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Foreword

As each area of technology with a potential for significantly impacting any
major segment of the electronics industry evolves, it often is accompanied by the
development of a succession of new circuits. Each new circuit indeed appears
different, employing different components in differing configurations, and
claims an assortment of distinct features of “improved performance.” Withouta
considerable investment of laboratory time to construct, evaluate, and compare
each candidate circuit, it usually is difficult to realistically appraise the relative
merits of one approach over another. It often is even more difficult to identify
the underlying principles which point up basic similarities and differences. Such
is thesituation in the new and rapidly expanding area known as electronic pawer
processing or switching mode power supplies.

The area of switching power supplies has been spurred by the need for power
- sources of higher performance, smaller volume, and lighter weight in order to
achieve compatibility with the shrinking size of all forms of communication
and data handling systems, and particularly with the portable battery-operated
equipment in everything from home appliances and handtools to mobile com-
munication equipment. Static dc-to-dc converters and dc-to-ac inverters provide

a natural interface with the new direct energy sources such as solar cells, fuel ,

cells, thermoelectric generators, and the like, and form the central ingredient in

most uninterruptable power sources. Such solid-state power conditioners oper- .

ating with internal conversion frequencies of tens to hundreds of kilohertz are
emerging as the new mainstay of most power supplies for computers and com-
munication systems, as they have already served over the last two decades for
the space programs of the world.
* A vast amount of circuit technology for switching power supplies has been
generated in the past decade, and reported in numerous technical journals,
conference proceedings and trade magazines. Our understanding of this rapidly
evolving technology can be greatly enhanced by the introduction of some mean-
ingful classification technique which assists in recognizing and focusing on fun-
damental elements and characteristics. In this way, the most important but
often subtle aspects of a particular subject are brought to the surface so as not
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viii FOREWORD

to become lost in the less important details. It has been found that such a
classification scheme is indeed beneficial when working with the host of dc-
to-dc converters which have evolved over the past two decades.

The authors have shown, for the first time, that a large class of the static
dc-to-dc converters which are widely used in power processing applications
fall within one of two families, namely, the buck-derived family and the boost-
derived family. Each family is characterized by an equivalent averaged circuit
model which exposes quite clearly the fundamental properties essential to the
respective classes of converters. For example, the control-to-output transfer
property of the boost-derived family of converter circuits exhibits non-minimum
phase properties, i.e. a right-half S-plane zero, and two moving poles as the duty-
cycle control signal is varied. The buck-derived converters, on the other hand,
exhibit a zero and a double-pole which are both stationary. The differences in
the fundamental properties that divide these two converter families are essential
to the determination of a control strategy that assures loop stability and opti-
mizes the dynamic responses.

Based on this classification scheme, a third class of hybrid converters that
share the properties of both buck and boost converters has become evident. The
familiar buck/boost converter and Cuk converter, for example, belong to the
hybrid family. Through the introduction of the principle of duality relationship
and bilateral inversion, a framework is established which makes evident natural
relationships between converter families and enables a methodical transfer of
knowledge gained about one family of converters to its dual counterpart. Asa
result of this classification structure and the duality relationships revealed through
it, many new converter topologies are suggested.

Further, the authors present the idea of integrated magnetics and show that
various magnetic components in a converter can be integrated in a simple mag-
netic core structure. It is demonstrated that the integrated magnetic concept
can be applied in a generalized fashion to all converter circuits. The simplified
magnetic circuits may have a profound impact in future converter design.

I am very pleased to see that the authors have successfully brought together
a vast amount of circuit technology in a refreshing and well organized manner.
This book, with its emphasis on switching mode power supply design and
topology selection, will assist experienced design engineers and help to bring
novices up to speed. Congratulations, Rudy and Ed, for a job well done.

FRED C. LEE
Professor
Department of Electrical Engineering
Virginia Polytechnic Institute
and State University
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Preface

From the everyday tools of science and business to the toys our children play
with, no modern electronic product today goes untouched by the enormous
strides made in microelectronic design technology over the past two and one-
half decades. However, with each significant advance in micro-miniaturization
of electronic systems has come a serious challenge to the designer of associated
power processing networks to follow suit. These challenges are particularly dif-
ficult for those of us who must answer their call, for power processing tech-
niques, as we know them today, are inherently discrete, by necessity physically
larger than a user electronic system, and often wasteful in energy required to
perform the processing or conditioning needed. This latter fact is especially
true of those power processing schemes which utilize linear dissipative circuit
approaches.

As the sizes of electronic systems began to shrink twenty years ago, it soon
became very clear that bulky dissipative methods for power processing and
conditioning would have to be replaced by more efficient and space-saving de-
sign techniques if overall product miniaturization was ever to be optimized.
As a result, a new power electronics design specialty began to evolve, which has
come to be known as the design of power conversion equipment using switch-
mode power processing in conjunction with modern power semiconductors.

While the antecedents of this electronic design specialty clearly go back much
earlier in time, it was the development of modern power semiconductors and the
need for lightweight and efficient power processing equipment for space explora-
tion programs that provided the initial impetus to explore and develop switch-
mode conversion techniques. As is so often the case, it wasn’t very long before
" military and, finally, commerical applications were being found for these switch-
mode converter circuits (SPCs). In fact, today, in both dollar volume and unit
numbers, the commercial use of SPCs has completely eclipsed their application
in military and space electronic systems.

As a result of the widespread acceptance of SPCs, significant numbers of elec-
tronic engineers are now engaged in their design and application. It is not very
surprising, given the ingenuity of the average electronic engineer, that literally
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x PREFACE

hundreds of SPC circuit variations exist, all of which can be used for electrical
power processing. In addition, much has been learned about the fundamental
behavior of these circuits. Most of their basic behavior can be presented rather
simply, and in a manner which is of great practical interest to circuit designers.

A basic educational problem facing an electronics engineer new to this field
has been the scattering of information concerned with the design of SPCs in
hundreds of publications, patents, technical papers, correspondence internal to
electronic firms, private memoranda, and other scientific reporting media. Asa
result, only a small portion of the practical information related to this specialty
is common knowledge and in general use.

Because there is such a limited pool of public knowledge inthis design art, 95%
of SPC designs now in service use one of six topologies, or variations thereof,
to perform the desired power processing. While these conventional circuit ap-
proaches have served well and are useful for many applications, they represent
only a few out of literally hundreds of possibilities. Also,these few circuits are
not necessarily the best choice for many of the applications in which they are
being used.

Another effect of limited knowledge is the poor transient response of many
converter systems to both input line and output load changes. This is frequently
due to a less than complete understanding by designers of small-signal modeling
and analysis methods for SPC circuits. This problem is so widespread that many
SPC system designers and their users automatically assume that poor transient
response is an inherent characteristic of these circuits when, in actuality, nothing
could be further from the truth. Significant improvements in the methods of
modeling and small signal characterization of SPC circuits have been made in
the last ten years and highly accurate and easily applied representations are now
possible. The combination of good dynamic system models, multi-loop control
schemes, and high frequency switching can provide SPCs with transient response
characteristics that rival conventional linear dissipative circuits.

The wide acceptance of SPC technology has led to an incredible variety of
applications, many of which impose severe requirements. More often than not,
today’s SPC designer is faced with performance requirements that can only be
fulfilled by circuit designs which fully exploit state-of-the-art technology. The
old “business-as-usual” approach, employing one or two SPC circuit variations
for all applications, is no longer viable. Increasing the output power level quickly
brings the designer face-to-face with component stress limitations in conventional
SPC topologies. The seemingly endless quest for physically smaller SPC systems
often forces designers to use power switching rates in the hundreds of kilohertz to
reduce size, a practice generally unheard of until the late 1970s. When properly
and thoughtfully applied, the use of alternate circuit topologies can be a power-
ful tool for circumventing the problems presented by circuit component limita-
tions as well as by operation at extraordinarily high frequencies.
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PREFACE «xi

New and more energy efficient power components continue to be developed
and are finding widespread acceptance by SPC designers. The metal oxide semi-
conductor field effect transistor (MOSFET) is a prime example of a new circuit
element. While power MOSFETs can be successfully used in any conventional
SPC circuit, alternative circuit topologies exist that take full advantage of the
capabilities of these new semiconductors.

The motivation for this book is to gather as much of the current design
knowledge concerning SPC circuits as possible in one place, and to present that
knowledge in a direct and unified manner. Because the amount of available
information is really quite voluminous, it is neither possible nor practical to re-
strict it to the contents of a single book. Therefore, in this text, we will restrict
the discussion to the fundamental behavior and characteristics of SPCs and the
many topological possibilities. The information presented herein is, in our
opinion, that which is of the greatest utility to the designer of SPC circuits and
systems. Therefore, we have deferred detailed discussion of component selec-
tion and the comprehensive design aspect of related system regulatory control
to future texts in this power electronics series.

If we examine the present state of our understanding of SPC circuits, many
gaps are readily discernible. In particular, a quantitative and accurate means for
modeling and characterizing the large signal dynamic behavior of these circuits is
still very much missing, although a concerted research and development effort
is now in process to fill this void in our knowledge. It is very tempting to delay
writing a book such as this one until all pieces of the SPC design puzzle have
been found and put into place. No doubt, in a few years when the design art of
SPCs has reached a level of considerable maturity, some excellent and highly de-
finitive texts will be written on the subject. Unfortunately, many of us cannot
afford to wait that long. So, despite its shortcomings, this text will still provide
a broad introduction into the basic operation and characteristics of SPCs as well
as into many of the more advanced aspects of SPC design.

This book is intended to be used both by electronics engineers just beginning
to design SPC circuits and the old hands who have many years of experience in
the field. Each will find much information which is useful for solving practical
design problems. The text of the book is divided into two major sections. Sec-
tion I (Chapters 1 through 11) presents the basic theory of SPC circuits as we
understand them at this point in time. The presentation is straightforward with
a minimum use of mathematics throughout, although some mathematical ex-
ercise is required in Chapters 2, 3, and 10 to support the ideas therein.

The discussions of Section I begin with the detailed exploration of two ele-
mentary SPC circuits to determine their large and small signal characteristics,
and then builds progressively from these basic circuits to much more complex
ones by using combinations of the basic circuits in conjunction with synthesis
techniques.
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xii PREFACE

The discussions of Section I assume the point of view that the desired power
processing is voltage-related, that is, a voltage converter. This point of view could
have just as well been current conversion-oriented and, in fact, we will see in
Chapter 9 that these two points of view are duals electrically. The reason we
have selected to pursue the voltage option & simply that this is by far the most
common electrical conversion requirement encountered by SPC designers. The
reader who has a need for a current converter should read Chapter 9 carefully,
keeping in mind that the principles presented in that chapter can be applied to
his requirement by the use of simple electrical duality relationships. Section I
ends by discussing methods for comparing the relative merits of the multitude of
SPC circuit topologies.

Section Il (Chapter 12) is devoted to the examination of a variety of unique
SPC circuits that fall into a special category of designs. This particular category
encompasses converters whose primary inductive and transformer elements have
been integrated (i.e., combined) into single physical assemblies. In many cases,
the designs shown in Chapter 12, along with the methods behind the magnetic
integration process, have never been shown or discussed before in any publication.
Also contained in Chapter 12 isa brief review of magnetic fundamentals important
to the understanding by the reader of the integration methods presented.

To further assist the reader, an extensive bibliography and lists of suggested
reading materials has been included at the end of the book for reference and re-
search purposes. We would like to acknowledge that only a portion of this book
represents original contribution by the authors to the art of SPC design, with
much of the information presented derived from the efforts of many others. The
bibliography and reading list are attempts to acknowledge this fact. Of course,
no practical reference list can ever be complete and, no doubt, many original
contributions have been overlooked. To those individuals we have unintention-
ally omitted in this listing, we offer our sincere apologies for the oversight.

There are many individual researchers in the power electronics sciences who
have distinguished themselves through their efforts to expand the design art of
SPCs. In particular, we would like to acknowledge the work of Professor R. D.
Middlebrook and his colleagues in the Power Electronics Group at the California
Institute of Technology in Pasadena, California. Because of their dedicated re-
search efforts, practical modeling and analysis of SPC systems is now feasible.
Also, they have been instrumental in providing power electronics engineers with
measurement tools and design techniques that have led to new SPC circuits and
to a higher level of understanding of control techniques for SPCs than thought
possible ten years ago.

A great deal of individual research into the science of power converter tech-
nology was required to write this text, including countless trips to the archives
of many technical libraries and to facilities nationwide who maintain up-to-date
records of SPC patents. Without the aid and assistance of Joy Bloom in the
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PREFACE xiii

preparation of this material, in?luding over a year’s effort of manuscript editing
and processing, this book would not have been completed in a timely manner.
We are certainly in debt to this very special lady.

Both of us are practicing electronic design engineers and the creation of this
book has been an education and often a revelation on the overwhelming possi-
bilities of SPC circuit variations. If reading this book opens up for you the new
vistas and possibilities which we have discovered in writing it, then we will feel
our efforts have been well spent.

G. E. Bloom
R. P. Severns
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1. Introduction to Switchmode
Power Converters

In a general sense, a power converter can be defined as a device which converts
one form of energy into another on a continuous basis. Any storage or loss.of
energy within such a system while it is performing its conversion function is
usually incidental to the process of energy translation. There are many types
of devices which can provide such a function with varying degrees of cost,
reliability, complexity and efficiency.

The mechanisms for power conversion can take many basic forms, such as
those which are mechanical, electrical, or chemical in processing nature. We
will be concerned here only with power converters which perform energy. trans-
lation electrically and in a dynamic fashion, using the limited variety of compo-
nents collectively illustrated in Fig. 1.1. How these circuit components are inter-
connected will be determined by the power translation desired. We restrict our
choice of electrical components to include only inductors, capacitors, trans-
formers, and switches, intentionally omitting resistors because they introduce
undesirable power losses. High efficiency is usually an overriding requirement
in most applications for electronic switchmode power converter (SPC) circuits,
so resistive circuit elements must be avoided. This is not to say that resistances
do not exist in SPCs. In their physically realizable forms, none of our chosen
circuit components are ideal and all will introduce some resistive loss in the
conversion process. However, every effort is made by SPC designers to minimize
these parasitic resistances so that their presence and influence on SPC efficiency
and conversion performance will not be significant. Only on rare occasions and

" for very special reasons are power consuming resistances introduced into the
main power control paths of an SPC circuit. In auxiliary circuits, such as se-
quence, monitor, and control electronics of a total SPC system, high value resis-
tors are commonplace, since their loss contributions are usually insignificant.

In SPC circuits, the semiconductor switches controlling the dynamic transfer
of power from input to output are either fully ON or fully OFF, with very short
transition times from one of these states to the other. Component voltage wave-
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2 MODERN DC-TODC SWITCHMODE POWER CONVERTER CIRCUITS

s L |
) S5 \I' c
—  Source Load

e e |

Fig. 1.1. Switchmode power converter components.

form shapes take the forms of either periodic pulse-width-modulated (PWM)
rectangles, square waves, or combinations thereof. The associated current wave-
form shapes are usually triangular to trapezoidal. Semiconductor parts normally
employed as switching elements in SPCs are fast recovery diodes, bipolar junction
transistors (BJT), metal oxide semiconductor field effect transistors (MOSFET)
and gate turn-off thyristors (GTO).

The most general form of the conversion function would be the transforma-
tion of a source of polyphase AC potential of one magnitude, phase, and fre-
quency to another magnitude, phase, or frequency. With this concept, a DC
input or output of an electrical power converter system can be viewed as AC
with zero frequency and phase.

The discussions in this book will be limited to those circuits which perform
a dynamic DC to DC (DC-DC) power conversion function. This is not nearly
as restrictive a view as it might first appear, since there are a great many applica-
tions for a DC-DC SPC. There are also a large number of applications for AC
to DC (AC-DC) conversion. This latter function is usually implemented by
preceding a DC-DC converter circuit with a simple rectifier-filter network,
a typical example of which is shown in Fig. 1.2. DC to AC and AC to AC
power converter systems frequently use AC-DC and DC-DC networks as sub-
system elements working together to obtain the desired output characteristics.

Y :I
chma

* 7
|

0B o

Rectifier/Filter DC-DC Converter

Fig. 1.2. Typical implementation of AC-to-DC conversion.
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INTRODUCTION TO SWITCHMODE POWER CONVERTERS 3

It is also interesting to note that many motor control systems use circuit com-
ponents and topologies that closely resemble DC-DC converters. If we consider
the uniform rotary and, in some cases, linear output from a motor to be equiva-
lent to a DC output, then the motor and its controller network can be viewed
as a DC-DC or AC-DC converter. It follows then that a great deal of the design
technology related to DC-DC converters is directly applicable to motor control
electronics. For reasons such as this, a study of DC-DC converters using SPC
techniques is very worthwhile and has wide applicability to other related power
control disciplines.

Many virtues are expected of electrical power converters. They must be highly
efficient, occupy little volume, be low in cost and weight, and have a long service
life with no failures. Often their outputs must be regulated to close tolerances,
even though their inputs may vary over a very wide range of values. The family
of SPC circuits, which we will explore in this text, are able to fulfill these
requirements remarkably well, provided their designs are well executed.

Depending on application needs, a DC-DC SPC circuit could be very simple in
form, using only one SPDT switch, one inductor, and one capacitor. On the
other hand, it may be very complex, utilizing many components to accomplish
the required DC conversion function. Regardless of the complexity of a particu-
lar SPC circuit, the following key idea always applies:

Key Idea #1

THE INDUCTORS AND CAPACITORS OF A DC-DC SPC MUST,
IN SOME MANNER, FORM A LOW-PASS FILTER NETWORK.

The justification for this idea is the need for a DC output voltage with a mini-
mum of superimposed AC ripple from the switching action of an SPC. Since the
internal nodal or branch waveforms of an SPC are at some point pulsating with
both AC and DC components, a low-pass filter is required to prevent the undesir-
able AC components produced by SPC switching action from appearing at the
output terminals of the converter.

It is not always easy to isolate the low-pass inductive and capacitive filter
elements of an SPC from a casual inspection of its circuit diagram, since the
effective filter inductor element (or elements) is often separated from the filter

_ capacitor element (or elements) by switches and/or transformers. In the model-

ing processes to be discussed in Chapters 2, 3, and 10, we will invariably derive
an equivalent low-pass filter network for each converter type. The most com-
mon circuits have a single-section low-pass filter. However, there are some special
SPC circuits (such as the Cuk SPC) which contain multiple-section equivalent
filter networks.

Two of the simplest SPCs are shown in Figs. 1.3 and 1.4, along with physical
realizations for their SPDT switch functions (Figs. 1.3B and 1.4B). The circuit
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Fig. 1.3. The buck converter, :

in Fig. 1.3 is called a buck (step-down) converter because the output voltage is

always less than the input voltage. The circuit of Fig. 1.4 is referred to as a

boost (step-up) converter because its output voltage is always greater than the

input voltage. =
One point should be made herc. The output capacitor (C) in the buck con-

verter is not absolutely essential for the circuit to function properly, since its

inductor (L) and load resistor (R) form a low-pass filter by themselves and, in

theory at least, L can be made arbitrarily large in value to produce a small ripple

M‘Mmm&m_m_ _of L required to obtain a DC outggt voltage

across B with- a-minimal AC gipple. In actual practice, C is rarely omitted. For
this reason, we will assume that the basic buck converter will usually possess an
output filter capacitor. On the other hand, the output: capacitor of the boost
converter cannot be omitted, since the output current will always be pulsating
even if the inductor is infinitely large. Thus,to obtainalow-ripple output voltage,
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(a)
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Fig. 1.4. The boost converter.

a filter capacitor is always necessary across the output terminals of a boost
converter.

We will now put forward a number of additional key ideas regarding SPCs in
general,

Key Idea #2

ALL KNOWN DC-DC SPC CIRCUITS CAN BE DERIVED FROM
COMBINATIONS OF BUCK AND/OR BOOST CONVERTERS ALONG
WITH SOME FORM OF TRANSFORMATION FUNCTION.

The transformation function is shown in a general fashion in Fig. 1.5A, and can

be characterized as an ideal transformer element, as illustrated in Fig. 1.5B.
Because of its ideal properties, such an element can transform DC as well as AC.
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6 MODERN DC-TO-DC SWITCHMODE POWER CONVERTER CIRCUITS
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Fig. 1.5. The ideal transformation function,

Obviously, an ideal transformer element would be very difficult to realize in
actual practice. Fortunately, perfection is not usually required in transforming
voltages and currents within SPCs, and there are many practical design approxi-
mations which serve quite well. This subject of both DC and AC transformation
will be treated in more detail in Chapter 4.

The justification for the assertion in Key Idea #2 is strictly empirical, ie.,
no SPC circuit known at this point in time is so complex that it cannot be
reduced to a combination of these elementary circuits. In the discussion that
follows, the truth of this key idea is assumed and the structure of this book is
organized in accordance with this premise. Chapters 2 through 4 will examine
the two basic SPC converter circuits and transformation elements in great detail.
That material will then be used in later chapters to examine more complex
converter structures.

A third key idea is directly related to the second one:
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INTRODUCTION TO SWITCHMODE POWER CONVERTERS 7
Key Idea #3

THE PROPERTIES OF BASIC CONSTITUENT CONVERTERS (i.e.,
buck andfor boost) ARE RETAINED IN ANY COMPLEX DERIVA-
TIVE CONVERTER SYSTEM.

This key idea holds for the majority of complex SPCs, with the exception of a
few converter circuits which use tapped inductors and transformers with equal
turns ratios between windings. In some of these special converters, basic behavior
patterns are modified to some extent. This subject is discussed in Chapter 10.
Except for these special exceptions, the above idea is sound and the general
properties of a complex SPC can be readily predicted from a knowledge of its
basic constituents. This ability to directly relate circuit properties of many SPCs
is a valuable tool in comparing the merits of more complex circuits.

For example, if one needs an SPC with inrush and short-circuit current control
capabilities like those exhibited bv a buck SPC, he must use an SPC topology
tnat s buck-derived. By its very nature, an unmodified boost- derived converter.
CWWS. When one attempts to modify a
boast=derived converter to include these features, one of two things will happen.
The modified circuit will either become a buck-derived SPC or it will exhibit
either buck-derived or boost-derived characteristics, depending on input voltage
and output current magnitudes. Examples of SPCs which can have this type of
dual personality are discussed in more detail in Chapter 9.

A fourth key idea which is of practical importance to an SPC designer is:

Key Idea #4

NO SINGLE SPC CIRCUIT TOPOLOGY IS ELECTRICALLY IDEAL
FOR ALL APPLICATIONS. IT IS THE PARTICULAR APPLICATION
WITH ITS INDIVIDUAL REQUIREMENTS THAT DETERMINES
WHICH CIRCUIT WILL BE THE BEST TO USE.

This may seem to be a very obvious, almost trivial statement. However, even
a brief look at the claims (and often the practice) within the power electronics
industry will reveal that this simple truth is not universally appreciated nor ac-

‘ cepted. If this key idea were not true, then this book would be dedicated to the

discussion of the one most perfect circuit for all situations.

SPC circuits do exist which have been very carefully synthesized to have as
many desirable and as few undesirable characteristics as possible. The Cuk SPC
circuit and its variations discussed in Chapter 7 are good examples. To an amaz-
ing degree, concerted efforts such as these have succeeded in producing designs
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8 MODERN DC-TO-DC SWITCHMODE POWER CONVERTER CIRCUITS

which are near optimum for many applications. Despite these successes, however,
SPC circuits such as the Cuk versions are still not optimumn for all applications,

What makes Key Idea #4 so important is the fact that even relatively small
changes in SPC circuit topology often lead to significant alterations in compo-
nent stresses, or changes in dynamic control-related characteristics, such that
desired conversion properties might be severely compromised. On the other
hand, SPC circuit topology alteration can be an effective tool for circumventing
design difficulties created by the limitations and nonideal properties of compo-
nents. Therefore, it is up to the designer to make the proper choice of altera-
tion, always keeping in mind the pros and cons of his actions.

SPCs may be categorized by their general output characteristics. Sometimes,
this can be most helpful to the user in defining the application requirements
that must be met by an SPC. Fig. 1.6A shews a general converter systemin block
fom, along with output voltage (V) and current () defined as illustrated. Fig
1.6B gives the possible directional combinations of ¥ and [, where each quadrant

+
—————¢C
—_—
O
Input Output ]w
——0
(Al
tv }
‘I
1] |
o — .
]| v
i
i8) -V

Fig. 1.6. The converter output operating quadrant concept.
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INTRODUCTION TO SWITCHMODE POWER CONVERTERS 9

is identified by sign. In a simple DC-DC converter with unidirectional power
flow (input-to-output), the output is constrained to lie in either quadrant I or
quadrant III of Fig. 1.6B, depending on the desired output voltage and current
polarity. This is an example of single-quadrant operation. In battery charger/
discharger applications, the polarity of the converters’ output potentials are
fixed in sign, but their output currents may be either positive or negative in
directional flow. Thus, their output characteristics must lie either in quadrants
I and II or quadrants 1l and IV of Fig. 1.6B. This is an example of two-quadrant
operation, where the power flow must be bidirectional. AC output of an SPC
would also be a two-quadrant operational system. In the most general case,
a converter with AC output and bidirectional power flow capability must operate
in all four quadrants of Fig. 1.6B.

Before proceeding to the detailed circuit discussions of the next chapters, let
us pause and review the terminology that we will be using in the text. Unfortu-
nately, even among power electronics engineers, there is no universally accepted
terminology for SPC circuit names and their operational modes, much less their
origins. The present authors have taken the liberty of adopting 8::520@. for
this text which pleases us, and admittedly some of our choices are arbitrary, If
the reader has adopted other conventions of terminology, he should have little
difficulty in interpreting the descriptions to follow.

SPCs are often referred to as switching regulators, especially by their users.
Most SPC systems do contain auxiliary control or regulating electronics to pro-
vide a constant output voltage with varying output load and input voltage—
hence, the appellation switching regulator. In this text, we will discuss the
power stages of switching regulators and refer to them as SPCs.

The word converter is used here in its general sense, referring to a physical
system that is capable of converting electrical power of one form to another
form, regardless of whether its inputs and/or outputs are AC or DC in nature.
This same term is sometimes used in a more restricted sense to indicate that its
input and output characteristics are the same form of power, i.e., AC-AC or
DC-DC. The name inverter is used when DC-AC or AC-AC power conversion
is implied. Since we are restricting the discussions of this text to DC-DC SPCs,
these latter distinctions will not be needed.

Alternative names exist for the buck SPC. It is not uncommon to hear this
basic SPC circuit referred to as a voltage step-down converter, buck regulator,
‘or a chopper converter. The term chopper comes from the dynamic action of
the SPDT switch within the converter which produces a “‘chopped” voltage at
the input to its low-pass filter network.

Boost converters and their basic first-order derivatives also have other names
by which they are known. These names include ringing choke, flyback orvoltage
step-up converters. The term flyback is particularly confusing, since the same
term is often applied indiscriminately by designers in discussing three very
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10 MODERN DC-TO-DC SWITCHMODE POWER CONVERTER CIRCUITS

different SPC circuits—the basic boost converter structure, a converter system

which combines a buck and a boost converter in cascade, and a transformer-
coupled version of a cascaded buck and boost converter network. In this text,
the name flyback will be applied only to the last of the three alternative SPC
circuits.

Buck and boost SPCs are frequently referred to as buck and boost regulators,
respectively, since they.are primarily used as the power stages of such regulation
systems. For simplicity, we have chosen not to include these names as terms of
the discussions of this text as was stated earlier in this chapter.

The adjectives buck-derived and boost-derived will be used quite frequently in
the chapters to follow. When applied to a given circuit under consideration,
they imply that it has been derived in some relatively direct manner from either
a basic buck or a basic boost converter, respectively, and that the general proper-
ties of the parent converter have been retained. These descriptive terms will
become very important as the process of evolution of large numbers of different
converter topologies begins and the need to categorize them becomes evident in
order to simplify the processes for application selection.

Lastly, the %sRsSw frequency ( .@ of an SPC circuit will be defined to mean
the rate at which all of jts circuit switches complete one full mi:orsm cycle of

EESP It is important that the mE:oE=m 9.3:0:@ om an SPC not be

often than not, f, is an integer multiple of f;. In the two basic SPC.circuits.to
be examined in the next two chapters, their input, as well as output, ripple cur-

(e ity

rent frequencies are equal.to.the. cnm_?mmpmi_ﬂor_:mb.no:n:nw.s.:oiaén in

‘many other w,m.uom. the ripple frequencies.of voltages.and currents can be many

:52 Emrmn than the associated SPC switching frequency.
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2. The Buck Converter

The first of the elementary switchmode power converters (SPCs) that we will
examine is the buck converter. The goal of the analyses of this chapter, as well
as the next one, is to develop mathematical and equivalent circuit models that
adequately represent circuit operation and to quantitatively determine essential
electrical characteristics required for proper design. In the analysis process, we
will derive most of the expressions from which numerical values for circuit
pe@e and companent stresses may_ be computed.

A& highly desirable feature of : any electrical circuit model is that it be readily
manipulated using the techniques of linear circuit analysis and synthesis familiar
to electrical engineers. Unfortunately, SPC circuits are nonlinear and discon-
tinuous by their very nature, and, as such, are very cumbersome to analyze
directly using standard linear circuit theory. A major part of this chapter is
therefore devoted to “linearizing” the buck converter circuit model so that it
can be easily analyzed. The linearizing process does involve a slight compromise
in accuracy, but for most of the quantities we are seeking, the accuracy of the
model is more than adequate for normal design purposes.

The models to be derived must possess many other virtues as well. An SPC is
rarely used as a power processing system unto itself. There are usually additional
networks such as sequence, monitor, and control electronics along with input
and output filters for EMI noise suppression. Sometimes an SPC will be used
in conjunction with other converter circuits. For reasons such as these, any
SPC models of practical use must be able to accommodate any additional c1rcff1t
elements as easily as possnble

““Another constraint placed on our SPC models is the need to recognize the non-
ideal character. of real_circuit components, such as inductor winding resistance
and core loss or the equivalent series resistance (ESR) of filter capacitors, and to
be able to insert these parasitic elements into the models without undue com-
plexity in the incorporation process.

Finally, our models must be sufficiently easy to use,so that they can be applied
easily by the SPC designer in his work. A model, regardless of how accurate it
may be, cannot be a general purpose design tool if many hours of calculation are

1n
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12 MODERN DC-TO-DC SWITCHMODE POWER CONVERTER CIRCUITS

required to generate the desired information. An SPC is expected to be efficient
in its translation of power, and no less can be expected of its modeling abilities
from a time viewpoint. The models that we will derive in this chapter and in
Chapter 3 meet these requirements amazingly well.

The following modeling discussion tries to minimize the use of mathematics.
As a result, some basic assumptions have been glossed over and most theoretical
derivations have been omitted. For the reader who may be interested in these
mathematical details, an excellent exposition of state-space averaging is given in
Refs. 1 and 2 in the text bibliography of this book.

We begin by taking a very simple look in Section 2.1 at the circuit operation
and waveforms for an ideal buck converter. Then,in Section 2.2, equations for
the large-signal steady-state behavior for both conduction modes of this SPC will
be presented. Section 2.3 will review the circuit’s large-signal dynamic character-
ization. In Section 2.4, we will derive the small-signal characterization as well as
a circuit model for the continuous mode of the buck SPC, using the state-space
averaging technique. Parasitic elements will be included in this siall-signal model.
Finally, in Section 2.5, we will examine the operation of an ideal buck converter
in a discontinuous mode situation and, once again using the methods of state-
space averaging, derive the describing equations and a circuit model for this
second operating mode.

The discussion of Section 2.4 is intended to demonstrate the procedure of
state-space averaging. While this procedure is somewhat involved (and is really
an overkill for the simple case of an ideal buck SPC), it isimportant to familiarize
ourselves with these methods, as Soggbbbabaégaw-morBo.ah_..Em
both_the_discontinuous.mode -of a -buck-SPC -and-all modes of operation.of_a

boost converter. :

\ ""A'basic assumption throughout the analysis to follow is that the output voltage
ripple of the SPC is small. Thisis equivalent to saying that the output filter cor-
ner frequency (f;) is'much lower than the switching frequency (f;). This as-
sumption is one of the key means by which a linear SPC circuit model can be
formulated and is fundamental to the principles of state-space averaging. Fortu-
nately, the assertion that f; is much greater than f is valid for any SPC producing
a DC output withlow AC ripple content.

2.1. BUCK CONVERTER OPERATION

An idealized circuit for the switch states of a buck SPC is shown in Figs. 2.1B
and 2.1C, along with a practical realization for the SPDT switch in Fig. 2.1D.
Corresponding typical waveforms for the ideal buck converter of Fig. 2.1A are
diagrammed in Figs. 2.2 and 2.3.

During the switching cycle, the SPDT switch (S) moves between positions A
and B, so that the circuit topology alternates states between that of Fig.2.1B and
that of 2.1C. At the beginning of a switching cycle (¢,), S is in position 4, the
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14 MODERN DC-TO-DC SWITCHMODE POWER CONVERTER CIRCUITS
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Fig. 2.2, Buck converter waveforms for the continuous mode of operation.

input voltage (V;) is greater than the output voltage (¥,), and the current (i) in
the inductor (L) ramps upward during the interval ¢, , asshown in Fig. 2.2.

The inductor current will continue to ramp upward until S changesto position
sign with i, ramping downward. Two inductor current possibiiities now exist at
the efi OF interval ¢,; either iz = 0 or iy, = [,, some nonzero positive value. In
ottrer-words;eitherall of the energy stored in L is delivered to the load between
ty and ¢, or some energy remains as § moves back to position 4.

This defines the two basic operating conditions for the buck SPC and leads to
a key idea about SPC operating modes:

MODE 1. Continuous inductor current during the entire switching cycle
(continuous mode operation).

MODE 2. Discontinuous inductor current during the switching cycle (dis-
continuous mode operation).
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Fig. 2.3. Buck converter waveforms for the discontinuous mode of o peration.

g/
Key Idea #5 f r"’/
THE CONDUCTION MODE OF THE INDUCTOR CURRENT IS A

FUNDAMENTAL FACTOR IN DETERMINING THE ELECTRICAL
CHARACTERISTICS OF ANY SPC.

If one were to place two topologically identical SPCs in separate black boxes,
the orly difference between them being that the value of theé inductor of one
chosen so the converter operates in the continuous mode and the other induc
tor chosen such that its SPC operates in the discontinuous mode, a series of
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16 MODERN DC-TO-DC SWITCHMODE POWER CONVERTER CIRCUITS

tests on each SPC to determine output electrical characteristics would conclude
that the two boxes contained entirely different converter circuits. The inductor
current conduction modes of the basic SPCs (as we any complex derjvatives)

have a Emfoﬁnd effect on their conversion characteristics and are as important
to know as their topological StructiTes When delermining circuit performance.
The duty cycle (D) is defined as:

D==nf. @1

For fixed values of L and D, the mode in which the buck converter operates is
determined by the value of R. As R is increased in ohmic value. the operating
mode_will change from continuous to_discontinuous. On the other hand, if R
and D are fixed, the operating mode will change from continuous to discontinu-
ous as the inductance of L is decreased. Asj is increased, the minimum value of
L to maintain the SPC in a continuous mode of operation will decrease.in direct
% proportion to the change in f;.

As this discussion proceeds, it will become apparent that, for many applica-
tions such as those where high-power or multiple outputs from an SPC are re-

" ._#-.“'fl", quired, maintaining the SPC in a continuous mode of operation is very desirable,

41 ~ even for large variations in load resistances. To avoid using an excessively large
value of L to maintain continuous current levels at light output loads, a “swing-
ing” choke is sometimes employed. A swinging choke is an inductance whose
value is a function of the current passing through it, being large at low current
and getting progressively smaller as the current is increased. While this tech-
nique can be very useful, a swinging inductance will complicate the analysis of
the SPC by making f; of its associated filter variable with load resistance. This
may make the stabilization of any associated regulatory control loop somewhat
more difficult.

One can deduce many of the properties characteristic of a buck SPC and its
more complex derivatives by examining its electrical waveforms, such as those
plotted in Figs. 2.2 and 23.

¥V, is the average voltage value of v, so this converter can be simply viewed as
a voltage chopper followed by a low-pass filter. Voltage v, is composed of both
AC and DC components. Since its DC voltage component is the desired output
of the converter, the low-pass filter. must rtemove any AC companent of this time-

| varying potential. This MEMLMMMJMMMHWM
> less than {;. Because ¥, is the average of vy, ¥, must ways be lgss than the in-
put IC voltage (¥) to this SPC. ~/~ -
Notice also that the waveform for v, differs in shape for each of the two

modes of operation. In the continuous mode, v, = V; during ¢, ,and v; =0 dur-
ing the entire period f,. The average value of v, (I, ) is determined by D only

v

]
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THE BUCK CONVERTER 17

and, ideally, ¥, would be independent of R in this mode. In the discontinuous
mode, however, v, can be either zera orequalto ¥, during time f;. The length
of time spent by v, in a zero-value condition during ¢, is determined by R. The
value of ¥,-is now dependent on R as wellasD. A close examination of the v,
waveforms in Figs. 2.2 and 2.3 shows that, for the same value of V; and D,
was increased in the discontinuous mode. Figs, 2.2 and 23 have been scaled so
that both SPC output power levels are the same in value.

The input current (i;) is always pulsating, regardless of the operating mode of
. Most applications limit (often severely) the amount of pulsating
current that can be drawn by an SPC fromits source of power. In normal practice,

some form of a low- Mﬂg}_work is inserted between the source of power

A

and the mput_Eemjinals of the SPC. As will be shown in Chapter 10, the presence
of siich 2 Tilter must be accounted for at an early stage of SPC design and model-
ing process. Failure to do so can result in a very unpleasant surprise in the form
of self-oscillations when the SPC and the ihput low-pass filter circuit are united.

The average value of iy is determined both by ¥, and R. In an ideal buck con-
verter with no power losses, efficiency () of power conversion is 100%. There-
fore,

Vl ‘.’j/ v
-i‘f—, , 7=100%. 22)

For the normal case with a constant value of ¥,, V2 =K.
In this instance, \}

2.3)

Here, the average input current value is inversely proportional to both V; and R.
However, the pméatmg value for i, is determined by iy, which, in turn, is a func-
tion of R, but not V,. As V, is varied and D altered to maintaina constant ¥,
the width of i; is altered, but not its maximum amplitude 7.

The current iy is the input switch current, and it can be seen from Figs. 2.2
and 2.3 that, for a constant value of input power, the peak magnitude of i, is
much higher when the buck SPC is operating in a discontinuous mode of opera-
tion. In a practical realization of the SPDT switch as shown in Fig. 2.1D, both
the BIT (§1) and the diode (D) must possessa much higher peak-power handling
capability if SPC operation in the discontinuous mode is desired. For this and
many other important reasons, continuous mode of operation of buck SPCs is
normally preferred in high-power applications, even though their inductances
must be larger and therefore, heavier and certainly more expensive.

The output filter cutoff frequency is defined as
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18 MODERN DC-TO-DC SWITCHMODE POWER CONVERTER CIRCUITS

- '}
‘ﬂ’_zm/fc‘ (24)

and it would appear that L can be chosen to be just large enough to maintain the
SPC in a continuous mode, with C then selected to provide the degree of output
filtering desired. Unfortunately, capacitors are not perfect electrical elements
and some power will be dissipated in their ESR. The ESR voltage drop produces
an output ripple voltage that can only be reduced by lowering ESR magnitude or
the dynamic capacitor current causing the ripple. The size of C is more often
determined by the ripple current magnitude than by the value desired for f.. Mak-
ing L larger reduces the output ripple current value which, in turn, reduces C. In
actual design practice, there is usually a tradeoff made in selecting L and C for
weight and size plus cost reasons. In high-power converters, such tradeoffs
normally result in a value selection for L which places the SPC circuit operating
well into the continuous mode at full load.

Ideally, the output current (i,) of the buck SPC is not a pulsatmg quantity
since the ripple content of iy, is small in the continuous mode. This is a con-
venient feature for many applications and, frequently, additional output filter-
ing can be either dispensed with or made quite small.

2.2 STEADY-STATE LARGE-SIGNAL CHARACTERIZATION

To design a converter, it is necessary to quantify many of the circuit character-
istics, such as the AC and DC currents flowing through its circuit elements, the
voltages across these elements, the input-to-output voltage transfer ratio as a
function of D, and many other factors.

The following discussion presents equations and graphs that describe the large-
signal steady-state (DC) characteristics of a buck SPC. The analysis presumes an
ideal buck SPC,; i.e., no parasitic elements such as inductor series resistance (Rr)
or capacitor ESR (R,) are included. Despite this limitation, the equations pre-
sented still have more than adequate accuracy for practical design purposes. For
an SPC to be efficient, Ry and R, must be made small. Designers often go to
great lengths to minimize lossy parasitic elements when engineering SPC circuits.
Therefore, their omission from the following model derivation is justified as a
matter of good design practice.

Figure 2.4 illustrates the buck SPC for which the equations in Tables 2.1 and
2.2 apply. An input filter network has been included (L1, CI), and it is ppe?
sumed that L1 possesses sufficient inductance so that [ is essentially DC+"On
the output side, C2 is assumed to be high in capacitance, so that the AC compo-
nent of {; flows only through this filter element. Both of these assumptionsare
consistent with practical application requirements of SPCs for both low input
current ripple and small output voltage ripple.
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Fig. 2.4. Definition of the buck converter component currents.

For the equations shown in Tables 2.1 and 2.2, and later in Table 2.3, the
following definitions apply:

t
D=D,; = -?:{/(switm conduction duty cycle) (2.5)
r
v '
- (input-to-output DC transfer ratio) (2.6)
I
_ i ’ v’
LT (normalized inductor time constant) 2.7
i, |
vV
Iy = R (DC output current) (2.8)

TABLE 2.1A. Definitions of Variables for the
Buck Converter Equations.

TL LIRT; e

¥ Switching period ¥ i‘"r,
TLC chﬂ Ty

Ly Critical inductance

TLC a-M2

Dy Switch ON duty cycle

D, Diode conduction duty cycle
M VIV,

I3 Minimum inductor current

Iy Maximum inductor current
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THE BUCK CONVERTER 21

TABLE 22A. Buck Converter Equations for Discontinuous Inductor Current.

Dependent
Variable FiM.7, V.R) Iv.1, Y, R)
- 2
¥ =i
t+V1 +8e/D}
2r,
D M 2
1 1-M X
(‘_f.e aele o
D, Wl (1 - M) D, l*Vl‘S‘TLl’Di)
- -
L (K1l 0 $
- ¥y /2010 V)(; )( L
: ¥ FMCANY L
Iz rav) r = (R TAVERV/ srLfﬂ})
I - :
Liave) R -
; VIf8\f1-M Ha = Dy + D, |1
L{rms) ri\9 T # 3
) a2 ] oy TR
Cl{rms) R 9\ & 3 4
viy/B/N-m i Dy +0y 0y + 027
Teaisms) RV s\ )_l s A
] o,
ITtave) R "
vre =My by
Ir(rms) R ; ” T b 3
v v 4 1 :
I — e (- M) —( )(——'—
D1i(avg) R L R E? 1++/1+87 (D}
o || AR
Di(rms) R o wAIJADY 1+ V1 80}
M : vD,
Fotave) _E_ R

of equations result in identical values. Inthe discontinuous mode, however, the
closed and open-loop equations are quite different. Notice also that, between
the continuous and discentinuous modes, the tables show equations that are
distinctly different.

In order to select the correct equation set for use, it is necessary to know the
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2 MODERN DC-TO-DC SWITCHMODE POWER CONVERTER CIRCUITS

TABLE 2.2B. Equations Normalized to 74 ¢.

da_ . €
Iy L
b, e
Io s
IL.(ems) o Wk

Io

5

3

¥ Continuous Mode

Discontinuous
Mode

mode in which the converter is operating. As was pointed out earlier, for a given
value of M, the coenduction mode isdetermined by L aswellas R. For thisreason,
we have chosen to use the normalized time constant 7z, in the equations since it
isa. function of the ratio of L to R. As7; becomessmaller, the SPC’s conduction
mode will eventually change from continuous to discontinuous. The critical
boundary value of 7, (7..¢) for the transition between modes is:

¥if T, > T ¢, then the continuous mode will prevail. On the other hand, if 7, <

(2.10)

7o, then the converter operates in the discontinuous mode. This relationship

of Eq. (2.10) is shown in graphic form in Fig. 2.5 for ease of determination of
boundaries for various values of 7y . Keep in mind that as R and ¥} are varied,

a mode change in SPC operation may occur, It is always prudent to evaluate

the mode boundaries over the full range of R and V; for a particular application

if single mode operation is desired.

While Tables 2.1 and 2.2 are very useful for calculating specific numerical values,
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0.4
o3

0.2

0 0.2 0.4 0.6 0.8 1.0
Fig. 2.5. Inductor current conduction mode boundaries.

greater visibility of buck SPC operation can be obtained by graphing the equations.
For example, the relationship between M and D, is of great interest,and a graph
of this relationship is given in Fig. 2.6. '

Here we see that the DC control-to-output transfer characteristics are very
different between the two modes of operation. [nthe continuous mode, Mis a
linear, monotonically increasing function of D;,and ¥ is not afunctionofcircuit
elements L, R, or C. In an ideal converter, ¥ would be independent of load
changes and, as such, would be self-regulating from a loading stand point. A prac-
tical SPC converter, however, does not have perfect self-load regulation character-
istics because of the presence of Ry . But if this resistance is small (the practical
case), then it is reasonable to expect that a practical buck converter will display
a high degree of output self-regulation for load variations, when operating in the
continuous mode.

Conversely, when the buck SPC is operating in the discontinuous mode, its
output is anything but self-regulating, with output voltage a function of D ,R,
L, and F;. As the converter moves deeper into the discontinuous mode of opera-
tion, the control range can become quite small.

The control function DC gain (G, ) is:

2

-BDI' (2.11)

Gy
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24 MODEAN DC-TO-DC SWITCHMODE POWER CONVERTER CIRCUITS

| 0.
10 Discontinuous e

)

o8

0.6

0.4

o2

0

Fig. 2.6. Buck converter voltage gain (M) as a function of D fur both contimious and dis-
continuous modes,

For the continuous mode:
G, =V, (2.12)

However, in the discontinuous mode:

e 16TL
6= | o, s wAn

From Eq. (2.12) we see that G, is a simple linear function of ¥;. But in the
discontinuous mode G, is a much more complex function and dependent on all
the circuit quantities as shown in Eq. (2.13).

Of particular interest to a designer are the rms, average, and peak currents
which occur within the branches of an SPC circuit. Figs. 2.7-2.13 are graphic
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Fig. 2.7. A graph of ¢y (ems)flo versus M for the buck converter.

representations of various current relationships for the buck SPC, all of which
can be easily used as tools in component selection processes.

For example, to select the correct value for the input filter capacitor CI of
Fig. 2.4, it is necessary to know the maximum rms current that this capacitor
will experience. Looking at Fig. 2.7, we see that /o (mmg) varies widely with the
value of M. I[fthe range of M includes0.5, then the maximum /¢ (ms) will occur
at or near 0.5. If the range of M does not include 0.5, then by inspection of Fig.
2.7, we can see whether to use the maximum or the minimum values of M to
calculate /oy gms). Besides M, the value of L will effect /¢ (ms)- From Fig. 2.8
we see that if L is large compared to L . then variations in L will have little effect
on the rms current in C1. But, as we reduce L, Ic mg) increases, slowly at first,
and then quite rapidly as the discontinuous mode is entered.

Variations in output capacitor current of the buck SPC with M and L./L are
shown in Figs. 29 and 2.10, respectively. For C2, the maximum value of cur-
rent always occurs at the minimum value of M and we again see the rapid increase
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14 .
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Fig. 2.8. Input capacitor rms ripple current as a function of inductor size for the buck
converter. °

in current as L is reduced. Figs. 2.11,2.12, and 2.13 provide additional graphical
examples of the variation of the circuit currents within an ideal buck circuit.

It is instructive to compare buck circuit component currents when L is altered
to produce a conduction mode change. Such a comparison is given in Table 2.3
for L =2L,. (continuous mode) and L =0.5 L. (discontinuous mode). When
the value of L is reduced, one would expect L to become smaller in proportion.
However, ;'}_,(m.] is increasing rapidly and, since the copper losses in the inductor
windings are proportional to wire turns (V)with L proportional to N, the copper
loss increases. The larger value of AC current produced by a smaller L will also
increase the core losses within the inductor. Even though the value of L has been
reduced by a factor of four, the peak energy stored (/£ L/2) has dropped only by
13%. The net result is that the physical size of L, assuming equal losses, does
not drop nearly as rapidly as its inductance value. Meanwhile, the power dissipa-
tion in C1 has more than doubled in the discontinuous case and the power dis-
sipation in C2 has risen nearly 20 times! To handle such losses, both CI and C2
must be made larger and. their increase in size can easily offset any volume gain
as a result of reduction in the size of L. For such reasons, as buck SPC output
power levels go beyond 75-100 watts, discontinuous modes of operation are
rarely satisfactory. At low power levels, however, circuit component sizes are
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Fig. 2.9. Output capacitor rns ripple current amplitude as a function of M.
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Fig. 2.10. Output capacitor rms ripple current amplitude as a function of inductance value,
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Fig. 2.11. Inductor peak current amplitude as a function of inductance value.
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Fig. 2.12. Switch nns current amplitude as a function of M.

o4 VC00049462



THE BUCK CONVERTER 29

g I
|_ /
A = S 7
Continuous | Discontinuous A
Made Mode /
18 : /
i 1
| A
~2 16 \
i ! //
I-.: 1.4 l- rd
| o y
12 l
e
L+ |
1.0
o1 02 03 040506 QB 10 20 3.0 405060 80100

LiL—=

Fig. 2.13. Inductor rms current amplitude as a function of inductance value.

TABLE 2.3. Effect of Changing L /L.

Curent L=2L, L=05L, Ratio Ratio®
I 150 2.83 1.87 3.49
I1.(rms) .04 1.37 132 1.73
Iy (rms) 0.54 083 154 2.36
Ica(ems) 029 1.29 44s 19.8

not so directly related to their current-handling capabilities. Here the discon-
tinuous mode is frequently used, especially where large output load ranges are
possible, to avoid conduction mode changes and corresponding effects on small-
signal response functions important for regulation stability.

2.3. LARGE-SIGNAL DYNAMIC CHARACTERISTICS

A major concern of the designer is how an SPC circuit will respond to step-changes
in input voltage and output load current, especially when such variations are
produced by open circuit or overload situations.

If input/output variations are small, then excellent analytical tools are avail-
able to the SPC designer to predict corresponding circuit responses. These small-
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30 MODERN DC-TO-DC SWITCHMODE POWER CONVERTER CIRCUITS

signal models will be examined in detail in later sections of this book. However,
if these variations are large, currently available analytical means for predicting
the SPC circuit response are quite limited and are far from accurate. Large-signal
modeling and analysis of SPCs are problems that are now beginning to receive a
good deal of research attention by power electronics scientists. Unfortunately,
at this writing, we will have to restrict our discussions to'some fairly general ob-
servations, unsatisfactory though that may be,

If the load of a buck SPC is removed, then 7;, =0 and the output voltage V'
will rise toward a value of ¥,. ¥ can be limited by providing auxiliary protec-
tion elements to sense the output voltage rise and to turn off the switching ele-
ments. Following such a sequence, V" will fall to zero with a time constant de-
pendent on the values of C2 and any leakage resistance inherent in the circuit.

When the output of the buck SPC is short-circuited, /;, will begin to rise with
its rate limited by V;, f;, and L. Therefore, it will normally take several switch-
ing cycles of the SPC before I}, becomes excessive. If a current sensor is used in
series with L, there is usually sufficient time for auxiliary electronics to turn off
the switch before /;, can produce circuit damage. .

If V; is applied rapidly to the circuit of Fig. 2.4 and Q! is initially OFF, then
the inrush current into the SPC is limited by the value of CZ. By increasing the
duty cycle of Q! slowly, ¥ can increase gradually and the inrush current at SPC
turn-on limited to that required to charge CI of the input filter. This is referred
to as “soft-starting” and is an auxiliary control feature included in most SPC
applications.

Conversely, when the SPC is turned off, the duty cycle of QI can be slowly
reduced by auxiliary electronics to produce a gradual reduction of the output
voltage. However, there is a limit to the degree of shutdown control possible
using such means. The turn-off time constant of the control circuit must be
longer than the time constant formed by R and C2. If this condition is not
satisfied, the effective load-plus-filter network time constant will determine the
turn-off characteristics of the system.

One of the advantages of the buck SPC and its more complex derivative con-
verters is the ability to easily control output voltages and currents during turn-
on and turn-off and under output fault conditions. As we shall see in the next
chapter, the boost converter does not possess such advantageous properties.

2.4 STATE-SPACE AVERAGE MODEL FOR THE CONTINUOUS MODE

One of the most important advances of the past ten years in characterizing SPCs
has been the development of accurate small-signal models for them, and a variety
of modeling methods are now available. We have chosen to presentonly the state-
space averaging technique, since it is very general, relatively easy to comprehend,
and straightforward in itsapplication in solving practical SPC modeling problems.
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State-space averaging provides the SPC designer with a choice of either a
mathematical or equivalent circuit model for his use. The mathematical model is
very useful, since it permits the designer to calculate the values for SPC circuit
voltages, currents, small-signal transfer functions, and much more. However, the
mathematical model for an SPC does not readily expose the electrical processes
occurring in the circuit. A deeper and more rapid understanding of the circuit
functions can be gleaned from examination of an equivalent circuit model. In
general, both types of models are usually needed to solve practical design prob-
lems. Two independent routes are available to the designer for developing each

-model. In the first, the circuit equations are manipulated until a satisfactory

mathematical model is developed, and from that model, one proceeds to synthe-
size an equivalent circuit model. Alternatively, we could start with an equivalent
circuit model, manipulate it into a satisfactory circuit form, and then generate
related circuit equations. The two approaches just described are equivalent and
the choice of which route to follow is really a matter of practical convenience.
In the discussions to follow, we have elected to take the first route since it will
be relatively easy for the reader to follow if this is his first exposure to state-
space Boao::m. Again, for the researcher who is interested in a more complete
exposition of the technique, the work by R. D. Middlebrook and his colleagues
[1, 2] is highly recommended.

The procedure will follow these steps:

STEP 1. Draw the linear equivalent circuit for each state of the converter. In
the case of the continuous mode, there are two states, each corresponding to
one switch position.

STEP 2. Write the circuit equations for each equivalent circuit model of
Step 1 in a state-variable format.

STEP 3. Average each set of equations by using the duty cycle of the switch
as a weighting factor and then combine the two sets of state equations into a
single set by summation.

STEP 4. Perturb the averaged equation set of Step 3 to produce DC and small-
signal terms and eliminate any nonlinear cross products.

STEP 5. Transform the small-signal or AC terms from Step 4 into complex
frequency domain (the so-called s domain).

At this point we will have a mathematical model and the final step of the proce-
dure is:

STEP 6. Draw the equivalent circuit model corresponding to the mathematical
equations formed by the earlier steps.
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32 MODERN DC-TO-DC SWITCHMODE POWER CONVERTER CIRCUITS

As an example of the above procedure, we will now go through the step-by-
step process for the case of a simple buck SPC operating in the continuous mode.

The circuit to be studied is shown in Fig. 2.14A. When the switch (§) is in
position A, the circuit assumes the topology shown in Fig. 2.14B, and when § is
in position B, the network assumes the topology illustrated in Fig. 2.14C.

We continue the process by writing the equations in statevariable form for
each of these two networks. The form of the equation is:

X=Axt Ay tbyuy (2.19)

S in position &

Fig. 2.14. Equivalent circuits for the buck converter in the continuous mode.
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VA xtAdypy+b v (2.15)

z=Cix+Cyy. (2.16)

Because of their dynamic behavior, it is normal to choose lnductor currents
and capacitor voltages as the state variables in the equations. Alternately ~induc-

tor flux (¢) and the capacitor charge (g) can also be used as state variables., For
the network in Fig. 2.14B:

di_ 1 (RRy+RRc+RcRy\ . 1{ R \ < v /
y &l L( )u+}"- .17

dt L\ R+Rc R+Rc
dgv_1( R ._L(R 1 o
dr-C(R +Rc)‘ AT (@18
=(RIIR )l-l-( 8 )u (2.19)
€ \R+R, '
=i (2.20)

and for the network in Fig. 2.14C:

di _ (RRL +R R¢ +RcRL) 1 ) (2.21)
ar L R+R¢ R+Rc

dv 1 R = R 1

z_E(R +Rc)' C (R'* Rc)v . a2
% = (RIRG)i + (———) o @)
o c -I-RC :
- (2.24)

Notice that we have included expressions for the input and output quantities,
ig and v, , as these quantities will be needed to form the final equivalent circuit
model.

Each of the above sets of equations is valid for a particular switch position
during an operating cycle. These equations are exact and, along with boundary
‘conditions and element values, completely describe the corresponding network
of Fig. 2.14 during each portion of its switching cycle. Unfortunately, itisa
very cumbersome process to derive the SPC circuit parameters directly from these
two sets of equations. In addition, one rarely needs exact answers for every
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parameter of these state equations. To combine the two networks into a single
network which can be easily analyzed using linear circuit theory, we need to
average the equations over one cycle. The weighting factor for averaging will be
the proportion of time spent by the switch § (Fig. 2.14A) in each of its two
states.

For switch position 4, Ar=1,, and for position B, At =t,. The weighting
factors for averaging then become:

'rl

L 225
s (229)
L Ve (TSR W (2.26)
n &

By averaging the state equations, we will lose some information about the SPC,
but the results will be more than adequate in accuracy, especially if the output
voltage ripple of the SPC is minute. Since low output ripple is normally a de-
sirable characteristic of a DC-DC SPC, this restriction is of little analytical
consequence.

The state-space averaging of a particular state variable will take the follow-
ing form:

()=(Ayp x+ A,y +byvg)d+ (4 x+ A\ +bjvg)d (227
where the primed quantities represent the circuit constants associated with the
state in Fig. 2.14C.

If we now apply this averaging process to Egs. (2.17) through (2.24) the fol-
lowing set of equations for the state-space averaged network is obtained:

di _ (R;+RIRG, 1 ( R ) v.d

= i — —— o+ = 2.28
a5 X & - J I\RsRG) (=)
dv 1 R I(R 1 )
—=— j- — - 229
i C +Rc)’ c \R+Rc)" 28]

(RIR )”(R X )v (2.30)

Vg = 3
(] C +RC
i = di. (231)

We have now arrived at a single set of equations and a single model that repre-
sents the average characteristics of bothstates. However, theequationsare not yet
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linear, since in Eq. (2.28) we see the term vyd and in Eq. (2.31) di, which are the
products of two variables. As a practical matter, it is usually desirable to have
separate solutions for AC and DC characteristics. In this equation set,both AC
and DC characteristics are lumped into a single variable.

The standard technique for solving these problems is to assume that the AC
terms can be made arbitrarily small compared to the DC terms—..We.da. this by
making the following assumptions:

vy = Vit 0 (2.32)

v=V+y : (2.33)

i=r+i (2.34)

d=D+d (2.35)

f v, =V, +0, (2.36)
ig=I, 41 (2.37)

where Vo, V., I, [, D, and V,, are the DC values for the circuit variables and U5, v,
i,is, d,and 0, are the corresponding small-signal or perturbed values for the
variables.

The small-signal assumption implies that:

Oy
b 23
v <1 (2.38)
0
<l (2.39)
%<< 1 (2.40)
b‘i <«<1 .- (2.41)
I% <1 (2.42)
o
By, (2.43)
IS
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Since all small-signal quantities-are minute, any cross-multiplied terms, such as
vd, are even smaller and may be ignored. If we incorporate these assumptions ]
into Eqs. (2.28) through (2.31) and separate the small-signal and DC portions of
each, the following set of equations results:

(0=[-R; +(R -( ) +V, 244
0=[-Ry +RIRC)] { R+Re V+V.D (2.44)
v
0=(R fR )1'R+R e
DC <« . <
v, = (RIR )1+( = )V (2.46)
° < R+Re |
 1s=DI (247)
r ~
di __(Ry +RIRc c\_}_( R\, (2) K)A
iy ( ; ); L\R+re v+ T vs + I d (2.48)
dﬁ_l(R)A 1( 1 )A
dv_ 1 A A (2.49)
AC 4 _dt C\R +R; L\R+R¢
bo =(RIIR )?+( A )6 (2.50)
Vo = 8
(4 C R +R¢
L f,=Di+1d. (2.51)

The smallsignal relationships of Egs. (2.48) through (2.51) can be
more easily manipulated if they are transformed into the complex frequency
domain using Laplace transformation methods. These four equations will now
become:

KAG)+ D) = 6L +Ry + RIRGDTO) [ 77 72] 96 @52

+Rc
R 1. e |
0 =[R +Rc] ) - [sC+R - ]v(s) 2.53)
U,(5) = RIIRC) i(s) +[R_+RR—C ]ﬁ(s) - (2.54)
is(s) = D7 (s) + 1d(s). (2.55)
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Fig. 2.15. A state-space averaged model for the buck converter.

The electrical network represented by these equationsisillustrated in Fig. 2.15.
For the time being, we will not elaborate on the methods of its construction.
In Chapter 10, we will illustrate a general procedure for deriving the averaged
circuit model of an SPC from its mathematical equations. While the circuit
model in Fig. 2.15 is both simple and linear in nature, it still leaves much to
be desired as a practical small-signal model. For example, the model contains
generators whose values are functions of more than one variable, making it diffi-

gult to em_bed the model within a total power processtgg system_ which normally

The next step in practical model development is_to separate the DC control
function from the source voltage value. One way to accomplish this is shown in
Fig. 2.16A, where a variable ideal turng-ratio tramsformer element (71 ) has been
introduced. This transformer element has some paryelous properties, gince jts
f requency. cespanse extends.down.to-zere.so-as.to,pass.AC.and DC.signals with

equal facility. We indicate this transformation capability by the combination of
a sinusoidal and a straight line through thetransformersymbol. Also, the primary-
to-secondary turns ratio of this transformer model is variable and equal to D + d .

Obviously, an ideal transformer such as this one is not physically realizable.
Nevert heless, it is a very useful modeling concept for our purposes.

The small-signal dependency of the variable turns—ratio of the transformer
element in Fig. 2.16A can be removed if desired, and for our modeling purposes
it is highly desirable to do so, as many SPC circuits have small-signal models
where the generators associated with d have a complex variable dependency.

If the turns-ratio dependency of T on d isto be removed, then the model
must include generator elements that account for the Id and Ve a‘ changes in the
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Fig. 2.16. Evolution of the final state-space averaged model for the budk converter.

primary and secondary, respectively, of the transformation element. This can be
done, as shown in Fig. 2.16B, by placing appropriate voltage and current genera-
tors in the primary and secondary of T1. We can further simplify the model of
Fig. 2.16B by translating the V;d voltage generator to the primary side of the
transformer. The resulting SPC model is illustrated in Fig. 2.16C, where:
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The model of Fig, 2.16C has the properties we have been seeking. All of the
variables (V;, 0, D, d, etc.) have separate control elements and can be individually
varied. The source and the load are clearly separated from the SPC model so as
to facilitate the addition of an input filter or additional output filter circuits.
The structure of the model permits its inclusion into a total power processing
8&83 with regulation controls that can alter D as a function of changes in SPC
input voltage or output load. We will examine all these possibilities in more de-
tail in Chapter 10.

" ' The model we have evolved is somewhat arbitrary in that the primitive models
we began with could have been manipulated in a different manner with the final
result exposing a completely different model topology. In any case, the chosen
circuit model must still conform to the constraints of Egs. (2.44) through (2.47)
and Eqgs. (2.52) through (2.55), so that any model must be electrically equivalent
to all others. Thus, one may choose between them as a matter of analytical con-
venience. The model of Fig. 2.16C meets all of our modeling needs very nicely
and is now beginning to be accepted as a standard model for examining the ef-
fects of small-signal changes in control as well as input/output conditions.

Now that we have both a circuit model and a mathematical model for a buck
SPC, we can begin to examine some of the circuit relationships important to
small-signal operation.

For a start, we solve Egs. (2.44) through (2.47) to obtain expressions for ¥,
as a function of V§:

R

o | =— 58
D R*Ry | - (258)
e

ideal correction
factor

BN |Q<

We see that F,/V,, when the parasitic resistance of the inductor is included, is
simply the product of the ideal voltage transfer function of the buck SPC and a
correction factor that accounts for the series parasitic resistance.

This correction factor is not normally very large if the buck converter is rea-
sonably power-efficient, and is always less than one. From the small-signal equa-
tions, one can solve for the open-loop input-to-output transfer function or the
control-to-output transfer function as shown below.
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Oo(s) _ 1+sRoC
':a‘(:} (D) 1+S(Rcc*[RHRL]C+ C ) 1LC(I§+RL) @

1 +SROC

0,() _| _DR ]
o(s) +Rg L ! R+Rc] %
1+ [RCC+(R||RL)C+(R +RL):|5+L(, [R YR, 5

(2.60)

Figure 2.17 is a logarithmic graph of the magnitude and phase angle of Eq.
(2.59) using asymptotic approximations. As shown, the equation represents a
conventional two-pole low-pass filter with a zero introduced by the presence of
output capacitance ESR. The magnitude of Eq. (2.59) is obviously dependent
on the value of SPC duty cycle D, which will change the position of the magni-
tude plot, but mof its shape.

The open-circuit input impedance (Z;,) of the SPC is:

0,(s)
Z;, =7

2.61
is(5) ¢ )

;(sj=u.

To determine Z,, we could manipulate Eqgs. (2.52) through (2.55) withd = 0,
but it is simpler to use the circuit model for the determination. Looking at Fig.
2.16C, we see that Z;, is the input impedance of the output filter network (in-
cluding R) reflected through T'7. From this observation we can write:

- R+Rp
: [R+R.] 1+s |:R+R +(Rc+(RIIRL))C]+s LC[R+R ]‘|
o .

Ll 1+5(R+Rc)C
(2.62)
The open-loop output impedance (Z,, ) is defined as:
z,, =% (2.63)
1o $r-20-0

However, our analysis has implicitly assumed that 'f:,(s) =0. We can alter our
model to cope with this situation by adding an external generator (i) in parallel
with R, as shown in Fig. 2.18 A. Then:
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Fig. 2.17. Asymptotic gain and phase approximations for the control-to-output transfer
function of a typical buck converter.

Z,,=28) (264)
ig(s) 3 @y=iay=o

Given that 4 =1, =0, one can now redraw our circuit model to look like that
shown in Fig. 2.18B. Since we are interested only in small-signal AC terms, the
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Fig. 2.18. Methods for determining Zgg.

model can be further simplified as shown in Fig. 2.18C. From this latter net-
work, we can readily determine Z,,, to be:

- (s +RL/L)(s +1/RLC)
Hiu AT 2Rt RIRG), 1 ]s JR*RL 1
i L R+Ro)C) LR+Re]LC

(2.65)

An alternative method for finding £,, would be to add ?g to our original cir-
cuit of Fig. 2.14A and then derive our averaged models with its effect included;
iy could then be extracted directly from the mathematical descriptions of the
resulting averaged models.
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25. STATE-SPACE AVERAGED MODEL FOR THE
DISCONTINUOUS MODE

THE BUCK CONVERTER 43

The definition of the discontinuous mode requires that the inductor current of
the buck SPC go to zero during each switching cycle. As a result, the discontinu-
ous circuit model must assume three different states during each switching cycle
in contrast to only two states for the continuous mode. Inthe analysis to follow,

we will use an ideal buck converter circuit for simplicity.

The three networks (A, B, and C) corresponding to the three different states
are shown in Fig. 2.19. By examination of each state, we can write the following
state-variable network equations:

(2.66)

(2.67)

(2.68)

(2.69)

(2.70)

2.71)

Network A exists during time interval ¢, network B during time ¢, , and network
C during the remainder of the switching cycle. It is now possible to define the

duty eycle values to be used for averaging the above equations:

059

@72)

2.73)

(2.73)
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Fig. 2.19. Equivalent circuits for the buck converter in the discontinuous mode.

Before proceeding with the averaging step, a look at an additional circuit con-
straint is necessary because of the discontinuous conduction nature of the SPC.

For a converter operating in the continuous mode, at the beginning of each
switching cycle, I, =iz (0), and, at the end of each cycle, I}, = iy (7). Ingeneral,
i, (0) and iy, (T;) do not equal zero. If we perturb iy during the switching cycle,
then iy (0) # iy, (T;). As a consequence, the average value for the rate of change
of inductor current over one cycle does not equal zero and, must be retained in 1
the circuit equations under continuous current flow conditions.

However, in the discontinuous mode, the very definition of this operating
mode requires that:
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i,(0)=i,(T,)=0. (2.75)

Eq. (2.75) implies that any upward rate of change of inductor current must be
exactly compensated for by a corresponding downward rate of change so that
the average current magnitude over one complete cycle becomes:

<;i;> =0, (2.76)

The abowe relationship holds even if ip is perturbed, as can be seen in Fig.
2.20, where t, is extended by At. The average value of the perturbation must
- still be zero.
If we now average Eqs. (2.66) through (2.71), using the definitions given in
Egs. (2.72) through (2.74), and keeping in mind the condition stated by Eq.
(2.76), the following results are obtained:

0=-(d, +dy)o+dyu, @)

dv fd,+d;\ . v
_=H AL 25 78
dr c /' RrC ey

Fig.2.20. The effect on iy, of perturbing r,.

061

VC00049479



46 MODERN DC-TO-DC SWITCHMODE POWER CONVERTER CIRCUITS

Once again, a mathematical model has been derived consisting of a single set
of differential equations which can be easily manipulated using conventional
linear circuit theory.

We can now form a circuit model using Eqs. (2.77) and (2.78), and the result
is shown in Fig. 2.21A. However, the utility of this model can be improved by
modifying it slightly. In Fig. 2.21B, we employ an ideal transformer to isolate
v and / as separate variables. In Fig. 2.21C, the dependent generators of Fig.
2.21B are replaced with another ideal transformer. For most design purposes,
the current (i) circulating in the inner loop is of no particular interest. There-
fore, the two transformers of Figs. 2.21B and 2.21C can be combined to arrive
at the relatively simple circuit model of Fig. 2.21D.

This intermediate discontinuous model suffers from the same problems as
the continuous mode model at this point in the analysis. All of the externally
controlled variables have not been separated and another variable (d,) has been
introduced which is a function of the circuit elements as well as d; . For these
reasons, the process of model refinement must be continued and, as before, we
have the option of either manipulating the associated circuit equations and then
determining the circuit model, or manipulating the circuit model followed by
equation derivations. As was the case of the continuous model derivation, the
former option will be pursued here.

However, before continuing with the model development process, we note
that the model of Fig. 2.21D does have one very interesting feature—the inductor F
has disappeared! As a result, we can conclude that the second-order nature of
the output filter network has been reduced to first order. The disappearance of
L from the model is a direct consequence of the constraint stated in Eq. (2.76).

Because of the altered nature of the model, one of the state variables (di/dt)
has been lost. We can replace this loss with another equation related to the aver-
age current, i, defined as:

. _dp d, )
i===(v,- ——. 2.79
PRACERA vy, (2ae
If we now perturb Egs. (2.77) through (2.79) using the same conventions and
assumptions employed in Section 2.4, and then separate them into DC and
small-signal sets, the following relationships are obtained:

[ 0=-(0, +D,)V+D,V, 280) °
1%
DCq 0= +D) -+ (2.81)
D,
| P=r V)[2RTL] (2.82)
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Fig. 2.21. Derivation of the statespace averaged model for the buck converter in the dis-
continuous mode,
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0=-(D, +D,)0 +(V,- ¥)d, - Vd, + D, (2.83)
cdy o B A R
AC —-(;=(Dl +D;)i —E +1Id, +1d, (2.84)
w o 4 " i e
P () EDi8 + (- 1), +DiG. (285)
RT‘L

. Unfortunately, the above equations still contain terms that include D, and
d;. These can be eliminated by further manipulation of these same relationships,
from which the following expressions evolve:

V,/1-M

- e vy (2.86)
V=MV, (2.87)
o D S P A Y (ST
"[R\ﬁT_rL 1—M)'] ’ +(2R1'L) ( M )d‘
i M A
—_— 17, (288
o +[R ,——hsz(lyy)]n (2.88)

- 6 V)
L6 e

A—‘l 275 A l;ﬂ (_JE 271. )A 2.90 ;:
d"(v |~M)”+(M q\y Viom )™ =90

These equations are defined in terms of M. If it is desirable to state them in

terms of D, , then the following relationship from Table 2.1 can be substituted: 3
T e, @91)
[ +V1 + 87 /D} L

Equations (2.86) through (2.90) provide the basis for a2 mathematical model.
From them,A one can now proceed to find an equivalent circuit. Since the param-
eters / and fare not of any direct interest for most SPC designs, we will develop

- VC00049482



THE BUCK CONVERTER 49

|4-
[
°
™

o BA——_ |
1:M(D,, 7}
(A)
5‘1; ’2?1 J_

+

DEGEES )

i s ¥e V
(B)

Fig. 2.22. The final state-space averaged models for the buck canverter in the discontinuous
mode.

a circuit model which does not include these two terms, much in the same man-
ner as we followed to generate the: circuit model in Fig. 2.21D.
- The DC circuit model coresponding to the conditions of Eq. (2.87) is shown
in Fig. 2.22A.
For convenience, Eq. 2.84 can be placed into the complex frequency domain
by using Laplace transformation methods. Eliminating / and / and transforming
this equation, we get:

-4 () ) [2 () Y52 Jan

2.92)

A circuit model which corresponds to Eq. 2.92 is illustrated in Fig. 2.22B,
where:

Cw oM
%Y an

(2.93)
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jr = ;—; ],/? (2.94)
r= R[ f‘-M—f'-] (2.95)
ra=R(1-M) (2.96)
2 =fla (lM;f) .
£ = %f (H) (2.98)

Note that the resistive elements for | and r; have asinusoidalline drawn through
their symbols. This is done to indicate that they are AC resistances only and
they do not physically exist under DC conditions.

To conclude, a mathematical and a circuit model for the buck SPC have been
evolved, both of which can be used as small-signal modeling aids when the con-
verter is operating in a discontinuous mode. These circuit models can easily be
inserted into more complex power processing networks, keeping in mind the AC
and DC models for the discontinuous mode are not identical and, therefore, it
will be necessary to solve for AC and DC quantities separately, In practice, such
model changeover is not a great analysis inconvenience. From the mathematical
model described by Eq. 2.92, one can easily derive the important small-signal
transfer characteristics of the buck SPC operating in a discontinuous mode ri'af
operation. A

%%': ; (2.99)
%%“ [(%)G“%) (2.100)
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3. The Boost Converter

In this chapter, we will examine the second of the two fundamental converter
circuits, namely, the boost converter. The discussion will proceed in very much
the same manner as it did in Chapter 2, but the end results will be quite dif-
ferent because the boost converter has very different properties from those of
the buck converter. Even though the same components are used, the change in
topology has a profound effect on how the converter operates.

In the case of the continuous-mode buck converter, the use of state-space
averaging was admittedly an overkill because most of the characteristics could
have been determined by viewing the circuit as a pulsed voltage source followed
by a conventional low-pass filter. If that approach is used in the case of the
boost converter, the answers derived would be wrong and would not include the
movement of filter cutoff frequency as a function of SPC duty cycle and the
nonminimum phase control-to-output transfer functions which are demon-
strably present in real boost converters. The state-space averaging technique,
however, does provide a very accurate model.

3.1. BOOST CONVERTER OPERATION

An ideal boost SPC circuit is shown in Fig. 3.1 with the waveforms for each
operating mode established by the position of the SPDT switch (S) shown in
Figs. 3.2 and 3.3.

During one complete switching cycle, S moves between positions 4 and B and
the circuit topology changes from that shown in Fig. 3.1B to the network of
Fig. 3.1C. At the beginning of the switching cycle, S is in position A. During
time f,, the inductor current (iy) ramps upward from its value at t =0 (I,)
towards a maximum value of [, at t=1¢;. At¢;,S moves to position B and the
energy stored in L during time ¢; is now delivered to the output network (R and
C). Consequently, i; ramps downward during time ¢,. If the converter is oper-
ating in the continuous mode, inductor current ramps down to a value of [, at
the end of the switching cycle, T;. However, if the converter is operating in the
discontinuous mode (Fig. 3.3), iz, at time ¢, is zero, since all of the stored energy

51
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Fig. 3.1. The boost converter.

of the inductor has been delivered to the output. As was the case for the buck
SPC, the operating mode of the boost SPC is of fundamental importance in
determining the circuit characteristic waveforms and associated power trerfer
functions.

We can deduce many of the properties of the boost converter by examining
the waveforms of Fig. 3.3. First, the output voltage must be greater than the
input voltage. If this voltage relationship were not true, L would not discharge
into the output network. In the continuous mode, the input current is non-
pulsating, and its ripple magnitude can be made arbitrarily small by increasing
the inductance of L. However, the input current during the discontinucus mode
of operation is pulsating. The output current is always pulsating regardless of
the mode of operation.

During intervals £, and t3, when L is disconnected from the output, load
energy needs are supported completely by C. Depending on operating mode and
output power requirements, it may be necessary to make C quite large to meet
the usual requirement of small output voltage ripple.

Current ip is the collector current of the transistor switch (Q,)in Fig. 3.1D.
Comparing its waveform in Fig. 3.2 and that in Fig. 3.3, we see that its peak
value is much higher in the discontinuous mode for a constant output voltage
and load. It is evident that J; must switch higher peak currents when it is turn-
ing off.

The DC input current (/;) is the average value of i; . For a given input power:

P,=LV, (3.1)
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Fig. 3.2. Boost converter continuous mode waveforms.

Since [, and [, do not vary greatly with changes in V; for a constant output
voltage (¥), the peak values for f7 and I, in Fig. 33 are primarily functions of
[,. ‘This dependency in the boost SPC has a counterpart in the buck SPC, where
the peak values of [ and I, are determined by average output current (f,).
Therefore, in the boost SPC, as V; increases, values of I7(ayg), [T (mmy) 25 Well as
[, decrease.
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Fig. 3.3. Boost converter discontinuous mode waveforms.

aeE VC00049488



68¥670000A

T.0

*S]ULLINO JuUaUOdWOD 19}19AUO0O 300G 2y} JO uonIulyaq “¢'¢ S

1}
10 7 17
+ L A AAS
- ————. -
40y 7 1

ISIIJ ISNW oM ‘TOAOMOY ‘'€ pUE ['¢ So|qe] wolj suonenba oy jo swos Sumydeid
£q DdS 15009 33 JO SINsIIgIORIRYD 9Y) OJUl paured aq ued JYSIsul S[qeIIPISUO)

(Le) L/ L
(9¢) W = 9]
(X3 | &W =T
C43) W =W
(€9 W =tq
(4] W ='q

:01oyM ‘7€ PUR [ SI[QR Ul PIZLIBWILNS JIE
3INOIIO SIY) Ul PAIBOIPUI SHULIIND aYy) Suruygap suonenby -DJS [eonoeld e 3oopja1
0] pappe uaaq sey (79 ‘77) dNiomiau 13y Indur ue ‘p'¢ ‘81 Ul UMOYS SY

“sis[eue ay3 jo
AorINdOE 93 UO 309}39 [[WS B A[UO 9ABY [[IM UOISSTWO II3Y) JBY) OS [[BUIS 9q ISnUI
saoue)sisar onisered oY) “19310AU00 Aouardnye ySy e up - Ayorduns 10 ¢ 81 Jo
DdS 1s00q eapr oY) awmsaxd [Im 2mpaooid uonezIIAORIRYD dY) ‘UOIIISS STY] Uf

NOILVZIY3L1OVHVHD 31V1S-AQV3ILS TVNDIS-IDYV] T€E

G5 H3L1HY3ANOD 1S008 JHL




56 MODERN DC-TO-OC SWITCHMODE PDWER CONVERTER CIRCUITS

TABLE 3.1A. Definition of Variables for
Boost Converter Equations.

1L L/RT,

Ts Switching period

e | LolRTy

L, Critical inductance

e | M-I =Dy(1-D1)22
CDD Ol?duty cycle of switch

Dy Diode conduction duty cycle
M VIV,

Iy Minimum inductor current
Iy Maximum inductor current

define the regions of operation where each set of equations will be valid. The

boundary between the continuous and discontinuous modes is defined by 77 .
where: '

M- 1
e =T (3.8)

or alternatively:

D,(1-D,)*
m,:%_ (9)

Graphs of Eqs. (3.8) and (3.9) are given in Figs. 3.5 and 3.6, respectively. We
see that if 7 > 2/27, or approximately 0.075, then the converter will always
remain in the continuous mode. Another interesting condition shown is the fact
that, if ry <0.075, then an upper and a lower boundary condition exist, at
which a mode change will occur. For example, if r; = 0.025 the operating mode
will change from continuous to discontinuous for D, _f 0.05, and back to con-
tinuous when Dy = 0.73. ‘As 7 is made larger, the rangé of D, over which the
discontinuous mode exists will become progressively smaller.

With the areas of validity for the equations of Tables 3.1 and 3.2 established,
graphical examination of one of them can now proceed. Fig. 3.7 shows the
variation of M versus changes in D,. For the continuous mode, this relationship
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TABLE 3.1B. Boost Converter Equations for Continuous Inductor Current.

Dependent
Variable fM, 1, V,R) fOy, 7, V.R)
M -y
M 1-D,
M-1*
D, = D =D
1
Dy T 1-p
™
. i L\M- ‘) " (“Voa-n
2 R 1w\ M2 R|1-D \2r, y
v 1 -1 A 1
fy 2 = M+<___ ..._2) —|——+(—)p1-D)
R 21y R -D 27y,
v\/ 1
IL@ve) ol ®N\17D,
U 1 V(M- 1\ v/ 1\ 1/} e
7 _Mh_(__)(____ _ +—(—)pa-p
L(rms) [ 3\2r,, M R[\Il-D 3\2rg, (
" v 1 M- 1 V[D(l-D)
C1(rms) R \l2r, M2 R 127y
oo | e s GHEEN] | A5
C2(rms) R 3 2w/ \M M2 RU-D 12 TL
v\/ D
IT(avg) — M- =/)\1 D,
2 _\2Y/2 2 Y2
IT(ems) —[M(M— 1)+—(—L-) (M—:l) ] = ,l(l_)p%x-m’]
3\2r /\ M RL(-0* 3\2rp
v v
D1 (avg) 7 R

*For M > 3, see equation 3.34 in text. 3_1‘* ¥ ,)/:_ /- 0 )- H - D R

Q!

is quite nonlinear, with the value M rising rapidly as D, is increased. In contrast,
in the discontinuous mode, the graphical relationship between M and D, is very
nearly a straight line. This latter situation is surprising when one looks casually
at the defining equation of this graph:

WL TN
e V1+2D% 1, -

2
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L

= (3.10)
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TABLE 3.2A. Boost Converter Equations for Discontinuous | nductor Current.

Dependent
Variable fM, 1, ¥, R) [Py, 7L, V,R)
1+vi+20l
M M R~
Dy N2 M-y Dy
D, 'L (_'5)(50\)1#201.’17.3
M-1 o
I 0 0
4 v [Ipi-T) v [v‘um’.h,, -1]
A i T M R Dy
. v nv’uw}m)
IL(ave) i T R e
v e M- M v[2 o, "
Kt I} e
; V[ AwO-D w1y [If\/l+2D1!!r,_
cim) | TN e b1 5 2
) I L, N v [2 (Vi+2pls, 1 £s
le2 (rms) v o iy i
R 9 TLM R D[ .
v v [Vis1Ddir -1
v s ® F_z—- 4
! g [s - P v [\/] +2D%jrg - |] J
Tipwi) Ry M R D1
v v
D1 (ave) i I i

However, in most of the area where Eq. (3.10) is valid, we can state:

203

>1. (3.11)

TL

Using the condition of Eq. (3.11) the value of M set by Eq. (3.10) can be ap-
proximated as:

(3.12)
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TABLE 3.2B. Equations Normalized to ry .

ki, mc ‘

Iy TL

I T
b 1+ e * Continuous Mode

Iy T

i gems) E+ L e\

Ig 3\ g / &L

Lo _y [ / /
Iy 7
dhe Discontinuous Mode

fL(rms) = !_5_ TLC {

Iq 9\

O\L

010
008 -
2
A a
008 - Continuous Mode
Operation
e
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-— //A — — 1,=0025

wj 7/ e
: W// oz .

Fig. 3.5. Operating mode boundaries as a function of M.
o
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Fig. 3.6. Operating mode boundaries as a function of Dy.

If we compare the results of Eqs. (3.10) and (3.12) for values of D, and 7, set
at 0.5 and 0.01, respectively, an error of less than 1% will be found. Therefore,
the simpler form of Eq. (3.10) will give results accurate for most analysis needs.
Even if the value of 7y, is increased by a factor of ten, the error introduced by
the use of Eq. (3.10) is only 3%.

As was the case for the buck SPC of the last chapter, the voltage control char-
acteristics of Fig. 3.7 differs greatly between the two conduction modes. Al-
though the conditions of this graph apply to an ideal boost SPC, the graph is
a good representation of the control characteristic for practical boost converters,
where M is less than three. For continuous-mode M values larger than three, the
effects of any component parasitic resistances become quite noticeable, The
associated plot of Fig. 3.7 does not continue its exponential climb, but actually
reaches a peak and then begins to fall. This change will be demonstrated in
Section 3.4, when component parasitics are added to the ideal boost SPC model.
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Continuous

Fig. 3.7. DC control characteristic for the boost converter.

The variations in /, and Ip, (g as 7y, is varied are shown in Figs. 3.8 and 3.9,
respectively. From these graphs, the effect of r, on the amplitude of these
particular currents can be clearly seen. In very much the same manner as was
observed in the buck SPC, the amplitudes of these currents are always higherin
the discontinuous mode and, in some cases, they can be very large. Thus, the
use of the discontinuous mode for boost SPC operation is not advantageous for
high output power.

33. LARGE-SIGNAL DYNAMIC CHARACTERIZATION

If the output load of a boost SPC is removed, or short-circuited, the converter
reacts in a manner unlike that observed in the buck SPC of Chapter 2 under
similar conditions.

In an output short-circuit condition, reducing the duty cycle of the switch to
zero will not limit the amount of current drawn from the source, because the
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Fig. 3.9. Inductor rms current amplitude as a function of inductance value.
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switch is #0f in series with it. Reducing the duty cycle of switch will provide
output overload protection only until the output voltage equals the source
voltage. At that point, there is no inherent mechanism for output current
limiting, other than parasitic inductor resistance and diode impedance, both
of which are normally very small. If output current overload must be tolerated,
then an additional switch in series with the source must be added. This is a fun-
damental problem common to all boost-derived converters. Fortunately, the
problem can be resolved fairly simply. Practical solutions are treated in Chapter 9.

If the boost SPC output is open-circuited, another serious problem arises.
If the switching action of the SPC is continued in the absence of an output load,
the energy stored in C will increase. The output voltage will rise until a compo-
nent fails.

A short anecdote will serve to emphasize the potential seriousness of the
problem. Some years ago, one of the authors was familiarizing a young elec-
tronics engineer with the design of SPCs. One of his job assignments was to design
and build a basic boost SPC, and he was forewarned never to operate the boost
SPC without proper loading. This admonition apparently was not taken seriously,
for shortly "afterwards, a loud bang was heard at the engineer’s work bench.
Upon investigation by co-workers, he was found to be bleeding from his fore-
head, almost exactly between the eyes, where the inside portions of an elec-
trolytic capacitor had struck him. Apparently, the output filter capacitor had
exploded when the load of the converter was removed.” He finally got the point
(no pun intended) and, we trust you do too, from this account of a very unfor-
tunate experience.

Applications where the output loading of a boost SPC could be removed are
frequently encountered by designers. In these instances, overvoltage or stress
problems from unloading can be eliminated by adding auxiliary circuitry in
the SPC control system to sense an overvoltage condition and then reduce switch
duty cycle D to zero.

When Vg is first applied to the boost SPC of Fig. 3.1D, and the shunt switch is
OFF, the input inrush current is limited only by the characteristics of a low-pass
filter network formed by R, L, and C. The shape of the inrush source current
transient is one-half cycle of a damped sinusoid, as shown in Fig. 3.10. The
maximum value of this transient may be many times that of the steady-state
average value of /;. This high peak current can produce damage to filter ele-
ments or to the source. For these reasons, SPC input specifications often call
for limiting the amplitude of inrush current.

An additional complication may arise if the inrush current reaches a value
large enough to cause the core of L to saturate. Should this happen, the wave-
forms in Fig. 3.10 will no longer apply, and even higher values of inrush current
will occur, limited only by source impedances and parasitic resistances of L, D,
and C.
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Fig. 3.10. Inrush current waveform at source turn-on.

In addition to potentially high inrush currents at turnon, there is another
problem peculiar to the boost SPC relative to starting sequence. Some boost
designs are structured so as to begin SPC switching action with the application
of V. When V,is first applied, the output voltage (V,) will be initially zero and
begin to rise toward the desired output voltage value. During this build-up
interval, the auxiliary voltage control circuitry will push the value of D to a
maximum and decrease it as output voltage increases. If the maximum value
of D s too large, the circuit will lock up and ¥V, will not be built up. This
situation is usually accompanied by both excessive input inductor as well as
switch current values. It is normal practice, therefore, to limit the maximum
value of D to a value slightly larger than that required for normal output voltage.
An analytical determination of the maximum duty cycle is presented in Section
34,

It is well to remember that these potentially damage-producing properties of
the basic boost SPC are retained in their more complex derivative topologies.
In boost-derived SPCs which contain a DC transfoomation element, the inrush
current occurs at the onset of SPC switching action, rather than at the time
when V, is first applied. Mevertheless, the potential stress problems discussed
earlier are still possible.
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3.4. STATE-SPACE AVERAGED MODEL FOR THE
CONTINUOUS MODE

The same processes that were used in Chapter 2 for deriving general small-signal
models for the buck SPC can be repeated here for the boost SPC.

Figure 3.11 shows the equivalent circuits for each of the two possible states
of the boost SPC in the continuous mode, We have now included the parasitic
resistances of the inductor and output capacitor to make our models practical

in nature.
The comesponding circuit equations, in state-variable form, for the network of
Fig.3.11A are:
dl RL] = Us
—_—= ===+ —= 3.
: [ 8L ;0 2 @3.13)
dv ]
S < 3.14
a T RIRIC @.149)
A L

(A) 5

8)
Fig. 3.11. Boost converter equivalent circuits.
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5 =[R ch]u (3.15)

i =i. (3.16)

For network B of Fig. 3.11, the describing circuit equations are:

di _ [Ry*RIRY]. 1] R v

L TR AR L[R +R,,]“ L (3:17)

dv R o U

ar "[(R+RC)C]’ ®+RIC e
% =(RIIRc}:‘+[R = ]u (3.19)
i, =i (3.20)

Using the same assumptions for averaging that were established in Chapter 2,
the state-space averaged circuit equations for the boost SPC are:

di  [Ry+(1-d)RIR.)] ._[_(l'd)R] 4 Y @ay

ar L L 1 LL®R+RY)” |
dv [ (1-d)R b J
i [(R ¥ Rcw] ®+RC g’
=(1- D RIR )‘+[ = (3.23)
Uy = (. ) R+ Rc] v ;
"3 = f (3‘24)

A circuit model corresponding to the above equations is shown in Fig. 3.12.
In this model, dn output low-pass filter network is evident as was the case for the
buck SPC model in the continuous mode. However, the values for L and its
seres resistances are now modulated functions of the switch duty cycle. It fol-
lows then that the output fi f'lter network characteristics will change asa function

_ i

dtl’ference between these (Wo CONVErters. B

B T = e T it il o gy b Ayt =)
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Fig. 3.12. Initial state-space averaged model for the boost converter.

Continuing the process of model development, we can now perturb Egs. (3.21)
through (3.24) using the same smallsignal conventions that were employed in
Chapter 2. As a result of these perturbations, the following relationships are

established:
=-[Ry + RIR,)D')I - (Rﬁ )V+ v, (3.25)
0=RD)-V (326)
DC G )© :
v, =(RtIR,,)D'I+(R G )V (327
E=F (328
'd_?=_[RL+(R|tRc)D':|»_\ [ RD' ]A
ar V; " LwrryLl’
V,\(DR+R.\~ @,
() Cras)a+ 629
AC 4 ﬁ_ RD' = I ~ Vo ¥ &\ A A
dr '[(R +R.=)c]' [(R+Rc)r:]" [D'(Rmc)c] ™
(3.30)
e LA R -~ VDRG i
v =(RIR)D'1 +(R+R,_.)u [D'(R+R,_.)]d' (3.31)
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From the DC equations, we can readily derive expressions for V, I, and M as:

Vo
S '=1-D 332
I=pg D=1 (332)
V= VO (3 .33)
DR
== 3.
M R (334)

where

RZ(D')Z

R'=R; +(RIR,)D' +- . 335
L ( " c) R+Rc ( )

Equation (3.34) can be rearranged so that it takes the form of the voltage gain
function of an ideal boost SPC multiplied by a correction factor produced by
the SPC’s parasitic resistances:

1 (D')’R]
M=(—)|~—=—|. )
(D ) [ R (3.36)
1 t
IDEAL CORRECTION FACTOR

Figure 3.13 shows a graph of Eq. (3.34) comparing an ideal M versus D char-
acteristic (R;, =R, =0) to one in which R, =R, =00IR. As shown, for M
values less than 3, the difference between actual and ideal relationships is very
small. For M values greater than 3, the two curves diverge from one another
rapidly and the effect of the correction factor in Eq. (3.36) becomes apparent
in the nonideal case. Values of parasitic resistances for an efficient conversion
process are usually less than 1% of the converter’s maximum load value, and,
frequently, even smaller parasitic values can be realized by proper filter compo-
nent selection.

The departure of Eq. (3.36) from the ideal curve of Fig. 3.13 at high duty
cycles poses a problem in SPC applications. In thisexample, for Ry, =R, = 0.01R,
the maximum value for M is 4.7 and occurs at a duty cycle of 0.88. Should the
source voltage (¥;) drop in value, any output voltage regulation control elec-
tronics of the converter would attempt to increase D, and therefore M, to main-
tain a constant output voltage. If the SPC’s regulation controls were designed
so as to allow a duty cycle of 0.88 to be exceeded under these circumstances,
then the output voltage would drop, resulting in a further increase in the value
of D. This increase in D would continue until a maximum control limit value is
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Fig. 3.13. A comparisonbetween ideal and practical DC control functions.

reached. Therefore, in our practical example, it is possible for related voltage
control electronics to produce a lazch-wp condition, wherein the SPC switch
would be placed ina full conduction condition. This is a primary reason that all
< boost SPC systems should be designed so that their maximum duty cycle is limited
to prevent latch-up. For a more detailed discussion of this lock-up problem, the
reader should examine the contents of Ref. 4 given in the text bibliography.
We can now complete our mathematical model by transforming Eqs. (3.28)
through (3.31) into the complex frequency domain:

U [DRAR Yo miin p 2 RD 7.
F[W]d(s]i- vg(s)=[sL + R, + D'(RIIR:)]i (5) +[R +R¢:|”‘

337

(%)a‘w DR G- [1 +sR+RICIFE  (3.38)

i,(s)=D' (R||R,_.)?(s) +[R ch ]5‘(,)

: [ﬁ] df(s) (339)
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()= 7). (340)

Examination of the mathematical model equations shows that they have
exactly the same form as the model for the buck converter derived in Chapter 2.
Only the proportionality constants produced by the circuit element values are
different. This implies that any equivalent circuit model topology established by
the above equations will be identical to that of the buck SPC, and differ only in
element values. From this observation and a little bit of equation manipulation

(see Chapter 10), we can formulate the small-signal continuous circuit model of
the boost SPC as shown in Fig. 3.14, where:

- R P Ry
et [R +R, (n')’n] At
j
fig)=1- S[W'—i[ (3.42)
R+R, Rt
J= ———*Vo = 3.43) d
== (D')Z_R, f;(!)" 1 ( . 2
R, w2t QURIDD (SJ)R;C)DD (3.44)
= & < 1 .
=8 oy fe 2mvL,C’ g
Ef,15)d(s)
/ 1 R' sl

v, +v,ls) C)

Iylsdls) </ a-ora

Fig. 3.14. Final state-space averaged model for the boost converter.
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Once again, the output network of the modelin Fig. 3.14 takes the form of a
low-pass filter; however, some filter elements (R, and L) are functions of D.
In a closed-loop voltage control application, these variations will cause f, to
change as a function of D. Obviously, this will complicate the design of the

SPC voltage control electronics from stability and bandwidth standpoints.

< st

We see also that thed (s) voltage generator has a complex amplitude f, (s) and
that f;(s) has a right half-plane zero! The right half-plane zero appears as a
consequence of the switching action, and seriously complicates the problem of
stabilizing the control loop.

A simple physical explanation for the presence of this zero can be found by
considering boost control circuit reaction to a step increase in D(AD), which
is equivalent to commanding a step increase in output voltage. The initial
reaction of the boost SPC system would be to keep its shunt switch on for a
corresponding period, D + AD. During this interval, ¥, will drop slightly, since

the output voltage must be sustained by the energy in C2 for a slightly longer
time than was necessary on the immediate preceeding switching cycle of the
SPC. The initial slope of the output response (dv,/dr) is therefore negative for a
positive 'mpuf change. This phenomenon is characteristic of a system with a zero
in the right half of the complex frequency plane. The negative rate of change of
v, exists only momentarily, and then becomes positive in value as output voltage
rises in response to control increases in converter duty cycle D.

From the small-signal equations, we can now derive some SPC transfer func-

tions of interest:

-

%) _

33(3} i

(1+3R,.C)

)

+ + +D'
s‘LC(R RFC) + s[—L-, +(ﬁmL L s RR”) C'] +1

d (s)

R R
(3.46)
8@ [V J[ORY
[DRILR+R, "*
i
T A A .
PR
) P R+R, % (3.47)
s’LC[R ;F‘]u% +(RR" *R"f:," *Dm‘)c} 1

In both of these equations, a zero appears because of the presence of output
capacitor ESR (R.) as well as a complex pole that moves as a function of D.
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Fig. 3.15. Asymptotic gain and phase approximations for the small-signal control-to-output
transfer function of a typical boost converter.

However, the right half-plane zero discussed earlier appears only in the control-
to-output transfer function. An asymptotic gain and phase approximation for
this latter function is shown in Fig. 3.15, where the deleterious effect of the
right half-plane zero on system stability is very apparent when compared to
the same graph for the buck SPC (Fig. 2.17). In Fig. 3.15, it has been presumed
that the ESR effect of the output capacitor results in a break frequency lower
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than that caused by the right half-plane zero. If the frequency relationships of
these two zero break points are interchanged, the gain plot will remain unchanged,
but the phase angle plot (as shown by the dashed line) will move in a direction
so as to even more severely complicate control measures for system stability.

3.56. STATE-SPACE AVERAGED MODEL FOR THE
DISCONTINUOUS MODE

Like its counterpart SPC of Chapter 2, the boost converter assumes three dif-
ferent states during the discontinuous mode of operation. These are shown in
Fig. 3.16. For each of the networks of Fig. 3.16, a set of equations can be

written:
di v
— =% 3.48
dt L ( )
A
dv v
—=-— 3
dt RC Gi2)
ﬂ g _ v b (3.50)
dt L L
B¢
dv i v
» 1 ] e 3.51
dt C RC )
di
ﬁ & =0- (3.52)
(o
dv v
ﬁ - (3.53)

The duty cycle periods associated with the three networks of Fig. 3.16 are
defined as follows:

!
3 d, =— 3.
A 15 (3.54)
B:  dy=2 (3.55)
: 2= !
G: Qu =1- Qn i QN. AWMQV
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(Y]

8)

c
Fig. 3.16. Equivalent circuits for the boost converter operating in the discontinuous mode.

We can now perform the state-space aweraging step, keeping in mind that di/dt
is zero for the same reasons that were evident in the buck SPC during the discon-
tinuous mode. The resulting averaged equations are:

0 =‘dzv+(d1 +d3 ]UJ (3.57)
dv di\ . v
— —_— — — 8
d (C‘) T L)

Again, the lost state variable, i, can be replaced by:

= _|_d
1—2 [ZRTL]U"' (3.59)
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Construction of the circuit topology corresponding to Egs. (3.57), (3.58), and
i (3.59) would reveal that the inductor does not appear in the resulting circuit.
: Perturbation of Eqs. (3.57) through (3.59) and separation of AC and DC
! components result in the following expressions:

0=-DsV + (D, +D,)V, (3.60)

Il DC 0=D,I- {" (3.61)
i I '%’; (3.62)
( 0=-Dy5+V,dy - (V- V)dy +(Dy +D2)0;  (363)

AC = =[%]?'E%+[%]§= (364)

] ?’[z;:.,]‘?* +[5p=]a (3565)

L4

The mathematical model described by the above relationships has terms in-
cluding the dependent variables D, as well as d, With a bit of manipulation,
these dependent terms can be eliminated and the model then becomes:

LV [H
DC R ZTLM

(3.66)

V=MV, _ (3.67)

O M- 1) |.
‘ R[zuM]d h:’”’ R |

w2
R
Cd‘u ! [m— 1] [ ] M[:ZM— 1]
AC di \ferM(M— 1) 1

et
v lVem-y

(3.69)

sy L] waer s,

(3.70)

VC00049509
091



76 MODERN DC-TODC SWITCHMODE POWER CONVERTER CIRCUITS

The above equations are stated in terms of M. If one would rathef have them

expressed in terms of D, then a substitution is possible: -' i B
+ +2D1
=L GN)
For convenience, we will transform Eq (3.69) into the complex frequency *

domain, obtaining:

MB,(s)= [1 + xRC( :L'_ 'l)] 8() - [ ~ ;’: l][l/ﬁ%]&‘p (3.72)

If we compare Eqs. (3.67) and (3.72) with their buck SPC counterparts of
Chapter 2 in the discontinuous mode [Egs. (2.87) and (2.92), respectively], the
equation form is identical and each set differs only in the proportionality con-
stant. This allows the use of the buck circuit model with different element
values, as shown in Fig, 3.17, where:

. vy i ke Oy L ATy

maibnsdal
3

v M '
i\ = -—»]/-‘——— 373)
11 R 211("‘!_ l) ( ) _“:_‘.

A w
12 = RV MOt - 1)

(3.74)

1:M(D. 7))

(a) :
- b n 947, ¢ * !
8 » {e’ & " > i

Fig. 3.17. Final state-space averaged models for the boost converter operating in the discon-
tinuous mode.
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a =[] el
M-1
r =[T]R (3.76)
= LlM,
&1 = Rl m- l:l (3.77)
_1[MEM- 1)
=5 [ Mol ] (3.78)

From the models of Figs. 3.17A and 3.17B, the input-to-output and control-
to-output transfer functions can easily be derived as:

o(s) _ M
05 (s) L1752 C( 21:{4 —— 11> (3.79)
- b0 2w [ AT -
3(ss) -[2M‘ 1][" 21LM:|[1 +sRc<ﬁ-".L)]' (3.80)
‘ WM- 1

By inspection, we see that both of these transfer functions have a single-pole
characteristic, which will move as input voltage changes, thus altering the value
of M. Also note that the right half-plane zero, which was present in the con-

tinuous mode, is not present in the discontinuous mode model for the boost
SPC.

093

VC00049511



4. DC Transformers

The buck and boost SPCs are fundamental building blocks from which more
complex power processing systems can be constructed. However, both of these
fundamental SPCs have practical conversion limitations that can only be over-
come by the use of another SPC element—the DC transformer. Recall that each
of the basic converters can only accommodate one input and provide only one
output with input and output sharing a common return reference point. Definite
limits on their output voltage ranges relative to their input voltage values are evi-
dent. Allof these limitations can be overcome by the use of additional DC trans-
formation functions, the ideal form of which is depicted in Fig. 4.1. An ideal
transformer element would pass all signal frequencies from DC to light with no
power loss, provide any selected transformation ratio of voltage or current, pro-
vide complete isolation between its input and its output, process power in either
direction with equal facility and, finally, provide for additional inputs or outputs
if required.

Obviously, such a perfect transformation device does not physically exist and,
fortunately, perfection is rarely required. ‘Many circuits which approximate the
characteristics of an ideal transformation element do exist and are quite practical,
especially if unlimited bandwidth of signal processing is not required.

4.1. TYPICAL CONFIGURATIONS

One of the most common SPC circuits used as a DC transformer element in a
power processor is shown in Fig. 4.2A. This circuit topology is often called a
“push-pull” converter, or perallel DC transformer,in reference to the alternat-
ing conduction actions of the two primary-side switches (S! and S2) and the
secondary-side .rectifier elements (D1 and D2). In Fig. 42A, the secondary
rectifier connection is commonly called a full-wave center-tapped connection.
However, there are other rectifier connections, such as the one shown in Fig.
4.2B. Here, this particular form is in a full-bridge connection. Regardless of
their output rectifier connection, both circuits of Fig. 4.2 are classified as parallel
DC transformers.
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o— —Q

O O
Fig. 4.1, The ideal transformer.

Switches Sl1 and S2 operate altermately, with conduction duty cycles of
50% during one complete switching cycle. These switching actions generate a
symmetrical and alternating voltage across the primary of T1. Transformer T1
is a normal high-frequency AC transformer designed to operate at the switching
rates of 51 and 52. Due to the AC voltage applied to NV, on each switching half
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Fig 4 2. The parallel DC transformer.
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cycle, an AC woltage will appear on N, such that:

% = V[ﬁ‘] @)

P

Transformer T1 provides desired voltage transformation ratio as well as input-
to-output ground return isolation, if so desired. The corresponding AC voltages
across the secondary windings of T1 are rectified by D1 and D2 so as to produce
a DC voltage determined by Eq. (4.1). The circuits of Fig. 4.2 thus perform two
series conversion steps, (DC-to-AC and AC-to-DC, respectively) to realize a DC-
DC transformation function.

The woltage which appears across a nonconducting primary switch in this DC-
DC transformer system is 2V;, as the voltage across one half of the total primary
winding of T1 (N,) must be reflected into its other half. The peak current in
each of the two primary switches is equal to the input average current, [y, when
each is ON,

In addition to this parallel DC transformer circuit, three other primary switch
variations are in general use today. These formsarecommonly called haif-bridge,
Sull-bridge, and single-ended DC transformers and are shown in Figs.4 3A through
4.3C, respectively, less associated secondary networks. There are many other
primary switch connections possible for DC transformation, but the four varia-
tions just discussed represent the majority of schemes normally encountered
in practice. ‘More complex variations will be discussed in Chapter 9.

In the half-bridge circuit of Fig. 4 3A, switches S1 and S2 conduct alternately,
i.e., when Sl is ON, 52 is OFF, and vice versa. The voltage appearing across any
open switch is equal to the source voltage, and the peak current through any
conducting switch is twice the average source current. Because of the reduced
switch OFF voltage stress, this half-bridge primary connection is usually preferred
over the parallel connection of Fig. 4.2A in offline applications since in the lat-
ter case, any open switch must ideally sustain twice the source voltage. On the
other hand, for low source voltage values, the parallel connection is usually
chosen, since any conducting primary switch sees only I, rather than 2/; in the
case of a half-bridge DC transformer.

Notice that, in the half-bridge primary connection, the voltage across the
primary of the transformer is ideally one-half the value of J;. Therefore, fora
given Np, ¥;,and ¥,, the primary winding must have half as many turns.

In the full-brifdge circuit of Fig. 4.3B, switches S1 and S4 are closed simulta-
neously during the first half-cycle of the conversion process, and then S2 and S3
are closed simultaneously during the second half-cycle. The voltage appearing
across any open switch is equal to the source voltage and the peak currentthrough
any conducting switches is equal to the average source current. Because the full-
bridge DC converter provides minimum switch voltage as well as minimum cur-
rent stress, this approach is popular in high-power (>750 W)converters.
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Fig.4.3. Alternative primary switch connections for a DC transformer.

The single-ended approach to DC transformation (Fig. 4.3C) is simpler than
all the others discussed, and is a very popular technique for low and medium
output power applications. The circuit does, however, have some drawbacks.
[ts input current is pulsating, with an amplitude determined by the average value
of I and the duty cycle of S1. Consequently,some form of input low-pass filter
is usually needed to smooth out these current pulsations. When S1 is not con-
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ducting, its open-circuit voltage is equal to the source voltage plus the voltage
reflected through the transformer from its secondary. In many cases, the switch
open-circuit voltage will be greater than double the source voltage, while its
closed-circuit peak current may well be more than twice the average input cur-
rent. For these reasons, the single-ended DC transformer circuit is usually re-
stricted to applications below 500 watts.

Finally, some means must be provided to reset the core of the transformer in
this circuit when S1 is in an OFF state. This reset means is needed to prevent
core saturation and subsequent high current in the switch when it is turned ON.
Many transformer core reset schemes exist and may be divided into two general
categories—those which allow the core energy to dissipate naturally, and those
which force the reset of the core by external means. Which reset category
is the best to use for a particular application is dependent on the core B-f loop
characteristics, two extremes of which are shown in Fig. 4.4. The core material
associated with the loop in Fig. 4.4A is characterized by a low remnant flux density
(B,) when its magnetizing force (/) is zero. When the magnetizing force is re-
moved, this type of core can have a relatively large amount of energy stored.
Here, an external means of core reset is desirable to quickly dissipate the large
energy stored. The core characteristic of Fig. 4.4A is typical of some ferrite or
powdered iron materials, or any core with an air gap. The characteristic shown
in Fig. 4.4B is typical of cores composed of grain-oriented nickel-iron alloys,
with no air gaps. Because of its ‘“square-loop” B-H characteristic, this type of
core material storeslittleenergy and has a high B, at zero excitation.

Comparing the two B-H characteristics, we see that each has advantages and
disadvantages. With a low B, core, the resef scheme can be very simple which is
a significant advantage. The disadvantages of a low B, core include the need for
substantial core area andfor winding turns to keep the magnetizing current within
reasonable bounds and the fact that less than half the available core flux can be
used. A high B, core, on the other hand, may require a more complex reset
arrangement but, in exchange, will have a smaller core and/or less copper in the
windings. As a general rule for the same power level, the forced reset high B,
core will provide the smallest complete transformer. )

r In practice, gapped low-B, cores are most frequently used in single-ended DC
i transformer converters. The reason for this choice is not necessarily that this
core characteristic is superior for this application, but rather due to a general
lack of appreciation by designers of how simply forced-current reset can be
implemented as well as the advantages of so doing.

A wide variety of reset schemes are possible, with simple clamp methods as
shown in Fig. 4.5. In theory, the diode-zener clamp may be added to any wind-
ing of the transformer to provide core reset, provided that the associated volt-
seconds/turns factor is sufficiently large that the core is indeed reset during the
minimum time penod that the switch is OFF. In practice, however, the clamp is
usually placed on the primary winding (Fig. 4.5A), since any practical transformer
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Fig. 4.4, Typical core B-H loop characteristics.

will have some primary-to-secondary leakage inductance. This parasitic induc-
tance will also store energy and can damage the switch element if not dissipated
safely. By placing the clamp circuit across the primary winding, both core reset
and switch protection against parasitic transformer leakage inductance effects
are accomplished simultaneously. Of course, in this type of core reset circuit,
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all of the stored core energy is lost within the clamp network. For this reason,
this simple reset scheme is suitable for low-power applications.

For higher power applications, the stored energy of the translormer’s core
may be either returned to the source voltage (Fig. 4.6A) or to the load (Fig.
4.6B). In this manner, only a small portion of the stored core energy is lost,
and the input-to-output power conversion efficiency is high. There is no require-
ment that Np be equal to Np or Ny. In fact, by making Ny small compared to
Np, the duty cycle of Sl can be increased with a reduction in the peak current
it must handle. Unfortunately, as Ny is made smaller, the open-circuit voltage
(¥;)across Sl will increase. The expression for ¥ versus F is:

& Ny
V=¥ [1 +NR]' a2)

In practice, the maximum switch duty cycle (D) of the single-ended transformer
is- usually limited to 0.7 or 0.8. Forexample, if the reset scheme of Fig.4.6A is
used with a maximum duty of 0.8, the number of turns on the primary must be
more than four times the number of turns on the reset winding. From Eq. (4.2),
the ideal switch voltage stress when it is in an OFF state will then be at least
Jfive times the source voltage.

In Fig.4.6B, notice that a dissipative clamp circuit is shown on the primary of
the transformer. This voltage clamp is needed to protect SI from the harmful
effects of parasitic primary leakage inductance and does not play a major role in
the core reset operation. Power dissipation in this clamp circuit is normally quite
small. When the core energy is discharged into the secondary as shown in Fig.
4.6B via diode D3 it will be necessary to connect D3 to a low-impedance load,
such as the capacitor of any associated low-pass filter network. Connecting the
energy commutation diode to a high-impedance load (such as an inductor) will
cause a large voltage spike to appear on both primary and secondary windings of
the transformer.

When a core of a single-ended DC transformer has a high value of B,, mecha-
nisms can be provided for reset. Two possibilities are shown in Fig: 4.7, the first
of which uses an auxiliary winding and a current source and the second a perma-
nent magnet. Ferrite cores having an integral permanent magnet are now avail-
able, but are rarely employed (primarily because of cost of customization) despite
the simplicity of the reset scheme. The current reset scheme of Fig. 4.7A is not
often used in practice because of the need for an additional transformer winding
and an external current source. However, in many SPC circuits, there is a built-
in current source—the filter inductor of any associated output low-pass network!
In these instances, current reset may be realized by simply tapping the secondary
of the transformer, as shown in Fig. 4.8, and routing the inductor current through
the tap via a diode. This method costs little 1o implement—a tap on the trans-
former. In most circuits the diode will already be present.
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Fig.4.8. Current reset using an output inductor.
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Fig.4 9. Practical realizations for current and permanent magnet reset schemes.

The reset schemes of Figs. 4.7 and 4.8 lack one important feature, namely, a
means for limiting the amplitude of the OFF voltage stress on S1 (V) during
core reset. This feature can be easily added by the use of the primary clamping
scheme of Fig. 4.6A. The resultant circuit structures are shown in Fig. 4.9.

In converter applications which have a high-voltage source, ¥, can become
substantial, as Eq. (4.2) predicts. A means to minimize F; in these applications
is shown in Fig. 4.10A. Inthis scheme, two primary switches are used and are
driven ON and OFF simultaneously. Here, ¥ for each switch will be equal to
¥;, and the maximum duty cycle is 0.5, since the primary winding is also the -
reset winding. The duty cycle limit may be increased, again-at the expense of
increasing ¥}, by tapping the primary winding as shown in Fig. 4.10B.

4.2 UNIDIRECTIONAL DC TRANSFORMERS

As we have just seen, there are a wide variety of circuits that can approximate the
properties of an ideal DC transformer element. Here, we will look at SPC DC
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Fig. 4.10. Double-switch, single-ended reset schemes.

transformer circuits in which the input-to-output power flow is unidirectional.
Then, in the next section, similar circuits in which bidirectional power flow is
possible will be examined.

When comparing the DC transformer circuits to follow, one must take into
consideration more than just topology concepts. As a practical matter, both
the choice of switch arrangements and the means for driving them must be con-
sidered. There are several choices to be made in switch-drive arrangements
alone, i.e., external drive or self-oscillating, voltage or current-drive, and many
more. v

One of the simplest (and oldest), unidirectional DC transformers is the Royer
circuit shown in Fig. 4.11A. This is a self-oscillating BJT circuit, in which the
transistors are driven from positive-feedback auxiliary windings on T1. For the
circuit to be self-oscillating, it is necessary that the transformer core saturate at
the end of each half cycle, removing the base drive from the switch in conduc-
tion. Residual energy in the transformer’s core changes the polarity of the volt-
age across its transformer windings when a switch turns OFF, turning on the
.opposing switch. The alternate switch remains in conduction until the core satu-
rates once again, and the process repeats. The primary advantage of the Royer
circuit is its simplicity, but it does have a number of practical drawbacks which
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Fig. 4.11. The Royer circuit.

limits its use to low-power applications. One major problem occurs when the
core goes into saturation reducing the primary impedance to a low value. This
causes a large increase in i during the interval when the switch is turning OFF,
as shown in Fig. 4.11B. This current transient causes high peak power to be
dissipated in the transistor. For this reason, the Royer circuit is preferred for
low-power DC transformer applications where such peak transient currents are
small.
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The oscillation frequency of the Royer approach is more or less a linear func-
tion of the source voltage. It will also change as a function of temperature since
the core flux saturation level, Vpg (sat) and the winding resistances of the trans-
former are all directly related to the environment. An additional problem is that
the core flux excursion must go from +¢, to ¢, thus limiting the maximum self-
oscillating frequency due to core power dissipation.

Another topology similar to the Royer circuit, which removes the switch
drive functions from the main power transformer, is shown in Fig. 4.12A. This
circuit is called the self-oscillating Jensen converter. In this approach, converter
oscillation frequency and base-drive functions are performed by the saturable

%

'

Al

(R

Fig.4.12. The Jensen circuit.
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i transformer element, T2. Therefore, Tl can be optimized for power tranfer
alone. The oscillating frequency of the Jensen approach is determined by the
: core characteristics of T2 and the base-emitter voltage of the transistor switches,
| These voltages will vary with both converter load and ambient temperature, but
normally not enough to have a large effect. The oscillation frequency of the
Jensen converter is relatively stable with line, load, and temperature changes
when compared to similar conditions in a Royer circuit. The primary switching
current waveforms of the Jensen converter are also more uniform, with little or
no current spiking due to core saturation. The price paid for this improvement
is the need for an additional transformer. The Jensen circuit can be simplified
as shown in Fig. 4.12B, where the timing function is accomplished by a single-
winding saturating reactor (Ly), with the base drive power for the switches
provided by an auxiliary winding on the power transformer, T1.

If the load and/or source voltage of the Jensen converter varies over a wide
range of values, the transistor base drive approaches of Fig. 4.12 may be unsuit-
able, since they provide for drive magnitudes whichare proportional to the source
woltage. To provide sufficient base drive under worst-case input/output line and
load conditions, (minimum ¥;, with maximum load current), the base resistance
(Rp) must be selected to provide enough current to maintain the switch in a
fully safurated condition. Thus, when ¥, is at its maximum and the converter
load current is at a minimum, the switches are grossly overdriven. Long transistor
storage times result. To maintain a base drive proportional to load demand, a
current-drive network must be employed,as shown inFig.4.13A. Inthis circuit:

ib = fC [%] o Imz (4'3)

where I,,, ; is the magnetizing current in winding N2 of T2. By usinga propor-
tional base current drive such as this, the switches are always operating at a
fixed § except when the converter has low output currents. Under light load
conditions, i is small, and [,,;, may become large enough to make the resultant
ip small. A low iy value could result in inadequate base drive to maintain tran-
sistor saturation, and produce high power dissipation in these semiconductors.
To overcome the light-load drive problem, an additional winding may be added
to T2 to compensate for I, ,, as shown in Fig. 4.13B.

Besides providing excellent switching characteristics, the proportional base
drive network of Fig. 4.13 is very efficient. For these two reasons, these forms
of self-oscillating parallel DC transformers can work well at power levels up to
several hundred watts. However, proportional current drive does have a disad-
vantage to keep in mind. If the output of a Royer converter is short-circuited,
the circuit will cease oscillation and remain quiescent with both of its primary
switches OFF. To a large degree, the Royer circuit is self-protecting in this
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Fig. 4.13. A current-driven Jensen circuit.

regard. Similarly, the voltage-driven Jensen converters of Fig. 4.13 are also
somewhat self-protecting in overload situations. Thisis notto imply that for all
conceivable conditions of output current overload that the circuits of Figs. 4.11
and 4.12 will always be self-protecting by nature but, in general, the degree of
self-protection is very good. However, in the current-driven circuits of Fig.4.13,
the feature of self-protection from output overloads is notably absent except,
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perhaps, for a complete short circuit condition on their outputs. As the output
load increases in value, /,, increases proportionately in these schemes. Therefore,
the proportionality feature of current drive will then cause the collector currents
of the switches to reach peak stress levels, usually resulting in damage, unless
the transistors are turned OFF by external protective means.

When efficient high power processing at a controlled frequency of conversion
is desired, an externally driven IC transformer is usually used. For example, the
circuit in Fig. 4.13A could be externally controlled by simply adding another
center-tapped winding to T2 and connecting two drive switches as shown in
Fig. 4.14. At the beginning of the switching cycle, S3 and 54 are both ON,
disabling the transformer action of T2. This prevents SI and S2 from turning
ON. Driver switch S3 is then turned OFF and the residual energy stored in T2
(by Ip) is discharged into the base of primary switch S2 turning it ON. S2 con-
duction will then be maintained by the proportional base current supplied by
the positive current feedback winding (V2)of T2. At the end of this half cycle,
S3 again turns ON, shorting the drive winding of T2, and disabling the propor-
tional base drive mechanism for $2. One switching cycle is completed when
similar actions are accomplished with S1 and S4. Although we are concerned
here with 50% conduction cycles, the conduction periods of S1 and S2 could
be pulse-width-modulated (PWM) if a low-pass LC filter is provided on the
output of this converter for energy storage when switches S1 and 82 are both
OFF.

Both full-bridge and half-bridge externally-driven DC transformer variations
are frequently used in practice. An example of a half-bridge version is shown in
Fig. 4.15. Here, only a single positive feedback winding on T2 is needed to ac-
commodate proportional base drive for both §1 and S2.

DC transformer drive schemes abound in practice. Unfortunately, we cannot
present them all in this text. The ones covered do represent the major schemes

- R

Fig.4.14. A driven parallel circuit with proportional base drive,
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Fig. 4.15. A half-bridge version of Fig. 4.14.

found in today’s conversion systems. Which scheme will be the best for a par-
ticular application is a function of conversion needs, size, and, of course, cost.

43. BIDIRECTIONAL POWER FLOW

For some power conversion applications,such as battery charging anddischarging,
it is desirable for the DC transformer to have bidirectional power flow capability.
These features can readily be achieved by making appropriate converter switch
elements bidirectional with corresponding drives for directional states. An ex-
ample of adding this feature to the parallel transformer of Fig. 4.2 is shown in
Fig. 4.16. Here, we have chosen MOSFETS as switch elements, as they possess
diodes as an integral part of their structure. The direction of power flow will
depend on the values of V;, ¥,, Np, and Ny, as indicated by the following re-
lationships:

Ve %&}Vo = power flow from input to output (44)
¥

N,
V< [f] ¥, = power flow from output to input. (4.5)

5.

By making the switches bidirectional in handling currents, the discontinuous
mode of operation is not possible. As the inductor current approaches zero
during a switching cycle, it will continue on, becoming negative rather than
remaining at a zero value. This means that at 7 = T, [; #¥ 0 but may have some
negative value. Therefore, the continuous mode of SPC operation and small-
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Fig. 4.16. A bidirectional parallel DC transformer.

signal modeling associated with it discussed in Chapters 1 and 2 will always
prevail in a converter with bidirectional power flow capability.

4.4 PROBLEMS AND LIMITATIONS OF. PRACTICAL
DC TRANSFORMERS

Obviously, practical DC transformers can not exhibit ideal electrical character-
istics and, as such, have performance limitations and operational problems. For-
tunately, most of the circuit problems can be overcome and the functional limita-
tions minimized.

The most fundamental performance limit is bandwidth of signal processing.
For practical purposes, the bandwidth can be assumed to be less than one-half
of the maximum switching frequency of the converter. It follows that, to
achieve wide bandwidth of power processing, high switching frequencies must be
used. At the present time, conversion switching frequencies up to 500 kilohertz
are not uncommon and, by using MOSFET switch elements, frequenciesof several
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megahertz are possible. For most applications, converter bandwidth is not a
problem if associated active and passive circuit elements are properly chosen or
designed.

Any practical switch element requires some finite period of time to change
state. Inthe BJT, the delay in turnoff is primarily due to minority carrier storage
time. One example of the effect of BIT storage time is conduction time overlap
in the switches of a DC transformer. The result of finite switching times and
conduction overlap in a parallel DC transformer (Fig. 4.17B) is shown in Fig.
4.17A, where its output secondary waveform appears much like that shown
somewhat exaggerated in Fig. 4.17A. Two design approaches can be followed to
reduce the effects of these “breaks™ in output voltage. First, reduce the con-

L, = Switching Delay
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Fig. 4.17. Typical output waveform in a practical DC transformer.
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duction overlap to acceptable intervals and, second, add a small capacitor (Fig.
4.17B) across the output terminals of the‘circuit to smooth out the waveform
pulsations.

Conduction overlap of primary switches also causes another problem discussed
earlier, namely, high current spikes during such intervals. If the transformer is
supplied from a “stiff” voltage source and both switches are ON simultaneously,
there is very little impedance to limit the switch current amplitudes and they
could very well be damaged or destroyed as a result. If converter drives are
externally provided, their signal intervals may be shortened to provide a dead
time when neither primary converter switch is being actively driven. The amount
of dead time required will be determined by maximum storage time of the pri-
mary switches. Because the storage time of a BIT is a function of base drive
magnitude, collector current level, junction temperature and normal variations
in the manufacturing processes of the semiconductor, the required dead time
intervals are difficult to predict and, to satisfy the worst case, may have to be a
significant portion of the switching cycle of the converter. Any output filter
capacitor for energy storage (Fig. 4.17A) also will end up being tairly large.

In a self-oscillating DC transformer circuit, automatically inserting an adequate
dead time interval to prevent conduction overlap of primary switches is often
unrealistic. Usually, some form of in-line primary current-limiting is added
instead to reduce the amplitudes of any potentially destructive current spikes
to safe levels. A simple means for limiting instantaneous primary current is the
insertion of an inductor in series with the source voltage as shown in Fig. 4.18.
In Fig. 4.18A, the energy stored in L following any overlap interval of S1 and
S2 is dissipated in resistor R, and diode D¢. In Fig. 4.18B, the stored energy
in L is returned to the source via diode D¢.

Large current spikes in the primary switches can also occur should the trans-
former core saturate when either one is conducting. In an ideal converter, the
volt-seconds applied to both the primary and the secondary windings will aver-
age to zero over one switching cycle and the corresponding flux excursions of
the transformer core will be symmetrical about the origin of its hysteresis loop.
Therefore, no core saturation problems will occur as long as maximum flux
capability of the core is not exceeded. In practical terms,however, perfect volt-
second balance is never achieved for a number of reasons. First of all, the con-
duction interval of the primary switches may not be exactly identical and their
conduction voltage drops may not be equal. Also, conduction voltage drops
as well as conduction time intervals of rectifier diodes on the secondary side of
the transformer may not be equal because of parasitic inductances. This prob-
lem will be addressed in more detail in Chapter 8.

There are many ways to minimize or eliminate transformer core saturation
from unbalance and its resultant undesirable side effects. Some techniques are
simple in concept while others can be very complex to implement. The simplest
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Fig. 4.1B. Primary current-limiting circuits.

method is the selection of a core material for the transformer that has relatively
low permeability and low residual flux density (such as is shown in Fig. 4.4A)
which will tolerate some DC offset without saturation. This solution brings with
it relatively high magnetizing current levels for small core area dimensions or low
numbers of turns on windings. Increasing core area and winding turns to reduce
magnetizing current levels increases the size and cost of the transformer. Abetter
alternative would be the use of a core with a characteristic like that shown in
Fig. 4.19A. In this type of core characteristic, the effective permeability is very
high in the normal operating region (about the origin of the B-H loop). If some
DC imbalance is present and the operating loop moves off to one side of the core
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Fig.4.19. Composite core structures.

characteristic, the core does not go into hard saturation, but moves into the up-
per region of the characteristic, where the permeability is lower. Thus, sufficient
inductance will exist to limit peak switch currents to safe levels. While there is
no known single core material with the desirable characteristic of Fig. 4.19A,
modified or composite core structures can be built which can emulate it. Two
examples, using toroidal structures, are illustrated in Figs. 4.19B and C. In
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Fig.4.19B, a partial air gap is placed on the outer part of the core so that nearly
all of the core flux is contained in its inner ungapped section during normal
operation. If the inner section should saturate, the core flux will move to the
outer air-gapped portion which has a lower but still significant permeability.
A stacked two-core composite configuration is shown in Fig. 4.19C, where two
cores with the same inner and outer diameters but composed of different perme-
ability materials are used. The methods of primary current-limiting (shown in
Fig. 4.18) for overlapping conduction will also provide switch protection for
core saturation.

For those DC transformation circuits which use a bridge or half-bridge primary
switch connection, a particularly simple means is available for eliminating trans-
former core saturation due to primary volt-second imbalance. In these two
converter circuits, the primary winding of their transformerscan be DC-isolated
by the insertion of a series capacitor (C,)as shown in Fig. 4.20. Notice that for
the half-bridge version (Fig. 4.20B), the series DC-blocking capacitor function
is accomplished inherently by the presence of the voltage-division capacitors,
C1 and C2. The value chosen for C, cannot bearbitrary, for as Cyis made smaller,
the output woltage waveform (Fig. 4.20C) will become more tilted because of
the AC wvoltage drop across this series capacitor. On the other hand, if C; is
made too largeand the source voltage is subject to rapid changes, the DC voltage
across Cy; may not change quickly enough to prevent momentary transformer
core saturation. The time constant (7¢) for the rate of change of DC voltage
across C; is approximately:

fo =R,C, (4.6)

where R, is the reflected output load resistance of the converter seen by the
primary of the transformer.

If possible, the value of 7 should be made small in comparison to the maxi-
mum slew rate of expected changes in F{.

A variety of active circuits are possible that will electronically sense the con-
dition of impending core saturation and turn off primary switch networks. The
price paid for any electronic approach is additional SPC complexity as well as
cost.

The possibility of transformer core saturation can be reduced if converter
switches are closely matched in thermal as well as electrical characteristics.
Matching can greatly improve the protective effectiveness o f the passive methods
discussed earlier. For MOSFET switches, matching is not difficult or unreason-
able from a cost standpoint. However, matching BIJTs requires that several
parameters (Vog (sat), Vag, f, etc.) be controlled over the ranges of junction
temperatures and load currents encountered in an application. BJT matching is
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Fig. 4.20. A DC-blocking capacitor in series with the primary winding.

rarely economically practical, although pair matching for some parameters will
always be to the designer’s advantage.

When a DC transformer circuit is shut down by rapidly removing its source of
power or its drive, the transformer core may not have zero residual flux but in-
stead be left with a large value of residual flux. When the converter is reactivated,
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the core material of the transformer may saturate on the first half-cycle of
operation, resulting in a potentially destructive current spike in one of the
primary switches. Since there is no means in most SPC circuits to determine
the actua) initial value of the core flux at converter turn-on, this particular prob-
lem has destroyed more than a few converters. Both inductive primary current-
limiting methods or active core state flux-sensing schemes are effective approaches
insolving this turn-on core saturation dilemma.

The self-oscillating transformer circuits shown in Figs. 4.11 through 4.13
work very well, once oscillation has begun. However, all of these circuits suffer
from a lack of reliable “starting.” Since both primary switches are initially OFF,
there is no inherent mechanism (other than leakage paths) to start oscillation at
power application. Thecefore, it is necessary to include auxiliary starting elec-
tronics which momentarily place one (or more) of the DC transformer switches
in an active conduction mode. A commonly used starting circuit for the Royer

system of Fig. 4.11 is shown in Fig. 4.21. Many other starting networks exist. [n-

terested readers are referred to text reference 5 in the bibliography of this book.

In the parallel circuit of Fig. 4.2, if the two primary windings of the trans-

former are not tightly coupled, it is possible to generate switch voltage spikes

from leakage inductances. The effect is equivalent to placing a small discrete
é

WV,

]

!
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Fig.4.21. A typical starting circuit for self-oscillating converters.
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inductor (Lg in Fig. 4.22) in series with each primary switch. When a switch is
turned OFF, the energy in the associated parasitic leakage inductance must be
dissipated. For this reason the woltage across the OFF switch will continue to
rise until this energy is eliminated, usually as a result of switch breakdown. If
the transformer leakage inductances are made very small, then any parasitic
capacitance in parallel with the OFF switch will limit the resultant transient
voltage amplitude, often protecting the switch from voltage breakdown and
producing a damped ringing waveform which can contribute to the electro-
magnetic (EMI) noise generated by the converter. Winding the primary windings
of the transformer either bifilar or interleaved isa common design method used
to maximize coupling between the windings. Adding a transient-damping net-
work (R;, C,) across the primary winding, as illustrated in Fig. 4.22, is also
recommended.

When the output load of a practical DC transformer is made very light, voltage

Ly

o
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T1 (primary winding)

+ 0 <
l‘ Mﬂ_j
- n!b——u-—c(’ Ly —=- leakage inductance
52 Ly

T t{primary winding)
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Fig. 4.22. Primary-to-primary leakage inductance with a damping network.
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transients resulting from winding and circuit layout parasitic inductances can
appear as a dynamic part of the output voltage, altering its average voltage value,
independent of the value of ¥;. This transient-produced output problem is best
resolved by careful design of the transformer, good physical layout of converter
power electronics and appropriate damping networks across parasitic inductive
elements.

The magnetizing inductance of a practical transformer of a converter must be
finite, and therefore contributes to the primary current waveform. A general
representation of the AC waveform of the magnetizing current waveshape is
shown in Fig. 4.23A. Since i,, is an inductive current, it does not represent an
inherent conversion power loss. However, from earlier discussions, it can increase
the converter switching losses and the resistive losses in the winding of the trans-
former. At full load, I,,, is normally small in amplitude when compared to I, (as
shown in Fig. 4.23B), so that their composite waveform is always positive. How-
ever, at light output loads, 7,, may exceed I and cause the composite current
waveform to reverse polarity. A typical solution to this light-load problem is to
make the primary switches bidirectional. For BJT switches, anti-parallel diodes
can be added as shown in Fig. 4.24. During light loading when the diodes are
conducting, the effective duty cycle of the switches may be different from that
applied to the switch element alone. If the switch is PWM controlled, then the
voltage transfer function will be altered.

In a practical single-output circuit, each half section of the transformer second-
ary winding is not perfectly coupled to either the primary winding or to its other
half section. In addition, physical connections to output rectifiers will always
have some series inductance associated with them. These parasitics can affect
the output voltage regulation and ripple of the converter. The equivalent circuit
of an SPC output secondary winding with rectifier connections can be drawn with
these parasitics, with leakage inductances drawn as lumped inductors in series with
each rectifier. The resultant circuitry is shown in Fig. 425A. Note that there
are two types of inductances illustrated—that which is common to both halves
of the secondary winding and that which is due to imperfect transformer coupling
between these secondary windings plus their rectifier connection inductance
(L, and L,). For the purposes of this discussion, the presence of the common
inductances will be ignored and the equivalent circuit of Fig. 4.25B used. These
parasitic inductances do affect converter circuit operation, becoming more
significant as either the switching frequency or the output current level is
increased.

The voltage and current waveforms within the equivalent circuit of Fig. 4.25B
are given in Fig. 4.26, for the case of 50% duty cycle on each secondary. During
time ¢,, a current i is flowing through D1 and L,. At:=1¢,,the polarity of v,
and v, relative to the centertap of the transformer secondary changes, but, be-
cause of the presence of inductors L, and Ly, i, will fall gradually and i, will
increase gradually. The average value relationship,
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current.

L+ =1 (4.7)
must be preserved throughout the converter’s operating cycle. During the inter-

val A¢, when both i; and i, are flowing, D1 and D2 must be in conduction
simultaneously, so that w3 =0. This “notch™ in v; reduces the average output
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voltage of the converter and increases associated AC ripple magnitudes, both of
which are undesimable.
The overlap time interval (A7) is:

Ap=tel @3)

It is obvious from Eq. (4.8) that low-voltage high-current transformer second-
ary windings are most likely to produce a significant value of At. The “delay”
interval will also vary with the converter’s load current. This time interval can
be related to a change of conversion duty cycle, AD,and ripple frequency (f =
2f;=2/T;) by:

A_f= ﬂD":Lafl fl"

4 49
- > @9)
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For conversion duty cycles less than 50%, the “notch™ effect is still evident,
even though v, goes to zero prior to change in secondary woltage polarity. There-
fore, iy must continue to flow to satisfy the requirements of Eq. (4.7). In prac-
tical circuits, /; may not remain zero during the At time interval and i, is thus
reduced. This situation can reduce AD to some degree, but the basic result is
still evident. Voltage v, will be zero during Ar only if L, =Lp. Usually, this
latter condition is not satisfied. Therefore, voltage v, usually has some positive
value during Ar. The net result of all of the above actions is a reduction in ef-
fective duty cycle of the vy waveform when compared ta that of the transformer
secondary voltages. The change is dependent on load current.

In a DC-DC converter with multiple secondary outputs, transformer cross-
regulation between secondaries is degraded by this effect as well as by parasitic
resistances of rectifier diodes, winding resistance voltage drops, and other leak-
age inductance effects. For good transformer winding cross-regulation, it is
imperative that parasitic series inductances be minimized.

So far we have been dealing with symmetric output converter circuits with
equal parasitic inductances, i.e., L; = L. Now consider a single-ended DC trans-
former output circuit, such as that shown in Fig. 4.27A. Here, L, will most
likely be different in value than that of L,. The resulting waveform shape of
v; will be very similar to that shown in Fig.4.27B. The corresponding equation
for At, and A¢, are:

Aty =(L, +L,,):,—' (@.10)
1

Aty =(Ly +1Ly) ;—' @.11)
1

and, because v, is usually asymmetrical, Af; # Af;. Theequations for v; dur-
ing Ary and A, are, respectively:

o e B 4.12

Vs At ( )
Lbig

Uy = —— . 4.13
Sy @.13)

45 SOURCE IMPEDANCE EFFECTS

So far in the discussions of this chapter, we have tacitly assumed that a voltage
source was being used at the input to the DC transformer, as shown in Fig.
428A. This is referred to as a voltage-fed transformer. Often the power source
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Fig. 4.27. Asymmetrical converter secondary waveforms.

i
1

is high in impedance value, and as such could be characterized asa current source,
as shown in Fig. 4.28B. One practical and common form of a “current”™ power
source is shown in Fig. 4.28C. In thisinstance,the transformersystem is said to
be current-fed.

In the case of voltage-fed DC converters, voltages appearing across the trans-
former windings are determined by source voltage and the winding currents by
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Fig. 4.28. Voltage- and current-fed transformers.

the converter load. In the case of current-fed converters, transformer cuments
are determined by the impedance of the source and winding voltages by the load
of the converter. Obviously, a dual source relationship exists between these
types of converter feed.

Taking into account the parasitic effects, such as switch conduction overlap
and others discussed earlier in this chapter, a current-fed converter has many de-
sirable features, since it automatically limits primary currents. Also, the current-
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fed converter is less prone to output capacitor charging under light output load
conditions. On the other hand, the current-fed converter does have its disad-
vantages. For example, any practical transformer will have some leakage induc-
tance between primary and secondary windings which, can produce large voltage
spikes across converter switches when they are turning OFF. Again, good mag-
netics design and liberal use of appropriate transient damping networks are the
best defenses. Also, when a self-oscillating converter is operated from a current-
limited source, a starting problem can exist because of starting-voltage depend-
dency on output load magnitude.
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5. Buck-Derived Circuits

In Chapter 1, we asserted that complex SPC circuits could be reduced to equiv-
alent forms of one or more combinations of the buck, boost, and the DC trans-
former element. Because of that assumption, Chapters 2, 3, and 4 were devoted
to detailed examinations of the characteristics of these three basic converters.
Now the time has come to test our original premise and to see if this evolutionary
point-of-view is valid and useful in practical SPC design.

In this chapter, we begin by examining the family of SPC circuits which can
be derived from the basic buck converter by the insertion of different DC trans-
formers into its topology at various points. In the pursuit of these combinational
investigations, opportunities to reduce the switch count will arise, whereby other
SPC circuit changes will become apparent that, in turn, will reveal further off-
spring of the buck SPC family.

The first combinations we will examine are those which use the parallel DC
transformer of Fig. 4.2A, followed by similar circuit variations using bridge, half-
bridge, and single-ended DC transformers. We will digress a bit in the related
discussion on the single-ended transformer variation to point out the conse-
quences of using the different transformer core reset schemes of Chapter 4 on
SPC circuit performance.

5.1 BUCK SPC AND PARALLEL TRANSFORMER COMBINATIONS

Figure 5.1 shows the two basic circuits under consideration—the buck converter
(A) and the parallel DC transformer (B). In Fig. 5.1A, we have indicated five
circuit locations (A-A’ through E-E’) where insertion of a DC transformer is
feasible so as to be in series with the flow of input-to-output power. Other
insertion areas within the buck SPC topology for DC transformers are conceiv-
able but, in general, yield converter systems that are not functionat, as the DC
transformer would not be in series with the power flow path.

If we insert the DC transformer at location A-A’, the converter shown in
Fig. 5.2A is obtained. Here the buck converter usually serves as a regulated
voltage source for the DC transformer. This system is usually referred to by
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Fig. 5.1. The basic constituents of buck-derived converter circuits.

SPC designers as a DC-DC converter with a pre-regulator and can be altered to
include multiple-output capability, as shown in Fig. 52B. Control of the con-
duction duty cycle of SI is usually maintained by auxiliary voltage control
electronics associated with either the output of the pre-regulator (the buck
converter portion) or one of the outputs of the DC transformer. Keep in mind
that the DC transformer is voltage-fed, and one may experience the unbalance
and conduction overlap problems discussed in Chapter 4.

Even though the circuit of Fig. 5.2 uses a buck converter as a pre-regulator,
the addition of the DC transformer allows the output voltage(s) to assume a
value(s) higher or lower than the source voltage (¥;). DC isolation between in-
put and output is now possible and, as shown in Fig. 5.2B, a number of different
output voltages can be provided simultaneously. The output voltages are related
to the output voltage of the pre-regulator buck SPC by the corresponding turns
ratio of the transformer windings.
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Fig. 5.2. The DC transformer inserted at location A-A’ in Fig. 5.1.

Even though the range of voltage gain (M) is no longer restricted to less than
one and input-to-output DC isolation has been achieved, the converter of Fig.
5.2A (and those to follow in this chapter) still retains the basic properties of a
buck SPC.

When the DC transformer insertion point is moved to position B-B' of Fig.
5.1A, the converter shown in Fig. 5.3A results. This system also can have multi-
ple outputs (Fig. 5.3B), but each output must now include a filter capacitor sized
in proportion to its load. Since a practical DC transformer would have a small
filter capacitor on any output as shown in Fig. 4.17B, its value need only be in-
creased to meet the requirement just mentioned. Totaleffective filter capacitance
seen on the primary side of the transformer will appear to the buck SPC asifa
single-output were being provided. Also, the load appearing at the output ofthe
buck SPC is simply the parallel combination of the secondary loads reflected to
the primary side of the DC transformer.

In the converters of Fig 53, the DC transformer is current-fed and we realize
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Fig 5.3. The TRW converter.

the ad vantages of this type of source asoutlined in Chapter 4. The well-controlled
component stresses in these circuits make them particularly attractive for high
power, multiple output applications.

There is no inherent requirement in the SPCs of Fig. 5.3 forthe switching action
of S1 to be synchronized with those of S2 and S3. They can be operated asyn-
chronously, both in phase and frequency if desired. However, if Sl is operated
at twice the switching frequency of S2 and S3 and locked in time phase with
them, some advantage from a component stress standpoint can be gained, as
shown by the circuit waveforms of Fig. 5 4.
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Fig. 5.4. Current waveforms for synchronized switching in the TRW converter.

Two synchronized possibilities are illustrated, switches 52 and 83 maybe turned
ON when S1 is turned ON or they may be turned ON when S1 is turned OFF.
The resulting switch current waveforms are shown in Figs. 5.4B and C, respec-
tively. The most desirable waveform is that shown in Fig. 5.4B, since this method
of synchronization allows S2 and S3 to switch when the inductor current isat a
minimum. [If 7 is not much greater than 7, then the current stresses and
corresponding switching losses in S2 and 83 can be quite small. This reduction
in stress can be very helpful for applications where high output power is needed,
or when high-frequency switching rates are required.

A small refinement could be added to the idealized waveforms of Fig. 5.4 so
as to reflect potential overlaps in S2 and S3 conduction times. When both of
these switches are ON, inductor current (I, ) divides between them. In this way,
current levels are close to Iy, /2 when the switches turn ON and OFF, which fur-
ther reduces their switching losses.
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Fig. 5.5. Evolution of the IBM circuit.

The buck-derived converter of Fig. 5.3A can be modified in a number of
interesting ways. One modification is shown in Fig. 5.5C, with intermediate
evolutionary steps illustrated in Figs. 5.5A and B. In Fig. 5.5A, S1 is moved to
the return point of the source voltage. Obviously, this move does not alter the
switch or SPC function. The second step, shown in Fig. 5 5B, duplicates the
original switch functions of S| and D1 with the addition of S4 and D4. This
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step is completed by the removal of the connection between S2 and S3, which
results in the converter system of Fig. 5.5C. Superficially, this “new” SPC
would not seem to offer any advantages over that of the one shown in Fig. 5.3A,
but a closer examination of it reveals that there are some operational differences,
particularly in how the current in D1 and D4 commutates during a switching
cycle of the system.

At the beginning of a switching cycle, S1 and S3 in Fig. 5.5C are both ON.
Energy is stored in the inductor L and also delivered to the output load of Tl
via diode D2. Part way through the switching period, S1 isturned OFF and the
inductor current commutates to diode D1. Halfway through one complete switch-
ing cycle, the inductor current is then transferred from S3 and D1 to switches
S2, S4, and diode D4. Because this is a current-fed converter system and the
current through inductor L must be continuous (if operating in the continuous
mode), switches S2 and S4 are closed before turning S3 OFF (remember—S1 is
already OFF). The resulting reverse voltage appearing across D1 at this time will
be smaller than that seen in the commutating diode of a normal buck SPC or its
offspring shown in Fig. 5.3A. Lower reverse voltage will reduce the.recovery
time current transients through D1 as well as diode D4 on the next half cycle of
converter operation. In a high-frequency or high-power converter application,
these reduced current transient levels can significantly reduce electrical stljesses
on contemporary switch elements, lower commutating diode losses, and increase
overall efficiency.

The SPC circuits in Figs. 5.2,5.3,and 5.5 are very useful if their source voltage
values are above 50 VDC. However, for lower source voltages, the conversion
efficiency suffers because the inductor current must flow through two series
switch elements during a substantial part of the switching cycle. This particular
power loss problem can be eliminated by modifying the converter circuit of
Fig. 5.5C, as shown in Fig. 5.6A. Here, circuit connection points for switches S1
and S4 are changed to the opposite ends of S2 and S3. The resultant switching
sequence remains as described earlier, except that inductor current flows through
only one switch element at any time in the switching cycle. The price paid for
the elimination of one series element voltage drop is an increase in the peak OFF
voltage across S1 and S2 from ¥ to (¥; +2¥;), where ¥} is the reflected load
voltage through transformer T1. Since the SPC Fig. 5.6B is intended for low
input voltage applications, this increased switch voltage stress is seldom a problem
and represents a good trade.

The converter system of Fig. 5.6B is very useful, but it does have design draw-
backs. First of all, it is relatively complex, using four switch elements and two

. primary commutating diodes. Second, the inductor current flows through both
a switch and a diode during a portion of the switching cycle, which increases
the power losses for low values of source voltage. As will be shown in Chapter 8,
these losses can be reduced by using a tapped winding on transformer T1. How-
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ever, a much better solution would be a reduction in the number of switches and
commutation diodes.

Another buck-derived circuit exists which is very similar in structure to the
one in Fig. 56B. This variation is illustrated in Fig. 5.7. Note that primary
diode and switch connections are the same, but now a series inductor has been
added on the secondary side of the converter. For multiple outputs from this
converter, it is necessary to use a similar inductor on each individual output, as
will be necessary for the quasi-squarewave converter to be discussed later in this
chapter. This SPC circuit variation does not appear to have any advantages over
the one shown in Fig. 5.6B and, in fact, has some significant disadvantages, the
most serious one being the need for a multiplicity of inductors for multi-output
applications. All such inductors must remain in a continuous current mode if
reasonable cross-regulation of converter outputs is to be realized.

By making the inductor a two-winding element and repositioning the converter

.switches, the converter of Fig. 5.8 can be derived from the one shown in Fig. 5.6.
This new circuit does not appear to have any advantages over its predecessor,
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Fig. 5.7. The Hunter circuit. ‘
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Fig. 5.8. The Severns circuit.

except that its structure is not patented and therefore lies in the public domain.
It does, howeyer, provide a conceptual stepping stone to another quite useful
buck-derived converter, shown in Fig. 5.9A.

If 52, 83, and the secondary winding of inductor L in Fig. 5.8 are connected
to the secondary side of T1 and the turns ratio of the windings on L made equal
to the turns ratio of T1, then it is apparent that switches 52, 53 and diode D4
will no longer be needed and can be eliminated, as indicated in Fig. 5 9A.

We have now arrived at a current-fed converter circuit which uses only two
primary switch elements with the inductor currents flowing through either a
primary switch or a secondary diode D1, but nor both simultaneously.

For low input voltage ranges, moderate winding transformation ratios and one
or two outputs, the converter circuit of Fig. 5.9A is both simple and efficient.
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Fig. 5.9. The Weinberg circuit.

However, if large turns ratios are necessary between the windings of Tl and L,
then switch voltage stress problems will arise from inherent primary-to-secondary
leakage inductances. This can be a very serious problem at high output power
levels for reasons mentioned in Chapter 4. To accommodate multiple outputs
from this converter, inductor L must also have multiple windings and associated
diodes as illustrated in Fig. 5.9B. When more than two outputs, high power de-
livery, or large transformation ratios are required, the converter circuit of Fig.

5.7 may be a better application choice.
There is another potentially serious problem which can occur in the converter

circuit of Fig. 5.9A. Non-deal transformers have finite magnetizing inductances.
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Therefore, during the intervals when both primary switches are OFF, the voltage
across both primary transformer windings cannot be zero because transformer
magnetizing current is discharging through one of the output diodes, thus clamp-
ing the secondary winding-voltage to that of the output load. This implies that
during concurrent OFF intervals of the primary switches, an additional voltage
above that of the source plus the reflected output voltage from L will appear
across one of the switches, raising the OFF voltage level across one and reducing
the OFF voltage level across the other. In addition, the residual flux in trans-
former T1 may increase because of the impressed secondary voltage, in turn in-
creasing the chances of core saturation. Fortunately, there is a rather\simple
cure for this problem, which is shownin Fig. 5.10. Here,an additionalse%ndary
diode is added in series with the inductor. Both inductor commutating |diodes
are then connected so as to force the transformer secondary voltage fo zero
during the interval when both primary switches (S1 and S2) are in an OFF state.

When input-to-output DC isolation is not required and when the converter
output voltage is higher than its input voltage, a direct-coupled version of the
circuit of Fig. 5.9A may be used. Two examples of this type of converter cir-
cuit are given in Fig. 5.11. Note that the primary inductor is now tapped, and
for different values of transformer turns and inductor connections, boost volt-
age gain can be obtained. Addingthetransformer demagnetization feature shown
in Fig. 5.10 to the converters of [Fig. 5.11 is accomplished by a separate winding
on the transformer, as illustrated in Fig. 5.11C.

We can now return to Fig. 5.1 and insert the DC transformer at positions
C-C" and D-D’. The result is shown in Fig. 5.12A and B, respectively. From
an inspection of these two SPC circuits, it can be seen that the commutating
diode (D1) is no longer required in either case, since diodes D2 and D3 will pro-
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Fig. 5.10. An improved Weinberg circuit.
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Fig. 5.12. The DC transformer inserted at locations C-C' and D-D' in Fig. 5.1.

vide this function of assuring continuousinductor current when switches S2 and
53 are both OFF. The two converters are therefore equivalent in operation.
Occasionally, D1 is not removed from Fig. 5.12B in high output current applica-
tions. The reason for not removing D1 in this case lies in the fact that, during
the converter intervals when S2 and S3 are OFF, the inductor current may com-
mutate through D1 instead of through the two halves of the center-tapped trans-
former secondary winding via diodes D2 and D3. Therefore, the associated
power losses in the secondary winding are reduced during inductor current com-
mutation intervals.

Looking again at Fig. 5.12 we can see that the duty cycle control function of
S1 could be performed by primary switches 52 and 83, since these latter switch
elements are directly in series with S1 on alternating half-cylees. If duty cycle
control of power conversion is moved to S2 and S3 (with S1 removed), the circuit
in Fig. 5.13A emerges. The common name given to this circuit is the parallel
quasi-squarewave corverter and it is one of the most popular DC-DC conversion
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Fig. 5.13. The quasi-squarewave converter.

systems in use today. In applications requiring multiple DC outputs, additional
transformer windings and filter networks can be added, as shown in Fig. 5.13B
for a two-output case. Notice here that each DC output must have low-pass
output filter. In this circuit, it is very possible for one output inductor to be
operating in the continuous mode, with the other operating in the discon-
tinuous mode! The character of any asociated small-signal model of this SPC
will depend on which converter output is being regulated. In normal operation,
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all filter inductors are usually maintained in the continuous mode to assure good
cross-regulation between the regulated output and other unregulated ones.
Any output of this SPC that drops out of the continuous mode will lose this
highly desirable crossregulation action. The problem of crossregulation, as well
as the number of output inductors required for multiple-output applications, are
major draw-backs of this particular circuit approach. Another potential disadvan-
tage is the fact that the DC transformer is now voltage-fed and therefore subject
to transient currents produced by primary switch conduction overlap, trans-
former core saturation,and the other problems discussed in Chapter 4.

The final step in our evolutionary process is to insert the DC transformer at
position E-E’ in Fig. 5.1. The resulting SPC is shown in Fig. 5.14A for a single-
output application, and in Fig. 5.4B for multiple-output situations.
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Fig. 5.14. The DC transformer inserted at location E-E' in Fig. 5.1.
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This particular converter circuit is occasionally used and allows each of the
outputs to be individually regulated by proper duty cycle control of the second-
ary switches (81, 52 in Fig. 5.14B). The disadvantage of this circuit is the multi-
plicity of output switch elements. Because of their presence,the output switches
add additional power losses in the converter, especially if the outputs are required
to deliver high currents at low DC voltages.

A very common requirement encountered by designers today is the need for
an SPC with one low-voltage (2-5 VDC) high-current output along with one or
more higher-voltage (10-28 VDC) outputs with fower output current levels. If
good voltage regulation and efficient conversion of power are required for all
outputs, then the converter in Fig. 5.14B can be combined with the quasi-
squarewave system of Fig. 5.13A. This possibility is shown in Fig. 5.15 for a
two-output SPC. Here, the primary switch control loop is closed around the
low-voltage high-current output, (¥},,). A separate switch (S1) and associated
controls are used in the remaining secondary network to provide good regulation
of the second DC voltage (¥;,). For this SPC to work properly, AC voltages

Fig. 5.15. The quasi-squarewave converter with an auxiliary post-regulator control system.
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across the second output winding of the transformer must be made large enough
so as to give the second control switch (S1) reasonable duty cycle range for
regulation of voltage ¥,,. Since the SPC’s primary switches are also duty cycle
controlled, the AC voltages across the secondary of the second winding are
regulated by control of ¥, ,; therefore, the duty cycle of SI will remain close
1o 90% or better as the SPC’s source voltage (V) changes as long as the induc-
tors remain in the continuous mode.

5.2 FULL- AND HALFBRIDGE DC TRANSFORMERS
IN THE BUCK SPC

A problem common to all of the converters in Figs. 5.12 through 5.15 is that
all primary switches (S2 and S3) will see a peak OFF voltage stress of twice the
source voltage value (or greater, when transients are considered). These voltage
stress levels can be reduced by using either a full or half-bridge DC transformers,
rather than the parallel DC converter were used up to this point.

In.the previous section, if a full-bridge DC transformer had been chosen in our
evolutionary investigations, we would find that identical manipulations could be
applied and similar circuits derived. Figs. 5.16 and 5.17 show the full-bridge

D1 L

f L ]
D—=\ 51 D—
g2 T D3
{(:1]

Fig. 5.16. Fullbridge buck-derived variations (1).
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Fig. 5.17. Full-bridge buck-derived variations (II).

equivalent for the circuits of Figs. 5.16, 5.12,59A, and 5.5C, respectively. Full-
bridge versions of circuits are used when the need arises for high output power
levels (>500 W) at high values of source voltage. From our full-bridge discus-
sions in Chapter 4, the switches see a reduced peak voltage stress when they are
in an OFF state. Here again, the presence ofadditional voltage stresses from in-
herent parasitic circuit elements has been ignored.

For lower power levels and high source voltages, the half-bridge versions, such
as those shown in Fig. 5.18, are preferred.

Both the full and half-bridge SPCs call for an untapped single primary winding
on their transformers. From a copper utilization standpoint, a single primary
winding is advantageous and helps to reduce transformer manufacturing cost and
increase its efficiency. In addition, the need to obtain good magnetic coupling
between the two halves of the primary winding of a parallel transformer is
eliminated.
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Fig.5.18. Half-bridge buck-derived variations.

In Figs. 5.16 and 5.17, all of the primary switch elements are shown to be
modulated in duty cycle. This is a usual mode of operation but not a mandatory
one. Switches S1 and S2 or their counterparts S3 and 54 could be operated with
fixed conduction duty cycles of 50%, with variable duty cycle modulation ap-
plied to the remaining switch pair. In some SPC applications, a simplification
of switch drive circuitry will result. Alternatively, switches S1 and S3 or 52 and
54 may be operated at fixed 50% conduction duty cycles and duty cycle control
applied to the other two switch elements.

5.3 THE SINGLE-ENDED DC TRANSFORMER IN THE BUCK SPC

Simplicity of topology is a very great virtue in a converter since it usually re-
duces cost and weight while increasing reliability. For this reason, converter
circuits which use only one switch element are very popular among designers.
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\/ Fig. 5.19. The forward converter.

The single-ended form of the quasisquarewave converter is shown in Fig. 5.19.
This circuit is commonly known as the forward converter and is widely used in
Europe. Applications of the forward converter using a single BJT switch and
having an output power of 2 kW or more do exist,although this SPC is normally
used at much lower output power levels. [t is debatable for many practical
reasonsif this SPC is really advantageous at very high power levels.

As was pointed out in Chapter 4, a_practical single-ended DC transformer
circuit must have some provision for transformer core reset. If we apply the
reset schemes developed in Section 4.2 to the forward converter of Fig. 5.19, a
wide variety of related circuits can be evolved. A few of the resulting converter
possibilities are shown in Figs. 5.20 through 5.24.

If a physically smaller transformer with better core utilization properties is de-
sired, then current reset schemes can be used. Three possible methods are illus-
trated in Fig. 5.22. Reset using a tertiary winding and a current source (Fig.
5.22A) is fairly common; however, this approach can be readily accomplished
by using the current source of the output filter, namely, inductor L!

As shown in Fig. 5.22B, the current in inductor L may be used as a means of
coreTeset by simply providing a tap on the transformer secondary and a diode
(D1) for connection to the inductor. The transformer core may also be reset by
using a field bias from a built-in permanent magnet, as shown in Fig. 5.22C.
Biased cores are commercially available and usually made of ferrite materials
with inherent permanent magnets.

There is one mechanism missing from the SPC circuits in Fig. 5.22, namely,
a means for controlling the amplitude of the primary wvoitage during core reset
intervals. Some limits must be placed on these amplitudes to protect the SPC
switch element from possible voltage breakdown. Any of the woltage clamp
schemes of Chapter 4 may be used, one example of which is shown in Fig. 5.23.

It might appear that the choice of reset schemes is an arbitrary one, but such is
not the case. The reset scheme chosen will determine the maximum duty cycle
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(A)

D3

o
L——} T1

1]
Fig. 5.20. Forward converter core reset variations (1).

limit of primary switch control which, in turn, determines the peak switch OFF
voltage level and ON current value.

Since the forward converter of Fig. 5.19 is buck-derived and therefore has the
properties of a buck SPC, the maximum value of switch duty cycle will occur at
the lowest source voltage and highest load value. As ¥, increases, the duty cycle
(D) of the primary switch (S1) will decrease. The larger D can be made, the
smaller the peak switch current will be, and the power level which can be con-
trolled by a given switch will be greater.

Other reasons for maximizing switch duty cycles are the resulting reductions
in the physical size of inductor L and the rms current in any input filter capaci-
tor across the source voltage. In an elementary buck SPC, as its source voltage
approaches minimum value, the switch duty cycle could approach unity in
order to maintain output woltage regulation. However, in the forward converter,
some time is always required to reset the core of its transformer. We can make
D larger by making V; larger, but we must be careful not to exceed the break-

. down rating of the switch when ¥ goes to its highest value. An ideal voltage
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Fig. 5.21. Forward converter core reset variations (1I).

reset scheme would provide a high reset voltage when ¥; is low and a lower
reset voltage when V; is high. This would allow the maximum possible value
for D at the lowest value for ¥, for a given voltage rating of the switch. Unfor-
tunately, this ideal reset scheme is not easily realized and most circuits are a
compromise. The best compromise isto use a constant reset voltage such as that
shown in Figs. 4.5 and 4.6B. The variable reset scheme given in Fig.4 .6A isthe
worst, since the lowest reset voltage occurs at the lowest value of K —just the
opposite of what is desired.

In practice, limit values of D from 60 to 70% are quite common. Compared
to a parallel DC transformer quasi-squarewave converter (Fig. 5.13A), the for-
ward converter topology uses only one switch element and requires fewer wind-
ings on its transformer. On the other hand, the inductor and transformer of the
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Fig. 5,23 Forward converter core reset variations (IV).
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Fig. 524, Forward converter core reset variations (V).
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Fig. 5.25. An example of a single-ended Weinberg converter.

forward SPC are usually physically larger than their contemporaries in a sym-
metrical quasi-squarewave SPC.

Single-ended transformer equivalents are not limited to reduced forms of the
quasisquarewave SPC, although the forward converter just discussed is the most
popular and in wide use today. A single-ended version of the SPC circuit of Fig.
5.9A is shown in Fig. 5.25, as an example of another circuit form which usesa
different parent. By applying the various core reset schemes described for the
forward converter, another generation of single-ended SPC’s based on the con-
verter of Fig. 5.25 would result.
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6. Boost-Derived Circuits

In this chapter, we will essentially repeat the evolutionary processes of Chapter
5, using the basic boost SPC of Chapter 3 as our starting point. As a result, a
large family of boost-derived SPC circuits will be created.

It is interesting to note that most of the buck-derived circuits of Chapter 5
were developed independently by many individual designers over the past twenty
year period. However, the processes used to demonstrate electrical relationships
between them were developed after many buck-derived converters were in more
or less popular use. Such was not the case for boost-derived SPCs with relatively
few examples of derivative converters to be found only in recent literature. In
this chapter, the procedures which we used to show the relationships among
buck-derived SPC circuits become synthesis tools to develop new boost-related
SPCs. In many cases, the resulting SPCs will be unusual and interesting in form.
Many of the boost-derived circuits to be discussed arise from repeating simple
manipulation techniques that were applied to the buck-derived circuits of
Chapter 5.

All of the circuits to be developed in this chapter retain the basic properties of
the elementary boost converter with the exception that DC isolation, arbitrary
input-to-output voltage ratio, and multiple-output capability are now possible.

6.1 PARALLEL DC TRANSFORMERS WITHIN BOOST CONVERTERS

Five logical points to insert a DC transformer element into the basic boost SPC
are shown in Fig. 6.1.

Insertion of the DC-DC transformer at A-A’ results in the converter of Fig. 6.2,
a pre-regulated DC-DC converter with a boost SPC as the pre-regulation circuit.
This converter can be advantageous if its source voltage has a low value (e.g.,
12 VDC mobile applications) because the DC transformer switches can operate
at higher voltage and lower current levels. In general, for low values of input
voltage, this circuit will be more efficient than its buck-derived counterpart
of Chapter 5.

When the DC-DC transformer is inserted at location B-B' or C-C’ of Fig. 6.1,
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Fig. 6.1 DC transformer insertion points in the boost converter.

the equivalent converters of Fig. 6.3 appear. Again, we have a case where D1 is
not required for the circuits to function properly, and therefore can be omitted,
as illustrated in Fig. 6. 4A.

The SPC circuit in Fig. 6.4A is a viable conversion approach, but it does use
three switch elements. If the duty cycles of 52 and S3 are made variable and
always greater than 50% (i.e., if S2 and S3 have overlapping conduction intervals)

s2 D
_o" +
50% \)
RS v

T
: ---f/s: B T

TN
T o

50%

[

Fig. 6.2 The DC transformer inserted at location A-A’ in Fig. 6.1.
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50%
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¥
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Fig. 6.3 The DC transformer inserted at locations B-B' and C-C' in Fig. 6.1.

50 as to permit the primary of the transformer T1 to present a short circuit to
inductor L for a portion of each half cycle), then S1 is no longer needed and it
can be eliminated as shown in Fig. 6.4B. Fig. 6.4B also gives an indication of
how easily a need for multiple outputs can be accommodated. One of the ad-
vantages of the overlapping primary switch conduction is the equal division of
inductor current between S2 and 83, thus reducing their average and rms current
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Fig. 6.4. The Clarke dircuit.

levels as well as the primary winding rms current magnitude. When MOSFET
devices are used as the switch elements, a significant improvement in conversion
efficiency can be achieved here.

Proceeding to position D-D’ of Fig, 6.1 and inserting the DC transformer
produces the converter circuit of Fig. 6.5A, in which the shunt switch now
appears on the secondary side of the transformer. Having thisduty-cycle modu-
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lated switch in this position can be very advantageous, if strict DC isolation
is required between primary and secondary circuits as well as for associated
voltage regulation controls. Here, any regulation control circuitry can share a
common reference with the output voltage being monitored.

The converter in Fig. 6.5A does have one potential problem. If the SPC’s
output is required to deliver a low DC voltage at high current levels, then having
D1 in series with the rectifiers (D3 and D2) can cause unacceptable power losses.
In addition, the ON current of S1 will be large, further increasing such losses.
This problem can be fixed quite easily, as shown in Fig. 6.5B, where the clamp
diodes (D1, D2) along with the secondary switch are operated at higher voltage
and lower current levels, with the converter’s output current flowing only through
each of the rectifier diodes (D3, D4).

This idea of secondary-referenced duty cycle control can be extended, as
shown in Fig. 6.5C, by placing S1 on a separate auxiliary winding. This provides
not only DC isolation between the primary and both secondaries, but also be-
tween any voltage regulation control switch element! The auxiliary winding
also allows the voltage and current levels in S1 to be optimized to suit the capa-
bilities of the device used to realize the switch function. As shown earlier for
the converter of Fig. 6.4B, auxiliary transformer windings can also be added to
produce multiple outputs if desired.

In the converters of Fig. 6.5, it is not mandatory that S1, S2,and S3 operate
synchronously, but it is definitely advantageous. If Sl operates at twice the
switching frequency of S2 and S3, and if S1 and S2 or Sl and S3 are turned ON
simultaneously, then S2 and S3 will turn ON and OFF at inductor current
minimum points, much as was observed for the current-fed buck converters in
Fig. 5.3.

If the core of the transformer is made from a material with a high-8, charac-

teristic (often termed a *‘square-loop” material), then a number of additional |

boost-derived circuits become possible. In the converter shown in Fig. 6.6A, the
conduction of duty cycle of S1 and S2 is fixed, usually just over 50% for slight
overlaps. The switching frequency (f;) is the control variable for regulation
and is adjusted so that transformer T1 goes into saturation on each half cycle of
the switching sequence. Saturation of Tl emulates to a great degree the same
“shorting” function as the shunt control switch of Fig. 6.4. As f; is made lower,
the time spent by the transformer primary in a “shorted” condition over a half-
cycle interval (7;/2) will become greater. Therefore, the output voltage (V) is
inversely proportional to the value of f;. The converter of Fig. 6.6A works very
well as long as switching frequency is kept low enough so that the transformer
core can be driven from +¢; to -¢5. As the switching frequency is raised, a
point will be reached where core temperature rise from power losses may be-
come excessive, at which time A¢ must be reduced. Keep in mind that the trans-
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Fig.6.5. The DC transformer inserted at locations D-D’ in Fig. 6.1 with variations.
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Fig. 6.6. Fixed duty cycle, variable-frequency and asymmetrical duty cycle boost-derived
converters.

former core material chosen will place an upper boundary on the switching
frequency.

Alternative converter circuits which exploit the saturable properties of a square-
loop core material allow for arbitrary changes in flux and operate at a fixed
switching frequency, as shown in Fig. 6.6B and Fig. 6.7. In the SPCofFig.6.6B,
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Fig 6.7. A secondary shunt-switch saturable-core converter circuit,
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the duty cycles of S1 and S2 are deliberately made asymmetrical so that during
each full switching cycle the transformer core saturates, as it cannot support any
significant asymmetry in primary volt-second levels. Here it is not necessary that
both primary windings be identical in number of turns, but reasonably good
magnetic coupling between them is still highly desirable. By making the wind-
ings asymmetrical, the two switch duty cycles of conduction can be altered to
more favorably distribute the conversion power losses between them.

The circuit in Fig. 6.7A is rather unusual in that, on alternating half cycles,
the primary “shorting’ action is provided first by the closure of switch S1 and
then by saturation of the core of T1. A diagram showing typical core flux ex-
cursion s a function of switching times is illustrated in Fig. 6.7B.

One of the simpler boost-derived SPCs from an overall circuit point of view
is shown in Fig. 6.8. Here, switches S1 and 52 are operated at a fixed duty cycle
and the saturation time of transformer Tl is controlled by the magnitude of the
bias current source, {.. This converter eliminates the need to modulate the
primary switch conduction intervals. The modulation action is performed by
the transformer alone, lending considerable simplification to the SPC’s control
circuitry. To adjust the gain due to /., N, can be varied. It may also be advan-
tageous to make the fixed duty cycles of S1 and S2 asymmetrical. Alternatively,
transformer turns Ny, and N, may be made asymmetrical. Both of these alter-

Fig.6.8. A current-controlled boost-derived ter.
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| natives would have the effect of supplying a fixed DC bias for Tl and allowing
! the operating point of /, to be adjusted accordingly in an optimum fashion.

Many boost-derived current-fed converters have an inherent problem when

their switching action is shut down. For example, if drive power is suddenly

removed from all converter switches, what happens to the stored energy in the

i, inductor L? In many cases, in the absence of protective circuit arrangements,

'"  this energy will be dissipated by avalanche breakdown of the converter’s switch

; elements. For BJTs, in particular, this can be a fatal situation. Two commonly

used methods to circumvent this energy removal problem are shownin Fig. 6 9.
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Fig. 6.9. Boost-derived converter switch protection schemes.
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In Fig. 6.9A, residual energy of the inductor at converter shutdown is dissipated
in a shunt power zener diode. Since this zener needs to absorb only the energy
in L on a one-time basis (at converter turnoff), it does not have to dissipate much
average power and can be quite small. An alternative measure is shown in Fig.
6.9B, where a secondary winding has been added to inductor L. Thus any resid-
ual energy will be returned to the SPC’s voltage source. The turns ratio of this
auxiliary winding relative to the primary is adjusted so that the commutating
diode (D1) does not conduct during normal converter operation. This condition
usually implies that voltage magnitudes across converter switches could be higher
than that produced by the clamp of Fig. 6.9A, especially if the source voltage is
large at the instant of SPC system shutdown.

6.2 BRIDGE AND HALF-BRIDGE DC TRANSFORMERS
WITHIN BOOST CONVERTERS

We can insert full and half-bridge DC-DC transformers within basic boost SPCs
just as easily as was possible for the buck-derived converters of Chapter 5. Two
circuit examples are shown in Fig. 6.10A and 6.10B.

Examination of the SPC circuit in Fig. 6.10A reveals that a variety of switch
sequences can be accommodated without compromising conversion performance.
Three of these sequencing possibilities are shown in Fig. 6.11. In Fig. 6.11A,all
four switch elements have conduction duty cycles greater than 50%. Here, twice
each switching cycle, all four switches are ON simultaneously. If MOSFETS are
used as switch elements, then the inductor current will divide relatively equally
between switch sets S1 and S3 and S2 and S4. This current-sharing feature re-
duces primary switch rms current levels, especially at low input voltages when
switch overlap interval and inductor current are at their maximum values. When
BJT switches are used, current sharing may not be equalized to the same degree.
Therefore, one pair of BIT switches may take more load currentthan the other
pair.

In a full-bridge converter, at least two of the primary switches will require
DC-isolated drives. The simplest and most common means for providing an
isolated drive network is to use transformer-coupling between the drive source
and the associated power switch element. In a buck-derived bridge converter,
a single drive transformer with multiple-output windings (e.g., see the circuit of
Fig. 4.15) can be used since switch duty cycle (D) of conduction is always less
than 50%. However, in boost-derived bridge converters, D is greater than 50%
and a separate drive transformer will be necessary for each DC isolated switch
element. Additional drive networks complicate overall design and their number
should always be minimized.

The switch drives can be simplified by using the timing sequence shown in
Fig. 6.11B, where S3 and 54 are operated at a fixed D of 50% and duty cycle
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Fig. 6.10. Full-bridge boost-derived converter variations.

control applied only to S1 and S2. This sequence simplifies the drive problem,
but now only two SPC switches are ON during conduction overlap periods.

A further drive simplification is shown in Fig. 6.11C. Here all four SPC
switches are operated with a conduction duty cycle of 50%, with the conduction
phase of S1 and S2 varied relative to that of 83 and S4. This sequence produces
a conduction overlap twice each complete switching cycle, once by S1 and 53
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Fig.6.11. Possible switch conduction sequences in the overlapping conduction boost
converter,

and once by S2 and S54. Complete DC isolation of drive power for the four SPC
switches can be achieved by using two transformers, each with two output
windings. These drive transformers handle only low-power symmetrical signals,
and are usually very small in physical size.

As shown by the examples in Fig. 6.12, half-bridge boost converters can be
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Fig. 6.12. Half-bridge boost-derived converter variations.

165

VC00049583



150 MODERN DC-TO-DC SWITCHMODE POWER CONVERTER CIRCUITS

readily derived, but it is necessary that the input inductor L be center-tapped
and inserted between the SPC switches.

6.3 SINGLE-ENDED DC TRANSFORMERS
WITHIN BOOST CONVERTERS

A single-ended DC-DC transformer can be combined with a basic boost SPC.
Such combinations, however, result in converters that require fwo primary
switch elements, rather than only one as was the case for buck-derived single-
ended transformer designs.

The boost-equivalent of the buck-derived forward converter is shown in Fig,
6.13A. At the beginning of a switching cycle, S1 is ON and S2 is OFF. Inductor

L
— D1
e
- 2] 53
L ) ° \
*
2 e agvp
—_—
v — /
':J A
0—» S1 S2/=—1-D
Al

8
Fig. 6.13. A single-ended boost-derived converter.
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Fig.6.14. A method for reducing the output current ripple in the single-ended boost
converter.

current therefore flows through S1. With S2 open, energy to sustain the output
voltage load comes from the filter capacitor C. When S1 turns OFF and switch
52 closes, it now allows the inductor current to flow through the primary of Tl
and to deliver its stored energy to the output of the converter. As long as in-
ductor current is flowing in a continuous fashion, one switch must always be
closed for proper converter operation. A simple transformer core reset scheme
for the converter of Fig. 6.13A is shown in Fig. 6.13B. Of course, other reset
schemes discussed in Chapter 4 could also be used. The current of the inductor
could also be used to reset the core of Tl by addinga small tertiary winding in
series with switch S1.

Another interesting SPC circuit can be derived from the single-ended boost
converter of Fig. 6.13A. Normally, the magnetizing inductance of T is made
as large as possible to minimize the amount of energy stored in its core. How-
ever, if this magnetizing inductance is deliberately made relatively small and the
stored energy of the core discharged into the secondary (as shown in Fig. 6.14A),
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7. Combinations of Converters

Up to this point, we have been discussing the two basic DC-DC converters and
combinations of each with a single DC transformer. Despite these restrictions,
many unusual and different SPC circuits were derived as well as some converter
topologies that are in popular use today.

However, there are many useful SPC circuits that are combinations of more
than one elementary converter. Some of the more complex SPCs also include
a DC transformer or even a simple AC transformer to further enhance their
utility. As we will see, the number of SPC circuit variations is limited only by
the imagination and persistence of the designer, although the point of vanishing
returns from increased circuit complexity inevitably puts a practical boundary
on innovation.

The SPC building blocks available at this point in the discussion are the basic
buck and boost converters, AC and DC transformers, plus the many buck and
boost-derived circuits developed in Chapters 5 and 6. For simplicity in the dis-
cussions to follow, we will attempt to treat each of the combinational as intercon-
nections of separate two-port electrical networks. A few of the interconnection
possibilities of two-port networksare shownin Fig. 7.1. Obviously ,a multi-output
SPC or DC transformer system could be viewed asa multiport network. However,
we will find plenty of complexity in the circuits of this chapter without including
such viewpoints.

7.1 CASCADING IDENTICAL CONVERTERS

Perhaps the simplest combination of SPC’s would be the cascade connection of
identical converter topologies, such as the two buck converters shown in Fig.
72A. For this SPC operating in the continuous mode, its ideal overall voltage
gain (M) will be:

M=D,-D,. .1)
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IN 2 ouT
(A)
IN ouT
O—e—+— —+—e—0
(8) 2
IN
ouT
(c) 2
o ouT
IN
(o)

Fig. 7.1. Typical connections of two-port networks.

In some applications, D, (or D) is held at a fixed value, while the other switch
is varied to maintain output voltage regulation. In many cases, for simplicity of
drive circuitry, duty cycle control of S1 and S2 are generated from a single source.
In such cases, D, will be equal to Dy, so that

D=\M. (7.2)
Remember that for a single-stage buck SPC:

D=M. (7.3)
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Fig. 7.2. Cascaded buck converters.

Since
M<1 (14)

the switch duty cycle for two buck stages in tandem will always be greater than
that of a single stage for a given value of M. Several benefits become evident—
first, since the average source current ([;) through S1 must remain the same
(same ¥, and input power levels), then the peak current (/) through S1 must
go down as D is increased. For example, if M =10, then [ = 10/, for a single-
stage buck converter operating in a continuous mode. However, for a comparable
two-stage buck system, /, =+/10/;. This implies that peak current levels of S1
will be much lower in the two-stage case and, therefore, it can control more
power than an equivalent single-stage counterpart. Switch S1 and diode D1 will
still see OFF woltage stresses equal to F;, but 82 and D2 only have to sustain an
OFF voltage (¥}) given by:

N=v % (7.5)
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for D, =D,. Since V; is always less than ¥, in value, the OFF voltage capabili-
ties of S2 and D2 are reduced accordingly.

If M is small (in the range of 0.4 or less), there is no real advantage in cascading
the two converters. It would be better to simply implement the function of Sl
with paralleled switch components for higher current-handling capability and
remove the second low-pass filter network (L,, C,). On the other hand, if M is
large, then the cascade connection of two buck SPCs should be considered for
component stress reduction reasons.

This cascade principle can be extended to any number (n) of buck SPCs as
shown in Fig. 7.2B. The ideal voltage gain of a complete system is then:

M=D" (7.6)

assuming all switches are operated at an identical duty cycle, D. From a practical
standpoint, it is questionable that more than two buck stages in cascade offer
any advantages. Nevertheless, cascade arrangement of many stages isstill a viable
concept.

For a number () of cascaded boost SPCs operating in the continuous mode,
at same duty cycles of conduction, ideal voltage gain is given by

1

M=——(1_D),,.

7.7

7.2 CASCADING DISSIMILAR CONVERTERS

Several useful and popular SPC circuits can be obtained from cascade combina-
tions of buck and boost converters. For example, one can precede a boost con-
verter with a buck converter as shown in Fig. 7.3A. This circuit can be greatly
simplified by a bit of topology manipulation as illustrated in Figs. 7.3 and 7.4.

First, in Fig. 7.3B, we presume that Sl and S2 are synchronized and have
identical duty cycles. Therefore, the functions of Sl,-S2, D1, and D2 can be
replaced with an equivalent DPDT switch as indicated. Notice that capacitor
C1 has been deliberately omitted in Fig. 7.3B. Up to this point in our discus-
sion, the buck converter has always been shown with an output filter capacitor
but, strictly speaking, it is not required. In theory, the inductor of a buck SPC
can be made arbitrarily large so as to reduce load ripple current amplitudes.-with-
out the need for additional capacitive filtering. In actual practice, however, it is
much easier to add an output filter capacitor to keep the physical size of the in-
ductor small. The output capacitor of the boost converter cannot be eliminated
because its output current is always pulsating,regardless of how large its inductor
is made. In the example of Fig. 7.3B, considerableripple in LI can be tolerated
since L2 and C2 provide a second stage of low-pass filtering.
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Fig. 7.3. Evolution of the buck-boost converter (1).

Having eliminated C1, inductors L1 and L2 can now be combined into a single
element, as shown in Fig. 7.3C, sirice they are series-connected in one branch of
the topology.

If we are willing to accept a polarity inversion of the output voltage,the cir-
cuit can be further simplified by rearrangement of the DPST switch/inductor
network of Fig. 7.3C to that shown in Fig. 74A. A practical realization for this
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Fig. 7.4. Evolution of the buck-boost converter (II).

latter circuit is given in Fig. 7.4B and is commonly called a buck-boost converter.
The buck-boost converter uses the same number of circuit com nents as does
a buck or boost SPC and has an ideal voltage gain equal to, D/(1 - D) There-
fore it is possible to have output voltage magnitudes that are either greater or
less than that of the converter’s input voltage.

However, there is a price to be paid for this versatility in voltage gain. The
buck-boost SPC has the input properties of the buck converter and the output
properties of the boost converter. Both the input and output currents of this
converter are pulsating, which increases the sizes of additional input and out-
put filters used for EMI reduction. In addition, its switch and diode currents
are greater (for a given power level and voltage gain) than those of the basic buck
or boost converters. For these reasons, the buck-boost SPC is rarely used in high
DC power processing applications.

The buck-boost converter is considered by many SPC design engineers to be
an elementary SPC form. As we have seen, this SPC uses the same number of
circuit components as do buck or boost converters, and certainly is a viable DC
conversion scheme. Also, it is possible to treat the network formed by S1, Di,
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and L in Fig. 7.4A as an essential SPC feature and, by processes of rotation and
mirror-imaging, used to logically evolve buck or boost SPC topologies.

As we have seen, it is possible by a simple manipulation to derive the buck-
boost converter topology from the cascade connection of the two elementary
converters. The derivation of the buck-boost SPC small-signal model given in
Chapter 10 also supports this view. For these reasons, we have chosen here to
classify the buck-boost converter as a special combination of buck and boost
SPCs, rather than an elementary converter unto itself. Since this assumption has
proven to be self-consistent, we have retained it throughout the discussions of this
text, but certainly the point of origin of this converter topology is an arguable
one.

When multiple outputs and/or DC isolation from input to output are desired
in a buck-boost converter, it is not necessary to incorporate a DC transformer,
as we will see. Consider the buck-boost circuit of Fig. 7.5A, where the inductor
L now has two identical windings in parallel. This winding addition does not
alter the basic converter operation. Next, the links connecting the two inductor
windings are removed, as shown in Fig. 7.5A. Again, circuit operation remains
the same except that DC isolation between the input and the output has been
achieved. The final step in this process is shown in Fig. 7.5C, where additional
secondary windings have been introduced in the inductor assembly with arbitrary
turns ratios relative to the inductor “primary.” This transformer-isolated multiple-
output form of the buck-boost SPC is called the flyback converterand is probably
the most popular circuit in use today for output power levels below 50 W.
Its primary advantage is simplicity, particularly in that only one magnetic com-
ponent is needed, even when input-to-output DC isolation and/or multiple out-
puts are required from the converter. The primary difficulty associated with
this SPC is the design of inductor L, which now assumes the roles of both an
energy-storage device and a transformer element. Its design becomes even more
difficult when multiple outputs with good cross regulation are required. Success-
ful flyback SPC design examples with as many as 25 isolated outputs do exist,
but their magnetics designs were very complicated.

Besides the pulsating input and output current characteristic and the high
switch currents mentioned earlier, the control-to-output small-signal transfer
function of the buck-boost has a right half-plane zero, as we will see in Chapter
10. The presence of this troublesome zero should come as no surprise since one
of the elementary constituents of the buck-boost converter has a similar control-
to-output transfer function.

When a buck SPC is preceded by a boost SPC, as shown in Fig. 7.6A, quite
a different, and in many ways a more useful converter can be derived in much
the same manner as was followed to evolve the buck-boost and flyback SPCs. In
Fig. 7.6B, the two switch-and-diode sets are replaced by a single DPDT switch.
In this case, C1 cannot be omitted since it is required for energy storage. As was
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Fig. 7.5. Derivation of the flyback converter from the buck-boost converter.

the case for the buck-boost, if a polarity inversion of output voltage is permitted,
the circuit can be further simplified. As indicated in Fig. 7.6C, the DPDT switch
and shunt capacitor network can be replaced by a SPDT switch and a series
capacitor. A practical realization of this new circuit is shown in Fig.7.6D. This
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Fig. 76. Evolution of the Cuk converter.

SPC is known as the Cuk (pronounced “Chook™) converter after its inventor,
Dr. Slobodan Cuk of the California Institute of Technology [Ref. 6] .

From a historical point of view, it is interesting to note that many popular
SPC circuits were conceived more or less at random, and often the same SPC
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topology was invented by many different people at different points in time§

SPC invention processes historically have been anything but orderly. The Cuk
converter is very much an exception to this development tradition. The topology
was the result of a deliberate and logical effort by Dr. Cuk to synthesize an SPC
circuit with as many desirable conversion properties as possible. To the best of
our present knowledge, no other independent invention of the basic Cuk SPC
topology has yet been claimed, although patents held by other power electronics
engineers do exist which add further enhancements to the Cuk topology.

Looking at the basic Cuk SPC of Fig. 7.6D, we see that it requires only a
single switch and a single commutation diode, with Cl serving as the main
energy transfer link between input and output. When operating in the continu-
ous mode, the input and the output currents of the Cuk SPC are non-pulsating
and associated AC ripple currents can be made arbitrarily small by increasing the
values of inductors L1 and L2. This particular converter property often elimi-
nates the need for additional input/output EMI filters in an application. Recall
that both the boost and buck SPCs frequently require an additional output and
input low-pass filter, as shown in Fig. 7.7A and 7.7B, respectively, to minimize
conducted noise from SPC switching actions. Comparing the number of circuit
components in the SPCs of Figs. 7.7A and 7.7B to that of the Cuk converter in
Fig. 7.7C, one finds that all three use the same number.

The Cuk SPC, like the buck-boost converter, can provide an output voltage
magnitude either above or below the value of its source voltage, depending on
the duty cycle of Sl in Fig. 7.7C. Ideally the relationship between input and
output voltages is simply D/(1 - D). Switch, diode, and capacitor currents are
comparable in the Cuk converter to those of their counterparts in the buck-
boost SPC operating with the same voltage transformation ratio and input power
level. If input and output EMI filters are added to the buck-boost converter,
the resultant conversion system becomes more complex than the Cuk approach.

Like the cascaded buck SPC of Fig. 7.2A, the basic Cuk converter has two
inductors. It is readily possible to operate the converter so that one inductor
is operating in the continuous current mode and the other in a discontinuous
mode. This particular possibility is usually avoided in practice, since it leads to
rather peculiar power conversion transfer characteristics!

DC isolation and multiple outputs can be added to a basic Cuk converter by
insertion of an AC transformer within its topology, as shown in Fig. 7.8. Here,
the energy transfer capacitor (C1 of Fig. 7.7C) is divided into two series capaci-
tors, C1A and CI1B, whose total series capacitance value is equal to that of Cl.
A large inductor, such as that represented by the magnetization inductance of
a transformer’s primary, can be placed from the junction of C1 A and C1B to the
return point of source voltage without significantly affecting the converter opera-
tion. With the addition of secondary windings on this “inductor‘” along with
associated output filter circuitry on each winding, the multi-output transformer-
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Fig. 7.7. Circuit comparisons of the boost, buck, and Cuk converters.

isolated Cuk converter results, as illustrated in Fig. 7.8B for a two-output case.
Note that T1 does not store energy as part of the converter action. Because of
the presence of capacitors in series with each winding, no DC can appear across
the transformer windings. This allows full utilization of core flux capability. For
these reasons, T1 is much easier to design, has better cross-regulation properties
between outputs, and is usually smaller in physical size than the transformer of
a flyback converter.
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