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Abstract

:

Studying simple chaotic systems with fractional-order derivatives improves modeling accuracy, increases complexity, and enhances control capabilities and robustness against noise. This paper investigates the dynamics of the simple Sprott-B chaotic system using fractional-order derivatives. This study involves a comprehensive dynamical analysis conducted through bifurcation diagrams, revealing the presence of coexisting attractors. Additionally, the synchronization behavior of the system is examined for various derivative orders. Finally, the integer-order and fractional-order electronic circuits are implemented to validate the theoretical findings. This research contributes to a deeper understanding of the Sprott-B system and its fractional-order dynamics, with potential applications in diverse fields such as chaos-based secure communications and nonlinear control systems.
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1. Introduction


Chaotic systems are of great importance in various fields [1]. Due to the chaotic systems’ sensitivity to initial conditions, researchers can better understand the dynamics of particular phenomena, such as weather patterns and population dynamics [2,3,4]. Additionally, chaotic systems include underlying structures and patterns that make them useful for prediction applications like stock market research [5,6]. Cryptography is another significant application of chaotic systems, which uses encryption methods and secure data transmission [7,8,9]. Encrypted data cannot be decoded by unauthorized parties without knowledge of the system’s initial conditions or parameters [10,11]. Simple chaotic systems can provide a simplified framework and can be an efficient tool for the mentioned applications [12,13,14,15]. The chaotic systems are also useful in nonlinear programming (optimization) [16].



Recently, fractional calculus has drawn a lot of attention [17,18]. In comparison to integer-order derivatives, fractional-order derivatives offer a more accurate description of events that occur in reality [19]. Fractional calculus makes it possible to express the non-integer dynamics of many physical systems in more detail. Fractional-order derivatives add a further degree of freedom, making the system dynamics more complex [20]. Richer and more elegant chaotic behavior could arise from this complexity, improving researchers’ understanding of the underlying causes [21,22]. Due to more parameters of fractional derivatives, they can improve chaotic systems’ potential for synchronization and control applications [23,24,25]. In addition, studies have demonstrated that because of their greater complexity, fractional-order chaotic systems are more robust against noise and offer stronger security standards and more resistance to attacks in encryption schemes [24,26]. As a result, numerous researchers have attempted to use fractional-order derivatives to study the dynamics of chaotic systems and maps [27,28,29]. The efficiency of the fractional-order system in applications such as modeling, image encryption, and filtering has been previously explored [30,31,32].



In practical applications, electronic circuits of chaotic systems are required [33,34]. Chaotic circuits simplify the investigation and comprehension of chaotic behaviors by offering a physical representation of nonlinear dynamical systems [26,35,36]. Incorporating components such as transistors or amplifiers can induce nonlinearities into the circuit, leading to chaos [37]. The analog circuit implementation of fractional-order systems can be challenging due to the non-integer nature of the system’s order [38]. There are several methods for implementing circuits for fractional-order systems. Linear approximation is a common method for studying fractional-order systems [39]. In this method, frequency domain techniques based on Bode diagrams are employed. Then, a corresponding electronic circuit can be designed using passive components such as resistors and capacitors. The circuits of fractional-order systems have been proposed in several studies.



Motivated by the above discussion in this paper, a simple chaotic system, Sprott-B, is analyzed through fractional derivatives. Previous studies on the Sprott-B system have mainly focused on its qualitative behavior and bifurcation analysis using integer-order derivatives. However, a comprehensive dynamical analysis involving bifurcation diagrams and coexisting attractors has not been conducted for this system with fractional-order derivatives. This research fills this gap by providing a detailed analysis of the system’s dynamics using fractional-order derivatives. Moreover, there is limited knowledge about how the synchronization properties of the Sprott-B system change when fractional-order derivatives are introduced. This research investigates the synchronization behavior for different derivative orders. Therefore, studying the system’s behavior with fractional derivatives in detail contributes to a deeper understanding of its complex dynamics, representing coexisting attractors. Finally, this research validates the numerical findings by implementing integer-order and fractional-order electronic circuits that replicate the dynamics of the Sprott-B system. Designing circuits with non-integer orders and that maintain stability and accuracy is a significant challenge. In the next section, the model is introduced. In Section 3, the system’s equilibrium point and dynamics are explored through bifurcation diagrams. The coexisting attractors and their basins are also shown in different derivatives. Then, the synchronized behavior of fractional-order Sprott-B is investigated. Finally, the circuits of the integer-order and fractional-order systems are implemented. The conclusion of this paper is provided in Section 4.




2. Model


In 1994, Sprott introduced some simple chaotic systems [40]. One of these systems is the Sprott-B system, defined as follows:


       x ˙  = y z ,        y ˙  = x − y ,        z ˙  = a − x y  .     



(1)







The fractional form of this system can be written as follows:


       D q  x = y z ,        D q  y = x − y ,        D q  z = a − x y ,      



(2)




where    D q    shows the Caputo-type fractional derivative of order  q . The Caputo-type derivative is defined as


   D q   x t  =  1  Γ  (  ⌈ q ⌉ − q  )     ∫ 0 t     (  t − τ  )    ⌈ q ⌉ − q − 1    x t   ( ⌈ q ⌉ )    d τ  



(3)







Applying the Riemann–Liouville integral operator ( J ) [41] on this equation leads to


   D q   x t  =  J   (  ⌈ q ⌉ − q  )       d  ⌈ q ⌉    x t    d  t  ⌈ q ⌉     .  



(4)







Thus, it can be solved numerically by using the Adam–Bashforth–Moulton algorithm [41].




3. Results


3.1. Stability Analysis


The equilibria (   X *   ) of the system    D q  X = F  ( X )    can be found by   F  ( X )  = 0  . Therefore, for system (2), one can write


      y z = 0 ,       x − y = 0 ,       a − x y = 0 ,      



(5)




which results in    X *  = ±  (   a  ,  a  , 0  )   . The equilibrium points according to parameter  a  are shown in Figure 1a. To analyze the stability of the equilibrium points, the Jacobian of system (2) should be found, which is as follows:


  J =  [     0   z   y     1    − 1    0      − y     − x    0     ]  .  



(6)







The characteristic equation of the Jacobian with the substitution of    X *    is as follows:


   λ 3  +  λ 2  + a λ + 2 a = 0 .  



(7)




This leads to three eigenvalues, whose real and imaginary parts are shown in Figure 1b,c according to parameter a. For the fractional-order systems, the equilibrium point is asymptotically stable if and only if


   |  arg  ( λ )   |  > q π / 2 .  



(8)




where   arg  ( λ )    denotes the principal argument of  λ . Figure 1d–f represent the argument of three eigenvalues for different parameter  a  values. For each eigenvalue, if the fractional order is located in the blue area, condition (8) holds for that eigenvalue. However, for any parameter  a , all three eigenvalues must meet (8). According to the argument figures, the intersection of blue areas is null. Hence, the equilibrium is unstable for any parameter  a  and fractional order  q .




3.2. Dynamical Analysis


The model dynamics are considerably impressed by changing the derivative order to fractional. To represent this, the bifurcation diagrams of the model according to parameter  a  are obtained for different orders  q . The result is shown in Figure 2. The bifurcation diagram of the original model (  q = 1  ) is illustrated in Figure 2a. The Sprott-B system has symmetry around the  x  and  y  variables. For some values of parameter a, the system’s attractor is symmetric, and for some values, there are two symmetric coexisting attractors. The bifurcation diagram for the symmetric coexisting attractors of the system is shown with green and yellow colors for initial conditions    [  1   1   1  ]    and    [  − 1 − 1   1  ]   . The bifurcation diagrams for fractional orders   q = 0.98 ,   0.96  , and   0.94   are shown in Figure 2b,c. It is observed that the region of chaotic dynamics is extended when considering the fractional-order derivatives. Moreover, the largest periodic window, which is [  2.38   2.525  ] in   q = 1  , enlarges and moves to larger  a  values by decreasing the derivative order. The largest periodic window for   q = 0.98   is within [  3.2   3.48  ], that for   q = 0.96   is within [  4.57   5.18  ], and that for   q = 0.94   is within [  7.44   8.55  ].



As observed in the bifurcation diagrams for any  a  value, the dynamics are dependent on the fractional order. In other words, for a fixed  a  value, varying the fractional order leads the attractor to change to different chaotic or periodic ones. For example, the attractors of the system for   q = 1 ,   0.98 ,   0.96 ,   0.94   are shown in Figure 3. It can be seen that while the attractor for   q = 1   is a non-symmetric chaotic attractor, it is symmetric and chaotic for   q = 0.98  , it is symmetric and periodic for   q = 0.96  , and it is non-symmetric and periodic for   q = 0.94  . The symmetric attractors remain the same under the transformation    (  x , y  )  →  (  − x , − y  )   .



In order to represent the simultaneous effect of parameter  a  and fractional order  q  on the system’s dynamics, the 2D bifurcation diagram is plotted in Figure 4. In this figure, the period of oscillations of the system is shown by color. The blue region represents the chaos region, the brown tone represents the periodic region, and the black area shows an oscillation death state. It is evident that as the fractional order decreases from   q = 1  , the chaotic region is extended, and the periodic region starts in a larger a value. As  q  decreases from   q = 0.918  , the oscillation death state is formed. For   q < 0.9055  , the oscillations disappear completely.



Another remarkable point in the bifurcation diagrams is the bistability region. The range of parameter  a  in which coexisting attractors are formed differs by varying the fractional orders. Furthermore, a variety of periodic and chaotic coexisting attractors are generated. Some of the coexisting attractors for different  a  and  q  are demonstrated in Figure 5. In addition, the basin of attraction of coexisting attractors differs in different derivative orders. The basin of attraction for   q = 1   and   a = 5   is shown in Figure 6a, and that for   q = 0.98   and   a = 6   is shown in Figure 6b. These two basins have a similar pattern, although they are not the same. The basins for   q = 0.96   (  a = 8  ) and   q = 0.94   (  a = 7.4  ) are indicated in Figure 6c,d, respectively. In Figure 6c, the basins of two attractors are interwoven, similar to   q = 0.98   and   q = 1  . However, in Figure 6d, the basins of two attractors are almost separated from each other.




3.3. Synchronization


In this subsection, we examine the synchronization ability of two fractional-order systems, which can be described as


       {       D q   x 1  =  y 1   z 1  + σ  (   x 2  −  x 1   )           D q   y 1  =  x 1  −  y 1                           D q   z 1  = a −  x 1   y 1                               {       D q   x 2  =  y 2   z 2  + σ  (   x 1  −  x 2   )         D q   y 2  =  x 2  −  y 2                           D q   z 2  = a −  x 2   y 2                             



(9)




where  σ  represents the coupling coefficient. To measure the synchronization, the numerical error is computed for different a and by varying the coupling coefficient as follows:


  E = <      (   x 1  −  x 2   )   2     > t  ,  



(10)




where   < .  > t    denotes the average over time.



The normalized errors in the 2D plane ( a ,  σ ) for orders   q = 1 ,   0.98 ,   0.96  , and   0.94   are shown in Figure 7. It can be seen that the synchronization region (dark blue) shrinks as the fractional order decreases. The reason is that for   q = 1 ,   the dynamics change to periodic in smaller  a  values, and the periodic systems need a lower coupling coefficient to synchronize. For lower fractional orders, the dynamics are mostly chaotic, and hence stronger coupling is required.




3.4. Circuit Implementation


The implementation of fractional-order chaotic systems is of particular importance in practical applications. In this subsection, firstly, the electronic circuit of the integer-order Sprott-B system is implemented in the OrCAD-PSpice environment. Then, the design of the fractional-order circuit is explained. Common electronic components such as the resistor, capacitor, and OPAMP are used, and AD633 is used as a multiplier. The system equations using electronic components can be written as follows:


       x ˙  =   y z    R 1   C 1           y ˙  =  x   R 2   C 2    −  y   R 3   C 2           z ˙  =   −  V n     R 4   C 3    −   x y    R 5   C 3         



(11)




where the parameter a of the system can be adjusted by choosing the proper    R 4   . The circuit elements can be chosen as    C 1  =  C 2  =  C 3  = 1    nF   ,    R 1  =  R 5  = 10    k   ,    R 2  =  R 3  = 100    k   , and    R 4  = 1500   for   a = 1  . Also,   V p = − V n = 15    v    is chosen. The schematic of the integer-order circuit is shown in Figure 8. The time series and attractor of the system by setting zero initial conditions for the capacitors are shown in Figure 9, which match with the simulation results.



For the fractional-order system, we use the chain type fractance, which is constructed of a series of RC circuits. As mentioned in the introduction, linear approximations can be employed to analyze fractional-order integrators based on the frequency domain techniques applied to Bode diagrams. The transfer function of the chain fractance in the Laplace domain is as follows:


   H  R C    ( s )  =  1   C 1  s +  1   R 1      + … +  1   C N  s +  1   R N       



(12)




and the transfer function of an integrator of the order  q  is as follows:


  F  ( s )  =  1   s q     



(13)







The order of the approximation depends on the desired bandwidth and the difference between the actual and approximate magnitude Bode diagrams. Our aim is to validate the numerical simulation results using a circuit; hence, a third-order approximation seems sufficient. However, the more appropriate approximations can also be used for generating a wideband operational regime [42]. In the following, we present the circuit for q = 0.95; the circuit for other fractional orders can be obtained using a similar procedure.



For   q = 0.95   with the third-order approximation, we can write [43]


   1   s  0.95     ≈   1.2862  s 2  + 18.6004 s + 2.0833    s 3  + 18.4738  s 2  + 2.6547 s + 0.003    



(14)




Hence, the resistors and the capacitors can be chosen as    R 1  = 0.1748    k  Ω  ,    R 2  = 17.56    k  Ω  ,    R 3  = 38.304    M  Ω  ,    C 1  = 20.367    nF   ,    C 2  = 21.23    nF   , and    C 3  = 1.0238    nF   . The circuit schematic of the fractional-order integrator and the fractional-order Sprott-B system are shown in Figure 10 and Figure 11, respectively. The results of simulating this circuit are shown in Figure 12. It can be observed that the chaotic attractor is well reproduced in the fractional-order circuit.





4. Conclusions


This paper studied the dynamics of a simple chaotic system known as the Sprott-B system with fractional-order derivatives. The system’s dynamics were investigated through bifurcation diagrams as a function of the system parameter for different fractional orders. It was shown that decreasing the derivative order from integer one extended the chaotic region, and the periodic behavior initiated from larger parameters. The fractional-order derivative also led to various coexisting attractors, the basins of which differed in different orders. In addition, it was shown that the synchronization of coupled Sprott-B systems depended on the fractional order. Analysis showed that the integer-order systems had a larger synchronization region, and decreasing the order shrunk this region. Finally, the electronic circuits of the integer-order and fractional-order systems were implemented using common components. The fractional integrator was implemented using chain-type fractance. The response of the circuits was in good agreement with the simulation results.



In the end, we provide some suggestions for future works. Future studies can consider conducting a stability analysis of the fractional-order Sprott-B system to determine its robustness against perturbations and noise. Moreover, exploring different synchronization schemes such as complete synchronization, generalized synchronization, or adaptive synchronization for various derivative orders can be considered. The enhancement of the existing fractional-order electronic circuit implementations can be planned to improve accuracy, reduce noise interference, and increase control capabilities.







Author Contributions


Conceptualization, J.P. and S.J.; methodology, J.P., S.J. and H.N.; software, R.L., P.A. and A.K.; validation, H.N. and A.K.; formal analysis, R.L. and P.A.; investigation, H.N. and A.K.; writing—original draft preparation, R.L., P.A. and H.N.; writing—review and editing, A.K., S.J. and J.P.; supervision, J.P. and S.J.; funding acquisition, P.A. All authors have read and agreed to the published version of the manuscript.




Funding


This work is partially funded by the Centre for Nonlinear Systems, Chennai Institute of Technology, India with funding number CIT/CNS/2023/RP/008.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sprott, J.C. Elegant Chaos: Algebraically Simple Chaotic Flows; World Scientific: Singapore, 2010. [Google Scholar]

	



Shukla, J. Predictability in the midst of chaos: A scientific basis for climate forecasting. Science 1998, 282, 728–731. [Google Scholar] [CrossRef]

	



Dumitrescu, C. Contributions to modeling the behavior of chaotic systems with applicability in economic systems. Intern. Audit. Risk Manag. 2019, 56, 98–107. [Google Scholar]

	



Wilder, J. Effect of initial condition sensitivity and chaotic transients on predicting future outbreaks of gypsy moths. Ecol. Modell. 2001, 136, 49–66. [Google Scholar] [CrossRef]

	



Hsieh, D.A. Chaos and nonlinear dynamics: Application to financial markets. J. Financ. 1991, 46, 1839–1877. [Google Scholar] [CrossRef]

	



Buizza, R. Chaos and weather prediction-A review of recent advances in Numerical Weather Prediction: Ensemble forecasting and adaptive observation targeting. Il Nuovo C. C 2001, 24, 273–302. [Google Scholar]

	



Amigo, J.; Kocarev, L.; Szczepanski, J. Theory and practice of chaotic cryptography. Phys. Lett. A 2007, 366, 211–216. [Google Scholar] [CrossRef]

	



Volos, C.; Akgul, A.; Pham, V.-T.; Stouboulos, I.; Kyprianidis, I. A simple chaotic circuit with a hyperbolic sine function and its use in a sound encryption scheme. Nonlinear Dyn. 2017, 89, 1047–1061. [Google Scholar] [CrossRef]

	



Wu, H.; Zhang, Y.; Bao, H.; Zhang, Z.; Chen, M.; Xu, Q. Initial-offset boosted dynamics in memristor-sine-modulation-based system and its image encryption application. AEU-Int. J. Electron. Commun. 2022, 157, 154440. [Google Scholar] [CrossRef]

	



Ma, X.; Wang, C. Hyper-chaotic image encryption system based on N+ 2 ring Joseph algorithm and reversible cellular automata. Multimed. Tools Appl. 2023, 1–26. [Google Scholar] [CrossRef]

	



Ma, X.; Wang, C.; Qiu, W.; Yu, F. A fast hyperchaotic image encryption scheme. Int. J. Bifurc. Chaos 2023, 33, 2350061. [Google Scholar] [CrossRef]

	



Sprott, J.C. Simple chaotic systems and circuits. Am. J. Phys. 2000, 68, 758–763. [Google Scholar] [CrossRef]

	



Lin, H.; Wang, C.; Sun, Y. A Universal Variable Extension Method for Designing Multiscroll/Wing Chaotic Systems. IEEE Trans. Indust. Electron. 2023, 68, 12708–12719. [Google Scholar] [CrossRef]

	



Yu, F.; Zhang, W.; Xiao, X.; Yao, W.; Cai, S.; Zhang, J.; Wang, C.; Li, Y. Dynamic analysis and FPGA implementation of a new, simple 5D memristive hyperchaotic Sprott-C system. Mathematics 2023, 11, 701. [Google Scholar] [CrossRef]

	



Lin, H.; Wang, C.; Du, S.; Yao, W.; Sun, Y. A family of memristive multibutterfly chaotic systems with multidirectional initial-based offset boosting. Chaos Solitons Fractals 2023, 172, 113518. [Google Scholar] [CrossRef]

	



Fiori, S.; Di Filippo, R. An improved chaotic optimization algorithm applied to a DC electrical motor modeling. Entropy 2017, 19, 665. [Google Scholar] [CrossRef]

	



Sabatier, J.; Agrawal, O.P.; Machado, J.T. Advances in Fractional Calculus; Springer: Berlin/Heidelberg, Germany, 2007; Volume 4. [Google Scholar]

	



Khennaoui, A.-A.; Ouannas, A.; Bendoukha, S.; Grassi, G.; Lozi, R.P.; Pham, V.-T. On fractional–order discrete–time systems: Chaos, stabilization and synchronization. Chaos Solitons Fractals 2019, 119, 150–162. [Google Scholar] [CrossRef]

	



Kumar, D.; Baleanu, D. Fractional Calculus and Its Applications in Physics; Frontiers Media SA: Lausanne, Switzerland, 2019; Volume 7, p. 81. [Google Scholar]

	



Gutierrez, R.E.; Rosário, J.M.; Tenreiro Machado, J. Fractional order calculus: Basic concepts and engineering applications. Math. Prob. Engin. 2010, 2010, 375858. [Google Scholar] [CrossRef]

	



Zhang, L.; Sun, K.; He, S.; Wang, H.; Xu, Y. Solution and dynamics of a fractional-order 5-D hyperchaotic system with four wings. Euro. Phys. J. Plus 2017, 132, 31. [Google Scholar] [CrossRef]

	



Gu, S.; He, S.; Wang, H.; Du, B. Analysis of three types of initial offset-boosting behavior for a new fractional-order dynamical system. Chaos Solitons Fractals 2021, 143, 110613. [Google Scholar] [CrossRef]

	



Birs, I.; Muresan, C.; Nascu, I.; Ionescu, C. A survey of recent advances in fractional order control for time delay systems. IEEE Access 2019, 7, 30951–30965. [Google Scholar] [CrossRef]

	



Azar, A.T.; Vaidyanathan, S.; Ouannas, A. Fractional Order Control and Synchronization of Chaotic Systems; Springer: Berlin/Heidelberg, Germany, 2017; Volume 688. [Google Scholar]

	



Yan, B.; Parastesh, F.; He, S.; Rajagopal, K.; Jafari, S.; Perc, M. Interlayer and intralayer synchronization in multiplex fractional-order neuronal networks. Fractals 2022, 30, 2240194. [Google Scholar] [CrossRef]

	



Zhao, J.; Wang, S.; Chang, Y.; Li, X. A novel image encryption scheme based on an improper fractional-order chaotic system. Nonlinear Dyn. 2015, 80, 1721–1729. [Google Scholar] [CrossRef]

	



Yao, Z.; Sun, K.; He, S. Firing patterns in a fractional-order FithzHugh–Nagumo neuron model. Nonlinear Dyn. 2022, 110, 1807–1822. [Google Scholar] [CrossRef]

	



Rajagopal, K.; Karthikeyan, A.; Jafari, S.; Parastesh, F.; Volos, C.; Hussain, I. Wave propagation and spiral wave formation in a Hindmarsh–Rose neuron model with fractional-order threshold memristor synaps. Int. J. Mod. Phys. B 2020, 34, 2050157. [Google Scholar] [CrossRef]

	



Nosrati, K.; Shafiee, M. Fractional-order singular logistic map: Stability, bifurcation and chaos analysis. Chaos Solitons Fractals 2018, 115, 224–238. [Google Scholar] [CrossRef]

	



Nosrati, K.; Belikov, J.; Tepljakov, A.; Petlenkov, E. Image Encryption Using Fractional Singular Chaotic Systems: An Extended Kalman Filtering Approach. In Proceedings of the 2022 International Conference on Electrical, Computer and Energy Technologies (ICECET), Prague, Czech Republic, 20–22 July 2022; pp. 1–6. [Google Scholar]

	



Nosrati, K.; Belikov, J.; Tepljakov, A.; Petlenkov, E. Extended fractional singular kalman filter. Appl. Math. Comput. 2023, 448, 127950. [Google Scholar] [CrossRef]

	



Wei, Y.-Q.; Liu, D.-Y.; Boutat, D.; Chen, Y.-M. An improved pseudo-state estimator for a class of commensurate fractional order linear systems based on fractional order modulating functions. Syst. Control Lett. 2018, 118, 29–34. [Google Scholar] [CrossRef]

	



Sprott, J.C.; Thio, W.J.-C. Elegant Circuits: Simple Chaotic Oscillators; World Scientific: Singapore, 2022. [Google Scholar]

	



Petrzela, J. Chaos in analog electronic circuits: Comprehensive review, solved problems, open topics and small example. Mathematics 2022, 10, 4108. [Google Scholar] [CrossRef]

	



Bao, B.; Xu, L.; Wang, N.; Bao, H.; Xu, Q.; Chen, M. Third-order RLCM-four-elements-based chaotic circuit and its coexisting bubbles. AEU-Int. J. Electron. Commun. 2018, 94, 26–35. [Google Scholar] [CrossRef]

	



Bao, B.; Wang, N.; Chen, M.; Xu, Q.; Wang, J. Inductor-free simplified Chua’s circuit only using two-op-amp-based realization. Nonlinear Dyn. 2016, 84, 511–525. [Google Scholar] [CrossRef]

	



Ogorzalek, M.J. Chaos and Complexity in Nonlinear Electronic Circuits; World Scientific: Singapore, 1997; Volume 22. [Google Scholar]

	



Gokyildirim, A. Circuit Realization of the Fractional-Order Sprott K Chaotic System with Standard Components. Fractal Fract. 2023, 7, 470. [Google Scholar] [CrossRef]

	



Ahmad, W.M.; Sprott, J.C. Chaos in fractional-order autonomous nonlinear systems. Chaos Solitons Fractals 2003, 16, 339–351. [Google Scholar] [CrossRef]

	



Sprott, J.C. Some simple chaotic flows. Phys. Rev. E 1994, 50, R647. [Google Scholar] [CrossRef]

	



Diethelm, K.; Freed, A.D. The FracPECE subroutine for the numerical solution of differential equations of fractional order. Forsch. Und Wiss. Rechn. 1998, 1999, 57–71. [Google Scholar]

	



Petrzela, J. Fractional-order chaotic memory with wideband constant phase elements. Entropy 2020, 22, 422. [Google Scholar] [CrossRef] [PubMed]

	



Sene, N. Study of a fractional-order chaotic system represented by the Caputo operator. Complexity 2021, 2021, 5534872. [Google Scholar] [CrossRef]








[image: Entropy 25 01352 g001] 





Figure 1. (a) The equilibrium points (   x *   ) of system (2) as a function of parameter  a . (b,c) The real and imaginary parts of the eigenvalues of the Jacobian of the system at    x *    as a function of parameter  a . (d–f) The argument of the eigenvalues as a function of parameter  a . The blue region represents the area for the fractional order  q  for which that eigenvalue meets condition (8). 
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Figure 2. Bifurcation diagrams of the Sprott-B system according to parameter  a  in different derivative orders. (a)   q = 1  , (b)   q = 0.98  , (c)   q = 0.96  , and (d)   q = 0.94  . The green and yellow colors refer to the initial conditions    [  1   1   1  ]    and    [  − 1 − 1   1  ]  ,   respectively. 
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Figure 3. The attractors of the Sprott-B system in     a = 5   for different derivative orders. (a)   q = 1  , (b)   q = 0.98  , (c)   q = 0.96  , and (d)   q = 0.94  . 
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Figure 4. Two-dimensional bifurcation diagram of the Sprott-B system according to parameter  a  and fractional order  q . The period of oscillations is shown by color. 
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Figure 5. Coexisting attractors of the fractional-order Sprott-B system. (a)   q = 0.98 ,   a = 6  ; (b)   a = 0.96 ,   a = 6.5  ; (c)   q = 0.94 ,   a = 5  ; (d)   q = 0.98 ,   a = 8  . The green and yellow colors refer to the initial conditions    [  1   1   1  ]    and    [  − 1 − 1   1  ]   , respectively. 
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Figure 6. Basins of attraction of coexisting attractors of Sprott-B system for different derivative orders. (a)   q = 1 ,   a = 5  ; (b)   q = 0.98 ,   a = 6  ; (c)   q = 0.96 ,   a = 8  ; and (d)   q = 0.94 ,   a = 7.4  . The green and yellow colors refer to two coexisting attractors. 
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Figure 7. Normalized synchronization error of two coupled Sprott-B systems in 2D parameter plane (  σ , a  ) for different derivative orders. (a)   q = 1  , (b)   q = 0.98  , (c)   q = 0.96  , and (d)   q = 0.94  . The synchronization region is shown by dark blue color. 
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Figure 8. Schematic of the electronic circuit of inter-order Sprott-B system for   a = 1  . 
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Figure 9. Attractor and time series of integer-order Sprott-B system for   a = 1   in OrCAD-PSpice. 
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