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ABSTRACT

Nonlinear circuits and systems research has been growing very quickly over the past two decades. Actively pursuedin almost every
branch of science and engineering, nonlinear systems theory has found wide applications in a variety of practical engineering
problems. Engineers, scientists and mathematicians have similarly advanced from the passive role of simply analyzing, or
identifying chaos to their present, active involvement in controlling chaos — control directed not only at suppression, but also at
exploiting its enormous potential. We now stand at the threshold of major advances in the control and synchronization of chaos
for new applications across the range of engineering disciplines. All feedback controlled power converters exhibit certain
non-linear phenomena over a specific breadth of parameter values. Despite being commonly encountered by power electronics
engineers, these non-linear phenomena are by and large not thoroughly understood by engineers. Such phenomena remaining
somewhat mysterious and hardly ever been examined in a formal way. As the discipline of power electronics becomes more
matured, demand for better functionality, dependability and performance of power electronics circuits will inevitably force
researchers to engage themselves in more detailed study and analysis of non-linear phenomena and complex behaviour of
power electronics converters. The bifurcation behaviour of the buck converter occurs when the input voltage is varied. In this
study, the computer simulation scheme, PSPICE is employed to model the behaviour of the ideal buck converter. For certain
values of the input voltage Vin instability occurs. The resonant parametric perturbation method is then applied to control
the bifurcation behaviour of the voltage-mode controlled buck converter. Analysis and simulations are presented to provide
theoretical and practical evidence for the proposed control method. As the buck converter has wide industrial application, it

would be deemed necessary for designers to know about its bifurcation behaviour and how to control such behaviour.
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1.0 INTRODUCTION

Bifurcations control involves the designing of a controller to
curb or lessen the bifurcation dynamics of a given system to
attain desirable dynamical behaviour. There have been proposals
for control methods to bifurcation and chaos behaviour for a
variety of engineering applications [1-3]. The objectives of the
control methods can be divided into two groups. The first is
the identification of one of the unstable periodic orbits within
a chaotic attractor as the control target and the utilisation of a
control technique to specifically stabilise the system on the
targeted periodic orbit [2]. The second group involves the control
action to attain the required operating state (target) without much
emphasis on which unstable orbit that is stabilised in the chaotic
attractor. The feedback scheme is used to for the first category of
control objective, while the non-feedback scheme is employed
mostly for the second category [2, 3].

For the feedback method, some parameters of the control
mechanism are changed to attain the required control objective
after the establishment and implementation of control laws. These
control laws are established from the collection and examinations
of the system variables via experiments and simulations [2, 3].
Among the techniques that are currently employed to counter the
bifurcation behaviour using the feedback method are the deferral
of the incident of an intrinsic bifurcation, the modification of
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the shape or nature of the bifurcation, the introduction of a new
bifurcation phenomena, the fine tuning of the system performance
around a bifurcation point, the supervision of the multiplicity,
amplitude and frequency of some limit cycles surfacing from a
bifurcation process, and the adjustment of the parameter sets or
values of an existing bifurcation point [1].

As for the non-feedback scheme, there is no need for any
system variables to be gauged, and it is of no necessity to identify
any specific periodic orbit as the control target [4, 5]. Among the
known techniques of controlling bifurcation behaviour without
feedback are the resonant parametric perturbation technique
[4-6], the weak periodic perturbation, and the entrainment and
migration control [7, 8]. Contrasting the non-feedback scheme to
the feedback scheme, the method that is more suited for practical
implementation and for anti-jamming ability is that of the non-
feedback scheme [7, 9].

Implementation of bifurcations and chaos control with
specific objectives have been successful in various experimental
systems and numerical simulations in a wide range of fields and
disciplines, the former including electrical, mechanical, chemical,
and the latter, aeronautical studies, biology, meteorology,
physics and chemistry [10]. Bifurcation control usually paves
the way to the identification of chaos control as bifurcation is a
generic route to chaos in most nonlinear dynamical systems [10-
12]. In the course of this study, the non-feedback type of control,
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namely the resonant parametric perturbation method, will be
examined in detail for the control of chaotic and bifurcation
behaviour of the buck converter.

2.0 METHODOLOGY

The PSPICE Model for this study —The PSPICE schematic of
the closed-loop voltage feedback buck converter used in this
study is depicted in Figure 1. The changes made in this PSPICE
circuit however are the replacement of one of the comparators
with a gain of 8.4 in the Fossas and Olivar’s paper with an ideal
multiplier and a difference comparator, which forms the error
amplifier circuit of the buck converter to generate the birfucation
behaviour and the replacement of V  with the V (I+asin2zf,1)
function as the control which forms the Resonant Parametric
Perturbation Circuit as indicated in Figure 1 [13, 14]. The PWM
controls the ideal switch, S, and it is the most complex part of the
switched regulator of the buck converter [13, 15]. The switched
buck converter circuit in this study uses a PWM integrator
circuit. The PWM circuit consists of the wave generator, the
error amplifier and an infinite gain comparator. The PWM
controls the ideal switch, S, and is the most complex part of
the switched regulator of the buck converter [13, 14]. All the
components used in this PSPICE model are ideal components.
Both switches, S, and S, have zero on and infinite off resistance,
and can switch instantaneously. Both the §, and S, switches
work in a complementary manner. When S, is on, S, will be off
and the input voltage supplies energy to the load resistance and
the inductor. On the other hand, when S, is off and S, is on, the
inductor current decays while flowing through S, and at the same
time transfers some of the stored energy to the load resistor.
The output voltage is controlled by setting the frequency of the
sawtooth generator to be of constant switching frequency and by
altering the on-interval of the switch. The switch ratio, d which
can be characterised as the ratio of the on-time to the switching
period is changed through the PWM switching. As the switches
turn off and turn on in a complementary way, instantaneously
allowing the current flow in two different directions, the
discontinuous conduction mode can be assumed to be avoided.
Such mechanisms of the switches also cater for the existence of
light load levels [13-15].

In this work, the circuit parameter with the strongest effect
on the system is employed to be the perturbation parameter,
i.e. the reference voltage, Vref of the buck converter circuit. The
circuit used to study the effectiveness of the resonant parametric
perturbation method in controlling the chaos and bifurcation
behaviour of the buck converter will be further discussed in the
Results and Discussion section of this paper. The waveforms
obtained are then observed and analysed to establish the effects
of the changes of the perturbation amplitude, in the newly
introduced function, V. (+asin2zf,1) on the typical circuit
characteristics.

The perturbation frequency f is set to the driving frequency
and the perturbation amplitude, o is varied from O to 0.25. The
chaotic behaviour of the buck converter when V., = 33 V is
examined in this study. Simulation of the buck converter for each
value of a is presented in three main categories of waveforms
namely, the time-domain voltage and current waveforms, the
Fast Fourier Transform (FFT), and the phase portrait (better
known as the Trajectory).

Procedures in Controlling the Bifurcation Behaviour — The
value for o of the resonant parametric perturbation function
Veall +@sin 241} in the PSPICE model of the buck converter
in Figure 1 is varied while other circuit parameters are held
constant to obtain the required waveforms. The fixed value
parameters, which include the input voltage, V, (when the circuit
exhibits chaotic behaviour), the load resistor, R, the inductor, L,
the capacitor, C, switching frequency, f of the ramp generator,
the perturbation frequency, f , and the ramp upper and lower
voltages are as summarised in the Table 1.

1) Reference Voltage, V,, 113V
i) Input Voltage, ¥ EXRY

iii) Load Resistor, R 22 Ohm
iv) Inductor, L 20 mH
v) Capacitor, C 47 uF
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Figure 1: PSPICE Schematic of the Modified Voltage Feedback Buck Converter with Resonant Parametric Perturbation Control Circuit
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vi) Switching Frequency, f 2.5 kHz
(Period = 400 4 s)

vii) Perturbation Frequency, f; 2.5 kHz
(Period = 400 u 5)

viii) Ramp Upper Voltage, Fy 82V

ix) Ramp Lower Voltage, V; JEBV

Table 1: Values of Fixed Circuit Parameters of the Modified Circuit
of the Buck ConverterCircuit

The perturbation amplitude, a is varied from O to 0.25
and the new circuit is simulated at each of the different values
of a. The corresponding voltage and current waveforms, FFT
spectrum, and trajectories (phase portrait diagrams) are shown
in the Results and Discussion section. All cases are described as
is increased from when the circuit started out in the chaotic state
progresses through to period-2, lastly to period-1.

3.0 RESULTS AND DISCUSSION

The resonant parametric perturbation method is highly effective
in controlling chaos and bifurcations in periodically driven
systems. Although this method requires non-zero control power
even when the system has been reduced to its steady state, the
viability of its implementation to control chaos and bifurcations in
various systems is very encouraging [16-18]. Nonetheless, even
though by and large, parametric perturbation can lead to chaotic
behaviour of a system, it can also be used to suppress chaos if
the right frequencies and amplitudes are selected. Thus, a chaotic
system or a system which is in its period-doubling domain can
be converted into a normal period-1 operation through the
perturbation of some parameters at the right frequencies and
amplitude [16, 18].

The parameter that will be selected to be perturbed using
this technique is usually the parameter that has characteristics
such as strong influence on the system, and can be easily varied.
In the circuit developed in PSPICE for the control of chaos and
bifurcation behaviour of the buck converter, (see Figure 1),
me is chosen to be the perturbation parameter. This parameter
is perturbed with the function (I+asin2alr] where o and f,
is the perturbation frequency. This is to ensure the Lyapunov
exponent is kept below zero [16]. Lima & Pettini’s paper in 1990
[4], proves that the largest Lyapunov exponent will approach
zero from positive which leads to the taming of the chaos. The
period-1 operation then appears when the Lyapunov exponent
falls further below zero if the perturbation frequency f is the set
to be the same as the periodic driving frequency of the circuit [4,
5]. The PSPICE model of the modified buck converter to which
includes the resonant parametric perturbation circuit is simulated
for the perturbation amplitude, o being varied from 0 to 0.25
in steps of 0.01. The chaotic reduction effect by the resonant
parametric perturbation circuit when V, = 33 V is examined
here. Crucial information about the output voltage (the capacitor
voltage), the inductor current and Fast Fourier Transform
Spectrum are collected.
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Figure 2: Output Voltage at o. = 0.00
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M

T

ek 1| - i 1 T I
e e e
—

Figure 7: Inductor Current, I, at o.= 0.01
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Figure 9: Chaotic Trajectory when o. = 0.01
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When a = 0.00, the operation of the buck converter is in
the chaotic region where V, = 33 V. This is very much the
same operation as in the case of chaotic operation of the buck
converter when V. =33V as previously reported [19-21]. This is
because at o = 0.00, the resonant parametric perturbation circuit
remains dormant and does not affect the operation of the buck
converter significantly. When a is increased to 0.01 however, we
can see some improvement in the waveforms as compared to that
when o = 0.00. Random, unsymmetrical disjoint and aperiodic
nature that are evident in the waveforms of the output voltage
and the inductor current of the buck converter as in Figure 6 and
7, have improved a little. Nonetheless, as expected, the output
voltage and the inductor current waveforms still do not follow
a specific form of repetition. Improvement is also evident in the
phase portrait in Figure 9 where the trajectory is less chaotic
when compared to that in Figure 5. As for the Fast Fourier
Transform Spectrum in Figure 8, a continuous and broadband
nature can still be observed suggesting that the buck converter is
still operating in the chaotic region.
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Figure 10: Output Voltage, V. at o.= 0.02
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having little hiccups in them. The output voltage and the inductor
current waveforms when o = 0.02 are very much the same as
when the buck converter was operating in its period-2 region as
if when V. =28 V as previously reported [19, 21]. Hence, by
just changing thefllll, the operation of the buck converter as if V,
is equal to 28 V (as been reported previously [19-21]) can be
achieved even at V, =33 V, which would have been chaotic if it
was not for the resonant parametric perturbation circuit. The Fast
Fourier Transform Spectrum (see Figure 12) is now no longer
continuous and of a broadband nature as before. Moreover, to
strengthen the argument that the buck converter is now operating
in the period-2 region, the trajectory or the phase portrait in
Figure 13 is a two-branch loop of a period-2 attractor.
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Figure 13: Period-2 Trajectory when o = 0.02

As o is increased to 0.02, the waveforms of the output
voltage and the inductor current of the buck converter show
great improvement. The unsymmetrical and disjoint waveforms
of the output voltage and inductor current when o is equal to
0.01 are now showing a constant repetition of waveforms despite
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Figure 22: Output Voltage, V. at o. = 0.08
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Figure 20: FFT Spectrum at o. = 0.06 Figure 27: Inductor Current, I, at o.= 0.09
TR As a is increased further to 0.04, the output voltage and the
m_: inductor current waveforms show an even better improvement
! than before as can be seen in Figures 14 and 15. The waveforms
cH = S e e e 1 are experiencing the smoothing effect of the resonant parametric
i o o e s perturbation circuit. The hiccups become less evident in the
R --!n -r;ﬂ e e CEET waveforms, and the trajectory now has the shape of a period-1
B o — trajectory except for the little disjoint at the right bottom corner
Figure 21: Trajectory when o. = 0.06 of the graph (see Figure 17). The Fourier Transform Spectrum
too has narrowband, discontinuous and isolated frequency
ay N EATT A TTAT TAT TR harmonics as in Figure 16. Figures 18 to Figure 21 and Figures
,__m_i 5 ]HE J“\ 1 {\ 5 I‘\ 5 ." i Ir'.‘i l“ll ! "l .IIrT]li |Jr 22 to 25 show the waveforms as a is changed to 0.06 and 0.08
! !I f !l 1' ]r ]LF -} ! = \ E I ‘ respectively. As o is increased further and further, the waveforms
s U 1 U jU U 5 U U ; L} U \'ij ! U ; of the output voltage and the inductor current show better and
L “;fn:ﬂ Y e e e e ——2—|  better symmetry and improvement. The graphs have indeed
. i become smoother and smoother. When o is 0.08, the waveforms

shown are already as good as those of period-1 operation except
for occasional small flaws and hiccups.
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Finally, when a is equal to 0.09, output voltage and the
inductor current waveforms in the time domain both appear to
be very smooth and periodic in nature, demonstrating that the
period-1 stable operation of the buck converter has been achieved.
This observation is further verified by its Fast Fourier Transform
Spectrum in Figure 28 where narrowband, discontinuous and
isolated frequency harmonics are very obvious. Furthermore, the
very small hiccup in the trajectory of the buck operation when
a=0.08, is now gone, and the only thing left is a smooth period-1
trajectory signifying that the operation of the buck converter is
in its stable region similar to its operation with V, = 20V has
been reported elsewhere [19, 20-28]. Here however, the only
difference is that the buck converter is now operating in period-1
region at V. =33 V with o = 0.09 for the resonant parametric
perturbation circuit. The input voltage of 33 V and switching
frequency of 2.5 kHz were chosen because the bifurcation
behaviour that was present in an earlier study [29] used the input
voltage 33 V at the switching frequency of 2.5 kHz. This study
attempts to solve the bifurcation problem that was present in
the earlier study [29]. Thus, a= 0.09 is found to be the smallest
effective perturbation amplitude to bring the chaotic operation
of the buck converter circuit back to its period-1 operation. To
confirm that the operation of the buck converter continues in the
stable period-1 region after o= 0.09, simulations when a = 0.10
and o= 0.20 are carried out and as expected, the results obtained
as depicted in Figures 30 to 37 point to operation of the buck
converter in the stable period-1 domain. Thus, results show that
the resonant parametric perturbation circuit functions effectively
in smoothing out the curves and the waveforms of the output
voltage and the inductor current of the buck converter circuit to
bring it back to its period-1 operation in a non-feedback manner.

4.0 CONCLUSION

Power electronics has always been known to exhibit complicated
behaviour, even in very simple circuits. This is due to their
inherent non-linear and time-varying nature. Throughout the
years, it has been experimentally found that a large number of
non-linear systems in power electronics demonstrate ‘strange
behaviour’ which includes subharmonic oscillations, bifurcations
and chaos. But due to the normal reaction of engineers who
wish to avoid such behaviours through some trial-and-error
procedures these phenomena have remained rather puzzling and
rarely examined in a formal manner. However, it is only with
detailed examination and study of these non-linear behaviours
that better controls of these non-linear behaviours can be found
instead of just sticking to traditional trial-and-error methods.

This paper dealt with the modelling and simulation of the
buck converter in PSPICE to simulate its bifurcation behaviour
and to examine a control technique to counter such behaviour.
Being one of the simplest of the DC-to-DC converters, the buck
converter is chosen to be the subject of this study because of
its widespread representation of the circuit to many practical
DC-to-DC converters. Also, due to its extensive applications
in industrial and engineering applications, the knowledge of
the system behaviour in different regions of parameter space
should be crucial, especially in designing the buck converter for
sensitive equipment.
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As the buck converter is expected to function under a
generous range of input voltage, V. , additional control may
be essential to control chaos and bifurcations. The resonant
parametric perturbation method has been chosen in this study
as the non-feedback control strategy to counter the chaotic and
bifurcation behaviour of the buck converter when it is operating
in its chaotic region at V, = 33V. Figures 5, 9, 13, 17, 21, 25,
and 29 are phase portrait diagrams which shows the progression
of the change from chaotic to period-2 and lastly to period-1
operation of the buck converter when a is varied from 0 to
0.09. Thus, the addition of the resonant parametric perturbation
circuit has indeed turned out to be effective in suppressing
the chaotic and bifurcation behaviour of the buck converter,
bringing its operation back to its period-1 state. The resonant
parametric perturbation method is a method easy to apply
when it is compared to those of the feedback types as no prior
knowledge of the system behaviour is required. Besides that,
as evident from the layout of the circuit in Figure 1, resonant
parametric perturbation control allows easy incorporation of the
perturbation circuit with the existing buck converter circuit.

With better understanding of the system’s behaviour under
different operating circumstances, better control strategies can
be developed and furthermore, profitable exploitation of the
non-linear operating region for engineering purposes may also
be possible. There are also a number of papers on the control of
chaos and bifurcation behaviours now being actively published.
Better knowledge of non-linear behaviour of the system has paved
way for such publications. Bifurcation and chaos control via the
resonant parametric perturbation method is now becoming more
and more useful in engineering applications. Examples can be
found in areas such as power network control and stabilisation,
axial flow compressors and jet engine control, cardiac alternans
and rhythms control, and stabilisation in tethered satellites and
bearing systems. Successful implementation of this method in
controlling chaos and bifurcation is now not in doubt anymore as
to its effectiveness in a wide range of systems. ll
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