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The buck converter has been known to exhibit chaotic behavior in a wide parameter range.
In this paper, the resonant parametric perturbation method is applied to control chaos in a
voltage-mode controlled buck converter. In particular, the e ects of phase shift and frequency
mismatch in the perturbing signal are studied. It is shown that the control power can be signif-
icantly reduced if the perturbation is applied with an appropriate phase shift. Moreover, when
frequency mismatch is inevitable, intermittent chaos occurs, but e ective control can still be
accomplished at the expense of raising the control power. Analysis, simulations and experimen-
tal measurements are presented to provide theoretical and practical evidences for the proposed

control method.
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1. Introduction

Chaotic behavior has been identi ed in many
engineering systems such as electronics, communi-
cation networks, power systems, mechanical struc-
tures, airborne systems, etc [Kim & Stringer, 1992].
Because of the unpredictable or sometimes unde-
sirable consequences chaos causes in the systems,
control of chaos has now become a topic of in-
terest in the past. In particular, since conven-
tional engineering designs always put \stability"
and \reliability" as top priorities, especially for
critical applications, much research in this topic
has been directed to the suppression or prevention
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of chaotic operations [Kapitaniak, 1996; Ott et al.,
1990; Ott & Spano, 1995].

Recently many chaos control methods have
been proposed for various applications. Their
objectives fall into two general categories. In the

rst category, one of the in nitely many unstable
periodic orbits within a chaotic attractor is rst
identi ed as the control target, and control action
is directed to stabilize the system so that it set-
tles on the target periodic orbit. In the second
category, a desired operating state is the control
target, which is not necessarily one of those unsta-
ble orbits embedded in the chaotic attractor. Here,
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the control action is to achieve the desired op-
erating state. The rst type of control objective
is usually achieved by feedback methods, whereas
the second type can be accomplished by non-
feedback methods. Examples of feedback meth-
ods include the Ott{Grebogi{Yorke (OGY) method
[Ott et al., 1990], occasional proportional feedback
(OPF) method [Hunt, 1991], time-delayed feed-
back control method (TDFC) [Pyragas, 1992], etc.
In these methods, system variables are measured,
a control law implemented and some control pa-
rameters varied to achieve the required control
objective. On the other hand, for the nonfeed-
back type of control, no system variables need to
be measured and no speci ¢ periodic orbit has
to be identi ed as the control target. Examples
of nonfeedback methods include adaptive control
[Huberman & Lumer, 1990], resonant parametric
perturbation [Cicogna, 1990; Colet & Braiman,
1996; Fronzoni & Giocondo, 1991, 1998; Lima &
Pettini, 1990; Mirus & Sprott, 1999], weak peri-
odic perturbation [Braiman & Goldhirsch, 1991;
Chacon & D az Bejarano, 1993; Qu et al., 1995;
Yang et al., 1996], entrainment and migration con-
trol [Jackson, 1990], etc. Compared to feedback
methods, nonfeedback methods are simpler and
equipped with the ability of anti-jamming, thus
more suited for practical implementations.

Our attention in this paper is focused on the
nonfeedback type of control for controlling chaos.
In particular, the resonant parametric perturbation
method is considered. It has been shown that this
technique is highly suitable for controlling chaos in
periodically driven systems, despite the fact that
it requires nonzero control power even when the
system has been controlled to its steady state. In
this paper we consider a voltage-mode controlled
dc/dc buck converter and illustrate the application
of resonant parametric perturbation for suppress-
ing chaos. We further show that the control e ort
(perturbation power) can be reduced dramatically
by introducing an appropriate phase shift. More-
over, when frequency mismatch exists in the per-
turbation, the system exhibits intermittent chaos
and can only be stabilized by exerting a larger
control e ort. Analysis, simulations and experimen-
tal measurements are presented to provide theoreti-
cal and practical evidences for the proposed control
method.

2. Review of Resonant Parametric
Perturbation

Resonant parametric perturbation can suppress
chaos [Cicogna, 1990; Colet & Braiman, 1996]. In
general, parametric perturbation can make a system
chaotic, but applying it at appropriate frequencies
and amplitudes can induce the system to stay in
periodic regimes. Thus, the so-called resonant para-
metric perturbation is to perturb some parameters
at appropriate frequencies and amplitudes, thereby
converting a chaotic operation into a regular one.

Usually we can choose a parameter that
strongly a ects the system and can be easily var-
ied. Suppose this parameter is c. This parameter is
then perturbed with the function (1 + sin 2 ft),
where 1 and T is the perturbation frequency
to be chosen. E ectively, we are replacing ¢ by
c(l + sin2 ft) such that the largest Lyapunov
exponent is reduced to below zero. This approach
has been used by Lima and Pettini for stabilizing
a chaotic Du ng{Holmes system [Lima & Pet-
tini, 1990]. In particular, it has been shown that
when the perturbation frequency f resonates with
the periodic driving frequency, say fs, the largest
Lyapunov exponent will approach zero from pos-
itive, and eventually chaos subsides and the peri-
odic state emerges as the Lyapunov exponent falls
further below 0. This phenomenon has been demon-
strated analytically with Melnikov’s method, and
veri ed by simulations and experiments [Cicogna,
1990; Lima & Pettini, 1990; Fronzoni & Giocondo,
1991].

Variations of the above procedure have been
proposed. For instance, the weak periodic per-
turbation method [Braiman & Goldhirsch, 1991;
Chacon & D az Bejarano, 1993; Qu et al., 1995]
makes use of external periodic forcing to weaken or
control chaos. When the external forcing frequency
resonates with an unstable periodic orbit of the
original system, the resonating unstable periodic
orbit will be inspirited while other unstable peri-
odic orbits will be suppressed. Thus, the system
settles to the resonating, now stable, periodic or-
bit. The resonant parametric perturbation method
has been successfully applied to control chaos in
a range of systems, and it has been demonstrated
that resonant frequencies up to three times the
driving frequency can be e ectively applied to sta-
bilize orbits of one period, half period and one-third
period.
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3. Application of Resonant
Parametric Perturbation to
Controlling Chaos in
Voltage-Mode Controlled
DC/DC Buck Converters

The buck converter has been shown to exhibit
chaotic behavior when operated under a variety of
conditions [Fossas & Olivar, 1996; Hamill et al.,
1991; Tse, 1994; Tse & Di Bernardo, 2002]. In this
section we review the basic operating principle of
the buck converter under a common voltage-mode
control, exemplify its bifurcation and chaotic behav-
ior, and illustrate the direct application of resonant
parametric perturbation for chaos suppression.

3.1. Overview of circuit operation

The buck converter consists of an inductor, a
switch, a diode and a resistor load, which are
connected as shown in Fig. 1(a). When switch G
turns on, the inductor current ramps up almost
linearly, and when switch G is turned o , the induc-
tor current ramps down and de-energizes through
the diode to the load. In the voltage-mode control
scheme, the output voltage error with respect to
the reference voltage is ampli ed to give a control
voltage Veon:

Vref) (1)

which is then compared with a ramp signal Vyamp(t),
de ned as

Veon(t) = A(Vo

Vi) % mod1l ; (2
where all symbols are explained in Fig. 1. The com-
parator output, u, gives the pulse-width-modulated
signal necessary for driving the switch. Typically,
the switch is turned on when Veon(t)  Viamp, and
turned 0 when Veon(t) > Viamp, as illustrated in
Fig. 1(b). The state equation can be written as

AonX + BonE
A, X+Bg E

Vramp(t) = VL + (Vu

switch G on

X =
- switch G o

©)

where x denotes the state variable, i.e. X = [vq ir]",
the A’s and B’s are the system matrices given by

1=RC 1=C
Aon =A, = 1=L 0 ;
4)
0 0
on = 1=L ; and B, =

@

T 2T 3T
(b)

Fig. 1. Voltage-mode controlled buck converter. (a)
Schematic diagram; (b) operation waveform.

Using the above equations, \exact" cycle-by-cycle
simulation can thus be performed using the above
equations. In this paper, we use SIMULINK to per-
form all simulations. The parameters are chosen as
follows:

E=22 33V,
R=22
T =400 s;

L=20mH; C=47 F;
Viet =11V, A =84,
Ve =38V; Vy=82V

3.2. Chaotic behavior

The afore-described buck converter has been shown
previously to exhibit period-doubling bifurcation
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Fig. 2. Bifurcation of voltage-mode controlled buck converter. (a) Simulated bifurcation diagram with E as the bifurcation
parameter; (b) largest Lyapunov exponert; (c) measured bifurcation diagram with inductor current versus input voltage

(x-axis: 5 V/div, y-axis: 50 mA/div).

[lu & Tse, 2001; Tse, 1994], chaos [Fossas& Oli-
var, 1996; Hamill et al., 1991], and coexisting
attractors [Banerjee, 1997]. A typical bifurcation
diagram is showvn in Fig. 2(a), where E is cho-
sen as the bifurcation parameter, and the varia-
tion of the largest Lyapunov exponert is shown
in Fig. 2(b). Figure 2(c) shaws the experimentally
measuredbifurcation diagram. This particular buck
corverter exhibits a complexbifurcation route, with
the main bifurcation being period-doubling. When
E exceedsabout 32.27 V, the corverter enters a
chaotic region. Beyond 32.34 V, the chaotic at-

tractor encourters crisis and expands to a larger
chaotic attractor. Meanwhile, in someperiodic win-
dows along the main period-doubling bifurcation
route, there are other periodic or chaotic attractors
coexisting. For example, chaotic attractor coexists
with the periodic attractor when E is about 24 V,
and a period-doubling bifurcation route beginning
at period-6 coexists with a period-2 attractor when
E is about 30 V. Figure 3 shows the phase por-
traits and Poincare sections, both simulated and
measured, for the caseof E = 33 V, which cor-
respondsto chaotic operation.



