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Abstract

:

A multi-scroll attractor reflects the structural diversity of the dynamic system, and multi-stability behavior reflects its state diversity. Multi-scroll and multi-stability chaotic systems can produce complex random sequences, which have important application values in the field of data security. However, current works on multi-scroll–multi-steady behavior have been carried out separately, rather than simultaneously. This paper considers a three-dimensional Jerk system with a sinusoidal nonlinear term. The basic dynamic behaviors, such as the stability of equilibrium points, bifurcation of parameters and initial values, phase diagrams, and basins of attraction, were analyzed. It was found that the system has infinite equilibrium points. Moreover, the system not only generates complex dynamics, such as single-scroll, double-scroll, and multi-scroll but also realizes the self-reproduction of these dynamic characteristics by controlling the initial value of the system. Therefore, by expanding the equilibrium point, the effective controls of the system’s structural diversity and state diversity are realized at the same time, having important theoretical significance and application value.
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1. Introduction


A multi-scroll chaotic system, compared to a single-scroll chaotic system and a double-scroll chaotic system, has a more complex dynamical structure and richer dynamical behavior, so it has important application prospects in the fields of data security protection and information encryption [1,2,3,4,5]. At the same time, research into the generation mechanism of a multi-scroll attractor is helpful to understand the chaotic system, further promoting the development of chaos theory [6,7,8,9,10,11,12]. Compared with a fractional-order multi-scroll chaotic system, integer-order multi-scroll chaotic systems have more mature theoretical bases and mathematical analysis methods, attracting the attention of scholars [13,14,15,16,17]. Suykens constructed a multi-scroll system based on the Chua circuit for the first time [18]. Subsequently, scholars constructed a variety of multi-scroll chaotic systems on the basis of Chen’s system [19], the RCL network [20], and the Sprott system [21]. One can expand the index-2 equilibrium point of the system by introducing the polynomial function, piecewise quadratic function, hysteresis function, step function, saw tooth wave function, etc., to construct a multi-scroll chaotic system [22,23,24,25]. In addition, some other methods can be used to construct multi-scroll attractors. For example, the authors of [26] constructed a class of multi-scroll hybrid systems by selecting an appropriate unstable linear system and translation transformation. The authors of [27] reported on the construction scheme of a class of grid multi-scroll chaotic systems by designing a switched linear system and heteroclinic ring. The authors of [28] reported on a construction method of a multi-scroll system based on robust chaos by modifying the amplitude control factor and position control factor. A grid multi-scroll chaotic system was reported and analyzed in reference [29] through translation, image, rotation, and other transformations. In reference [30], the authors constructed a class of hyper-chaotic multi-scroll systems without an equilibrium point. The Jerk system has a simple mathematical structure and is often used to design multi-scroll attractors. For example, the authors of [31] presented a multi-scroll chaotic attractor based on the Jerk model by introducing the sawtooth wave function. In [32], the authors found that the Jerk circuit, consisting of the sine function, could produce multi-scroll attractors, and that the number of scrolls depends on the simulation time. Then, a linear controller in the form of the Heaviside function was employed to select the number of scroll attractors.



In recent years, multi-stability has become an important research direction in the field of nonlinear dynamics. The multi-stability of a dynamical system means that the system has multiple solutions or multiple attractors under fixed parameters and different initial conditions [33]. Generally, multi-stability exists in symmetric and asymmetric systems. Based on the symmetry of the state variable, there may be symmetric coexistence attractors in the symmetric system. The asymmetric system may have symmetric or asymmetric coexistence attractors [34,35]. The coexistence of multiple attractors means that the system can provide multiple stable operating modes. When disturbed by external noise or other environmental uncertainties, the multi-stable system can maintain normal operation by switching different operating states. Therefore, a multi-stable system has flexible and robust dynamical behavior. At the same time, multi-stability can be used in the field of information engineering for pseudorandom number generation and data security protection. Therefore, it is of great theoretical significance and practical engineering value to study ‘multi-steady’ in a nonlinear system and a multi-stable dynamical system working in the expected oscillation state [36,37,38,39]. An effective strategy to realize the state control of a multi-stable system is to obtain multiple equilibrium points by introducing a periodic function and then achieving the desired stable oscillation behavior by selecting the initial value near the equilibrium point surrounded by the corresponding oscillation orbit.



Based on the above analysis, an important approach to constructing a dynamical system with multi-scroll attractors is to establish multiple invariant sets by expanding the number of index-2 equilibrium points of the original system; we can also obtain the desired multi-steady oscillation behavior by selecting the initial value near the unstable equilibrium point surrounded by one invariant manifold. On the other hand, the multi-scroll attractor reflects the structural diversity of the dynamical system, and the oscillation behaviors of multiple coexisting attractors reflect the state diversity of the system. Obviously, the chaotic system with multi-scroll attractors and multi-steady state dynamics will show more complex dynamical characteristics. However, the present research on the multi-scroll attractor and multi-steady oscillation of the dynamical system was basically carried out independently, which does not well reflect the complex dynamical characteristics of the nonlinear system. Therefore, constructing a dynamical system with both a multi-scroll attractor and multi-steady oscillation behavior will have more important theoretical significance and application value. In this paper, a three-dimensional Jerk system with a periodic sinusoidal nonlinear function was considered. It was found that the system has an infinite number of equilibrium points, and can generate complex dynamics, such as single-scroll, double-scroll, and multi-scroll attractors. Moreover, one can also achieve the self-reproduction dynamics in the system by selecting the position of the initial value on the coordinate axis. The main contribution of this paper is that we studied the multi-scroll behavior of the Jerk system, as well as its multi-stability dynamics, by introducing sine-type nonlinearity. Thus, the effective controls of structural diversity and state diversity were realized at the same time by expanding the equilibrium point, which has important theoretical significance and application value.




2. Model of Jerk System


The three-dimensional Jerk system with a sinusoidal nonlinear function is described by


   {       x ˙  = y        y ˙  = a z        z ˙  = − y − b z + c sin ( d x )        



(1)




where a, b, c, d are the system parameters; x, y, z are the state variables. Considering the condition    x ˙  = 0 ,    y ˙  = 0 ,    z ˙  = 0  , we obtain the line equilibrium point    (    k π  / d  ,   0 ,   0  )   , k = 0, ±1, ±2, ±3∙∙∙. Therefore, the system will produce hidden dynamical behavior. The Jacobian matrix can be given by


  J =  (     0   1   0     0   0   a      c d cos ( d x )     − 1     − b      )   



(2)







The characteristic equation of (2) is expressed as   −  λ 3  − b  λ 2  − a λ + a c d cos ( d x ) = 0   based on the solution of    |  J − I λ  |  = 0  . Thus, we have   cos ( d x ) = cos ( k π )   for the line equilibrium point. It obtains that   cos ( d x ) = 1   when k = 0, ±2, ±4 ∙∙∙ and   cos ( d x ) = − 1   when k = ±1, ±3, ±5 ∙∙∙. We select a = 2, b = 0.6, c = 0.8, d = 2 for the sake of analyzing. Therefore, it yields



(1) When   cos ( d x ) = 1  , it obtains the characteristic equation   −  λ 3  − b  λ 2  − a λ + a c d = 0   and the three characteristic roots −0.5 + 1.4663i, −0.5 − 1.4663i, 0.4. This means that when k = 0, ±2, ±4∙∙∙, the equilibrium point    (    k π  / d  ,     0 ,     0  )    is an unstable saddle focal equilibrium point set with index-1.



(2) When   cos ( d x ) = − 1  , it obtains the characteristic equation   −  λ 3  − b  λ 2  − a λ − a c d = 0   and the three characteristic roots −0.0535 + 1.3944i, −0.0535 − 1.3944i, −0.493. This means that when k = ±1, ±3, ±5∙∙∙, the equilibrium point    (    k π  / d  ,     0 ,     0  )    is a stable equilibrium point set.



We selected the parameter b = 0.6, c = 1, d = 2 and the initial condition (−2π, 0, 0), and took parameter a as the bifurcation parameter. Figure 1a displays the bifurcation diagram produced by the local maxima of the state variable x; the sample number of the bifurcation parameter was 800. Figure 1b displays the evolution process of the corresponding Lyapunov exponent spectra calculated by the orthogonal method with the simulation time T = 5000. It can be seen that with the increase of parameter a, the system entered a chaotic state through period-doubling bifurcation; the evolution of the Lyapunov exponent spectrum is consistent with the bifurcation diagram.




3. Multi-Scroll Attractor of Jerk System


To explore the multi-scroll attractor in the reported Jerk system, the dynamics evolution versus parameter c was considered with the selection of parameters a = 2, b = 0.6, d = 2, and the initial condition (0.1, 0.01, 0.1). As displayed in Figure 2, the dynamics evolution is described by the bifurcation diagram of state variable x and the Lyapunov exponent spectra. It can be seen from Figure 2 that with the increase of parameter c, the system developed different movement patterns. Specifically, the system was in a stable period-1 state when c ∈ [0.8, 0.926]; the system was in the period-2 state when c ∈ (0.926, 0.976]; then it entered the chaotic state through the period-doubling bifurcation. The similar evolution process continued until c = 1.697. Then, the system entered the multi-branch chaotic state starting from c = 1.697, which indicated that the multi-scroll attractor behavior arose. Moreover, four obvious periodic windows were embedded in the multi-scroll chaotic region.



In order to further confirm the evolution process of the system dynamics, some typical discrete values of parameter c were selected to draw the phase diagram of the system, as shown in Figure 3. When c = 0.9, the system showed the limit cycle state of the single scroll period-1; when c = 0.95, the system was in a single scroll period-2 state; when c = 0.99, the system was in a single scroll period-4 state; when c = 1.1, the system behaved as a single-scroll chaotic state; when c = 1.25, the system presented a double-scroll chaotic state; when c = 1.44, the system was in the state of a double-scroll period-2; when c = 1.58, the system was in the state of double-scroll period-4; and when c = 1.8, the system behaved as multi-scroll chaos behavior.



We note that sin(dx) is a function with the period of 2π/d, which means that when x moves to x + 2kπ/d, k∈Z, the right-hand side of the third equation of system (1) remains unchanged. Therefore, if the multi-scroll chaotic attractors exist, the distance of adjacent scrolls can be deduced as 2π/d. This means that a larger k will bring a smaller distance between adjacent scrolls. The analysis can be numerically confirmed in Figure 4 with d = π and d = 2π. It is known from Figure 4 that when parameter d is equal to π and 2π, the distances of the adjacent scrolls are, respectively, reckoned to 2 and 1, which is consistent with the theory analysis.




4. Multi-Stable Dynamics of Jerk System


When selecting the parameter a = 1.5, b = 0.6, c = 1, d = 2, and initial condition y0 = 0.01, z0 = 0.01, the bifurcation diagram of state variable x and the evolution of the Lyapunov exponent spectra versus the initial condition x0 are displayed in Figure 5. It can be seen that the initial value x0 can realize the self-reproduction of the system dynamics along the x-axis and y-axis, and the reproduction period is π. Moreover, the periodic amplitude modulation of the system dynamics along the z-axis direction can be realized. Nevertheless, the dynamics complexity of the system remains unchanged, as shown by the constant Lyapunov exponent spectrum in Figure 5b.



As mentioned above, under the selection of parameters a = 2, b = 0.6, d = 2, and initial condition x0 = 0.1, y0 = 0.01, z0 = 0.01, the system showed complex motions, such as a single-scroll period-2 state, single-scroll chaotic state, double-scroll chaotic state, double-scroll period-4 state, and multi-scroll chaotic state. According to Figure 5, when the initial value x0 of the system changed periodically, the self-reproduction of the system attractor could be realized. In the numerical experiment, the initial value x0 was periodically selected at the interval π to obtain the self-reproduction behavior of different values of parameter c, as depicted by the phase diagrams in Figure 6.



In addition, it can be seen from Figure 5 that within one cycle interval of the initial value x0, the system presents variant attractors with different amplitudes, different offsets, or different shapes, as explained by the phase diagrams in Figure 7. In the figure, the parameters and initial conditions were a = 1.5, b = 0.6, c = 1.0, d = 2, y0 = 0.01, z0 = 0.01.



Meanwhile, the initial values y0 and z0 could realize the offset control of variables x and y, and the amplitude control of variable z, but the controlling processes were not periodic, as shown by the bifurcation diagram of the initial values y0 and z0 and the corresponding Lyapunov exponent spectra in Figure 8 and Figure 9.



The attractor basin of the dynamical system is a set of initial states that result in a long-time motion close to the desired attractor. In other words, the qualitative behavior of the long-term motion of a given system may be fundamentally different according to the domain of the attraction to which the initial condition belongs. The attractors of different basins can be fixed points, limiting the cycles of various periods, quasi-periodic, chaotic, or hyperchaotic orbits. Therefore, the attractor basin can provide more detailed information about the multi-steady state of the dynamical system. Figure 10 shows the attractor basin of the system in the x0-z0 plane with y0 = 0.02 and the attractor basin of the system in the y0-z0 plane with x0 = 0.02, when the parameter condition a = 1.5, b = 0.6, c = 1.0, d = 2 and the sampling number 120 × 120 in the plane of the initial condition are considered. It can be seen from Figure 9 that under the considered parameters and initial conditions, the attractor basin has six different color domains, indicating that the system has six different types of attractors (respectively, named as T1, T2, T3, T4, T5, and T6). Figure 11a,b display the phase diagrams based on the initial conditions corresponding to different color regions in Figure 10a,b. It can be seen that under the initial conditions corresponding to different colors, different types of attractors of the Jerk system can be obtained, which further confirms the multi-stable characteristics of the system. In addition, the system has a relatively wide chaotic region of the system parameters, as can be seen in Figure 1 and Figure 2. Therefore, the parametric error will have a small impact on the structure of the attractor basin.




5. Circuit Verification of Jerk System


The hardware implementation realized by the electric element is necessary for the dynamical model in a practical engineering application. Thus, circuit verification for the Jerk system was designed and manufactured in this section. The circuit schematic diagram of system (1) is displayed in Figure 12.



The sinusoidal function can be realized by the Taylor expansion [40], as below


  sin ( x ) = x −    x 3    3 !   +    x 5    5 !   −    x 7    7 !   + ⋯  



(3)







Then, the sinusoidal function is realized by the multiplier and the operational amplifier, as shown in Figure 13.



Thus, the corresponding circuit state equations are established as


      d x   d t   =  1  R C   y       d y   d t   =  1   R a  C   z       d z   d t   = −  1  R C   y −  1   R b  C   z +  1   R c  C   sin (  R   R d    x )    



(4)







When considering a = 2, b = 0.6, d = 2, C = 100 nF, the resistance values are calculated as R = 10 kΩ, Ra = R/a =5 kΩ, Rb = R/b = 16.7 kΩ, Rd = R/d = 5 kΩ.



As an example of the explanation, parameter c is adjusted to the experiment. When the value of c is set to be 0.8, 1.1, 1.25, and 1.8, the synchronous adjustment resistance Rc is, respectively, calculated as 12.5 kΩ, 9.1 kΩ, 8 kΩ, and 5.6 kΩ. The captured phase diagrams by the experiment are displayed in Figure 14. The experimental results coincide well with the numerical simulations in Figure 3, which proves the physical realizability of the proposed system.




6. Conclusions


A multi-scroll–multi-stable nonlinear system can generate complex random sequences, which have important application value in data security protection and other fields. However, current studies on multi-scroll–multi-steady behavior have been conducted separately, rather than simultaneously. Therefore, it is of great practical significance to study and effectively control the multi-scroll–multi-steady behavior of a nonlinear system simultaneously. In this paper, a three-dimensional Jerk system with a sinusoidal nonlinear term was considered. It was found that the system has infinite line equilibrium points. Thus, based on the interior relation of the equilibrium point and scroll, the sinusoid nonlinearity-based Jerk system can generate multi-scroll attractors. Moreover, the Jerk system can realize the self-reproduction of these dynamical behaviors by controlling the initial value. Therefore, we can realize the effective control of structural diversity and state diversity of the Jerk system at the same time by expanding the equilibrium point, which will greatly increase the complexity of the system and its application in random number generation and data security.
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Figure 1. (a) Bifurcation diagram and (b) Lyapunov exponent spectra versus a. 
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Figure 2. (a) Bifurcation diagram, (b) Lyapunov exponent spectra versus c, and (c) the enlarged drawing of (a). 
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Figure 3. (a) Single scroll period-1 when c = 0.9; (b) single scroll period-2 when c = 0.95; (c) single scroll period-4 when c = 0.99; (d) single-scroll chaotic state when c = 1.1; (e) double-scroll chaotic state when c = 1.25; (f) double-scroll period-2 when c = 1.44; (g) double-scroll period-4 when c = 1.58; (h) multi-scroll chaos when c = 1.8. 
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Figure 4. Multi-scroll chaotic attractors with (a) d = π and (b) d = 2π. 
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Figure 5. (a) Bifurcation diagram, (b) Lyapunov exponent spectra versus the initial value x0. 
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Figure 6. Multi-stable dynamics of the (a) single scroll period-2 when c = 0.95; (b) single-scroll chaos when c = 1.1; (c) double-scroll chaos when c = 1.25; (d) double-scroll period-4 when c = 1.58; (e) multi-scroll chaos when c = 1.8. 
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Figure 7. Attractors with different amplitudes, offsets, or shapes in (a) x-y plane; (b) x-z plane. 
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Figure 8. (a) Bifurcation diagram and (b) Lyapunov exponent spectra versus initial value y0, when a = 1.5, b = 0.6, c = 1.0, d = 2, x0 = 0.1, z0 = 0.1. 
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Figure 9. (a) Bifurcation diagram and (b) Lyapunov exponent spectra versus initial value z0, when a = 1.5, b = 0.6, c = 1.0, d = 2, x0 = 0.1, y0 = 0.01. 
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Figure 10. Attractor basin in the (a) x0-z0 plane when y0 = 0.02 and (b) y0-z0 plane when x0 = 0.02. 
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Figure 11. Coexistence attractor with (a) different x0 and z0; (b) different y0 and z0. 
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Figure 12. Circuit schematic diagram of the system (1). 
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Figure 13. Realization circuit of the sinusoidal function. 
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Figure 14. Experimental observation when (a) Rc = 12.5 kΩ; (b) Rc = 9.1 kΩ; (c) Rc = 8 kΩ; (d) Rc = 5.6 kΩ. 
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