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Preface

Power electronics, as an application-oriented discipline, has been developed
to address specific power conversion problems in industrial, commercial, resi-
dential and aerospace environments. In the past three decades, motivated by
the burgeoning demand of delivering electric power in various specific forms,
this branch of electrical engineering has undergone an intense development in
many areas of technology, including power devices, control methods, circuit
design, computer-aided analysis, passive components, packaging techniques,
and so on. The principal focus in power electronics has been to fulfill the
functional requirements of the intended applications. Because practical ap-
plications are the prime concerns, it often turns out that a particular circuit
topology or system implementation has found widespread applications long
before it has been thoroughly analyzed. For instance, switching power con-
verters have been used for more than half a century, but analytical models
that allow systematic circuit design (e.g., averaged models and sampled-data
models) have been available only since the late 1970s.

Power electronics circuits, being nonlinear, exhibit a variety of complex
behavior such as sudden change of operating regime, chaotic operation, occa-
sional instability (in certain parameter windows), intermittent subharmonic
or chaotic operation, etc. Power electronics engineers are always dealing with
these problems in the course of developing power electronics products. Since
the engineers’ job is to make the circuit work in the expected operating regime,
the usual treatment is to find ways to eliminate any unwanted behavior, of-
ten in some quick and heuristic manner such as adjusting circuit components
and parameters through a trial-and-error procedure. However, as the field of
power electronics gains maturity, the quest for better design, functionality and
reliability has made it necessary for engineers to understand thoroughly the
behavior of the systems being designed under all possible practical conditions.
For example, bifurcation, a behavior characterized by a sudden change of op-
erating regime when a parameter is varied intentionally or unintentionally,
can be catastrophic, leading possibly to unexpected expansion of operating
ranges which can damage semiconductor devices. Thus, knowing when (un-
der what conditions) and how (in what way) a bifurcation occurs should be
of fundamental importance. Such knowledge, however, requires appropriate
modeling methodology and in-depth analysis.

This book is concerned with the study of complex behavior of switching
power converters. The objective is to provide a systematic treatment pro-
cedure for observation, identification and diagnosis of the complex behavior

vii



viii Preface

exhibited by switching power converters. The essential techniques for captur-
ing complex behavior on the computer and in the laboratory are explained,
along with application examples describing the key procedure for diagnosing
complex behavior such as chaos and bifurcation. The target audience includes
graduate students, researchers and engineers who work in the field of power
electronics and have the need or interest to understand complex behavior
in switching power converters. Furthermore, in presenting the techniques of
investigation and the various findings, a conscientious effort has been made
to emphasize circuit operation rather than mathematical abstraction, and
whenever possible, phenomena will be explained in terms of the physical cir-
cuit operation with a minimal amount of mathematics. With this, we hope
this book can also be useful as a start-up guide for graduate students and
researchers who wish to grasp the essentials for analyzing complex behavior
in power converters, as well as a readable reference for engineers who wish to
understand such complex behavior.

We begin in Chapter 1 with an overview of the complex behavior of switch-
ing power converters, outlining some important findings and research method-
ologies. We will also introduce some salient concepts of nonlinear dynamical
systems that are essential to the study of complex behavior in switching con-
verters. In Chapter 2, we introduce specific computer and laboratory tech-
niques for studying complex behavior. In Chapter 3, we describe the key
modeling approaches for switching converters which are capable of retain-
ing the salient nonlinear properties and hence can be used to study complex
behavior. Our formal investigation of the nonlinear dynamics of switching
converters begins in Chapter 4, where we test-drive a discrete-time analysis
method on a simple first-order system. The purpose is to illustrate the key
procedure involved in the analysis of period-doubling bifurcation, which is a
commonly found phenomenon in switching converters. In Chapter 5, we take a
detailed look at the basic phenomenology for power electronics circuits, which
is characterized by the interaction of smooth and non-smooth bifurcations.
In describing this important basic phenomenon, we emphasize the physical
mechanism that prevents a switching converter from operating “smoothly.”
Specifically, from a ciruit operational viewpoint, we explain the mechanism of
the so-called border collision, and make an attempt to predict its occurrence.
In Chapter 6, we move on to a high-order converter, known as the Cuk con-
verter. The bifurcation behavior of this converter is studied for two different
control configurations. Our aim is to highlight the importance of choosing the
appropriate models for analysis. This issue is again addressed in Chapters 7
and 8, where two different types of parallel-connected switching converters
are treated with different modeling approaches. In Chapter 9, we consider
an application of bifurcation analysis to a practical power-factor-correction
switching converter where we uncover a possible but rarely known fast-scale
instability. In Chapter 10, we investigate the problem of intermittent opera-
tion in switching converters. By using an appropriate model that incorporates
a mechanism that couples spurious signals into a power converter, we explain
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a possible origin for intermittent chaotic or subharmonic operations.

For the successful completion of this book, I am indebted to a number of
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Introduction

Research in nonlinear systems and complezity had made remarkable progress
in the 1970’s and 1980’s, leading to discoveries which were not only new, but
also revolutionary in the sense that some of our traditional beliefs regarding
the behavior of deterministic systems were relentlessly challenged (63, 64,
79, 92]. Most striking of all, simple deterministic systems can behave in
a “random-like” fashion and their solution trajectories can deny “long-term
predictability” even if the initial conditions are practically known [29, 54, 76,
109]. Such behavior is now termed chaos, which underlies the complexity and
subtle order exhibited by real-world systems. Scientists, mathematicians and
engineers from a diverging range of disciplines have found remarkably similar
complex behavior in their systems. The root cause of such complex behavior
has been identified collectively as nonlinearity. Precisely, without exception,
all systems in the real world are nonlinear. In this book, we are concerned
with a particular class of engineering systems, known as power electronics,
which by virtue of its rich nonlinearity exhibits a variety of complex behavior.

In this introductory chapter we will take a quick tour of power electron-
ics circuits and dynamical systems. Our aim is to introduce the basic types
of switching converters, their salient operating features, modeling approaches
and nonlinear behavior. We will also introduce some basic concepts of non-
linear dynamics that are necessary for understanding the complex behavior
of switching converters to be described in the later chapters.

1.1 Overview of Power Electronics Circuits

The basic operation of any power electronics circuit involves toggling among
a set of linear or nonlinear circuit topologies, under the control of a feed-
back system [33, 78, 81, 99, 100, 118, 128]. As such, they can be regarded
as piecewise switched dynamical systems. For example, in simple switching
converters, such as the ones shown in Figure 1.1, an inductor (or inductors)
is/are “switched” between the input and the output through an appropriate
switching element (labelled as S in the figure). The way in which the in-
ductor(s) is/are switched determines the output voltage level and transient
behavior. Usually, a semiconductor switch and a diode are used to implement
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Examples of simple switching converters. (a) Buck converter; (b) boost con-
verter; (c) buck-boost converter; (d) boost-buck (Cuk) converter.

such switching. Through the use of a feedback control circuit, the relative
durations of the various switching intervals are continuously adjusted. Such
feedback action effectively controls the transient and steady-state behaviors of
the circuit. Thus, both the circuit topology and the control method determine
the dynamical behavior of a power electronics circuit.

1.1.1 Switching Power Converters

Most power converters are constructed on the basis of the simple converters
shown in Figure 1.1 [128]. Typically, the switch and the diode are turned
on and off in a cyclic and complementary manner. The switch is directly
controlled by a pulse-width modulated signal which is derived from a feedback
circuit. The diode turns on and off depending upon its terminal condition.
When the switch is closed, the diode is reverse biased and hence open. Under
this condition, the inductor current ramps up. When the switch is turned off,
the diode is forward biased and behaves as a short circuit. This causes the
inductor current to ramp down. The process repeats cyclically. The system
can therefore be plainly described by a set of state equations, each responsible
for one particular switch state. For the operation described above, we have
two state equations:

& = A1z + B1E switch on and diode off (1.1)
T = Asx + BoFE switch off and diode on (1.2)



Introduction 3

where x is the state vector usually consisting of all capacitor voltages and
inductor currents, the A’s and B’s are the system matrices, and E is the input
voltage. Furthermore, because the conduction of the diode is determined by
its own terminal condition, there is a possibility that the diode can turn itself
off even when the switch is off. This happens when the diode current becomes
zero and is not permitted to reverse its direction. In the power electronics
literature, this operation has been termed discontinuous conduction mode,
as opposed to continuous conduction mode where the switch and the diode
operate strictly in a complementary fashion.* Clearly, we have another state
equation for the situation where both switch and diode are off.

@ = Asx + B3sE switch off and diode off. (1.3)

In practice, the choice between continuous and discontinuous conduction
modes of operation is often an engineering decision. Continuous conduction
mode is more suited for high power applications, whereas discontinuous con-
duction mode is limited to low power applications because of the relatively
high device stresses. On the other hand, discontinuous conduction mode gives
a more straighforward control design and generally yields faster transient re-
sponses. Clearly, a number of factors determine whether the converter would
operate in continuous or discontinuous conduction mode. For instance, the
size of the inductance determines how rapidly the current ramps up and down,
and hence is a determining factor for the operating mode. We will postpone
the detailed discussion of the operating modes to Chapter 3.

We now examine the control of switching converters. First, as in all control
systems, a control input is needed. For switching converters, the usual choice
is the duty cycle, d, which is defined as the fraction of a repetition period, T,
during which the switch is closed, i.e.,

le

d=
T

(1.4)
where t, is the time duration when the switch is held closed. In practice, the
duty cycle is continuously controlled by a feedback circuit that aims to main-
tain the output voltage at a fixed level even under input and load variations.
In the steady state, the output voltage is a function of the duty cycle and
the input voltage. For the buck converter operating in continuous conduction
mode, for example, the volt-time balance for the inductor requires that the
following be satisfied in the steady state:

(E—Ve)DT =Ve(1—D)T = Vo =DE (buck converter) (1.5)

where uppercase letters denote steady-state values of the respective variables.
Likewise, for the other converters shown in Figure 1.1 operating in continuous

*For simplicity, we omit details of the other operating modes which can possibly happen in
the Cuk converter [143].



