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Application of 0‑1 test for chaos 
on forward converter to study 
the nonlinear dynamics
Ahsan Ali1, Sajid Iqbal2, Hafiz Abdul Muqeet3, Hafiz Mudassir Munir4, 
Syed Sabir Hussain Bukhari4, Jong‑Suk Ro5* & Zeeshan Akbar1

DC–DC converters has significant role in the applied power electronic systems, distributed power 
systems, computers, home appliances and communication equipment. A converter must remain 
within the specified range of operation. The main goal of this paper is to discuss the nonlinear behavior 
of forward converter and highlighted the application of the 0-1 test by applying it on the forward 
converter. As forward converter may contains electronic components, which cause instability in the 
system. So, it is necessary to understand its behavior when specifications of components are changed. 
To study chaotic behavior, 0-1 test will be applied on the forward converter, which is a novel technique 
outperform in unearthing the subtle chaotic behavior in deterministic dynamical systems. The forward 
converter goes from period-1, period-2, period-4 and finally become chaotic when the load resistance 
is varied. This variation in the behavior of the forward converter are analysis through 0-1 test for 
chaos. Moreover, time series plot, phase portrait and Bifurcation diagram for forward converter is also 
drawn for the validation of results obtained from 0-1 test. Test algorithm is applied via MATLAB and 
simulation of forward converter via MultiSim by varying its load resistance.

The complex behavior of the system sometime describes by the word chaos. Chaos is one type of characteristics 
shown by the by complex systems. Quasi-periodicity and subharmonics are other kinds. Nonlinear dynamics 
are generally deal with the field of science in which dynamical behavior of the nonlinear system is discussed1. A 
differential equation usually defines the nonlinear system. Nonlinear system have a pivotal role in the analyses 
of natural phenomenon but in last few decade it also gains importance in the engineering research field2. Non-
linearities in the power electronics is the key challenge to the engineer in modern era. The understanding of the 
chaos is necessary for every power electronics engineer. During the early stage of power electronics development 
nonlinear phenomenon quasi-periodicity, chaos and harmonics appeared while experimentation. The regular 
periodic operation is the primary objective of the power electronics engineer, so to avoid any unpredictable 
strange operation, the circuit parameters that creating problem or chaotic behavior need to be adjusted. Such 
adjustment of circuit parameter is done by trial and error method3. However, we require better understanding 
of circuit operation at various point to get more reliable design. Moreover, it may acquire new possible operat-
ing regimes of power electronic system after getting enough understanding of circuit. Power converters exhibit 
chaotic behavior. Chaos is an unpredictable long-term behavioral disorder showed by the nonlinear dynamical 
system. In order to get knowledge about this phenomenon, various tools have been established4,5 Bifurcation 
diagrams are the well-known evaluation tool for the analysis of nonlinear system when one or more parameters 
are 7 changed. It is usually plotted in 2D plane by placing variable on x–y axis and varying variable on x-axis6. 
To draw higher order bifurcation diagram, extensive computation is involved. Power electronic use the discrete 
model to generate the bifurcation diagram through state variable7.

The power electronics converters test by various techniques are summarized as below in Fig. 1. A phase 
portrait shows convergences and divergence trajectory towards the stable point7. Time domain waveforms show 
the steady state and the transient response.The time series complexity of power converters has been observed 
through various techniques. These methods were discussed in literature. These techniques are divided into three 
main groups, i.e. methods derived from nonlinear dynamics entropy and fractality8. The method used in this 

OPEN

1Department of Electrical Engineering, University of Engineering and Technology (UET), Lahore  54890, 
Pakistan. 2Department of Mechatronics and Control Engineering, University of Engineering and Technology 
(UET), Lahore  54890, Pakistan. 3Department of Electrical Engineering Technology, Punjab Tianjin University 
of Technology, Lahore, Punjab  54770, Pakistan. 4Department of Electrical Engineering, Sukkur IBA University, 
Sukkur, Sindh, Pakistan. 5School of Electrical and Electronics Engineering, Chung-Ang University, Seoul, South 
Korea. *email: jongsukro@gmail.com

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-19667-7&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2022) 12:15696  | https://doi.org/10.1038/s41598-022-19667-7

www.nature.com/scientificreports/

research to determine the nonlinear dynamics of forward converter are 0-1 test, bifurcation diagram, Poincare 
map, and phase portrait is summarized shown in the Fig. 1.

The chaotic and regular behavior of the deterministic dynamical system are studied through 0-1 test for chaos. 
Unlike other test this test is simple, and it does not need to know the nature of the system. This test is easily appli-
cable on the partial differential equation, ordinary differential equation, or experimental data. The test is binary in 
nature it gives result 0 or 1, 1 for the chaotic system and 0 for the periodic system9,10. This tool is widely used for 
detecting chaos in diverse field due to the ease in its implementation, wide range of application and evaluation. 
Few examples where 0-1 testing is used recently on experimental data to discrete or continuous time system11.

To detect chaos in a real-world system different technique are used. Lyapunov exponent is the one of them 
which is extremely sensitive to the noise12. Therefore, in many cases it is very difficult to implement. Lyapunov 
exponent requires phase space reconstruction to distinguish between the chaotic and regular dynamical system13. 
After that many other different algorithms have developed and the most prominent one is 0-1, which directly 
applied on the time series 0-1 test developed by Gottwald and Melbourne which is not affected by noise10. 
This method takes time series data as input and gives 0 or 1 as the output according to the system dynamics: 
1 for chaotic and 0 for regular. Moreover, Phase space reconstruction does not require in case of 0-1 test. This 
paper focuses on the nonlinear behavior of the forward converter, which is DC-DC converter. The variations 
and complications of nonlinear circuit and every converter topology show different problem which need to be 
examined. In this research work, forward converter is studied thoroughly through different nonlinear techniques 
like 0-1 test, bifurcation diagram, Poincare map, time series plot and phase portrait plot. The complex chaotic 
behavior of the system will be explored by varying control parameter. The simulation results will obtain from 
circuit simulator software. The experimentation and simulation result will then carefully observe to understand 
the nonlinear behavior of the system.

Literature review
The nonlinear dynamics of the power converters are major concern for the engineers and researchers. The 
scholars studied chaos phenomenon in the power converters to understand their behavior. The research help to 
enhance the efficiency of the power converters and it also benefit for industries.

The basic converter topologies i.e. Buck, Boost and Buck-Boost converter have significant importance in 
converter technology. The research work had done on nonlinearity in buck, boost, and buck-boost converter 
topology. In this thesis7 pulse width modulation (PWM) buck and boost switching regulators simulated and 
carried out the nonlinear analysis. The buck-boost converter operated under the peak current control mode, the 

Figure 1.   Nonlinear dynamical methods for times series data8.
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storage energy in this dc system, used to examine the phenomena of nonlinear, chaos and bifurcation observed 
in14. This paper15 took current and voltage controlled buck converter for investigation of nonlinear phenomena 
and observed the bifurcation and chaos. The buck converter fed with the rectifier having ripple were studied 
in16 and discussed chaos phenomenon and bifurcation. In17 the author studied the chaos phenomenon in three 
topological power converters having closed loop. In18 the author showed the coexistence situation in flyback 
converter: two period orbits , period-1 and period-2 orbits and chaotic and period-1 orbits and lastly chaotic 
and period-2 orbits.

Flyback converter is one the most important in converter in power converters used in daily life. The relation-
ship between iterative nonlinear mapping and dynamical system like DC-DC converter is discussed by David 
et al. in19 Flyback converter also produce nonlinearity at some point, the phenomenon of chaos in a UC3842 
current programmed flyback converter was discussed in20. In this operation principle, mathematical models and 
discrete-time analytic solution derivations of the flyback converter were presented. Fei-Hu et al.21 explored the 
nonlinear behaviors in the UC3842 current-mode controlled flyback converter when the switching frequency 
altered. Ru Yang et al. had established the duplicate symbolic sequence of voltage-mode-controlled flyback 
converter and it had been applied as an example to identify various types of the bifurcation, in the bifurcation 
process of the system22. The duffing oscillator is the well known nonlinear circuit, the studied about critical situ-
ation of the generating of the chaos by fractional derivatives and nonlinear damping in the duffing oscillator was 
examined by Wang et al.23. The system stability affecting by the fraction order term and non-linear factor. This 
influence on the system stability is studied using piecewise nonlinear oscillator24.

The nonlinearity was observed in forward converter by various researches. Bi et al. studied nonlinearities in 
forward converter by changing the values of load resistance, filter inductor and filter capacitor25. Discrete itera-
tive mapping of voltage-mode controlled forward converter developed to explore the nonlinearity and obtained 
the bifurcation diagram with the input voltage, reference voltage and load resistor as bifurcation parameters26. 
Jingmei et al. done reduction of EMI through chaos, for that purpose voltage-mode controlled forward converter 
circuit is used by Bi et al.27. Wei et al. discussed nonlinearity in forward convert through bifurcation phenomena 
when voltage regulated forward converter operated on both continuous and discontinuous mode28. Half-bridge 
converter was analyzed by Song et al.29 and its dynamics were studied by the author.

The nonlinear dynamics of system study through various technique like bifurcation diagram, Kolmogorov 
entropy, minimum embedding, correlation dimension, Poincare Map, Lyapunov exponent and many others. 
0-1 test is one of the such method.The 0-1 test method is new technique to determine the chaotic and regular 
dynamics does not require phase space reconstruction30. This method takes time series data as input and gives 
0 or 1 as the output according to the system dynamics whether it is chaotic or regular10,31,32.The two well-known 
system Rössler and Lorenz and two less-known system calcium oscillatory models and arc circuit are used to 
utilize in the comparison of the determination of the periodic and chaotic oscillation by sample entropy and 
0-1 test for chaos33. The combination of the approximate entropy and 0-1 test for chaos is introduced in order 
examined the nonlinearity of the three degree of freedom mechanical system34. Adel et al. studied the chaotic 
behavior of the Fractional-order Arnold map by 0-1 test for chaos35.

Moreover, at the beginning the 0-1 test was implemented on the logistic map driven10, damped Kortweg 
de Vries equation and forced van der Pol36. Kim implement the 0-1 test on Local K spectrum of non-chaotic 
strange attractor37. Karsten Webel applied 0-1 test on the data obtained from German stock exchanges to verify 
results38. Falconer et al. analyzed the chaotic behavior of bipolar motor and studied the effectiveness of 0-1 test 
on experimental data39. Zachilas et al. briefly discussed about the implementation of 0-1 test on Hamiltonian 
systems they presented four Hamiltonian system two even and two odd order40 and their results were matched 
with 0-1 test. Baogui Xin et al. presented a discrete complex interaction model about industrial production and 
environmental quality in a closed area and then applied 0-1 test in order to validate the chaotic phenomenon of 
their model41. A simple method of detection chaos tool was presented by Daniel et al. by combining the several 
such tool of detecting chaos mainly 0-1 test and presented it implementation heart rate variability42. Michelle 
et al. applied the 0-1 test for chaos on an Aeroelastic System and compared the results with the attractor recon-
struction method such as Lyapunov exponents43.

Furthermore, the 0-1 test gained lot of more attention because of its simplicity and research used it to study 
the chaotic dynamics of various systems. Adel Ouannas et al. used 0-1 test, entropy, bifurcation diagram and 
Co-complexity to analyzed the chaos in discrete fractional duffing system44. In this article the author discussed 
about the false negative result of the 0-1 test and presented ideas about how to avoid such result45 . In this paper46, 
two new techniques were discussed which are center of gravity and box counting. They also thoroughly studied 
about benefits and disadvantages of these methods. The dynamical behavior of the Henon–Lozi type map were 
studied by applying numerical tools which are: largest Lyapunov exponent, bifurcation diagram, 0-1 test and 
phase portrait. It displayed that the map shows a range of numerous dynamical properties from coexisting attrac-
tors to chaos47. This research work in48 explored the post-flutter nonlinearities because of the wing high aspect 
ratio. The results of aeroelastic system were then used to analyzed for the comparison of attractor reconstruction 
and 0-1 test for chaos.

Methodology
Overview of the binary 0‑1 test.  The 0-1 test is initially presented by Gottwald and Melbourne10. It is a 
binary test for chaos detection in dynamical system which does not require phase space reconstruction. It uses 
the time series of underlying system. The test has been successfully implemented to flows and maps, but in this 
study, it is implemented on the continuous system such as forward converter. The chaotic and regular behavior 
of the deterministic dynamical system are studied through 0-1 test for chaos. Unlike other test this test is simple, 
and it does not need to know the nature of the system.
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This test is easily applicable on the partial differential equation, ordinary differential equation, or experimental 
data. The test is binary in nature it gives result 0 or 1, 1 for the chaotic system and 0 for the periodic system9,10,39. 
This tool is widely used for detecting chaos in diverse field due to the ease in its implementation, wide range of 
application and evaluation. The flow chart how the research is conducted given in Fig. 2.

Condition for the implementation of 0‑1 test.  For the implementation of 0-1 test the following condi-
tions must be fulfilled to get the require result from the test. 

1.	 Enough large time series data is required to adequately determine the asymptotic behavior of MSD10,39.
2.	 The short transient response of the system require to removes in order to avoid the false result and time series 

taken for test after removal of transient response36,49.
3.	 The data should be deterministic and stationary.

The 0-1 test may fails to produce result in some cases for example when the time series used to implement the 
test are obtained from the near edge of the chaos32. Moreover, when the dimension of the attractor is too large 
and extremely long transient the 0-1 test is impracticable36.

Effects of number of data points.  The number of data points have impact on the results of 0-1 test. To 
avoid the false results the number of data points must be addressed while implementing the results. Finite size 
effect in three ways10. The time series need to be large enough to explore the dynamics of the system this problem 
affecting all test of chaos. The limit n ≪ N while calculating the mean square displacement. So, we require to 
choose ncut ≪ Nand ncut = N/10 The asymptotic behavior of Mc(n) or Dc(n) required ncut and N, which may 
require sufficiently large data. In case of small number of data points the asymptotic growth is not dominating 
to visualize the results.

Effect of oversampling on continuous times series data.  For continuous time series there is a well-
known oversampling issue that must be addressed10,31,50. 
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Figure 2.   Flow chart of research methodology.



5

Vol.:(0123456789)

Scientific Reports |        (2022) 12:15696  | https://doi.org/10.1038/s41598-022-19667-7

www.nature.com/scientificreports/

1.	 One method which suggested by Gottwald and Melbourne is to observe the Poincare’s Section
2.	 A second, perhaps more usual, approach by visual inspection30.
3.	 Third method is more refined method discussed in10,51 use of the first minimum of mutual information.

Simulation circuit of forward converter
A forward converter has less output DC voltage than the applied DC voltage and its input and output is isolated 
from input by transformer. Figure 3 shows the schematic diagram of a current mode forward converter. Circuit in 
Fig. 4 shows the simulation circuit of forward converter. The circuit is simulated in the MultiSim. The converter 
is simulated first, then the waveform of the inductor current and output voltage is obtained. The phase portrait 
and bifurcation diagram of the converter are also drawn. The circuit parameters are given in Table 1.

Results and discussion
The simulation and experimentation circuits were shown in “Simulation circuit of forward converter”. In this 
section, results obtained through simulation and experimentation were analyzed through nonlinear techniques, 
which were 0-1 test, phase portrait, time series plot and bifurcation diagram discussed in “Methodology”.

Figure 3.   Schematic diagram of a current forward converter.

Figure 4.   MultiSim simulation circuit of forward converter.
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Verification of the 0‑1 test via bifurcation diagram.  Period doubling route to chaos is a salient feature 
of chaotic systems. The dynamic chaotic system was observed through bifurcation phenomenon. How does 
chaos occur after a period? This phenomenon pictorially had observed through bifurcation diagram as shown 
in Fig. 5. The result obtained from test were clearly matched with bifurcation diagram shown in Figs. 5 and 6, 
which was validated 0-1 test. In Fig. 5, the value of k changing from 0 to 1 as the value of RL changing from 
RL = 4� to RL = 16� . Similarly, with RL as the bifurcation parameter, the forward converter bifurcation dia-

Table 1.   Circuit parameters of forward converter.

Parameter Values

Input voltage ( Vin) 48 V

Ouput voltage ( Vout) 12 V

Switching frequency (F) 10 kHz

Resistance (R) 4–12 �

Inductance (L) 1 mH

Capacitance 44 µF

Turn ratio (Pri:Sec:Ter) 1 : 0.5 : 1

Figure 5.   Bifurcation diagram of forward converter when RL changing from RL = 4� to RL = 12�.

Figure 6.   RL vs K plot of 0-1 test for forward converter when RL changing from RL = 4� to RL = 16�.
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gram was drawn in MatLab. The current via inductor were considered for analyzing the bifurcation. RL was on 
x-axis and Inductor current IL on y-axis. Figure 5 shows bifurcation diagram of forward converter. The figure 
had clearly showed that period-1 at RL = 4� , period-2 started at RL = 7.5� , period -4 at RL = 9� and chaos 
at RL = 11� .

0‑1 test results of forward converter.  In this section, the result of the forward converter after the imple-
mentation of the 0-1 test were examined and discussed in detail.

0‑1 test results for forward converter at period‑1.  Times series data was acquired from the simulation circuit of 
forward converter at RL = 4�,which gave period 1. When 0-1 test algorithm was applied on this time series data 
which was discussed in “Methodology”, it gave the values indicator K = 0. The plot between p and q was bounded 
shown in Fig. 7. However, for periodic system the value of K must be near to zero and the value of K = 0.02173 
for this time series shown in Fig. 8 and the mean square displacement plot did not show any asymptotic growth 
shown in Fig. 9. Hence, with the help of above results, the 0-1 test confirms that the time series was periodic. 
Therefore, forward converter showed periodic behavior when its load resistor was equal to 4�.

Figures 7, 8 and 9 showed the forward converter had periodicity in their behavior and all three plot support 
the argument made by the 0-1 test methodlogy.

0‑1 test results for forward converter at period‑2.  Figures 10, 11 and 12 shown the results of 0-1 test when time 
series was analyzed at RL = 7.5� The forward converter had period-2 at this value of resistor. The outputs of the 

Figure 7.   Plot p vs q showed bounded shaped hence its is periodic.

Figure 8.   Plot of c vs Kc shows periodic behavior as value of K = 0.02173.
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Figure 9.   Plot of MSD vs time corresponding to periodic dynamics.

Figure 10.   Plot of p vs q shows bounded shape having regular behavior.

Figure 11.   Plot of c vs Kc have K = 0.141 so the dynamics ids periodic.
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0-1 test proved that the system had periodicity in its behavior as the value of indicator K approaches to zero i.e., 
K = 0.141, p and q graph was also bounded and there was no asymptotic growth in mean square displacement 
plot.

The plot in Figs. 10, 11 and 12 indicated that converter had regular dynamics as all the results showed perio-
dicity according to the 0-1 test.

0‑1 test results for forward converter at period‑4.  The converter showed period-4 at RL = 9� , when times 
series at this value of load resistance were analyzed through the algorithm of 0-1 test. The results obtained has 
clearly indicates that the time series was periodic. Figures 13, 14 and 15 shows that the dynamics of the converter 
was regular and it had indicator K = 0.189, p and q graph were almost bounded and there was no asymptotic 
growth in mean square displacement plot. The behavior of the forward converter was regular which is evident 
from Figs. 13, 14 and 15. as all the plots were matched with the conditions for periodicity discussed in the meth-
odology of 0-1 test in “Methodology”.

0‑1 Test results for forward converter at chaos.  Times series data were obtained after the simulation circuit of 
forward converter at RL = 11� in MultiSim, when 0-1 test algorithm was applied on this time series data, it 
gave the value of indicator K = 0.983, which was approximately equal to 1 shown in Fig. 16. The plot between 
p and q had shown Brownian motion type shape in Fig. 17 and the mean square displacement plot had also 
displayed asymptotic linear growth shown in Fig. 18. Hence, with the help of above results, the 0-1 test confirms 
that the time series was Chaotic. Therefore, forward converter had shown chaotic behavior when its load resis-
tor was equal to RL = 11� . After observing the plots at at RL = 11� the dynamics of the forward converter 

Figure 12.   MSD vs time plot there is no asymptotic growth, so the dynamics is regular.

Figure 13.   Plot of p vs q shows periodic behavior as it has bounded shape.
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Figure 14.   Plot of c vs Kc and shows periodic behavior as K = 0.189.

Figure 15.   Plot of MSD vs time have periodicity as there is no asymptotic growth.

Figure 16.    Plot of p vs q chaotic behavior it shows Brownian motion.
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was random which is evident from Figs. 16, 17 and 18. The 0-1 test indicated system was chaotic when K was 
approximately 1 and p vs q plot had Brownian motion. These both conditions of 0-1 test were supported by the 
plots that means system was chaotic.

Time series plot and phase portraits of forward converter.  After the implementation of 0-1 test for 
chaos on the time series data now verified the results of 0-1 test through time series plot and phase portrait. The 
plots were given in Fig. 19. At RL = 4� The time series plot showed regular dynamics having period-1 which is 
observed from the figure.

The inductor current waveform showed period-1 behavior at RL = 4� is shown in Fig. 20 as the waveform 
is repeated after every single peak. This means forward converter had periodicity at this value of load resistance

The phase portrait plot in Fig. 21 had single loop and it had period-1 attractor. Therefore at RL = 4� the 
dynamics of the forward converter was regular.

Hence, it is evident from the above times series plot in Figs. 19 and 20 and phase portrait plot in Fig. 21 the 
forward converter showed periodic behavior having period-1 at RL = 4� . These results obtained from the time 
series and phase portrait plot were same as the results obtained from 0-1 test which was previously discussed. 
Hence, the converter showed periodic dynamics at this value of load resistance.

In Fig. 22, the output voltage waveform is repeated after every second peak that is mean it had period-2 and 
when the load resistance was increased from RL = 4� to RL = 7.5� , the converter behavior changed from 
period-1 to period-2.

The inductor current time series waveform shown in Fig. 23. the waveform showed period-2 behavior because 
it repeated itself after every two spikes. This also confirmed that at RL = 7.5� had regular behavior. The phase 

Figure 17.   K = 0.0.983 in c vs Kc plot which means dynamics is Chaotic.

Figure 18.   Plot of MSD corresponding to chaotic dynamics.
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portrait plot between inductor current and output voltage also indicated the converter had period-2 at RL = 7.5� 
which is shown in Fig. 24.

In Figs. 22 and 23 for RL = 7.5� the inductor current (IL) and output voltage ( Vout ) were shown. It had been 
observed from the time series waveform that it has period-2. The phase portrait plot had also conformed period 
doubling phenomenon was shown in Fig. 24.

Figure 19.   Output voltage waveform for forward converter at RL = 4�.

Figure 20.   Inductor current waveform for forward converter at RL = 4�.

Figure 21.   Phase portrait between IL vs Vout at RL = 4� : period-1 attractor .

Figure 22.   Output voltage waveform for forward converter at RL = 7.5�.
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Hence, from the results obtained from phase portrait plot and time series at RL = 7.5� confirmed the results 
obtained from 0-1 test at period-2, which showed that the forward converter had periodic behavior at this value 
of load resistance.

The output voltage time series waveform displayed period-4 by visual inspection of Fig. 25 and converter 
was still having some periodicity in its dynamics at RL = 9� . Similarly, the forward converter showed period-4 
which was visualized from its inductor current waveform at RL = 9� in Fig. 26.

The phase portrait plot between inductor current and output voltage shown in Fig. 27 had fourth periodic 
attractor at RL = 9� . The forward converter has period-4 at RL = 9� which is clearly visible from the time 
series waveform in Figs. 25 and 26. The phase portrait plot also has four loop which indicates that it had period-4 
shown in Fig. 27. Hence, from the plot shown in the above figure matched with 0-1 test results in the previous 
section. The waveform shown in Fig. 28 is the time series plot of output voltage at RL = 11� . The waveform 
clearly indicate there is no repetition. Hence, forward converter showed random behavior at this value of load 
resistance. The inductor current waveform shown chaotic phenomenon as there is on regular repetition of the 
time series waveform displayed in Fig. 27. Thus, the froward converter had random behavior at RL = 11�.

The phase portrait plot between inductor current and output voltage has strange attractor as seen from 
Fig. 30. Hence, forward converter had chaotic behavior at RL = 11� The time series waveform were obtained 
at RL = 11� which is showed in Figs. 28 and 29, that these waveform were aperiodic. The phase portrait also 
has showed a strange attractor in Fig. 30. thus, by increasing the load resistance the converter route to chaos. 
Hence, results obtained from the 0-1 test proved right by these phase portraits and time series plots in the figures 
discussed above.

Figure 23.   Inductor current waveform for forward converter at RL = 7.5�.

Figure 24.   Phase portrait between IL vs Vout at RL = 7.5� : period-2 attractor .

Figure 25.   Output voltage waveform for forward converter at atRL = 9�.
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Effects of number of data points on 0‑1 test results.  0-1 test is required a large amount data points 
to avoid false results. The effect of number of data points had been discussed in “Methodology”. Figure 31 shows 
how the value of K depends on the amount of data points used. By observing the plot, it had been cleared that at 
lower data points the test gives value of k close to zero, whereas time series was chaotic in nature, but gradually 
increase in data points the test results start approaches to 1. Therefore, the test depends upon number of data 
point and abundance of data points required to avoid spurious results. In this study, 50,000 data points had been 
used for forward converter to avoid false results.

Oversampling of continuous time series data.  Forward converter is continuous systems. The time 
series obtained from continuous system may raise oversampling issue when 0-1 test implemented on it. There-
fore, it may require to down sample the time series data to apply the test. The sampling needs to be done in such 
a way that it does not affect the dynamics of the system and require chose the sampling time appropriately. The 
method of chose sampling instance was discussed in “Methodology” detail. In this study the time series were 

Figure 26.   Inductor current waveform for forward converter at RL = 9�.

Figure 27.   Phase portrait between IL vs Vout at RL = 9� : period-4 attractor .

Figure 28.   Output voltage waveform for forward converter at atRL = 11�.
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down sampled and after down sampling when check the behavior of time series it retained on its original dynam-
ics. To address oversampling issue in continuous dynamical system had been discussed in “Methodology”. In this 
section, discussed the effect of sampling on time series. The times series data had obtained at RL = 4� having 
period-1 for forward converter before down sampling as shown in Fig. 32 and waveform had remained periodic 
even after down sampled as shown in Fig. 33. Similarly, in Fig. 34 the forward converter waveform at RL = 11� 

Figure 29.   Inductor current waveform for forward converter at RL = 11�.

Figure 30.   Phase portrait between IL vs Vout at RL = 11� : chaotic attractor.

Figure 31.   Plot of K as a function of N for the forward converter at RL = 11�.
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Figure 32.   Time series of forward converter at period-1 before down sampling.

Figure 33.   Time series of forward converter at period-1 after down sampling.

Figure 34.   Time series of forward converter at chaotic before down sampling.
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was shown before down sampling, which was chaotic in behavior and when this time series had been down sam-
pled the waveform has continued its chaotic behavior as shown in Fig. 35. hence, it was concluded that sampling 
had no effect on the dynamics of the system.

Conclusion
The power electronic device has vastly applied in power distribution system, energy storage system and renew-
able energy resources.This research is based on the analysis of the non-linear dynamics of forward converter via 
0-1 test. 0-1 test has been implementation on forward converter to study its inherent non-linear dynamics. The 
simulation results have revealed that the forward converter undergoes period-1, period-2, period-4, and chaos 
with the increase in load resistance.

The 0-1 test for chaos is used to analysis the nonlinear continuous and discrete deterministic dynamical sys-
tems. This test distinguishes between regular and chaotic dynamics of the system and it gives the value of median 
K approximately equal to 1 for the chaotic system and closed to zero for the regular system. It only requires the 
time series data. The important aspect this test is that it does not require phase portrait reconstruction and it 
is independent of nature of the vector field, which has observed during the implementation of test on forward 
converter. The test results have also been supported via bifurcation diagram, Poincare map, time series plot and 
phase portrait plot. The dynamics of the system were analyzed through different tool for detecting chaos which 
include times series plot, phase portrait plot, bifurcation diagram, Poincare map and 0-1 test and their results 
were compared which is given in Table 2.

In future, this study will help the researcher to design an optimal controller for the forward converter. The 
efficient controller is required to enhance the performance of the forward converter while it is utilizing in the 
modern electrical systems. The nonlinearity emerges in the forward converter because of the varying load must 
be suppress for optimal operation (Supplementary Information).

Data availability
The data sets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.

Received: 26 March 2022; Accepted: 1 September 2022

References
	 1.	 Hilborn, R. C. et al. Chaos and Nonlinear Dynamics: An Introduction for Scientists and Engineers (Oxford University Press, 2000).

Figure 35.   Time series of forward converter at chaotic after down sampling.

Table 2.   Solution of dynamics of the forward converter.

Solution Periodic Period doubling Quasi periodic Chaotic

Time series Repeat after single peak Repeat after two peaks Repeat after four peaks Noise

Phase portrait Single Loop Double loop Torus Distinct shapes

Bifurcation diagram Single branch Double the branches Quadruple the branches Multiples branches

0-1 test K ≈ 0 K ≈ 0 K ≈ 0 K ≈ 1



18

Vol:.(1234567890)

Scientific Reports |        (2022) 12:15696  | https://doi.org/10.1038/s41598-022-19667-7

www.nature.com/scientificreports/

	 2.	 Addison, P. S. Fractals and Chaos: An Illustrated Course (CRC Press, 1997).
	 3.	 Tse, C. K., Lai, Y. & Iu, H. Hopf bifurcation and chaos in a free-running current-controlled cuk switching regulator. IEEE Trans. 

Circ. Syst. I Fundam. Theory Appl. 47, 448–457 (2000).
	 4.	 Merhy, M., Morel, C., Chauveau, E. & Machmoum, M. Nonlinear modeling of power-factor-correction converter. In 2010 12th 

International Conference on Optimization of Electrical and Electronic Equipment, 595–600 (IEEE, 2010).
	 5.	 Wang, L., Yu, D., Geng, Y. & Wei, Y. A pt controlled buck converter with coupled inductors. In 2016 IEEE Vehicle Power and 

Propulsion Conference (VPPC), 1–5 (IEEE, 2016).
	 6.	 Strogatz, S. H. Nonlinear Dynamics and Chaos: With Applications to Physics, Biology, Chemistry and Engineering (Westview Press, 

2000).
	 7.	 Alzahrani, A., Shamsi, P., Ferdowsi, M. & Dagli, C. H. Chaotic behavior in high-gain interleaved dc-dc converters. Proced. Comput. 

Sci. 114, 408–416 (2017).
	 8.	 Tang, L., Lv, H., Yang, F. & Yu, L. Complexity testing techniques for time series data: A comprehensive literature review. Chaos 

Solitons Fractals 81, 117–135 (2015).
	 9.	 Ke-Hui, S., Xuan, L. & Cong-Xu, Z. The 0–1 test algorithm for chaos and its applications. Chin. Phys. B 19, 110510 (2010).
	10.	 Gottwald, G. A. & Melbourne, I. On the implementation of the 0–1 test for chaos. SIAM J. Appl. Dyn. Syst. 8, 129–145 (2009).
	11.	 Melosik, M. & Marszalek, W. Using the 0–1 test for chaos to detect hardware trojans in chaotic bit generators. Electron. Lett. 52, 

919–921 (2016).
	12.	 Rosenstein, M. T., Collins, J. J. & De Luca, C. J. A practical method for calculating largest lyapunov exponents from small data sets. 

Phys. D 65, 117–134 (1993).
	13.	 Abarbanel, H. D., Brown, R., Sidorowich, J. J. & Tsimring, L. S. The analysis of observed chaotic data in physical systems. Rev. Mod. 

Phys. 65, 1331 (1993).
	14.	 Xu, C., et al. Nonlinear phenomena of the buck-boost converter analyzed by storage energy. In 2009 3rd International Conference 

on Power Electronics Systems and Applications (PESA), 1–3 (IEEE, 2009).
	15.	 Yesodha, V., et al. Analysis of chaos and bifurcation in dc-dc converter using matlab. In 2013 International Conference on Circuits, 

Power and Computing Technologies (ICCPCT), 481–487 (IEEE, 2013).
	16.	 Basak, B. & Parui, S. Exploration of bifurcation and chaos in buck converter supplied from a rectifier. IEEE Trans. Power Electron. 

25, 1556–1564 (2009).
	17.	 Zhou, X., Li, J. & Youjie, M. Chaos phenomena in dc-dc converter and chaos control. Proced. Eng. 29, 470–473 (2012).
	18.	 Muñoz, J.-G., et al. Coexistence of solutions in a boost-flyback converter with current mode control. In 2017 IEEE 8th Latin 

American Symposium on Circuits and Systems (LASCAS), 1–4 (IEEE, 2017).
	19.	 Hamill, D. C., Deane, J. H. & Jefferies, D. J. Modeling of chaotic dc–dc converters by iterated nonlinear mappings. IEEE Trans. 

Power Electron. 7, 25–36 (1992).
	20.	 Hsieh, F.-H., Lin, K.-M. & Su, J.-H. Chaos phenomenon in uc3842 current-programmed flyback converters. In 2009 4th IEEE 

Conference on Industrial Electronics and Applications, 166–171 (IEEE, 2009).
	21.	 Hsieh, F.-H., et al. Switching frequency influence of flyback converter’s nonlinear phenomena. In 2013 International Conference 

on Machine Learning and Cybernetics, vol. 4, 1796–1801 (IEEE, 2013).
	22.	 Yang, R., et al. Detecting bifurcation types in dc-dc switching converters by duplicate symbolic sequence. In 2013 IEEE International 

Symposium on Circuits and Systems (ISCAS), 2940–2943 (IEEE, 2013).
	23.	 Mei-Qi, W. et al. Confusion threshold study of the duffing oscillator with a nonlinear fractional damping term. J. Low Frequ. Noise 

Vib. Active Control 40, 929–947 (2021).
	24.	 Mei-Qi, W., Wen-Li, M., En-Li, C., Yu-Jian, C. & Cui-Yan, W. Principal resonance analysis of piecewise nonlinear oscillator with 

fractional calculus. Chaos Solitons Fractals 154, 111626 (2022).
	25.	 Bi, C., et al. Investigation of bifurcation and chaos in forward converter. In 2007 International Conference on Mechatronics and 

Automation, 663–668 (IEEE, 2007).
	26.	 Chuang, B. & Jingmei, W. Discrete iterative mapping for the analysis of bifurcation and chaos in forward converter. In 2008 Inter‑

national Conference on Communications, Circuits and Systems, 1125–1129 (IEEE, 2008).
	27.	 Chuang, B., et al. Emi reduction by chaos in the forward converter. In 2007 8th International Conference on Electronic Measurement 

and Instruments, 4–77 (IEEE, 2007).
	28.	 Hu, W., et al. Bifurcation phenomena of voltage regulated forward converter in ccm and dcm mode. In 2015 International Confer‑

ence on Mechatronics, Electronic, Industrial and Control Engineering (MEIC-15), 1446–1449 (Atlantis Press, 2015).
	29.	 Song, Y. & Niu, J. Application of chaotic pulse width modulation control for suppressing electromagnetic interference in a half-

bridge converter. J. Eng. 2014, 487–493 (2014).
	30.	 Gottwald, G. A. & Melbourne, I. The 0–1 test for chaos: A review. Chaos Detect. Predict. 20, 221–247 (2016).
	31.	 Melosik, M. & Marszalek, W. On the 0/1 test for chaos in continuous systems. Bull. Pol. Acad. Sci. Tech. Sci. 64, 25 (2016).
	32.	 Hu, J., Tung, W.-W., Gao, J. & Cao, Y. Reliability of the 0–1 test for chaos. Phys. Rev. E 72, 056207 (2005).
	33.	 Marszalek, W., Walczak, M. & Sadecki, J. Two-parameter 0–1 test for chaos and sample entropy bifurcation diagrams for nonlinear 

oscillating systems. IEEE Access 9, 22679–22687 (2021).
	34.	 Lampart, M. & Zapoměl, J. Chaos identification of a colliding constrained body on a moving belt. Nonlinear Dyn. 104, 2723–2732 

(2021).
	35.	 Ouannas, A., et al. On the 0-1 test for chaos applied to the generalized fractional-order arnold map. In 2021 International Confer‑

ence on Information Technology (ICIT), 242–245 (IEEE, 2021).
	36.	 Gottwald, G. A. & Melbourne, I. A new test for chaos in deterministic systems. Proc. R. Soc. Lond. Ser. A Math. Phys. Eng. Sci. 460, 

603–611 (2004).
	37.	 Kim, Y. A numerical study of the local k spectrum of strange nonchaotic attractors. J. Korean Phys. Soc. 64, 6–10 (2014).
	38.	 Webel, K. Chaos in German stock returns–new evidence from the 0–1 test. Econ. Lett. 115, 487–489 (2012).
	39.	 Falconer, I., Gottwald, G. A., Melbourne, I. & Wormnes, K. Application of the 0–1 test for chaos to experimental data. SIAM J. 

Appl. Dyn. Syst. 6, 395–402 (2007).
	40.	 Zachilas, L. & Psarianos, I. N. Examining the chaotic behavior in dynamical systems by means of the 0–1 test. J. Appl. Math. 2012, 

25 (2012).
	41.	 Xin, B. & Wu, Z. Neimark–sacker bifurcation analysis and 0–1 chaos test of an interactions model between industrial production 

and environmental quality in a closed area. Sustainability 7, 10191–10209 (2015).
	42.	 Toker, D., Sommer, F. T. & D’Esposito, M. A simple method for detecting chaos in nature. Commun. Biol. 3, 1–13 (2020).
	43.	 Westin, M. F., Balthazar, J. M. & da Silva, R. G. A. On comparison between 0–1 test for chaos and attractor reconstruction of an 

aeroelastic system. J. Vib. Eng. Technol. 9, 303–312 (2021).
	44.	 Ouannas, A., Khennaoui, A.-A., Momani, S. & Pham, V.-T. The discrete fractional duffing system: Chaos, 0–1 test, c 0 complexity, 

entropy, and control. Chaos Interdiscip. J. Nonlinear Sci. 30, 083131 (2020).
	45.	 Marszalek, W., Walczak, M. & Sadecki, J. Testing deterministic chaos: Incorrect results of the 0–1 test and how to avoid them. IEEE 

Access 7, 183245–183251 (2019).
	46.	 Martinovič, T. Alternative approaches of evaluating the 0–1 test for chaos. Int. J. Comput. Math. 97, 508–521. https://​doi.​org/​10.​

1080/​00207​160.​2019.​17016​62 (2020).

https://doi.org/10.1080/00207160.2019.1701662
https://doi.org/10.1080/00207160.2019.1701662


19

Vol.:(0123456789)

Scientific Reports |        (2022) 12:15696  | https://doi.org/10.1038/s41598-022-19667-7

www.nature.com/scientificreports/

	47.	 Ouannas, A. et al. Bifurcation and chaos in the fractional form of Hénon-Lozi type map. Eur. Phys. J. Spec. Top. 229, 2261–2273. 
https://​doi.​org/​10.​1140/​epjst/​e2020-​900193-4 (2020).

	48.	 Westin, M., Balthazar, J. & Silva, R. On comparison between 0–1 test for chaos and attractor reconstruction of an aeroelastic system. 
J. Vib. Eng. Technol.https://​doi.​org/​10.​1007/​s42417-​020-​00227-0 (2020).

	49.	 Barrow, J. D. & Levin, J. A test of a test for chaos. arXiv:​ 03030​70 (arXiv preprint) (2003).
	50.	 Armand Eyebe Fouda, J., Bodo, B., Sabat, S. L. & Effa, J. Y. A modified 0-1 test for chaos detection in oversampled time series 

observations. Int. J. Bifurc. Chaos 24, 1450063 (2014).
	51.	 Kantz, H. & Schreiber, T. Nonlinear Time Series Analysis Vol. 7 (Cambridge University Press, 2004).

Acknowledgements
This work was supported in part by the National Research Foundation of Korea (NRF) grant funded by the 
Ministry of Science and ICT (No. NRF-2022R1A2C2004874); and in part by the Brain Pool (BP) Program 
through the National Research Foundation (NRF) of Korea funded by the Ministry of Science and ICT 
(2019H1D3A1A01102988).

Author contributions
A.A., S.I.,Z.A. wrote the main manuscript text, H.A.M., H.M.M. supervised, reviewed and Edited, S.S.H.B., 
J.S.R. supervised.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​19667-7.

Correspondence and requests for materials should be addressed to J.-S.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.1140/epjst/e2020-900193-4
https://doi.org/10.1007/s42417-020-00227-0
http://arxiv.org/abs/0303070
https://doi.org/10.1038/s41598-022-19667-7
https://doi.org/10.1038/s41598-022-19667-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Application of 0-1 test for chaos on forward converter to study the nonlinear dynamics
	Literature review
	Methodology
	Overview of the binary 0-1 test. 
	Condition for the implementation of 0-1 test. 
	Effects of number of data points. 
	Effect of oversampling on continuous times series data. 

	Simulation circuit of forward converter
	Results and discussion
	Verification of the 0-1 test via bifurcation diagram. 
	0-1 test results of forward converter. 
	0-1 test results for forward converter at period-1. 
	0-1 test results for forward converter at period-2. 
	0-1 test results for forward converter at period-4. 
	0-1 Test results for forward converter at chaos. 

	Time series plot and phase portraits of forward converter. 
	Effects of number of data points on 0-1 test results. 
	Oversampling of continuous time series data. 

	Conclusion
	References
	Acknowledgements


