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Abstract: - In order to analyze the bifurcation and chaos of Superbuck converter in Continuous Current Mode 
(CCM), a new method of time-frequency diagram based on Wigner-Ville distribution is proposed. The method 
is used to analyze the variation of the energy component of the output voltage with frequency and time. It 
reveals that the Superbuck converter exhibits period-1 bifurcation, period-2 bifurcation, period-4 bifurcation 
and chaos under different reference current. The results of the time-frequency diagram are consistent with the 
results of the bifurcation diagram, time-domain diagram, phase diagram and Poincare section. It proves that the 
method can deeply understand the nature of bifurcation and chaos in Superbuck converter, and it provides a 
new way to analyze the nonlinear phenomena of DC-DC converter. 
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1 Introduction 
Superbuck converter is a fourth-order circuit 
composed of simplified boost converter and sepic 
converter in parallel [1]. Compared with the basic 
buck, boost, buck-boost converter and other second-
order circuits, the Superbuck converter realizes zero 
ripple input current and continuous output current 
[2]. And because it can continuously track the 
maximum power point of the photovoltaic array 
output and has the characteristics of smaller output 
voltage ripple, thus it is widely used in photovoltaic 
power generation, aerospace, electronic vehicles and 
other fields [3]-[5]. Therefore, many studies on the 
design and operation mode of the topology of the 
Superbuck converter have been proposed in recent 
years, as discussed in [6]-[8]. However, there are 
little studies on the nonlinear phenomena of 
Superbuck converters. Therefore, the in-depth 
analysis of the nonlinear behavior of Superbuck 
converter is of great significance for improving the 
characteristics and the control performance of the 
converter [9]-[11]. In this paper, we will introduce a 
new way to analyze nonlinear phenomena in CCM 
mode controlled Superbuck converters [12]. 

The analytical methods of DC-DC converters 
include linear and nonlinear analysis [13]. Linear 
analysis is relatively mature, typical state-space 
averaging method has been described in [14]. 
However, the existence of active components such 
as inductors, capacitors and the strong nonlinearity 

of the switching power supply, when the circuit 
parameters change the output voltage of the 
converter will also change accordingly. Under 
certain conditions, the converter will generate 
bifurcation and may enter a chaotic state, which 
causes the system to lose stability [15]. The root 
cause of such complex behaviour has been 
identified collectively as nonlinearity. The nonlinear 
analysis methods for DC-DC converters are: phase 
diagram, bifurcation diagram, Lyapunov index, 
Poincare map, power spectrum analysis, etc., as 
discussed in [16]-[18]. Among them, phase plane 
trajectory analysis and Lyapunov exponent-based 
analysis are more common [19]-[20]. Using time-
frequency analysis to study the nonlinearity of 
DC/DC converter is still in infancy. Time-frequency 
analysis method is mainly used to study time-
varying non-stationary signal [21]-[22]. Since the 
output voltage of DC/DC converter is non-stationary 
signal, it can be applied to the nonlinear analysis of 
DC/DC converter. Time-frequency analysis can be 
divided into linear analysis and nonlinear analysis. 
Short-time Fourier Transform (STFT) is the most 
widely used linear method. It with fixed resolution 
and its resolution is low, which cannot take into 
account both high-frequency information and low-
frequency information [23]-[24]. But the Wigner-
Ville distribution has high resolution, and it can 
clearly describe the energy distribution of the signal 
in the time-frequency plane, so its application is 
increasing in recent years. The time-frequency 
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analysis of Wigner-Ville distribution is widely used 
in lidar, coalmine, etc. The Wigner-Ville distribution 
is used to process the characteristic guided wave 
echo signals of the weld [25]. Analyzing the guided 
wave pattern of each wave packet to effectively 
identify the defect echo signal. By extracting the 
structure and defect information of the weld, modal 
separation and defect recognition are realized [26]. 
The literature [27] applies the Wigner-Ville 
distribution to study the frequency, amplitude, and 
energy distribution characteristics of signals in 
wide-area measurement systems. Experiments show 
that the method has strong anti-noise ability and 
better identification results, and can better reflect the 
local characteristics of non-stationary signals. 
However, the time-frequency analysis of Wigner-
Ville distribution has little study of the DC/DC 
converters. In this paper, the time-frequency 
diagram based on Wigner-Ville distribution is 
introduced to analyze the nonlinear phenomena of 
Superbuck converter. Like the classic identification 
method, the Wigner-Ville distribution can clearly 
identify the route that the Superbuck converter 
enters chaos from a stable state. 

2 Principle and state equation of 

Superbuck converter 
Superbuck is a fourth-order buck converter. Its 
topology includes: input voltage E, switch S, diode 
D, inductor L1, L2, and capacitors C1 and C2. Fig. 1 
shows the Superbuck converter circuit topology and 
its operating process diagram. 

 
(a) Superbuck topology 

 
(b) Main working waveform 

 
(c) S closed topology 

 
(d) S disconnected topology 

Fig. 1 Superbuck converter and its operating 
process diagram 

The Superbuck converter works under CCM: 
 ov DE  (1) 

where, E is the input voltage, vo  is the output 
voltage, and D is the duty cycle of switch S, 0 < D < 
1. It can be seen from the formula that the 
Superbuck converter is a buck converter, and the 
output polarity is the same as the input polarity [28].  

Nonlinear components such as capacitors and 
inductors may make the output voltage and inductor 
current of the converter unstable, and the output 
waveform does not work periodically. 

Typically, the switch and the diode are turned on 
and off in a cyclic and complementary manner: 

when the switch S is turned on, the diode D is 
reverse biased and it acts as an open circuit. The 
input voltage E directly supplies the capacitor C2 

and the load R through the inductor L1 and the 
switch S, while the capacitor C1 supplies energy to 
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the capacitor C2 and the load through the inductor L2. 
The inductor current iL1 and iL2  rise almost linearly. 
The current at the switch S is the sum of the 
inductor current iL1 and iL2.The output current flows 
through the load from top to bottom, producing an 
output voltage that is positive and negative at both 
ends of R. According to the working principle of the 
circuit, the KVL and KCL equations are written for 
the working state when the switch is turned on. State 
equation can be got: 
 1 1x A x B E   (2) 

when the switch S is turned off, the diode D is 
forward biased and behaves as a short circuit. The 
input voltage E charges the capacitor C1 through the 
inductor L1, the inductor L2 supplies energy to the 
capacitor C2 and the load R, the inductor current iL1 
and iL2 linearly decrease. Also write the KVL and 
KCL equations for the state of the switch off. State 
equation can be got: 
 2 2x A x B E   (3) 

where, the state variables 
�̇�=[iL1 iL2 vc1 vc2]T , iL1, iL2 are inductor 
currents, vc1, vc2, are capacitor voltages, A1, A2, B1, 
B2 are state matrices, as follows: 
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where, R, L1, L2, C1, and C2 are the values of the 
resistance, inductance, and capacitance of the 
Superbuck converter, respectively. 

By introducing the switching function δ, the state 
equations of switch on and off can be combined to 
obtain a unified expression of the circuit. 

 1 2 1 2( (1 ) )   ( (1 ) )  x A A x B B E        &  (4) 
Introducing Laplace transform to formula (4) can 

get unified expression (5). The formula (5) is the 
expression of the piecewise switched model. 
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 (5)

0          switch S is turned on
=

 1          switch S is turned off





 (6) 

where, 1/s is the integral factor, δ is the 
switching function, vo=vc2 is the output voltage of 
the Superbuck converter. 
3 Superbuck converter simulation 

model 
To mimic the true behavior of the circuit, the 
piecewise switched model is used for simulation. 
According to the unified expansion (5), a current 
feedback type based on the piecewise switched 
mode in CCM mode is established. The comparator 
compares the value of the inductor current iL1 with 
the value of the reference current Iref , and then 
forms a feedback control circuit with the clock pulse 
to control the closing and opening of the switch S 
through the S-R flip-flop. Assuming that the switch 
S is closed at the initial time, the value of 
inductance current iL1  is less than that of Iref , the 
comparator output low level. When the rising edge 
of clock pulse arrives, the S-R flip-flop will output 
high level. As long as the value of iL1 is less than 
the value of Iref, the comparator will always output 
low level, and the S-R flip-flop will always maintain 
high level output. Until iL1  increases to Iref , the 
comparator outputs a high level. At this time, the S-
R flip-flop is reset, causing the switch S to be turned 
off, then the inductor current is gradually decreased 
until the next clock pulse comes and the switch S 
will be again turned off. According to the operating 
principle of current feedback type switch and the 
integral mathematical expression of switching 
function integral factor in CCM mode (5), the 
piecewise switched model is built, as shown in Fig. 
2. 

WSEAS TRANSACTIONS on CIRCUITS and SYSTEMS 
DOI: 10.37394/23201.2020.19.18 Yue Hu, Xiaona Liu, Xue Ni, Lihua Wang

E-ISSN: 2224-266X 166 Volume 19, 2020



 
Fig.2 The piecewise switched model of CCM 

Superbuck converter 
The simulation parameters are as follows: 

Table 1 Circuit parameter value table 
Circuit parameter Reference value 
Inductance L1 0.5mH 
Inductance L2 5mH 
Resistance R 10  
Capacity C1 2.2uF 
Capacity C2 1uF 
input voltage E 20V 
Reference current Iref 0.2A-1.4A 
Switching cycle T 10us 

3 Simulation of Superbuck converter 
Taking the reference current Iref  as a bifurcation 
parameter, the bifurcation diagram of the inductor 
current iL1 can be obtained by through the piecewise 
switched model in Simulink, as shown in Fig. 3. 

 
Fig. 3 Superbuck Bifurcation of iL1 

From Fig.3, it shows that as the reference current 
increases, the inductor current iL1 begins to bifurcate 
and enters a chaotic state. 

In order to better analyze the bifurcation of the 
Superbuck converter, this section introduces the 
Wigner-Ville distribution analysis. For signal x(t), 
the Wigner-Ville distribution is: 
 2( , ) ( ) *( )2 2

j f
W t f x t x t de




 



 
      (7) 

where, t is a time variable, f is a frequency 
variable, * represents complex conjugate.  

By processing the simulation data of the 
piecewise switched model and writing time-
frequency program in the M file in Matlab, the 

bifurcation parameters Iref  are selected as 0.445A, 
0.54A, 0.626A and 1A. The time domain waveform 
of the inductor current iL1, the output voltage vo and 
the time-frequency diagram of the Wigner-Ville 
distribution can be obtained. As shown in Fig. 4-Fig. 
7. 

 
(a) Time domain waveform of output voltage vo 

 
(b) Time domain waveform of inductor current iL1 

 
(c) The phase diagram of 1o Lv i   

 

(d) Poincare section 

 
(e) Time-frequency diagram of output voltage 

Fig. 4 Superbuck Converter operates at Period-1 
operation（Iref =0.445A） 

We can see that in Fig. 4, when Iref= 0.445A, the 
circuit operates in stable period-1. The time-domain 
waveforms are periodic. The output voltage is a 
steady sine wave and the inductance current is a 
steady sawtooth wave. The phase diagram is a 
closed ring formed by a curve. There is only one 
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mapping point on the Poincare section. From the 
time-frequency diagram, the AC power of the output 
voltage is mainly concentrated near the switching 
frequency of 100 kHz. Therefore, at this time it can 
be concluded that the system runs in period-1 
operation according to the time-frequency diagram 
of Wigner-Ville distribution. With the increase of 
the reference current, the circuit becomes unstable. 

 
(a) Time domain waveform of output voltage vo 

 
(b) Time domain waveform of inductor current iL1 

 
(c) The phase diagram of 1o Lv i   

 
(d) Poincare section 

 
(e) Time-frequency diagram of output voltage 

Fig. 5 Superbuck Converter operates at Period-2 
operation（Iref=0.54A） 

In Fig. 5, when Iref =0.54A, although the time 
domain waveform is still periodic, there are two 
amplitude waves in the output voltage and 
inductance current. The phase diagram is a closed 
ring formed by two curves. There are two mapping 
points on the Poincare section. From the time-
frequency diagram of the output voltage, the 
working frequency of the output voltage is divided 
into two frequencies: one is the excitation frequency 
of 100 kHz, the other is the subharmonic frequency 
of 50 kHz and the interharmonic frequency of 79 
kHz. Therefore, it can be judged that when the 
reference current is 0.54A the Superbuck converter 
enters period-2. 

 
(a) Time domain waveform of output voltage 𝑣𝑜 

 
(b) Time domain waveform of inductor current 𝑖𝐿1 

 
(c) The phase diagram of 1o Lv i   

 
(d) Poincare section 

 
(e) Time-frequency diagram of output voltage  

Fig. 6 Superbuck Converter operates 
at Period-4 operation（Iref=0.626A） 

In Fig. 6, when Iref= 0.526A, the waveforms of 
inductance current and output voltage show four 
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amplitudes. The phase diagram is a closed ring 
formed by four curves. There are four mapping 
points on the Poincare section. From the time-
frequency diagram of output voltage, it can be seen 
the base frequency of the time-frequency diagram is 
about 25 kHz. The main energy of the output 
voltage is concentrated at 50 kHz, and the inter-
harmonics appear at the moment. It can be 
considered that the system has entered period-4. 

 
(a) Time domain waveform of output voltage 𝑣𝑜 

 
(b) Time domain waveform of inductor current 𝑖𝐿1 

 
(c) The phase diagram of 1o Lv i   

 
(d) Poincare section 

 
(e) Time-frequency diagram of output voltage 

Fig. 7 Superbuck Converter operates at Chaotic 
operation（Iref  =1A） 

In Fig. 7, when the reference current is increased 
to 1A, the waveforms of inductance current and 
output voltage no longer show periodic and the 
system obviously enters chaos. The phase diagram 
enters chaotic state. There are countless mapping 
points in the Poincare section. Energy messy 
distribution of output voltage in time-frequency 
diagram. According to the time-frequency diagram 
it can be seen that the Superbuck converter exhibit 
chaotic behavior. The AC power of the voltage is 
significantly increased, most of it is moved to the 
subharmonic and interharmonic frequencies.  

From Fig. 4 to Fig. 7, it shows that the Wigner-
Ville distribution results are the same as the 
bifurcation diagram result. In the non-chaotic state, 
the waveforms of the inductor current iL1  and the 
output voltage vo are periodic, and their periods are 
multiplied by the switching period T. The phase 
diagram is composed of a finite closed curve, and 
the mapping points of the Poincare section 
corresponds to the periodic orbit. The output voltage 
frequency is distributed over one or several finite 
frequencies corresponding to the periodic orbits. 
Superbuck converter in chaos has a non-periodic 
waveform of the inductor current iL1 and the output 
voltage vo . The phase diagram and the Poincare 
section present a chaotic state. In order to make the 
converter operating in steady state, it is necessary to 
keep its parameters away from the bifurcation point 
as far as possible. Through the above analysis, it can 
be seen that the process of Superbuck converter 
from bifurcation to chaos can be identified by using 
the time-frequency diagram of Wigner-Ville 
distribution. 

4 Conclusion 
In this paper, the piecewise switched model of CCM 
current feedback Superbuck converter is established 
and a time-frequency diagram analysis method 
based on Wigner-Ville distribution is proposed to 
analyze the output voltage energy distribution of 
Superbuck converter. The Wigner-Wille distribution 
of single component signal has good time-frequency 
aggregation. The energy distribution of the signal is 
at a certain frequency and time range can be visually 
known by time-frequency diagram, so that the state 
of the converter can be clearly judged. 

By comparing with other recognition methods, 
we see the time-frequency diagram of the Wigner-
Ville energy distribution can be used to identify the 
process of the Superbuck converter entering chaos 
from steady state. By description of the operating 
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dynamics of the Superbuck converter's output 
voltage provides a new idea for the nonlinear 
analysis of Superbuck converters. The shortcoming 
is that there is cross-term interference in the Wigner-
Wille distribution, which can be removed in future 
study. 
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