3 = −2𝑥3(𝑥1𝑥2 + 𝛼),

𝑥̇4 = −3𝑥3(𝑥2𝑥4 + 𝛿) + 𝑥4
2, }

 
 

 
 

  (3) 

where 𝛼 = 0.14, 𝛾 = 1.1, −0.01 ≤ 𝛿 ≤ 7650. 

C – The four-dimensional integral-order 

hyperchaotic fractional Liu system [18]: 

{
  
 

  
 
𝑑𝛼𝑥

𝑑𝑡𝛼
= 𝑎(𝑦 − 𝑥),

𝑑𝛼𝑦

𝑑𝑡𝛼
= −𝑘𝑥𝑧 + 𝑏𝑥 + 𝜗,

𝑑𝛼𝑧

𝑑𝑡𝛼
= 𝑑𝑥𝑦 − 𝑐𝑧,

𝑑𝛼𝜗

𝑑𝑡𝛼
= −ℎ𝑦,

  (4) 

where 𝑎 = 10, 𝑏 = 40, 𝑐 = 2,5, 𝑑 = 4, ℎ =
5, 𝑘 = 1 and 𝛼 = 0.9. 

As a control action, we apply fractional Levy 

flight [19,20]. 

The mathematical model of fractional Levy traffic 

will be expressed as [19]: 

 𝐴̃ = 𝑚𝑡 + (𝜎̄𝑚)1/2𝐿𝛼,𝐻(𝑡),  (5) 

where 𝑚 > 0 – is the mean input rate, 𝜎̄ is the 

scale factor, and 𝐿𝛼,𝐻(𝑡) is the fLm (fractional Levy 

motion) process. 

Classical chimeric states are paradigmatic 

examples of partial synchronization schemes that arise 

in nonlinear dynamics. The state of the chimera is an 

intriguing and contradictory spatio-temporal state that 

has been and is at the center of active research over the 

past decade [21,22]. 

Research algorithm 

Step 1. Figure 2 shows the resulting signal of 

interactions and interactions of chaotic systems Chen, 

Rabinovich-Fabrikant and Liu: 

 

  
Figure 2. Signal of coupled systems. 

 

Step 2. The effect of Noise and Control action is shown in Figure 3: 

 

  
Figure 3. Result of control and noise influence. 

 

The Poincare diagram of the resulting signal of the 

interactions of related systems and the influence of the 

noise impact of Chimera and the corrective effect of 

Levi flight on their dynamics are shown in Figure 4: 
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Figure 4. Recurrence plot of the resulting signal. 

 

Step 3. An example of the selection of areas of 

interest by a decision maker on the characteristic 

features of the structure of the recurrence diagram - 

Figure 5: 

 

 
Figure 5. An example of the selection of areas of interest according to the characteristic features of the 

recurrence diagram. 

 

Step 4. Calculation and demonstration of 

informative parameters of the selected AI (areas of 

interest), such as - Tsallis entropy, Lyapunov exponent 

and Stability indicator: 
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Figure 5. Calculation of informative parameters: 

a, d, g - for AI-1, b, e, h – for AI-2, c, f, I – for AI-3. 

 

Step 5. For each selected AI, we calculate the 

fractal dimensions: 

DAi-1 = 1.6275; DAi-2 = 1.5559; DAi-3 = 1.6036.  

The choice of control actions, as well as the 

allocation of areas of interest for modeling the research 

process is made by the researcher based on his 

reflective choice [23]. 

Conclusion 

The example of analysis of interactions of chaotic 

systems presented in the article is accompanied by 

visualization of the stages of the research and is aimed 

at acquainting the reader with the possibilities of 

numerical modeling. 

The information component of the analysis of the 

state of the system under study includes the Tsallis 

entropy, Lyapunov exponent, stability index, fractal 

dimensions, and can be supplemented by the 

researcher. 

The proposed approach to the analysis of the 

behavior of interrelated objects allows, through the 

assessment of the dynamic indicators of the new 

structure, to make a decision on the choice of control 

actions to obtain a mode satisfying the requirements of 

the researcher. 
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АННОТАЦИЯ 

Отмечено, что в условиях двухступенчатой сушки, используемой в шахтных прямоточных 

зерносушилках, во вторую ступень (иначе, - во вторую зону сушки), поступает зерно с частично 

обезвоженной поверхностью и повышенной, в сравнении с начальным значением, температурой. Поэтому 

при описании кинетики двухступенчатой сушки возникают проблемы с использованием кинетических 

зависимостей, используемых для описания одноступенчатой сушки. Предложена и описана процедура 

моделирования кинетики двухступенчатой сушки зерна. Приведены примеры (с графическим 

сопровождением) практической реализации процедуры моделирования, показавшей достаточную для 

инженерных расчетов надежность. 

ABSTRACT 

It is noted that in the conditions of two-stage drying used in direct-flow mine dryers, in the second stage 

(otherwise, in the second drying zone), grain comes in with a partially dehydrated surface and an increased 

temperature in comparison with the initial value. Therefore, when describing the kinetics of two-stage drying, 

problems arise with the use of the kinetic dependences used to describe one-stage drying. A procedure for modeling 

the kinetics of two-stage drying of grain is proposed and described. Examples are given (with graphic support) of 
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