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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 configurat ions, and 
claims an assortment of distinct features of "improved performance." Without a 
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 the situation in the new and rapidly expanding area known as electronic power 
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 de-to-de 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~tate power conditioners oper- . 
ating with internal conversion frequencies of tens to hundreds of kilohertz are 
emerging ~ 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 frrst time, that a large class of the static 
de-to-de converters which are widely used in power processing applications 
fall wi!ltln 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. As a 
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. As a 
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 in this design art, 95% 
of SPC designs now in service use one of six topolagies, or variations thereof, 
to perform ·the desired power processing. While these conventional circuit ap­
proaches have served well and are u:seful 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 ofsmall-5ignal modeling 
and analysis methods for SPC circuits. This problem is so widespread that many 
SPC system designers and their users automaticaUy assume that -poor transient 
response is an inherent characteristic of these circuits when, in actuality, nothing 
could be further from the truth. Significant irnproYements in the methods of 
modeling and small signal characterization of SPC circuits have been made in 
the last ten years and highly accurate and ~asily 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 th.at 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. lncreasing the output power level quickly 
brings the desipier face-to-face with component stress limitations in conventional 
SPC topologies. The seemingly endl.ess 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 wltage-related, that is, a voltage converter. This point of view could 
have just as well been current .conversion-oriented and, in fact, w.e will see in 
Chapter 9 that these two points of view are duals electrically. The reason we 
have selected to pursue the wltage option is simply that this is by far the most 
common electrical conYersion 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 iil 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 muhitude 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 nev.er been shown or discussed before in any publication. 
Also contained in Chapter 12 isa brief reviewofmagnetic fundamentals important 
to the. understanding by the reader of the integration methods presented. 

To further assist the reader, an extensiYe 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 oYerlooked. 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 
haYe distinguimed 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 feaS1ble. 
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'cluding 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 
circu.it components are ideal a�d 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-

VC00049435 
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2 MODERN OC-TO.OC SWITCHMOOE POWER CONVERTER CIRCUITS 

Soun:e T 

JIIC 
load 

Fig. 1.1. Switch mode power converter components. 

form shapes take the forms 'Of ather periodic pulse-width-modulated (PWM) 
rectangles, square wa11es, 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 (BIT), metal oxide semiconductor field effect transistors (MOSFET) 
and gate tum-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 wh.ich perform 
a dynamic DC to OC (OC-DC) power con11ersion function. This is not nearly 
as restrictive a view as it might first appear, since there are a great many applica­
tions for a OC-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-falter network, 
a typical example of which is shown in Fig. 1.2. DC to AC and AC to AC 
power con11erter systems frequently use AC-DC and DC.,.DC networks as sub­
system elements working together to obtain the desired output characteristics. 

AC 
0 

~ ·~ ~ l -- DC -r--

I f ' 

Rectifoer/Flli.r DC-DC Conwrter 

Fig. l.2. l)'pical 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 OC-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 SPOT 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 actiori 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-pa_ss 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. 13 and 1.4, along with physical 
realizations for their SPuT switch functions (Figs. 1.38 and l .48). The circuit 

VC00049437 
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4 MODERN DC-TO.OC SWITCHMODE POWER CONVERTER CIRCUITS 

I A 

L 
s B 

+ 

:. I ~. C R 

(Al 

o, 

4 

♦ 

v, o, C R 
v. 

(Bl 

Fig. 1.3. The buclc converteL 

in Fig. 13 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 here. The output capacitor (C) in the buck con­
verter is not absolutely essential for the circuit to funct ion 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 
current in R . However, even the e:e~!'.ce_o~ a .small ~mount of out~i­
tance will iccatlx reduceJbe size of L requi red to obtain .il DC outgut voltage 
<!Cr95s R wjth a mwimal AC.-1ipple. 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 arw~ys be pulsating 
even if the inductor is infinitely large. Thus, to obtain a low-ripple output \Qltage, 
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Fig. 1.4. The boost converter. 

a ffiter 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 
WITII SOME FORM OF TRANSFORMATION FUNCTION. 

The transformation function is shown in a general fashion in Fig. l.SA, aid can 
be characterized as an ideal transformer element, as illustrated in Fig. I.SB. 
Because of its ideal properties, such an element can transform DC as well as AC. 
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/ 1 
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Fjg. 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 quit~ 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, i.e., 
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 asswned 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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INTRODUCTl�N TO SWITCHMODE POWER CONVERTERS 7 

Key Idea #3 

THE PROPERTIES OF BASIC CONSTITUENT CONVERTERS (i.e., 
buck and/or 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. Titls 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 Si>C with inrush and short-circuit cugeut control 
capabilities like ilios�bitedb a. buck ·sPC, he must use an SPC topoio y 
-2....J!,._uck-!k[jr.e.d. By its very nature, an unmodified boost-derived conyer.ter.. 
cannot provide such current-co s. When one attempts to modify a 
bo - nve 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 CONVERT ER CIRCUITS 

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

What makes Key Idea #4 so important is the fact that ewn 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 conwrsion properties might be sewrely compromised. On the other 
hand, SPC circuit topology alteration can be an effective tool for circumwnting 
design difficulties created IJy 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 shows a general converter system in block 
foan, along with output voltage {V) and current(/) defined as illustrated. Fig 
1.6B gives the possible directional combinations of V and /, where each quadrant 

♦/ -

+V 

II 

./ ----------1---------<► +I 

Ill IV 

181 - V 

Fig. 1.6. The converter outpllt operating quadrant concept 
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is identified by sign. 
In a sim

ple DC
-D

C converter w
ith unidirectional pow

er 
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 exam
ple of single-quadrant operation. 

In battery charger/ 
discharger applications, the polarity of the converters' output potentials are 
fixed in sign, but their output currents m

ay be either positive or negative in 
directional flow

. 
Thus, their output characteristics m

ust lie either in quadrants 
I and II or quadrants III and N

 of Fig. 1.6B. This is an exam
ple of tw

o-quadrant 
operation, w

here the pow
er flow

 m
ust be bidirectional. 

AC output of an SPC 
w

ould also be a tw
o-quadrant operational system

. 
In the m

ost general case, 
a converter w

ith A
C output and bidirectional pow

er flow
 capability m

ust operate 
in all fo

ur quadrants of Fig. l.6B. 
Before proceeding to the detailed circuit discussions of the next chapters, let 

us pause and review
 the term

inology that we w
ill be using in the text. U

nfortu­
nately, even am

ong pow
er electronics engineers, there is no universally acc�pted 

term
inology for SPC circuit nam

es and their operational m
odes, m

uch less th
eir 

origins. 
T

he present authors have taken the liberty of adopting term
inology' fo

r 
this text w

hich pleases us, and adm
ittedly som

e of our choices are arbitrary. If 
the reader has adopted other conventions of term

inology, he should have little 
difficulty in interpreting the descriptions to follow

. 
SPCs are often referred to as sw

itching regulators, especially by their users. 
M

ost SPC
 sy

stem
s do contain auxiliary control or regulating electronics to pro­

_vide a constant output voltage w
ith varying output load and input voltage­

hence, the appellation 
sw

itch
in

g 
regu

lato
r. 

In this text, w
e w

ill discuss the 
pow

er stages of sw
itching regulators and refer to them

 as SPCs. 
The w

ord co
n

v
erter is used here in its general sense, referring to a physical 

system
 that is capable of converting electrical pow

er of one form
 to another 

fo
rm

, regardless of w
hether its inputs and/or outputs are AC or D

C in nature. 
This sam

e term
 is som

etim
es used in a m

ore restricted sense to indicate that its 
input and output characteristics are the sam

e fo
rm

 of pow
er, i.e., AC-AC or 

D
C-DC. 

The nam
e in

verter is used w
hen OC

-A
C or AC-AC pow

er conversion
is im

plied. 
Since w

e are restricting the discussions of this text to OC
-D

C SPCs,
these latter distinctions w

ill not be needed.
Alternative nam

es exist fo
r the b

u
c
k

 SPC. 
It is not uncom

m
on to hear this 

basic SPC circuit refe
rred to as a v

o
ltage step

-d
o
w

n
 co

n
v
erter, b

u
ck

 regu
lato

r,

·or a ch
o
p

p
er c

o
n

v
erter. 

The term
 c

h
o

p
p

er com
es fr

om
 the dynam

ic action of
the SPD

T sw
itch w

ithin the converter w
hich produces a "chopped" voltage at 

the input to its low
-pass filter netw

ork.
B

o
o

st c
o
n

v
erters and their basic first-order derivatives also have other nam

es
by w

hich they are know
n. These nam

es include ri
n

gin
g ch

o
k

e,f/
y

b
ack

 or v
o
ltage

step
-up

 converters. 
The term

 f/
y

b
ack

 is particularly confusing, since the sam
e

term
 is often applied indiscrim

inately by designers in discussing three very

V
C

0
0

0
4

9
4

4
3
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different SPC circuits-the basic boost converter structure, a converter system
 · 

which com
bines a buck and a boost converter in cascade, and a transfo

rm
er­

coupled version of a cascaded buck and boost converter network. In this text, 
the nam

e fl
y

b
a
ck

 will be applied only to the last of the three alternative SPC 
circuits. 

Buck and boost SPCs are frequently refe
rred to as buck and boost regulators, 

respectively, since they . are prim
arily used as the power stages of such regulation 

system
s. 

For sim
plicity, we have chosen not to include these nam

es as term
s of 

the discussions of this text as was stated earlier in this chapter. 
The adjectives b

u
ck

-d
eri

ved
 and b

o
o
s
t-d

eri
ved

 will be used quite frequently in 
the chapters to fo

llow. 
W

hen applied to a given circuit under consideration, 
they im

ply that it has been derived in som
e relatively direct m

anner from
 either 

a basic buck or a basic boost converter, respectively, and that the general proper­
ties of the parent converter have been retained. 

Th
ese descriptive term

s will 
becom

e very im
portant as the process of evolution of large num

bers of different 
converter topologies begins and the need to categorize them

 becom
es evident in 

order to sim
plify the processes fo

r application selection. 
La

stly, the sw
itching frequency U

s ) of an SPC circuit will be defined to m
ean 

the rate at which a.llo
L�

circuit switches complete one full switching cycle of 
ffi

elto
peratt;n. -It is im

portant that the switching frequenci
ci

ran·src
-no

t be 
confu

sectwith AC_ output voltage or cu"
ent ri

pple irequencies U
r ) for, m

ore 
often than not, f

r
 is an integer m

ultiple off
s -. . _ .In the tw�J>ti,�ic ... S-PC.ci(cuits.J o 

be exam
ined in the next two chapters,..Q.i

a
jneil

t, as. 'Y
elt as OU,tpQt,. ripple cur­

rent fr�qu��S!
�s .. ,11,r..<u

:.quaLt
oA

he.basic;.,.
SI>.C.switching"frequency __ ,_l{oy.ever, in 

m
a ny ot� er _SPCs, 1he

 ripple (n;q
uens;iy5

_9.f volta !!:es •. and currentscan be m
any 

times"li]gh
er than the asso�!_3:..t_�q 1i�{:; .�wit�mn

gJr
eq1;1.� rSY . 

.. , .... . , .
..,.

 
.

0
-�

-
·

··
·

·
-

-
-

.
..

..
 ,.

 .
.

... _
 •

.
 

,
-

·
v-

.. �
 �

--
. 

. 
•

 

V
C

0
0

0
4

9
4

4
4

 
026

l 
t 

\ i 
i 
i 
' 

i , I 

l 
I I 
l l 
' ! 

l 
i 
I 
I 



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 analysispsocess_, we 
will derive most of the expressions from which numerical values foq;ircuit 
pe�e and component stresses may be compiti.r-···.o-·-----·· -· 
7 highly desira6Te "f eati'.ire ofi'ey electricar �i�c�it 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 
S�m9,4�1rnLpr�ctic;i!.µ_s_� lllUSt be able to accommodate any additional ci;cuit
elements as e.isily as possibl�� ·· · -

· · · · · · · · 

-·An�ther constraint placed on our SPC models is the need to recognize the non­
ideal. ch<m1c.ter .. of .r.eaLciicuiLi;__Qmp.Qpents, such a;fnductor 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 

11 
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required to generate the desired inform
ation. An SPC

 is expected to be efficient 
in its translation of pow

er, and no less can be expected of its m
odeling abilities 

from
 a tim

e view
point. 

The m
odels that w

e w
ill derive in this chapter and in 

C
hapter 3 .m

eet these requirem
ents am

azingly w
ell. 

The follow
ing m

odeling discussion tries to m
inim

ize the use of m
athem

atics. 
As a result, som

e basic assum
ptions have been glossed over and m

ost theoretical 
derivations have been om

itted. For the reader w
ho m

ay be interested in these 
m

athem
atical details, an excellent exposition of state-space averaging is given in 

Refs. 1 and 2 in the text bibliography of this book. 
W

e begin by taking a very sim
ple look in Section 2.1 at the circuit operation 

and w
avefo

rm
s for an ideal buck converter. 

Then, in Section 2 .2, equations for 
the large-signal steady-state behavior fo

r both conduction m
odes of this SPC

 w
ill 

be presented. Section 2.3 w
ill review

 the circuit's large-signal dynam
ic character­

ization. In Section 2.4, w
e w

ill derive the sm
all-signal characterization as w

ell as 
a circuit m

odel for the continuous m
ode of the buck SPC

, using the state-space 
averaging technique. Parasitic elem

ents w
ill be included in this sm

all-signal m
odel. 

Finally, in Section 2.5, w
e w

ill exam
ine the operation ofan ideal buck converter 

in a discontinuous m
ode situation and, once again using the m

ethods of state­
space averaging, derive the describing equations and a circuit m

odel fo
r this 

second operating m
ode. 

The discussion of Section 2.4 is intended to dem
onstrate the procedure of 

state-space averaging. 
Whi

le this procedure is som
ew

hat involved (and is really 
an overkill' for the sim

ple case of an ideal buck SPC
), it is im

portant to fam
iliarize 

ourselves w
ith these ip.

ethods, as they are the only_p..ra
c.t.ic.a

l m
e ans.f

r.m
o.dw

ng 
�

-th-_ t!�!! __ discontinuous .m
ode ... of.a-buck-.SPC

-and-all m
odes of operatioL

oL
a 

boost converter. 
/

""A
'b�si� assum

ption thr
oughout the analysjs to fo

llow
 is that the output voltage 

./
ripple of the SPC

 is sm
all. This is equivalent to saying that the output filter cor­

ner frequency (fc
) is· m

uch low
er than the sw

itching frequency (fs
). 

This as­
sum

ption is one of the key m
eans by w

hich a linear SPC
 circuit m

odel can be
fo

rm
ulated and is fundam

ental to the principles of state-space averaging. Fortu­
nately, the assertion that fs

 is m
uch greater than fc

 is valid fo
r any SPC producing

a DC
 output w

ith low
 AC

 ripple content.

2
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An idealized circuit fo
r the sw

itch states of a buck SPC
 is show

n in Figs. 2 .l B 
and 2.1 C

, along w
ith a practical realization for the SPO

T sw
itch in Fig. 2.1 D

. 
C

orresponding typical w
aveform

s for the ideal buck converter of Fig. 2 .1 A are 
diagram

m
ed in Figs. 2.2 and 2.3. 

D
uring the sw

itching cycle, the SPO
T sw

itch (S
) m

oves'-netw
een positions A

and B
, so that the circuit topology alternates states betw

een that of Fig. 2.1 B
and 

that of 2.lC
. At the beginning of a sw

itching cycle (( 0 ), S
is in position A

, the 

V
C

0
0

0
4

9
4

4
6

 
028

~~ 



♦ 

V -·-L 
(81 

r 
V -·-
l 

ICI 

a, L 

~ 

C 

THE BUCK CONVERTER 13 

Fig. 2.1 The buck converter. 
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Flg. 2.2. Buck converter waveforms for the continuous mode of operation. 

input voltage (Vs) is greater than the output voltage (V0 ) , and the current (iL) in 
the inductor (L) ramps upward during the interval t 1 , as shown in Fig. 2.2. ' 

The inductor current will continue to ramp upward until S changes to position 
B. When S moves to position B, at t = t 1 , ~ = 0 and the ~3-g_e across L changes 
sign with iL ramping_ dOW!1,W4.td . Two inductor current possibilities now exist at 
tfieerufofintervalt ; ;

0

cither jL .= 9 or jL =la, some nonzero positiYe value. In 
otlte, wo,ds, either all of the energy stored in Lis deliYCred to the load between 
t 1 and t1 or some energy remains as S moves back to position A. ./ 

This defines the two basic operating conditions for the buck SPC and leads to 
a key idea about SPC operat ing 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). 

030 
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F"ig. 2.3. Buck converter waveforms for the discontinuous mode of operation. 

Key ldea #S 

THE CONDUCTION MODE OF THE INDUCTOR CURRENT IS 
FUNDAMENTAL FACTOR IN DETERMINING nm ELECTRICAL 
CHARACTERISTICS OF ANY SPC. 

If one were to place two topologically identical SPCs in separate black boxes, 
the only difference between them being that the value of the inductor of one is 
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 

031 
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16 MODERN DC-TO-OC 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 S~as well as any!cQ!!!P.lexj!~,rjvatiYes) 
~ffect on their conversion characteristics and are as im]!O...CWU 
to know as their to~! structures v.,~.fil.Uk!ermipingcircuit eer.fQ.c™ce. 
-ffieauiy cycle (15} is defined as: 

(2.1) 

For fixed values of Land D, the mode in which the buck conYerter operates is 
determined by the value of R. As R is jncreased...in.Jlhmic:.nlu.e..fuc..~ting 

-m~e will_ change . from C<?nti!,luoustofascpntinuous. On the other hand, if R 
and D are fixed, the operating mode will change from.~ntIDJ!QUS to discontinu­
ous_. as the inductance of L is.~eased. Asfs is increased, the minimum value of/ 
L to_ mai!,ltai.!1..!.J:l~_s~. m. a_~ontinuous mode of operatio~ will decrease.in . .direct 
proportion to the change in£. 

As this. discussi~i 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, 
}'J 1 •J even for large variations in load resistances. To aYOid using an excessively large 

value of L to maintain continuous current levels at light output loads, a "swing­
ing" choke is sometim.es 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 fc of its associated ftlter 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 derivat ives by examining its electrical waYeforrns, such as those 
plotted in Figs. 2.2 and 2.3. 

Va is the average YOltage value of v1 so this converter can be simply viewed as 
a voltage chopper followed by a low-pass filter. Voltage v1 is composed of both 
AC and DC components. Since its DC voltage component is the desired output 

\

• of the conYerter, ~:l!lll!.filter_ml.1$1.~.mQ~.!.1L~9mp_Q,:ient,p[thi§_~. 
va.1¥.!M..~e.n!ial. This ~~.,!,!:W..,fc of the QUtput low-pass ffiter must be r!l-1!£!:!_ 

~ le$ tha . Because Yo is the average of v1., Yo m_ust always be less than the in-
put vol!Bge..(Y.)!9 this SPC. / --·, ' 

Notice also that tl~e- wa~eform for v1 differs in shape for each of the two 
modes of operation. In the continuous mode, v1 = I'.; during t 1 , and v1 = 0 dur­
i~ the entire period t 2 • The average value of v1 (Va) is determined by D only 

( 
.. ~ r-
,· ...... ::, :·. 
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and, ideally, Vo would be independent of R in this mode. In the discontinuous 
mode, however, v~t..i.ero.or..equalto..~.dP..!~.time_t1 . The length 
of time spent by v1 in a zero-value condition during t 1 is determined by R . The 
value of Ji;, .is now dependent on Ras wellasD. A close examination of the v1 

waveforms in Fi~. 2.2 and 2.3 shows that, for the same value of V, and D, Vo 
was increased in the discontinuous mode. Figs, 22 and 23 have been scaled so 
that both SPC output power levels are the same in value. 

The input current hl is al~ys pulsatipg, reg.ardle111 p(,the o~rating m..Q!!e of 
the buc!5. . Most applications limit (often severely) the amount of pulsating 
current that can be drawn by anSPC from its source of power. In normal practice, 
some form of a low-pass filter network isin&rted _between the source of . .P2.,wer 
and the inputtermlnals of th~. As will be shown in Chapter 10, the presence 
9fiiicna1illermust 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 input low-pass filter circuit are united. 

The average value of i1 is. determined both by V0 and R. In an ideal buck con­
verter with no power losses., efficiency (11) of power co~nversion is 100%. There• 
fore, 

For the normal case with a constant value of_Vc:,J VJ = K. 
rn this instance, \./ 

_.~, 

~--~-.,.,~-
/~ 

(2.2) 

(2.3) 

Here, the average input current value is inversely proportional to both V, and R. 
However, the pulsating value for i., is det~rrnined ~!J, which, in turn, is a func• 
tion of R , but oot Va- .As V, is varied and D altered to maintain a constant V0 , 

the width of i6 is altered, but not its maximum amplitude lb . 
The current i1 is the input switch current, and it can be seen from Fi~. 22 

and 2.3 that, for a constant value of input power, the peak magnitude of i1 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.ID, both 
the BJT (SJ) and the diode (DJ) must possess a 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 OC-TO-OC SWITCHMODE POWER CONVERTER CIRCUITS 

(2.4) 

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 pedect 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 Ci~ more often 
determined by the ripple current magnitude than by the value desired for fc. Mak­
ing L larger reduces the output ripple current value which, in tum, 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 (10 ) of the buck SPC is not a pulsating quantity 
since the ripple content of iL 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 (RL) 
or capacitor ESR (Re) are included. Despite this limitation, the equations pre­
sented still have more than adequate accuracy for practical design purposes. For 
an SPC to be efftcient, RL and Re 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 netwo·rk has been included-(Ll, CJ), and it is p;e'-' 
sumed that Ll possesses sufficient inductance so that /8 is essentially DC/On 
the output side, C2· is assumed to be high in capacitance, so that the AC compo­
nent of h flows only through this filter element. Both of these assumptions are 
consistent with practical application requirements of SPCs for both low input 
current ripple and small output voltage ripple. 

034 
VC00049452 



\ THE BUCK CONVERTER 19 

V -, _ 

0 

o, 

♦ 

l r., l 

\ b 
+ 

C2 R 
V 

I 

) 
Fig. 2.4. Definition of the buclc converter component currents. 

For the equations shown in Tables 2.l and 2.2, and later in Table 2.3, the 
following definitions apply: 

D = D 1 = 1.1(switch conduction duty cycle) (2.S) 
• 

V 
M = - (i'1)Ut-to-output DC transfer ratio) (2.6) 

V. 

L .,,,~ 
TL = RT. (mrrnali1.ed inductor time constant) (2.7) 

_\ 

V 
10 = R (DC output current) (2.8) 

TABLE 2.1A. Definitions of Variables for the 
Buck Conven« Equations. 

L/RT3 

Switching period / F,r,, 
lc/RT3 

Critical inductance 
(1 -M)/2 
Switch ON duty cycle 
Diode conduction duty cycle 
V/V6 
Minimum Inductor current 
Maximum inductor current 
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TABLE 2.1B. Buck Converter Equations for Continuous Inductor Current. 

Dependent 
Variable 

M ,4; 

D1 

D2 

la (/L(min)l 

lb {IL(max)l 

IL(avg) 

IL(rms) 

lct(rms) 

lc2(rms) 

lr(avg) 

IT(rms) 

lv1(avg) 

lo1(rms) 

fs(avg) 

f()f, 'L• V, R) 

1�,lj',,..,, M t M 1-M 

f r-(\�:)J
f � + (12�:)] 

V 
R 

f � I 
c

-M

JJ'
2 

-1+---
R 12 'L 

V { 
t 

I (1 Mnr
RM (1-M)+l2-;;-

V 
c-M) R ../12,L 

VM 
R 

f {Mr+ -A:(1 �L

M

J]}

1

'
2 

V 
R(l-M)

V
t � I c-Mnr -(1-M) I+---

R 12 'L • 

VM 
R 

f(D1,TL, V,R) 

"' _, D1 
t-u.J,iw 

D1 

I -Di 

f � -(' ;,:·)] 
f e+(1 ;T:·)] 

V 

V 

[ 
I 

c
-D1)I'2 

-1+
---

R 12 TL 
. 

V 
{ 

� 

1 (1 D 
YJ}

1'2 R Di (l -D1)+ 12 �LI 

V 

c

-D1
) R ../12,L 

VD1 

R 

f {D. [i + ii (1 :tYJ}1'2
V 

R(l -D,) 

V { � l (1 D 
YJ}1'2 R 

(I -Di) I+ 12 :LI 

VD1 
R 

D2 = !.1_ (diode conduction duty cycle). Ts

(2.9) 

The equations in these tables have been stated in two different ways-first as 
a function of D1 for closed-loop calculations, and second as a function of M for 
open-loop operation. For the continuous mode, D1 = M, so that the two columns 
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THE BUCK CONVERTER 21 

TABLE 2.2A. Bud< Converter Equations for Diseontinuous Inductor Current. 

Dependent 
Variable / (/,(,TL, l'.R) { (Dt,TL• V,R) 

2. 
M M 

I • ✓, + 8,L!Dl 

o, ~ D, M 
M 

D2 ✓z.l (I - M ) (;,') (, •vt ~ 8TL/ol) 

,. ( i 1(fn.r / --0 0 ,, 

Ji,.It_ rlllx') 
!'._ v l ( l • M) 

R 'L (;)(t,)(. •Vt: B•t/Df ) 

V ~ /L(l"I) 
R R 

IL(rms) i[(;)('~M)r ro,. o, ] "
2 

ft, - 3-

lc1(rnu) Huy¼(! :LM)-u2]"• Vf"¥ lb ) 4 

IC2(rm1) HvH~ :LM)- ~.,, lo I ~ o, (DI + D,)~111 
lb - 3-· --4--

""' ~ IT(aYC) 
R R 

v [8 (' - M)~•I• V¥ IT(rms) - - M' - -
R 9 'L 

lb 

/01(ua) ~ ,ji_,L ( I • M) 
R 

I' (4'l)( l )' 
R of 1 • ✓1 + s,Liot 

101<,rm) 
!'._[.!_ (l · M)']l/

4 

R 9 'L Gx l 1◄•~ I t• 
- TL,.ff D l+V1+8q.f02 

VM vo, 
t,c .. c) 

R R 

of equations result in identical values. In the discontinuous mode, however, the 
closed and open-loop equations are quite different. Notice also that, between 
the continuous and discontinuous 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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22 MODERN DC-TO-OC SWITCHMODE POWER CONVERTER CIRCUITS 

TABLE 2.28. Equations Normalized to TLC· 

la -rLc 
-=1- -
Io 1'£ 

ft, "LC -= 1+ - .-
lo ~ 

h(rms) - [ 1 \"LC). 1] 1/2 -- - l+--
Io 3 -rr, 

Continuous Mode 

Di!oontinuoll! 
Mode 

mode in which the converter is operating. As was pointed out earlier, for a given 
value of M, the conduction mode is determined by Las well asR. For this reason, 
we have chosen to use the normalized time constant TL in the equations since it 
is a. function of the ratio of l to R. As TL becomes smaller, the SK:'s conduction 
mode will eventually change from continuous to discont inuous. The critical 
boundary value ofTL (TLc) for the transition between modes is: 

~ (2.10] 

1 If TL > TLc, then the continuous mode will prevail. On the other hand, if "L < 
1!.c, then the converter operates in the discontinuous mode. This relationship 
of Eq. (2. lO)'is shown in graphic form in Fig. 2.5 for ease of determination of 
boundaries for various values of TL. Keep in mind that as R and Vs are varied, 
a mode change in SPC operation may occur. It ~ always prudent to evaluate 
the mode boundaries over the full range of Rand ~ for a particular application 
if single mode operation is desired. 

While Tables 2.1 and 2 .2 are very useful forcalculatingspecificnumerical values, 
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Fig. 2.5. IB!uctor current conduction mode boundaries. 

greater visibility of buck SPCoperation can be obtained by graphing the equations. 
For example, the relationship betweenM and D1 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. In the continuous mode, Mis a 
linear, monotonically increasing function of D1, and Vis not a function of circuit 
elements L, R, or C. In an ideal converter, V v.ould be independent of load 
changes and, as such, would be self-regulating from a loading standpoint. A prac­
tical SPC converter, however, does not have perfect self-load regulation character­
istics because of the presence of R L · But if this resistance is small (the practical 
case), then ii 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 
continoous 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 1 ,R , 
L , and Vs- As the converter moves deeper into the discontinuous mode of opera­
tion, the control range can become quite small. 

The control function DC gain (G1) is: 

(2.11) 
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M 

0 0.2 0.4 0.11 0.8 1.0 
D 

Pig. 2.6. Buck converter voltage gain {M) as a function of D fur both continuous and di,­
contimous modes. 

Foe the continuous mode: 

(2.12) 

However, in the discontinuous mode: 

(2.13) 

From Eq. (2.1 2) we see that G1 is a simple linear function of Vs . But in the 
discontinuous mode G I 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 lct(rms)f/0 versus M for the buclc 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 CJ 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 Icl(rms) varies widely with the 
value of M. If the range of M includes0.5 , then the maximum /c1(nns) 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 us~ the maximum or the minimum values of M to 
calculate lc1(rms)· Besides M, the value of L will effect/c1crms)· From Fig. 2.8 
we see that if Lis large compared to Le then variations in L will have lit tle effect 
on therms c1.uent in Cl . But, as we reduce L, Ic1 (mu) increases, slowly at first , 
and then quite rapidly as the discontinuous mode is entered. 

Variations in output capacitor current of the buck SPC with Mand Lc/L are 
shown in Fi~. 29 and 2.10, respectively. For C2, the maximum value of cur­
rent always occurs at the minimum value of Mand we again see the rapid increase 
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Fig. 2.8. Input capacitor mu ripple current as a function of inductor si,ie for the buclc 
conwrter. • 

in current as L is reduced. Figs. 2 .11 , 2.12, and 2.13 provide additional graphical 
examples of the variat ion 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 =?.Le (continuous mode) and L =0.5 Le (discontinuous mode). When 
the value of L is reduced, one would expect L to become smaller in proportion. 
However, /L{rms) is increasing rapidly and, since the copper losses in the inductor 
windings are proportional to wire turns(N)with L proportional to N 2, the copper 
loss increases. The larger value of AC current produced by a smaller L will also 
increase the core losses within·the ioouctor. Even though the value of L has been 
reduced by a factor of four, .the peak energy stored (4 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 CJ 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 CJ and C2 
must be made larger and. their increase in size can easily offset any ~lume 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. 2.13. • Inductor rms current amplitude as a function of inductance value. 

TABLE 2.3. Effect of Changing Lcll. 

Cuaent L·:2Lc l :O.SLc Ratio Ratio1 

lb 1.50 2.83 1.87 3.49 
h(l'IM) 1.04 1.37 1.32 1.73 
Ic1(rms) 0.54 0.83 1.54 2.36 
fci(rms) 0.29 1.29 4.45 19.8 

not ~ 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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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 disc�ssions to'some fairly general ob­
servations, unsatisfactory though that may be. 

If the load of a buck SPC is removed, then TL = 0 and the output voltage V
will rise toward a value of Vs- V can be limited by providing auxiliary protec­
fron 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, h will begin to rise with 
its rate limited by Va, fs, and L. Therefore, it will normally take several switch­
ing cycles of the SPC before h 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 h can produce circuit damage. ·"'-. 

If Va is applied rapidly to the circuit of Fig. 2.4 and QI is initially OFF, then 
the inrush current into the SPC is limited by the value of CJ. By increasing the 
duty cycle of Ql slowly, V can increase gradually and the inrush current at SPC 
turn-on limited to that required to charge Cl of the input filter. This is referred 
to as "sof.t-starting" and is an auxiliary control feature included in most SPC 
applications. 

Conversely, when the SPC is turned off, the duty cycle of QJ 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 smaU-signal models for-them, and a variety 
of modeling methods are now available. We have chosen to present only the state­
space averaging technique, since it is very-general, relatively easy to comprehend, 
and straightforward in its application in solving practical SPC modeling problems. 
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State-space averaging provides the SPC designer w
ith a choice of either a 

m
athem

atical or equivalent circuit m
odel fo

r his use. The m
athem

atical m
odel is 

very useful, since it perm
its the designer to calculate the values fo

r SPC circuit 
vpltages, currents, sm

all-signal transfer functions, and m
uch m

ore. How
ever, the 

m
athem

atical m
odel fo

r an SPC does not readily expose the electrical processes 
occurring in the circuit. 

A
 deeper and m

ore rapid understanding of the circuit 
functions can be gleaned from

 exam
ination of an equivalent circuit m

odel. 
In 

general, both types of m
odels are usually needed to solve practical design prob­

lem
s. 

Tw
o independent routes are available to the designer fo

r developing each 
.· m

odel. 
In the first, the circuit equations are m

anipulated until a satisfactory 
m

athem
atical m

odel is developed, and from
 that m

odel, one proceeds to synthe-
. size an equivalent circuit m

odel. Alternatively, w
e could start w

ith an equivalent 
circuit m

odel, m
anipulate it into a satisfactory circuit fo

rm
, and then generate 

related circuit equations. 
The tw

o approaches just described are equivalent and 
the choice of w

hich route to fo
llow

 is really a m
atter of practical convenience. 

In the discussions to follow
, w

e have elected to take the first route since it w
ill 

be relatively easy for the reader to follow
 if this is his first exposure to state­

space m
odeling. 

A
gain, fo

r the researcher w
ho is interested in a m

ore com
plete 

exposition of the technique, the w
ork by R. D. M

iddlebrook and his colleagues 
(1, 2] is highly recom

m
ended. 

The procedure w
ill follow

 these steps: 

S
T
E

P
 1

. 
Draw

 the linear equivalent circuit fo
r each state of the converter. In 

the case of the continuous m
ode, there are tw

o states, each corresponding to 
one sw

itch position. 

S
T

E
P

 2
. 

W
rite the circuit equations fo

r each equivalent circuit m
odel of 

Step 1 in a state-variable form
at. 

S
T

E
P

 3
. 

A
verage each set of equations by using the duty cycle of the sw

itch 
as a w

eighting fa
ctor and then com

bine the tw
o sets of state equations into a 

single set by sum
m

ation. 

S
T

E
P

 4
. Perturb the averaged equation set of Step 3 to produce DC and sm

all­
signal term

s and elim
inate any nonlinear cross products. 

S
T
E

P
 
5

. Transfo
rm

 the sm
all-signal or A

C term
s from

 Step 4 into com
plex 

frequency dom
ain (the so-called s

 dom
ain). 

A
t this point w

e w
ill have a m

athem
atical m

odel and the final step of the proce­
dure is: 

S
T

E
P

 6
. 

Draw
 the equivalent circuit m

odel corresponding to the m
athem

atical 
equations form

ed by the earlier steps. 

V
C

0
0

0
4

9
4

6
5

 
047

,- __ ,'. : . 
., •• , ,· 

. . 



32 MODERN DC-TO.OC SWITCHMOOE 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 (S) is in 
position A, the circuit assumes the topology shown in Fig. 2.14B, and when Sis 
in position B, the network assumes the topology illustrated in Fig. 2.14C. 

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

.i•A11x-t-A21i-t-b1 u1 (2.14) 

L RL 

♦ Re 
v, R 

CT ~ 

(Al 

L R L 

♦ 

♦ l Re ,,\ 
v, ;, ;· -t 

CT· y 

S in position A 
181 

L RL 

; ♦ - ,,\ + l ,, Re 
v, Yo 

+ ) 
C T·v 

S in position 8 

ICI 

Fig. 2.14. Equivalent circuits for the buck converter iii the continuous mode. 
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(2.15) 

(2.16) 

Because of their dynamic behavior, it ~ normal to choose inductor currents 
and capacitor voltages as the state variables in the equations. Al~ly, induc­
tor flux (<f,) and the capacitor charge (q) can also be used as state variables. For 
the network in Fig. 2.148: 

v0 =(RIIRc)i+(-R R )v 
, +Re 

and for the network in Fig. 2.14C: 

(2.18) 

(2.19) 

(2 .20) 

di = - .!. ('RRL +RRc +RcRL) ;-.!..(~\ v / (2.21) 
dt L R +Re L R+Rcl 

~~ = ~ (R :RJ i - ~ (R +I Re) u ,I (2 .22) 

110 = (RIIRc)i +f _!i_) v (2 .23) 
\R+Rc 

i1 = 0 . (2.24) 

Notice that we have included expressions for the input and output quantities, 
i4 and u0 , as these quantities will be needed to form the final equivalent circuit 
model. 

Each of the above sets of muations is valid for a parti@r switch position 
during an operating cycle. These equations are exact and, along with boundary 
conadions and element values, completely describe the corresponding network 
of Fig. 2.14 during each portion of its switching cycle. Unfortunately, it is a 
very cumbersome process to derive the SPC circuit parameters directly from these 
two sets of equations. In addition, one rarely nee~s exact answers for every 
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34 MODERN DC-TO.QC SWITCHMOOE POWER CONVERTER CIRCUITS 

parameter of these state equations. To combine the two networks into _a si.ogle 
network which can be easily analyzed using linear circuit theory, we need to 
average the equations over one cycle. The ~ighting factor for averaging will be 
the proportion of time spent by the switch S (Fig. 2.14A) in each of its two 
states. 

For switch position A, At= t" and for position B, t.t = t 2 • The weighting 
factors for averaging then become: 

(2.25) 

(2.26) 

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: 

(2 .27} 

where the primed quantities represent the circuit constants associated with the 
state in Fig. 2.14C. 

If we now apply this averaging process to Eqs. (2 .17) through (2.24) the fol­
lowing set of equations for the state-space averaged network is obtained: 

di_ eL+RIIRc); .!.(_R_)v+vzd 
dt l L R +Re L 

V
0 

= (R IIRc) i + ( __.B._) v 
\R +Re 

is = di. 

(2.28) 

(2.29) 

(2.30) 

(2.3 I) 

We. have now arrived at a single set of equations and a single model that repre­
sents the average characteristics ofbothstates. However, the equations are not yet 
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linear, since in Eq. (2. 28) we see the term vsd 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 Af:
terms can be made arbitrarily small compared to the DC tlllil!S :We do thjs h� 
making the following assumptions: 

/ 

Vs
= Vs+ Vs (2.32) 

v= V+ v (2.33) 

i=l+ i (2.34) 

d=D+ d (2.35) 

Vo
= Vo

+ Vo (2.36) 

is = ls
+ is (2.37) 

where V,., V, l, ls , D, and V
0 

are the DC v;lues for the circuit variables and Vs, v,
i, is , d, and v0 are the corresponding small-signal or p�rturbed values for the 
variables. 

The small-signal assumption implies that: 

�<<I 
Vs 

(2.38) 

v -<<I 
V 

(2.39) 

(2.40) -<<1 

d (2.41) -<<I 

Vo<< 1 
Va 

(2.42) 

is<< 1. ls 

(2.43) 
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36 MODERN DC-TO-DC SWITCHMODE POWER CONVERTER CIRCUITS 

Since all small-signal quantities are minute, any cross-multiplied terms, such as v d, 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: 

AC 

O= [-RL +(RIIRc)] 1-(-R-) V+ �D 
R +Re 

DC 
O = (R :RJ I - R +:c 

Vo = (R IIRc) I+ (-R-) V R+Re 
l8 =DI 

<!] =-eL + R IIRe)7-!( �) v +(Q_) v +(Vs)Jdt L L R + Re L s L 
dv 1 ( R ) " 1 ( 1 ) dt = 

C R + Re i - L R + Re v
" " ( R )" 110 = (RIIRc)i + -- II R +Re 
i8= Di+ld. 

(2.44) 

(2.45) 

(2.46) 
(2.47) 
(2.48) 

(2.49) 

(2.50) 
(2.51) 

The small-signal relationships of Eqs. (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: 
�d(s)+Dv's(s) = (sl-+RL + [R IIRc])i(s)+[

R 
:

R
J v(s) (2.52)

[ R ] ,:- [ 1 ]" -jO= -- 1(s)- sC+-- v(s) 
R +Re R +Re 

vo (s) = (R IIRc) i(s) +[-· _R_]v(s)
R +Re 

is(s) = Di(s) + ld(s). 

(2.53) 
(2.54) 
(2.55) 
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RL L-

► 
♦ 

l+i 

\ •,O 

Re 

vp R Vo +;o 

C v+; ) v/J 

Fig. 2.15. A stato-space avenged modd for the buck converter. 

The elec~ical network represented by these equations is illustrated 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 .1 5 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. 
cult to embed the model within a total power processing system, which normally 
ioclndes cegulatiao ooorraJ electronics as wen as input no;se reduction fi]ter 
networks_ 

·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 turm;tUio trwformei element (Ti} has l>een 
introduced. This transformer element has some maryelo~gerties, since its 
fo~Qll«l.~...t.~nse..ex.tends.do.wn..to..zer0,,so.as"to,pa;s,.AC.and.DC.signaluv.ith 
e~t.ility. We indicate this transformation capability by the combination of 
a sinusoidal and a straight line through the transformersymbol. Also, the primaty• 
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. 
Nevertheless, it is a very useful modeling concept for our purposes. . 

The small-signal dependency of the variable turns-ratio of the t ransformer 
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 Tl on d is to be removed, then the model 
must include generator elements that ac.count for the ld and ~J changes in the 
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/0 ♦ Oi+ld RL L - + 
~ \ l+i 

Re 

v, ♦ ';. + v,o + V,d+O;, R Vo +Vo 

Tc ) 
Tl 

1 : (o +di (A) 

" V
1
d 

+ 

Re \~ 
,;; R Vo +vo 

+ ) c 
1
_ v+r 

T1 
1 : 0 

(81 

Ef
1 

(sld(s) 

+ 

Re \ A 
v, + ;,hi + 

Jf2(•ld(,) R 

/''' ~ + 1 
V+ v(,)T- ic 

Tl 
1 : 0 

(Cl 

Fig. 2.16. Evolution of the final state-space averaged model for the buck 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 secondarx of Tl . We can further simplify the model of 
Fig. 2.168 by translating the Vsd voltage generator to the primary side of the 
transfonner. The resulting SPC model is illustrated in Fig. 2.l6C, where: 
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(2.57) 

The m
odel of Fig. 2 .l 6C has the properties w

e have been seeking. A
ll of the 

variables (Vs
, v

s , D
, d

, etc.) have separate control elem
ents and can be individually 

varied . 
The source and the load are clearly separated fr

om
 the SPC m

odel so as 
io facilitate the addition of an input filter or additional output filter circuits. 
The structure of the m

odel perm
its its inclusion into a total pow

er processing 
system

 w
ith regulation controls that can alter D

as a function of changes in SPC 
input· voltage or output load. W

e w
ill exam

ine all these possibilities in m
ore de­

fail in Chapter 10. 
' The m

odel w
e have evolved is som

ew
hat arbitrary in that the prim

itive m
odels 

w
e began w

ith could have been m
anipulated in a different m

anner w
ith the final 

result exposing a com
pletely different m

odel topology. 
In any case, the chosen 

circuit m
odel m

ust still confo
rm

 to the constraints of Eqs. (2.44) through (2.47) 
and Eqs. (2.52) through (2.55), so that any m

odel m
ust be electrically equivalent 

to all others. Thus, one m
ay choose betw

�en them
 as a m

atter of analytical con­
venience. 

The m
odel of Fig. 2. l 6C m

eets all of our m
odeling needs very nicely 

and is now
 beginning to be accepted as a standard m

odel for exam
ining the ef-

, 
fects of sm

all-signal changes in control as w
ell as input/output conditions. 

N
ow

 that w
e have both a circuit m

odel and a m
athem

atical m
odel fo

r a buck 
SPC, w

e can begin to exam
ine som

e of the circuit relationships im
portant to 

sm
all-signal operation. 
For a start, w

e solve Eqs. (2.44) through (2.47) to obtain expressions fo
r Va

 
as a function of Vs

:

V
o 

D
 

[R:RJ 
-

=
 

Vs
 
-

(2.58) 

id
e

a
l 

c
o

rre
c

tio
n

 

fa
c

to
r 

W
e see that 

V
0

/ Vs
, w

hen the parasitic resistance of the inductor is included, is 
sim

ply the product of the ideal voltage transfer function of the buck SPC and a 
correction factor that accounts fo

r the series parasitic resistance. 
This correction factor is not norm

ally very large if the buck converter is rea­
sonably pow

er-efficient, and is alw
ays less than one. From

 the sm
all-signal equa­

tions, one can solve fo
r the open-loop input-to-output transfer function or the 

control-to-output transfer function as show
n below

. 

V
C

0
0

0
4

9
4

7
3
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v0 (s) [ DR ] ~ I +sRcC J 
v(s): R +RL l + rRcC+{R IIRL)C+ L ls+Lc[R +Rc]s2 

L (R +RL)J R +RL 

(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 oot its shape. 

The open-circuit input impedance (Z10) of the SPC is: 

(2.6 1) 

To determine z,0 we could manipulate Eqs. (2.52) through (2 .55) with d = 0, 
but it is simpler to use the circuit model for the determination. Looking at Fig. 
2.16C, we see that Z10 is the input impedance of the output filter network (in­
cluding R) reflected through Tl. From this observation we can write: 

(2.62) 

The open-loop output impedance (Z00 ) is defined as: 

(2.63) 

However, our analysis has implicitly assumed that fo(s) = 0. We can alter our 
model to cope with this situation by adding an external generator (ig) in para!lel 
with R , as shown in Fig. 2.18 A. Then: 
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Fig. 2.17. AS)'lllptotic gain and phue approximations for the control•to•output transfer 
function of a typical buclc converter. 

z = ~(s) I 
oo lg(s) (i (.r)-t.r(.r) : o 

(2.64) 

Given that J = "8 = 0, one can now redraw our circuit model to look like that 
shown in Fig. 2 .188. Since we are interested only in small-signal AC terms, the 
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v. Model R 

!Al 

• R 

1 :0 
Ill 

RL \ Re fl + ,.. ~ 

L )' c-:= 

(Cl 

Fig. 2.18. Methods fox determining Zoo-

medel can be further simplified as shown in Fig. 2.l8C. From this latter net• 
work, we can readily determine Z00 to be: 

(2.65) 

An alternative method for finding Z00 would be to add ig to our original•cir· 
cuit of Fig. 2.14A and then derive our averaged models with its effect included; 
ig could then be extracted directly from the mathematical descriptions of the 
resulting averaged models. 
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THE BUCK CONVERTER 43 

2.5. STATE.SPACE AVERAGED MODEL FOR THE 
DISCONTINUOUS MODE 

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. In the analysis to follow, 
we will use an ideal buck converter circuit for sim pllcity. 

The three networks (A, 8, 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: 

A { ::=-f+i (2.66) 

du i v 
(2.67) -=----

dt C RC 

{ 

di v 
(2.68) 

;:/R~ B 

(2.69) 

c{ 
di 

(2.70) --o 
dt 

du V 
(2.71) -=--

dt RC 

Network A exists during time interval t 1 , network B during time t 2 , and network 
C during the remainder of the switching cycle. It is now possible to define the 
duty cycle values to be used for averaging the above equations: 

d = !.! 1 - r, 

059 

(2.72) 

(2.73) 

(2.74) 
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v, 
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(Bl 
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",

(Cl 
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-
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L 

i= 0 

+ 

+ 

C 

+ 

C 

" R 

" R 

" R 

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, h = iL (0), and, at the end of each cycle, h = iL ('Ts). In general, 
iL (0) and iL (T

8
) do not equal zero. If we perturb iL during the switching cycle, 

then iL (0) =I= iL (T
8
). As a consequence, the average value for the rate of change 

of inductor cu�rent over one cycle does not equal zero and, must be retained in 
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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(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: 

(2.76) 

The above relationship holds even if iL is perturbed, as can be seen in Fig. 
2.20, where t1 is extended by I:}. t . 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 

Eqs. (2.72) through (2.74), and keeping in mind the condition stated by Eq. 
(2. 76), the following results are obtained: 

Fig. 2 .20. TIie effect on iL of perturbing t 1 . 

061 

(2.77) 

(2.78) 
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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. 2.218, we employ an ideal transformer to isolate 
v and i as separate variables. In Fig. 2.21 C, the dependent generators of Fig. 
2.21 B 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 (d2 ) has been 
introduced which is a function of the circuit elements as well as d 1 • 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. 2.21 D does have one very interesting feature-the inductor 
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: 

i=�=(vs- v)(i��)- (2.79) 

lf we now perturb Eqs. (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 = -(D 1 +D2 )V+D 1 � (2.80) 

V 
(2.81) DC 0 = (D 1 + D2 )/ - R 

I = (J�- v{ �] 
2RrL 

(2.82) 
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Fig. 2.21. Oel'Mltion of the statHpace aveiaged model for the buck converter in the dis-
continuous mode. 
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AC (2.84) 

(2.85) 

Unfortunately, the above equations still contain terms that include D 2 and 
d,. These can be eliminated by further manipulation of these same relationships, 
from which the following expressions evolve: 

(2.86) 

(2.87) 

-=-[ M ] " (V)(l -M)" 1= -=---==== u + -- -~ d 
R y2rL (l - M) 2R-rL M 1 

AC 

c:; =(¼)(7_-;)u +[(i)(!) fl]al 

+ [~)ff~ Z)J u, (2.89) 

Ji = ~ ~ ~)u + (~ ;AJ1 + (; ~)t, (2.90) 

These equations are defined in terms of M. If it is desirable to state them in 
terms of D 1 , then the following relationship from Table 2.1 Cll!l be substituted: 

M- = 2 
I + v't + BrLIDi 

(2.91) 

llquations {2.86) through (2.90) provide the basis for a mathematical model. 
From them, one can now proceed to find an equivalent circuit. Since the param­
eters I and i are not of any direct interest for most SPC designs, we will develop 
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Fig, 2.22. The fuial stato-space averagi:d models for the buck converter in the discontinuous 
mode. 

a circuit model which does not irtclude 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 corresponding 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 i and transfonning 
this equation, we get : 

v.rCs)= ..!.[sRc (1 

- M)+ 1] iit(s)-[ 
2

~ /_]__) ' ~](i,(s). 
M 2-M M U-M V~ 

(2.92) 

A circuit model which corresponds to Eq. 2.92 is illustrated in Fig. 2.228, 
where : 

(2.93) 
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(2.94) 

[ 
I -M] 

r1 =R M1 (2.95) 

r2 =R(I - M) (2.96) 

(2.97) 

= M(2-M) 
Ki R I - M • (2.98) 

Note that the resistive elements for , 1 and , 2 have a sinusoidal line 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 
ai1d·-5c 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-sig~I 
transfe_r characteristics of the. buck SPC operating in a discontinuous mode 9f 
operation. \ 

v(s)·-M ~ ~ 
v,(s) - I 1 - M 

2 - M 

(2.99) 

[(2V)(L=-M) .~ ]E~ M 2 - M V~ 1 - M 
l 2 - M 

(2.100) 
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!Al 

L 

♦ 

II'. -•-

(8) 

L 

R 

I 
Fig. 3.1. The boost converter. 

(Cl 

(DI 

• 
C 

+ . 

V R 

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 importanc1 in 
determining the circuit characteristic waveforms and associated power tra"ffer 
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 wiltage. 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 snail by increasing 
the inductance ofL. However, the input current during the discontinuous mode 
of operation is pulsating. Tite output current is always pulsating regardless of 
the mode of operation. 

During intervals t1 and t 3 , 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 requi'rement of small output wiltage ripple. 

Current iris the collector current of the transistor switch (Q1 )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 wiltage 
and load. It is evident that Q1 must switch higher peak currents when it is turn­
ing off. 

The DC input current (/3) is the average 'llllue of h- For a given input power: 

(3.1) 
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Fig. 3.2. Boost come1rter continuous mode waveforms. 

Since la and lb do not vary greatly with changes in V., for a constant output 
~ltage (V), the peak values for I r and l b in Fig. 3J are primarily functions of 
I.,. ·This dependency in the boost SPC has a counterpart in lite buck SPC, where 
the peak values of IT and h are determined by average output current (/0). 
Therefore, in the boost SPC, as V., increases, values of / T(avc>Jrcrms) as well as 
lb decrease. 
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Fig. 3.3. Boost convecter discontinuous mode wa..-eforms. 

070 

_i 

VC00049488 



I-

T
H

E
 

B
O

O
S

T
 

C
O

N
V

E
R

T
E

R
 

5
5

 

3
.2

. 
L

A
R

G
E

-S
IG

N
A

L
 
S

T
E

A
D

Y
-S

T
A

T
E

 
C

H
A

R
A

C
T

E
R

IZ
A

T
IO

N
 

In
 t

hi
s 

se
ct

io
n,

 t
he

 c
ha

ra
ct

er
iz

at
io

n
 p

ro
ce

d
ur

e 
w

ill
 p

re
su

m
e 

th
e 

id
ea

l b
oo

st
 S

P
C

 
of

 F
ig

. 
3.

4
 f

or
 s

im
pl

ic
it

y.
 

ln
 a

 h
ig

h
 e

ffi
ci

en
cy

 c
on

ve
rt

er
, 

th
e 

pa
ra

si
ti

c 
re

si
st

an
ce

s 
m

us
t 

be
 s

m
al

l s
o

 th
at

 t
h

ei
r 

om
is

si
on

 w
ill

 h
av

e 
on

ly
 a

 s
m

al
l e

ff
ec

t 
on

 t
h

e 
ac

cu
ra

cy
 

o
f 

th
e 

an
al

ys
is

. 
A

s 
sh

ow
n 

in
 F

ig
. 

3.
4

, 
an

 i
np

u
t 

fi
lt

er
 n

et
w

or
k 

(L
I

, 
C

l)
 h

as
 b

ee
n 

ad
d

ed
 t

o 
re

fl
ec

t 
a 

pr
ac

ti
ca

l 
SP

C
. 

E
qu

at
io

ns
 d

efi
n

in
g 

th
e 

cu
rr

en
ts

 in
d

ic
at

ed
 in

 t
hi

s 
ci

rc
u

it
 

ar
e 

su
m

m
ar

iz
ed

 in
 T

ab
le

s 
3.

1 
an

d
 3

.2
, w

he
re

: 

t
 1
 

(3
.2

) 
D

i
 
= 

;--T
s 

t
2
 

(3
.3

) 
D

=
-

:i 
T

s V
 

M
=

- V
s 

(3
.4

) 

L
 

(3
.5

) 
TL

=
-

-- R
T

3
 

V
I

=
-

o
 

R
 

(3
.6

) 

ls
=

 

h
(a

vg
) 

(3
.7

) 

C
on

si
d

er
ab

le
 in

si
gh

t 
ca

n
 b

e 
ga

in
ed

 in
to

 t
he

 c
ha

ra
ct

er
is

ti
cs

 o
f 

th
e 

bo
os

t 
S

P
C

 b
y 

gr
ap

hi
ng

 s
om

e 
of

 t
he

 e
qu

at
io

ns
 f

ro
m

 T
ab

le
s 

3.
1 

an
d 

3 .
2;

 �
ow

ev
er

, w
e 

m
us

t 
fi

rs
t 

V
-

·
-

�
 

;L
 

i o
1 

L
T 

L
 

D
1 

+ 
+;
r

i c
2 
! 

1
0

 
+ 

+
 

D
 

a
,
 

C
l 

+
i c

1 
C

2
 

F
ig

. 
3

.4
. 

D
e
fi

n
it

io
n

 o
f 

th
e
 b

o
o

st
 c

o
n

v
e
rt

e
r 

c
o

m
p

o
n

e
n

t 
cu

rr
e
n

ts
. 

\ R
 

V
 ) 

V
C

0
0

0
4

9
4

8
9

 
07

1

+ 

t 

l . . 

+ 

., - . . . . ' . .. - , 
-, 



56 MODERN OC.TO•OC SWITCHMOOE POWER CONVERTER CIRCUITS 

TABLE 3.1A; Definition of V•iablesfor 
Boost Con,erter Equatiom. 

~L L/RT8 

Ts Switching period 

~LC Lc/RT8 

Le Critical inductance 

~LC (/,( - l)/2M3 =D1Cl -Dd/2 

( n:J ot1 duty cycle of switch 

D2 Diode conduction dub' cycle 

M V/V8 

la Minimum inductor current 

lb 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 'TL C• 
where: • 

(3.8) 

or alternatively: 

(3.9) 

Graphs of f.qs. (3.8) and (3.9) are giYen in Fi~. 3.5 and 3.6, respectively. We 
see that i f 1'£ > 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 1'£ <0.07S, then an upper and a lowec boundary condition exist, at 
which a mode change will occur. For example, if 1'£ = 0..02~ the operating mode 
will change from continuous to discontinuous for D1 ~ 0.05, and back to con­
tinuous when DJ= 0.73. 'As 1'£ is made larger, the r~nge of D 1 over which the 
discontinuous mode exists will be~me progressiYely 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 1 • For the continuous mode, this relationship 
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TABLE 3.18. Boost Converter Equations for Continuous Inductor Current. 

Dependent 
Variable f(M, 'L• V,R) 

M M 

M-1 • 

Di 
M 

D2 

la i[M-c:J(;;)J 

lb ./ 
�[

M

+c:Lx

M

;/)J 

V 
/L(avg) -M

R 

IL(rms) �[Ml +
�C:J(

M

� 
l
)I'2

_ 

lei (rms) V(
l

)(
M-1)R 12,L fi2 

lc2(rms) �fM-1)+ � c:J(�)(:-/)]', 
V 

lr(avg) -(M-1) 
R 

lr(rms) 
V

[ 
I( 1 )'(M lyr 

R M(M-1)+3 2,L � 

V 
lv1 (avg) R 

f(D1,TL, V,R) 

l -D1

Di = D 

I -D 

�[-' -(�)D(l-D}]R 1 - D 2TL 

�[ '-+(�-}(1-D�R 1 - D 2,L 

(�)C\) 

V 
[( I y l ( I J r

2 
- -- +- -· D(l-D) 
R I - D 3 lTL 

�[D(l -D)] 
R llTL 

�[� +�(�Yr, R 1-D 12 'L 

(�)C �D) 
V 

[ 
D I (1 

J r
2 

- ·--2 +- - D3cl-D)3 

R (I -D) 3 2,L 

· "For M > 3, see equation 3.34 m text. � o'::. ,_ o ) 

is quite nonlinear, with the value M rising rapidly as D1 is increased. In contrast, 

in the discontinuous mode, the graphical relationship betweenM and D1 is very 

nearly a straight line. This latter situation is surprising when one looks casually 

at the defining equation of this graph: 

M= Vl +2Di/'i-L I 

2 x+2 
(3.10) 
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TABLE 3.2A. Boost Converter Equations for Discontinuous Inductor Current. 

Dependent 
Variable f(f.f, rL, V, R) f(D, , 'L, V, R) 

M M 
I+ J1 + 20~/,L 

2 

D, Ji,LM(M- I) Di 

D1 ✓~ ,,_, (:.)(I• ,,/1 + 20~/ rL) 

,. 0 0 

lb 
!/2r.M·ll 
R TLM 

!. [,,/t +W1f,L - I] 
R Di 

V ~(' • ✓1 +22DV,L) fq,.,n -M 
R 

IL (rnu) 
!:'._ [.!_ _M(M- l)J'

4 

R 9 'L 

!::.(.:. ~]1/2 
R 3 'L 

M(M - 1) 2] t/ 1 ~ ['•YI +
2
w1f,L ] [ D,O - D1)1 ] •h !VB lei (rms) 

_,., 
- -1 

R Y 9 TL 9 'L 

lc1 (rms) "&Lnr=-r 
R Y 9 'LM 

·J/2 
!. G2 (✓, • 20t1,L 

R D i 
1) - 1]"1 

V ~ [ VI ♦ 2D!/,L - t] 
lr(avs) ti (>I - u 

lr(rms) 
~ [! (M . l}l)'/4 

R 9 'LM 

!::.[YI +201',L' - •] 
R J3i); 

V V 
fDt(l\'I) 

R R 

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

2D, 
__ I »l. {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 3.28. EquatioM Normalized to "LC· 

la TLC 
-"l---
/3 ,.L 

2 3 4 

jtlnuous Mode 

Continuo1a MOCM 
Operation 

-- 't • 0.025 

5 
M 

II 8 

Fig. 3.5. Ope,;ating mode boundaries as a function of M. 
\....,, 
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0.10 -

0.08 -

0.06 -

0 .04 -

_ __ ' L ~o.o:zs 

0 .02 

0 
1.0 

o, 
0.05 0 .073 

Fig. 3.6. Operating mode boundam as a function of D1 . 

If we compare the results of Eqs. (3.10) and (3.12) for values of D1 and TL set 
at 0.5 and 0 .01, respectively, an error ofless 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 TL 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 YOltage control char­
acteristics of Fig. 3.7 differs greatly between the two conduct ion 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 fal l. This change will be demonstrated in 
Section 3.4, when component parasitics are added to the ideal boost SPC model. 
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0.8 

Conci­
Mode 

1.0 

Fig. 3.7. DC control characteristic £or lhe boost converter. 

11te variations in lb and h (rms) as TL is varied are shown in Figs. 3.8 and 3.9, 
respectively. From these graphs, the effect of TL 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 higher in 
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. 

3.3. LARGE-SIGNAL DYNAMIC CHARACTERIZATION 

lf 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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1 I 
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Mode Mode I / 
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I / 
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/v 

-~ 
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0.1 0.2 0.3 0.5 1.0 2.0 3.0 5.0 10.0 

Fig. 3.8. Inductor peak cu~nt amplitude as a function of inductance value. 
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Fig. 3.9. Inductor rms current amplitude as a function of inductance value. 
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switch is not 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 h.e 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. App�rently, 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 V
s 

is first applied to the boost SPC of Fig. 3.1 D, and the shunt switch is 
OFF, the input _inrush current is limited only by the characteristtcs 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 l

s
. 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,

andC. 
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Fig. 3.10. Inrush cunent wa~fonn at source turn-on. 

ln 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 Vr When V1 is first applied, the output voltage (V0 )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 is too large, the circuit will lock up and V0 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 
3.4. 

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 transfoimation element, the inrush 
current occurs at the onset of SPC switching action, rather than at the time 
when V1 is first applied. Nevertheless, the potential stress problems discussed 
earlier are still possible. 
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3.4. STATE-SPACE AVERAGED MODEL FOR THE 
CONTINUOUS MODE 

Tite 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 corresponding circuit equations, in state-variable form, for the network of 
Fig. 3 .11 A are: 

-~ =-[R:}+ 7 (3.13) 

du II 
(3.14) -=-

dt (R tRc°)C 

RL L 

+ 

• t ;. 
R• \ 

v. Vo R 

• ) CT_ ., 

IAI 

Rt L 

+ 

+ 

t '· 
\ 

"• R "o 

) C ., 

(Bl 

Fig. 3.1 l. Boost converter equivalent circuits. 
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11 =[-R ]v 0 R +Re 
(3.15) 

(3 .16) 

For.network 8 of Fig. 3.11, the describing circuit equations are: 

(3.17) 

dv f. R ] v 
dt = l(R + Re)C i - (R + Rc)C 

(3.18) 

(3.19) 

i., = i. (3.20) 

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

di. [RL+(l-d)(RIIRc)]i - [(1-d)R ]v+"• J (3 _21) 
dt L l(R +Re) l 

dv [(1-d)R]· v 
dL = (R + Rc)C 

1 
- (R + Re )C 

-J (3.22) 

(3.23) 

i., = i. (3.24) 

A circuit model corresponding to the above equations is shown in Fig. 3. I 2. 
In this model, an 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 
series resistances are now modulated functions of the switch duty cycle. It fol­
lows then that the output filter network characteristics will change as a furiction 
ofa~wit not fuecisein·thebucicsPCmodeiand represents an.mu:10,uant 
difference between thesetwo converters:- - -- ·-~- -----..----- • 
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• 

(1 -di : I 

Fig. 3.l2. lnitial state-space avenged modd for the boost converter. 

Continuing the process of model development, we can now perturb Eqs. (3.21) 
through (3.24) using the same small-signal conventions that were empioyed in 
Chapter 2. As a result of these perturbations, the following relationships are 
established: 

0=-[RL +(RIIRe)D')I-(R ~Jv+ V., (3.25) 

0 = (RD')I -_L.-- (3.26) 
DC (f~)u 

, : 
Vo =(RIIRe)D'I+(R :RJv J (3.27) 

I., =I (3.28) 
...__ 

di = - [RL + (RIIRe)D'] i 
dt L [ RD' ] A 

(R +Re)L u 

( 
V0 )(D'R + Re) A u., 

+ - d+-
D'L R +Re L 

(3.29) 

AC dv [ RD' ] -:- [ / ] A [ Vo ] " A A 

dt = (R +Rc)C 
1 

- (R +Rc)C v - D'(R +Rc)C d, i., =i 

(3.30) 

A -( I )D'" +(- R-)A -[ V0 Rc ] A 
110 - RIRc I R+Rc II D'(R+Rc) d. {3.31) 
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From the DC equations, we can readily derive expressions for V, I, and Mas: 

where 

V 
[= __ o_

D'R' 

D'R M= ­
R' 

D' = l - D 

R2 (D')2 

R' = R + (R IIR )D' + o-...· --'--L e R +Re 

(3.32) 

(3 .33) 

(3.34) 

(3.35) 

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: 

M=(�,)[(D1?]. 
t t 
IDEAL CORRECTION FACTOR 

{3.36) 

Figure 3.13 shows a -graph of Eq. {3.34) comparing an idealM versus D char­
acteristic (RL =Re =0) to one in which RL =Re =0.0 lR. 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 l % 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.this example, for RL = Re = 0.0lR, 
the maximum value for M is 4.7 and occurs at a duty cycle of 0.88. Should the 
source voltage (V

3
) 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 comparison between ideal and practic:al DC control functions. 

reached. Therefore, in our practical exainple, it is possible for related roltage 
cont~! electronics to produce a latch-up condition, wherein the SPC switch 
would be placed in a full conduction condition. This is a primary reason that all 

., 

0

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 (3.3 1) into the complex frequency domain: 

(337) 

/V0 \ A A A 

\1)-•"Jd(s)=(D'R)i(s)- [I +s(R+Rc)C]v(s) (3.38) 

(339) 
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~{s) = i(s). (3.40) 

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: 

(3 .41) 

(3.42) 

/1 (s) = l (3.43) 

R = RL + (R IIRc)DD' 
e (D')2 

{3.44) 

(3.45) 

A 

1 Ef1uldbl 

R, •L, 

+ 

" v, ... ,,., 
\ Re 

R V0 +w0 (rl 

1 ) SC T 
Jf11sld(sl 11 - 01 :1 

Fig. 3.14. flnal slate-space awraged model for the boost conwrter. 
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Once again, the output network of the model in Fig. 3.14 takes the form of a 
low-pass fdter; however, some filter elements (Re and le) are functions of D. 
[n a closed-loop voltage control application, these variations will cause fe to 
change as a function of D. Obviously, this will CQmplicare the design of the 
SPC voltage control electronics from stability and bandwidth standpoints. 

We see also that the d(s) voltage generator has a complex amplitude/, (s)and 
that / 1 (s) ha$ 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. 
j • A simple physical explanation for the presence of this zero can be found by 
i.. considering boost control circuit reaction to a step increase in D(tJ.D), which 
; I . is equivalent to commanding a step increase in output voltage . The initial 

reaction of the baost SPC system would be to keep its shunt switch on for a 
corresponding period, D + !J.D. During this interval, V0 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 (dv0 /dt) is therefore negative for a 
positive input 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 
v0 exists only momentarily, and then becomes positive in value as output voltage 
rises in response to control increases in con...erter duty cy~le D. 

From the small-signal equations, we can now derive some SPC transfer func­
tions of interest: 

(3.46) 

(3.47) 

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

However, the right half-plane 1.ero 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). ln 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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Fig. 3.16. Equivalent circuits for the boost converter operating in the discontinuous mode. 

We can now perfonn the state•space a,ieraging 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: 

(3.57) 

(3.58) 

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

(3.59) 
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Construct ion of the circuit topology corresponding to Eqs. (3 .57), (3.58), and 
L (3.59) would reveal that the inductor does not appear in the resulting circuit. 

Petturbation of Eqs. {3 .57) through (3.59) and separation of AC and DC 
. , components result in the following expressions: 
•.: 

i . 

0=-D1V +(D, +D2)V., {3.60) 

V 
{3.61) 

DC 
0 =D2l - -

R 

I= n ,v, 
2RrL 

(3.62) 

o==-D2u+ v/ii -(v - v.,)J2 +(Di +n,)11., {3.63) 

AC 
~ = [-D2j i _ _i__ +[!_] J 
dt C RC C l 

{3.64) 

~ 

"' [ V.,j" [ Di ] " I = -- d1 + - -- v., 
2Rr 2RrL 

(3.65) 

The mathematical model described by the above relationships has terms in­
cluding the dependent variables D2 as well as (h . With a bit of manipulation, 
these dependent terms can be eliminated and the model then becomes: 

{3.66) 

(3.67) 

(3.68) 

AC 

(3.70) 
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The above equations are stated in terms of M. If one would rathef have them 
expressed in terms of D1 , then a substitution is possible: ·;, . 

(3.71) 

For convenience, we will transform Eq. (3.69) into the complex fre<pency 
domain, obtaining: 

(3.72) 

If we compare F.qs. (3.67) and (3.72) with their buck SPC counterparts of 
Chapter 2 in the discontinuous mode (Eqs. (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 dement 
values, as shown in Fig. 3.17, where: 

ii= 
2
; VirL~ - I) 

. 2V 
'2 = R.../2rLM(M - I ) 

(Bl 

+ 

R 

(3.73) 

(3.74) 

" V 

Fig. 3 .17. Final state-space averaged models for the boost convert~ operating in the discon­
tinuous mode. 
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[
M- I] r1 = � R (3.75) 

[
M- I] r2 = 
� R (3.76) 

Ki = �[M�I]
(3.77) 

= _!._ [ M (2M - l)J g2 R M- l . (3.78) 
From the models of Figs. 3 .17 A and 3 .17B, the input-to- output and control­to-output transfer functions can easily be derived as: 

v(s) M 

v;(s) =. ( M � 1 )1 +sRC ---
2M- I 

v(s) [ 2v ][1 �][ 1 : ] d(s). = 2M- 1 .V� 1 + sRc(!--\) · 

(3.79) 

(3.80) 

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 ;ero, which was present in the con­tinuous mode, is not present in the discontinuous mode model for the boost SPC. 
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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 IX 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. All of 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 compiete 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 parallel DC transfonner, -in reference to the alternat­
ing conduction actions of the two primary-side switches {SI and S2) and the 
secondary-side .rect ifier elements (DI and 02). In Fig. 4.2A, 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. 
4.28. Here, this particular form is in a full-bridge connection. Regardless of 
their output rectifier connection, both circuits of Fig. 42 are classified as parallel 
DC transformers. 
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Fig.4.1. The Ideal transformer. 

Switches SI and S2 operate alternately, with conduction duty cycles of 
50% during one complete switching cycle. These switching actions generate a 
symmetrical and alternating voltage across the primary of Tl . Transformer Tl 
is a normal high-frequency AC transformer designed to operate at the switching 
rates of SI and S2. Dle to the AC voltage applied to Np on each switching half 

50% 
DI 

S1 • 
' t • NP N• -+ • • 

v, N, 

T l 

S2 02 

!Al 

S1 

• 
+ 0---+------~ • N. + 

v, 

S2 

(Bl 

Fig. 4 .2. The parallel DC transformeL 
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cycle, an AC w ltage will appear on N, such that : 

(4. 1) 

Transformer Tl provides desired voltage transformation ratio as well as input­
to-output ground return isolation, if so desired. The corresponding AC voltages 
across the secondary windin~ of Tl are rectified by 01 and 02 so as to produce 
a DC w ltage 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 w ltage which appears across a nonconducting primary switch in this DC­
DC transformer system is 2·"Vz, as the wltage across one half of the total primary 
winding of Tl (Np) must be reflected into its other half. The peak current in 
each of the two primary switches is equal to the input average current, I,, when 
each is ON. 

1n addition to this parallel DC transformer circuit, three other primary switch 
variations are in general use today. These forms are commonly called half-bridge, 
full-bridge, and single-ended DC transformers and a re 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 SI and S2 conduct alternately, 
i.e., when Sl is ON, S2 is OFF, and vice versa. The w ltage 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 offfine applicat ions 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 /1 rather than 211 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 Vs- Therefore, for a 
given Np, Vs, and Vo , the primary winding must have half as many turns. 

In the full-bridge circuit of Fig. 4 .38, switches Sl and S4 are closed simulta­
neously during the first hal f-cycle of the conversion process, and then S2 and S3 
are closed simultaneously during the second half-cycle. The wltage appearing 
across any open switch is equal ta the source w ltageand the peak current through 
any conducting switches is equal to the average source current. Because the full­
bridge DC converter provides minimum switch w ltage as well as minimum cur­
rent stress, this approach is popular in high-power (>750 W)converters. 
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Fig. 4.3. Altemati,ve primary switch connections foI a DC transformer. 

The single-ended approach to OC transformation (Fig. 43C) 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. 
hs input current is pulsating, with an amplitude determined by the average value 
of Is and the duty cycle of Sl . Consequently, some form of input low-pass filter 
is usually needed to smooth out these current pulsations. When SI 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 application$ below 500 watts. 

Finally, some means must be provided to reset the core of the transformer in 
this circuit when SI 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-H 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 (H) 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 au; gaps. Because of its "square-loop" B-H characteristic, this type of 
core material stores little energy 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 reset scheme can be very simple which is 
a significant advantage. The disadvantages of a low B, core include the need for 
substantial core area and/or 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. 

I In practice, gapped low-B, cores are most frequently used in single-ended DC 
' 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 
i 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 ooreB-H loop cha.racterisdcs. 

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 Jost 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 transformer's core 
may be either returned to the source \Oltage (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 N R be equal to Np or N8 . In fact , by making NR small compared to 
Np, the duty cycle of SJ can be increased with a reduction in the peak current 
it must handle. Unfortunately, as N R is made smaller, the open-circuit \Oltage 
(Va) acr<>S.5 SI will increase. The expression for Va versus Vs is : 

(4.2) 

In practice, the maximum switch duty cycle (D) of the single-ended transformer 
is, usually limited to 0.7 or 0.8. For example, 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 
Jive times•the source voltage. 

ln 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 
smaU . When the core energy is discharged into the secondary as shown in Fig. 
4.68 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 \Oltage spike to appear on both primary and secondary windin~ of 
the transformer. 

When a core of a single-ende·d DC transformer has a high value 9f 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 ttie reset scheme. The current reset scheme of Fig. 4.7 A 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 to implement-a tap on the trans­
former. In most circuits the diode will already be present. 
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The reset schemes of Figs. 4.7 and 4.8 lack one important feature, namely, a 
means for limiting the amplitude ofthe OFF voltage stress on SI (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 s~ructures are shown in Fig. 4.9. 

In converter applications which have a high-voltage source, Va can become 
substantial, as F.q. (4.2) predicts. A means to minimize Va in these applications 
is shown in Fig. 4.1 0A. In this scheme, two primary switches are used and are 
driven ON and OFF simultaneously. Here, Va 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 Va , by tapping the primary winding as shown in Fig. 4.108. 

4.2 UNIDIRECTIONAL DC T RANSFORMERS 

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 cl!Qke. 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. 

One of the simplest (and oldest), unidirectional DC transformers is the Royer 
circuit shown in Fig. 4.1 lA. This is a self-oscillating BJT circuit, in which the 
transistors are driven from positive-feedback auxiliary windings on Tl. 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 ic during the interval when the switch is turning OFF, 
as shown in Fig. 4. 118. This curre11t 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 i,; 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, VcE (sat) and the winding resistances of the trans­
former are all directly related to the environment. An additional problem i'I that 
the core flux excursion must go from +q,1 to -4>1 , 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 
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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 wltages will vary with both converter load and ambient temperature, but 
nonnally 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. 4.128, where the timing function is accomplished by a single­
winding saturating reactor (Lr), with the base drive power for the switches 
provided by an auxiliary winding on the power transformer, Tl. 

If the load and/or source voltage of the Jensen converter varies over a wide 
range of values, the transistor base driYe approaches of Fig. 4.12 may be unsuit­
!lble, since they provide fOr driYe magnitudes which are proportional to the source 
whage. To provide sufficient base drive under worst-case input/output line and 
load conditions, (minimum Vs, with maximum load current), the base resistance 
(R8 ) must be selected to provide enough current to maintain the switch in a 
fully sa&uated condition. Thus, when ~ is at its maximum and the converter 
load current is at a minimum, the switches are grosslyov,erdriven. Long transistor 
storage times result. To maintain a base driYe proportional to load demand, a 
current-driYe network must be employed,as shown in Fig. 4 .13A. In this circuit: 

{4.3) 

where Im 2 is the magnetizing current in winding N2 of T2. By using a propor­
tional base current drive such as this, the switches are always operating at a 
ft.xed (j except when the converter has low output currents. Under light load 
conditions, ic is small, and lm 2 may become large enough to make the resuhant 
ib small. A low ib value could result in inadequate base driYe to maintain tran­
sistor saturation, and pcoduce high power dissipation in these semiconductors. 
To overcome the light-load drive problem, an additional winding may be added 
to T2 to compensate for Im 2, as shown in Fig. 4.138. 

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 haYe a disad­
vantage to keep in mind. lf 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 cun ent-driven Jensen cilcuit. 

, 
regard. Similarly, the voltage-driven Jensen converters of Fig. 4 .1 3 are also 
somewhat self-protecting in overload situations. This is not to imply that for all 
conceivable conditions o f 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. I 3, 
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,/ b 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 (JC 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 S4 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 10 ) 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 wind.ing {N1 )ofT2. AJ. the end of this half cycle, 
S3 again turns ON, shorting the drive winding of T2, and disabling the propor­
tional base (I.rive mechanism for S2. One switching cycle is completed when 
similar actions are accomplished with S I and S4. Although we are concerned 
here with SO% conduction cycles. the conduction periods of $J 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 Sl and S2 are both 
OFF. 

Both full-bridge and half-bridge externally-driven OC 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 SI 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 

ON 

l-[1 ~ 
ON 

n.J 
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Drive Signals 

T2 .N2 

Fig. 4.14. A driven parallel drcuit with proportional base drive. 
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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. 

4.3. BIDIRECTIONAL POWER FLOW 

For some power conversion applications,such as battery charging and discharging, 
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. 42 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 Vs, Vo , Np, and N,, as indicated by the following re­
lationships: 

V, ~jV0 .,. power flow from input to output (4.4) 

V, <[~]Yo .,. power flow from output to input. (4.5) 

By making the switches bidirectional in handling currents, the disCOl\tinuous 
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 t = T,, I., * 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 puallel 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
t unately, 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. In the BIT, the delay in turnoff is primarily due to minority carrier storage 
time. One example of the effect of BJT storage time is conduction time overlap 
in' the switches of a DC transfonner. The result of finite switching times and 
conduction overlap in a parallel DC transformer (Fig. 4.17B) is shown in Fig . 
4.17 A, where its output secondary wavefonn appears much like that shown 
somewhat exaggerated in Fig. 4.17 A. Two design approaches can be followed to 
reduce the effects of these "breaks" in output voltage. First, reduce the con-
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Fig. 4.17. Typical output wavefonn in a practical DC transformer. 

112 

t 
V 

I 

VC00049530 



DC TRANSFORMERS 97 

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 BJT 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. 4.17 A) also will end up being fairly 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-lin.e primary current-limiting is added 
instead to reduce the amplitudes of any potentially destructive current spikes 
to safe levels. A simple means for limiting instantaneou·s 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 SI and 
S2 is dissipated in resistor R

0 
arid diode De. In Fig. 4.18B, the stored energy 

in Lis returned to the source via diode De. 
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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TJ (primary) 

method is the selection of a core: material for the transformer that has relatively 
low permeability and low residu:al flux density (such as is shown in Fig. 4 .4A) 
which will tolerate some DC offst:t without saturation. This solution bri~ with 
it relatively high magnetiz.ing current levels for small core area dimensions or low 
numbers of turns on windings. lnaeasing core area and winding turns to reduce 
magnetizing current levels increas;es the size and cost of the transformer. A better 
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 8 -Hloop). If some 
DC imbalance is present and the operating loop moves off to one side of the core 
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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 eliminat ing trans­
former core saturation due to primary wit-second imbalance. In t hese two 
converter circuits, the primary winding of their transformers can be DC-isolated 
by the insertion of a series capacitor (C,)as shown it Fig. 4.20. Notice that for 
the half-bridge version ( Fig. 4.20B), t he series DC-blocking capacitor function 
is accomplished inherently by the presence of the voltage-division capacitors, 
Cl and C2. The value chosen for C,cannot bearbitrary,for as C.,ismadesmaller, 
the output wltage waveform (Fig. 4.20C) will become more tilted because of 
the AC w ltage drop across this series capacitor. On the other hand, if C, is 
made too large and the source voltage is subject to rapid changes, the DC voltage 
across c., may not change quickly enough to prevent momentary transformer 
core saturation. The time constant (Tc) for the rate of change of DC voltage 
across C, is approximately: 

(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 Tc should be made small in comparison to the maxi­
mum slew rate of expected changes in ¥;. 

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 characterist ics. 
Matching can great ly improve the protective effectiveness of the passive methods 
discussed earlier. For MOSFET switches, matching is not difficult or unreason­
able from a cost standpoint. However, matching BJTs requires that several 
parameters (VcE (sat) , JI BE , t1 , etc.) be controlled over the ranges of junction 
temperatures and load currents encountered in an application. BIT matching is 
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Fig. 4.20. A DC-blocking capacitor in series with the primuy winding. 

rarely econanically practical, although pair matching fo r some parameters will 
always be to the designer's advantage. 

When a DC transformer circuit i:s 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 t~ere is no means in most SPC circuits to determine 
the actual 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 
in solving this turn-on core saturation dilemma. 

The self-oscillating transformer circuits shown in Figs. 4.11 through 4.13 
work wry 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. Therefore, 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 ef Fig. 4.11 is shown in Fig. 421 . 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 
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01 
(collectorl • 

• 
02 T1 

lcollec:tot! 

02(t>atel • 
OHbasel • 

D, 

F"ig. 4.21. A typical starting circuit for ,elf-oscillating converters. 
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inductor {L2 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 wltage 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 {EMO noise generated by the converter. Winding the primary windi~ 
of the transformer either bifilar or interleaved is a common design method. used 
to maximize coupling between the windings. Adding a transient-damping net• 
work (Ra , Ca) 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 

S1 • 

+ T l (primary winding) 

t • 
v. 

I 
S2 LJ 

L J. - leak.age inducUnct 

(Al 

S1 

• 

♦ T1(primary winding) 

v, 

I 
S2 

IBI 

Fig. 4.22. Primary-to-primary leak~ 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 Vs- 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 wavcshape is 
shown in Fig. 4.23A. Since im 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,/m is normally small in amplitude when compared to Is (as 
shown in Fig. 4.238), so that their composite waveform is always positive. How­
ever, at light output loads, Im may exceed Is 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 rectjfier. The resultant circuitry is shown in Fig. 4.25A. 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 transfonner coupling 
between these secondary windings plus their rectifier connection inductance 
(la and Lb)- For the purposes of this discussion, the presence of the common 
inductances will be ignored and the equivalent circuit of Fig. 4.258 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 t 1 , a current i 1 is flowing through DI and La . At t = t 1 , the polarity of v 1 

and v2 relative to the centertap of the transformer secondary changes, but, be­
cause of the presence of inductors la and Lb, i1 will fall gradually and i2 will 
increase gradually. The average value relationship, 

.-r., 
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Fig. 4.23. Primary wltage and current wavefonns showing the effect of the magnetizing 
current. 

(4.7) 

must be preserved throughout the converter's operating cycle. During the inter• 
val flt, when both i 1 and i2 are flowing, DI and D2 must be in conduction 
simultaneously, so that v3 = 0. This "notch" in v3 reduces the average output 
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Fig. 4.24. Primary freo-wheelillg diodes. 
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Fig. 4.25. Secondary equivalent cifcuits. 
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"· i 

0 - r 

Fig. 4.26. Seco~ waveforms. 

voltage of the converter and increases associated AC ripple magnitudes, both of 
- which are undesirable. 

The overlap time interval (.6 t) is: 

(4.8) 

It is obvious from Eq. ( 4.8) that low-voltage high-current transformer second­
ary windings are most likely to produ~e a significant value oft:,. t. The "delay" 
interval wiU also vary with the converter's load current. This time interval can 
be related to a change of conversion duty cycle, W, and ripple frequency (fr= 
21, = 2/T,)by : 

(4.9) 
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For conversion duty cycles less than 50%, the "notch" effect is still evident , 
even though u1 goes to zero prior to change in secondary wltage polarity. There­
fore, i1 must continue to flow to satisfy the requirements of Eq. (4.7). In prac­
tical circuits, i2 may not remain zero during the At time interval and i1 is thus 
reduced. This situation can reduce AD to some degree, but the basic result is 
still evident. Voltage u3 will be zero during tit only if l,a = lb. Usually, this 
latter condition is not satisfied. Therefore, voltage u3 usually has some positive 
value during 6.t. The net result of all of the above actions is a reduct ion in ef­
fective duty cycle of the V3 waveform when compared to 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 transfonner 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., la= lb . Now consider a single-ended DC trans­
former output circuit, such as that shown in Fig. 4.27 A. Here, la will most 
likely be different in value than that of Lb- The resulting waveform shape of 
v3 wi.11 be very similar to that shown in Fig. 4.27B. The corresponding equation 
for At 1 and 6t2 are: 

(4.10) 

(4.11) 

and, because u I is usually asymmetrical, At 1 * t::.t2 . The equations for u3 dur­
ing tlt I and 6t2 are, respectively: 

(4.12) 

(4.13) 

4.5 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 t ransformer, as shown in Fig. 
4.28A. This is referred to as a voltage-fed transformer. Often the power source 
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Fig. 4.27. Asymmetrical converter seconduy waveforms. 

is high in impedance value, and as such could be characterized as a current source, 
as shown in Fig. 4.28B. One practical and common fo rm of a "current" power 
source is shown in Fig. 4.28C. In this instance, the t ransformersystem is said to 
be w rrent-fed. 

In the case of voltage-fed DC converters, voltages appearing across the t rans­
fonnei winding,<; are determined by source voltage and the winding currents by 
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S2 

Fig. 4.28. Voltage-and current-fed transformers. 

the converter load. In the case of current-fed converters, transformer currents 
are determined by the impedance of the source and winding voltages by the load 
of the converti;r. 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 l, 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. l shows the two basic circuits under consideration-the buck converter 
(A) and the parallel DC transformer (B). In Fig. 5.lA, 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 functional, as the DC
transformer would not be in series with the power tlow 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 

112 

VC00049546 128



E 
I S1 
I 

x-r1 
v, --

1 

I 

I 
e· 

0 

I 

I 
o· 

S2 

50" 

♦ U" ~---+----◄ • 
Input 

BUCK-OERIVEO CIRCUITS 113 

C a " 
I I I 

l 
'----0-------0---, ♦ 

01 

I 

I I 
I I I 
c· a· A' 

CAI 

02 
---..--...,...-----0+ 

• 

• 

03 

CBI 

Fig. S.l . 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 S 1 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 tlie circuit of Fig. S .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 ( V.). DC isolation between in­
put and output is now possible and, as shown in Fig. 5.28, a number of different 
output voltages can be provided simultaneously. The output voltages are related 
to tb.e 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 transfonnet inserted at loca1ioo 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. f 
When the DC transformer insertion point is moved to position B-B' of Fig. 

5 .l A, the converter shown in Fig. 5 .3A results. Thi! system aho 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 
ffiter capacitor on any output as shown in Fig. 4.17B, its value need only be in• 
creased to meet the requirement just mentioned. Total effective filter capacitance 
seen on the primary side of the transformer will appear to the buck SPC as if a 
single-output were being provided. Also, the load appearing at the output of the 
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. S.3. The TRW coo_.er. 

the ad vantages of this type of source as outlined in Chapter 4. The well-controlled 
component stresses in these circuits make them particularly attracti~ for high 
power, multiple output applicatiJns. 

There is no inherent requirement in the SPCsofFig. S.3 fortheswitchingaction 
of Sl to be synchronized with those of S2 and S3. They can be operated asyn• 
chronously, both in phase and frequency if desired. li>wever, if Sl is operated 
at twice the switching frequency of S2 and S3 and loclced in time phase with 
them, some advantage from a component stress standpoint can be &ained, as 
shown by the circuit waveforms of Fig. S .4. 
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Fig. 5.4. Current waveforms for synchronized switching in the TRW converter. 

Two synchronized possibilities are illustrated, switches S2 and S3 maybe turned 
ON when SI is turned ON or they may be turned ON when S 1 is turned OFF. 
The resulting switch current waveforms are shown in Fi~. 5.48 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 is at a 
minimum. If 1£ is not much greater than TLC, then the current stresses and 
corresponding switching losses in S2 and S3 can be quite small. This reduction 
in stress can be very helpful for applicat ions 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 oYerlaps in S2 and S3 conduction times. When both of 
these switches are ON, inductor current (/L) divides between them. In this way, 
current levels are close to h/2 when the switches turn ON and OFF, which fur-
ther reduces their switching losses. • 
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Fig. S.S. 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. S.SC, with intermediate 
evokltionary steps illustrated in Figs. 55A and 8 . In Fig. 5 5A, Sl is moved to 
the return point of the source voltage. Obviously, this move does not alter the 
switch or SPC function. The second ~ep. shown in Fig. 5 58, duplicates the 
original switch functions of S I and Dl 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.SC. 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 D l  and D4 commutates during a switching 
cycle of the system. 

At the beginning of a switching cycle, SI and S3 in Fig. 5 .SC are both ON. 
Energy is stored in the inductor L and also delivered to the output load of T l  
via diode D2. Part way through the switching period, St i s  turned OFF and the 
inductor current commutates to diode DI. Halfway through one complete switch­
ing cycle, the inductor current is then transferred from S3 and DI 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-SI is 
already OFF). The resulting reverse voltage appearing across DI 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,�covery 
time current transients through D1 as well as diode D4 on the next half c-Xcle of 
converter operation. In a high-frequency or high-power converter applic�tion, 
these reduced current transient levels can significantly reduce electrical st1esses 
on contemporary switch elements, lower commutating diode losses, and i!lcrease 
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 
swttch 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.SC, as shown in Fig. 5.6A. Here, circuit connection points for switches S l  
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 St and S2 from Vs to (� + 2 V,.), where V,. is the reflected load 
voltage through transformer Tl. 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 convert.er 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 T l .  How-
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Fig. S.6 Evolution of the Cremin ciraait. 

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. 5 .6B. 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 t~ 
chapter. This SPC circuit variation does oot appear to have any advantages over 
the one shown in f ig_. 5.68 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 realiz.ed. 

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 .8. The Severns cireuit. 

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

rr S2 , S3, and the secondary winding of inductor l in Fig. 5.8 are connected 
to the secondary side of Tl and the turns ratio of the windings on l made equal 
to the turns ratio of Tl , then it is apparent that switches S2 , S3 and diode rn 
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 DI , but not both simultaneously. 

For low input 1oUltage 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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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. 5.98. 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-4deal 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 i.ero because transformer 
magnetizing current is discharging, through one of the output diodes, thus clamp­
ing the secondary winding -wltag,e 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 Tl may increase because of the impressed secondary voltage, in turn in­
creasing the chances of core satruration. Fortunately, there is a rathe~imple 
cure for this problem, which is shc>wnin 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 o zero 
during the interval when both primary switches (SI and S2) are in an OF state. 

When input-to-output DC isohtion is not required and when the converter 
output voltage is higher than its input wltage, 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 t ransformer turns and inductor connections, boost volt­
age gain can be obtained. Adding the transformer 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. 5.1 lC. 

We can now return to Fig. 5 .I and insert the DC transformer at positions 
C-C' and D-0'. The result is shown in Fig. SJ 2A and B, respectively. From 
an inspection of these two SPC circuits, it can be seen that the commutating 
diode (DI) is no longer required in either case, since diodes 02 and 03 will pro• 
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Fig. 5.10. An Improved Weinbecg circuit. 
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Fig. 5.12. TM DC transformer inserted at locations C-C' and 0-0' in Fig. 5.1. 

vide this function of assuring continuous inductor current when switches S2 and 
S3 are both OFF. The two converters are therefore equivalent in operation. 
Occasionally, Dl is not removed from Fig. 5 .12B in high output current applica• 
tions. The reason for not removing DI in this case lies in the fact that , duri~ 
the converter intervals when S2 and S3 are OFF, the inductor current may com• 
mutate through DI 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 
Sl could be performed by primary switches S2 and S3, since these latter switch 
elements are directly in series with SI on alternating half-cylces. lf duty cycle 
control of power conversion is moved to S2 and S3 (with SJ removed), the circuit 
in Fig. 5.13A emerges. The common name given to this circuit is the parallel 
quasi-squarewa11e con11erter and it is one of the most popular DC-DC conversion 
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Fig. 5.13. The quasi.-sq=wave converter. 

systems in use today. In applications requiring multiple OC outputs, additional 
transformer windings and filter networks can be added, as shown in Fig. 5.138 
for a two-output case. Notice here that each DC output nt1st 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 associated 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 
cro~-regulation between the regulated output and other unregulated ones. 
Any output of this SPC t~at drops out of the continuous mode will lose this 
highly desirable cross-regulation action. The problem of cross-regulation, 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 OC transformer is now voltage.fed and therefore subject 
to transient currents produced by primary switch conduction overlap, trans• 
former core saturatlon, and the other problems discussed in Chapter 4. 

The final step in our evolutionary process is to insert the OC 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. 5.48 for multiple-output situations. 
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Fig. 5.14. The DC uansfonner inserted at location E-E' in Fig. 5.L 
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This particular converter circuit is occasi>nally used and alhws each of the 
outputs to be individually regulated by proper duty cycle control of the second• 
ary switches (Sl, S2 in Fig. S.148). 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-S VDC) high-current output along with one or 
more higher-voltage (10-28 VDC) outputs with lower output current leveis. If 
sood voltage regulati>n and efficient conversion of power are required for all 
outp!Jts, then the converter in Fig. S .148 can be combined with the quasi­
squarewave system of Pig. S.l3A. This possibility is shown in Fig. S.lS for a 
two-output SPC. Here, tile primary switch control loop is closed around the 
low-voltage high-current output, (V,>2 ). A separate switch (Sl) and associated 
controls are used in the remaining secondary network to provide good regulation 
of the second DC voltage (Yo 1 ) . For this SPC to work properly, AC voltages 
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Fig. S .15. The quasi-sqU11ewave converter with an auxiliaJ)' post-regulator control system. 
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across the second output winding. of the transformer must be made large enough 
so as to giye the second control switch (Sl) reasonable duty cycle range for 
regulation of voltage Vq,. 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 Vq 1 ; therefore, the duty cycle of SI will remain close 
to 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 HALF-BRIDGE DC TRANSFORMERS 
IN THE BUCK SPC 

A problem common to all of the converters in Figs. S.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 fu11 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 
ewllstionary investigations, we would find that identical manipulations could be 
applied and similar circuits derived. Figs. S. 16 and 5.17 show the fu11-bridge 
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Fig. S. 16. FuU4>ridge buck-derived variations (I). 
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Fig. S.17. Full-bridge buck-derived variations (II). 

equivalent for the circuits of Figs. 5.16, 5.12, 5.9A, and 5.SC, 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 of additional ~ltage stresses from in­
herent parasitic circuit elements has been ignored. 

For lower power levels and high source ~ltages, 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 transfonner 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. S .18. Half~ridge buck-derived ruiations. 

In Figs. 5 .16 and 5 .I 7, 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 Sl and S2 or their counterparts S3 and S4 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 SI and S3 or S2 and 
S4 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. S.19. The forwud converter. 

The single-ended form of the quasi-&quarewave converter is shown in Fig. S .19. 
This circuit is commonly known as the forward converter and is widely used in 
Europe. Applications of the forward converter using a sing.le BJT switch and 
having an output power of2 kW or more do exist,although this SPC is normally 
used at much lower output power levels. It is debatable for many practica.1 
reasons if 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. S.20 through 5.24. 

If a physica.lly smaller transformer with better core utiliution 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 ruter, namely, inductor L! 

As shown in Fig. 5.22B, the current in inductor L may be used as a means of 
connesef by simply providing a tap on the transformer secondary and a diode 
{DI) 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 voltage during core reset 
intervals. Some limits must be placed.on these amplitudes to protect the SPC 
switch element from po$ible voltage breakdown. Any of the voltage 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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FJg. 5.20. Foiward converter core reset variations (I ). 

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 Vy increases, the duty cycle 
(D) of the primary switch (Sl) 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 wltage 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 Vs larger, but we must be careful not to exceed the break-

. down rating of the switch when Vs goes to its highest value. An ideal voltage 
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Fig. S.21. Forward converter core reset variations (H). 

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 V. 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 is to 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 is the 
worst , since the lmyest reset voltage occurs at the lowest value of Vs- 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 .25. An example of a single-ended Weinberg con-verter. 

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

Single-ended transfonner equivalents are not limited to reduced fonns of the 
quasi-squarewave 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. 
S .9A is shown in Fig. 5 .25, as an example of another circuit form which uses a 
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 .2S would result. 
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6. Boost-Derived Circuits

In this chapter, we will essentially repeat the evolutionary processes of Chapter 
S, 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 S 
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 transfonner element into the basic boost SPC 
are shown in Fig. 6. l. 

Insertion of the DC-DC transformer at A-A' results in the converter ofFig. 6.2, 
a pre-regulated DC-DC converter with a boost SPC as the pre-regulation circuit. 
This converte; 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 S. 

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. 63 appear. Again, we have a case where Dl 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 oonversion approach, but it does use 
three switch elements. If the duty cycles of S2 and S3 are made variable and 
always greater than SO% (i.e., if S2 and S3 have overlapping conduction intervals) 

S2 0 
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t • • 
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03 

Fig. 6.2 The DC transfonner inserted at location A-A' in Fig. 6.1. 
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Fig. 63 The OC tunsfonncr Inserted at locations B-B' and C·C' in Fig. 6.1. 

so as to permit the primary of the transformer Tl to present a short circuit to 
inductor L for a portion of each half cycle) , then SJ is no longer needed am it 
can be eliminated as shown in Fig. 6.48. Fig. 6.4B also gives a n indication of 
how easily a need for multiple outputs can be accommodated. One of the ad­
vantages o f the overlapping primary switch conduction is the equal division of 
inductor current between S2 and S3, thus reducing their average and rms current 
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Fig. 6 .◄. The Clarke circuit 

levels as well as the primary winding rms current magnitude. When MOSFET 
devices are used as the switch elements, a significant improvement in conversion 
effieiency 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.SA, in which the shunt switch now 
appears on the secondary side of the transformer. Having this duty-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 
DI in series with the rectifiers (D3 and 02) can cause unacceptable power losses. 
In addition, the ON current of SI will be large, further increasing such losses. 
This problem can be fixed quite easily, as shown in Fig. 6.58, where the clamp 
diodes (Dl, 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.SC, by placing SI 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 S l  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. 6.48, auxillary transformer windings can also be added to 
produce multiple outputs if desired. 

In the converters of Fig. 6.5, it is not mandatory that SI, S2, and S3 operate 
synchronqusly, but it is definitely advantageous. If S l operates at twice the 
switching frequency of S2 and S3, and if SI and S2 or S 1 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-B, 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 SI and S2 is fixed, usually just over 50% for slight 
overlaps. The switching frequency (fs) is the control variable for regulation 
and is adjusted so that transformer T l  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 fs is made lower, 
the time spent by the transformer primary in a "shorted" condition over a half­
cycle interval (Ts/2) will become greater. Therefore, the output voltage (V0 ) is 
inversely proportional to the value offs. 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 +</Js to -</J

s.
- 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 fl</) must be reduced. Keep in mind that the trans-
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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 flXed 
switching frequency, as shown in Fig. 6.6B and Fig. 6.7. In the SPCofFig. 6.68, 
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the duty cycles of SI 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 fa"'rably distribute the conversion power losses between them. 

The circuit in Fig. 6.7 A is rather unusual in that, on alternating half cycles, 
the primary "shorting" action is provided first by the closure of switch Sl and 
then by saturation of the core of Tl. A diagram showing typical core flux ex­
cursion as 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 SI and S2 are operated at a fixed duty cycle 
and the saturation time of transformer Tl is controlled by the magnitude of the 
bias current source, le . 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 le, Ne can be varied. It may also be advan­
tageous to make the fixed duty cycles of SI and S2 asymmetrical. Alternatively, 
transformer turns N I and N2 may be made asymmetrical. Both of these alter• 

~2, 
♦ 

• 
C fl v. 

• 

L 
01 

• v -·--
N, 1. 

Fig. 6.8. A current•controlled boost•deri\'ed converter. 
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natives would have the effect of supplying a fixed DC bias f0< Tl and allowing 
the operating point of/ c 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 
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. F0< BITs, in particular, this can be a fatal situation. Two commonly 
used methods to circumvent this energy removal problem are shown in Fig. 69 . 

V -• - -
ZI 

v,-=-

I 
01 

S1 
(Al 

SI 
IBI 

• 

• 

Tl lprimarvl 

• 

• 

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), ii does not have to dissipate much 
average power and can be quite small. An alternative measure is shown in Fig. 
6 .98, 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 (DI ) 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 S. Two 
circuit examples are shown in Fig. 6 .I0A and 6.108. 

Examination of the SPC circuit in Fig. 6.IOA 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.I IA,all 
four switch elements have conduction duty cycles greater than SO%. 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 SJ 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 
WT switches are used, current-sharing may not be equalized to the same degree. 
Therefore, one pair of BJT switches may take more loadcurrentthan 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 SO%. However, in boost-derived bridge converters, D is greater than SO% 
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, 6.1 1 B, where S3 and S4 are operated at a fixed D of SO% and duty cycle 
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Fig. 6.10. Full•bridge boosHleri~d converter variations. 

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

A further drive simplificat ion is shown in Fig. 6.l IC. Here all four SPC 
switches are operated with a conduction duty cycle of 50%, with the conduction 
phase of SI and S2 varied relative to that of S3 and S4. This sequence produces 
a conduction overlap twice each complete switching cycle, once by SI and S3 
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Fig. 6.11. Possible switch conduction sequences in the overlapping conduction boost 
converter. 

and once by S2 and S4. 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, hal f-bridge boost converters can be 

164 
VC00049582 



~ ·-
. , ... 
r BOOST-DERIVED CIRCUITS 149 

' , 
' . 

l ~ ~· cs 02 
♦ ·- \ • ♦ 

I 

' Vo 
CT 

R 
I V - J · - -

4L • 
• 

01 

• 
CA I. D >0.5 

(Al 

.. 
l! • ~ \ CB C R v., 

J 
♦ • v, 

03 
4L 

• 0 2 

♦ 

CA 

• 
0 1 I D <0.5 I 

181 

Fig. 6.12. Hair-bridge boost-derived converter variations. 
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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 two 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. 
6.13 A. At the beginning of a switching cycle, Si is ON and S2 is OFF. Inductor 

L 
01 

+ ---IL • • \ 
• C R Vo 

V - ) ·--

1 0-?s1 s21-1- 0 

(Al 

L 

+ 

• 01 \ • • 
+ 

CI 

R Vo 

V - - - -M- - ---- I ·--

1 . 02 

o-c , s2?- ,.o 

(81 

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 
conver ter. 

current therefore flows through Sl. With S2 open, energy to sustain the output 
voltage load comes from the filter capacitor C. When SI turns OFF and switch 
S2 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. 6.138. 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 adding a small tertiary winding in 
series with switch S l. 

Another interesting SPC circuit can be derived from the single-ended boost 
con11erter of Fig. 6.13A. Normally, the magnetizing inductance of T l 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 ~ach with a single DC transformer. Despite these restrictions, 
many unusual anii 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 
buclc 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 networksareshownin Fig. 7 .1. Obviously ,a multi-output 
SPC or DC transformer system could be viewed as a multi port 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. 
7 2A. For th.is SPC operating in the continuous mode, its ideal overall voltage 
gain (M) will be: 

(7.l) 
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-----0 

OUT 

OUT 
1---t-..... -o 

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

OUT 

In some applications, Da (or Db) 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 S l and S2 are generated from a single source. 
In such cases, Da will be equal to Db so that 

D=yM. (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<l (7.4) 

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
ftrst, since the average source current (/1) through SI must remain the same 
(same V. and input power levels), then the peak current (/b) through SI must 
go down as D is increased. For example, if M = JO, then lb = 10/s for a single• 
stage buck converter operating in a continuous mode. However, for a comparable 
two-stage buck system, lb= v'Iols. This implies that peak current levels ofSl 
will be much lower in the two-stage case and, therefore, it can control more 
power than an equivalent single-stage counterpart. Switch SI and diode 01 will 
still see OFF \Oltage stresses equal to Vs , but S2 and D2 only have to sustain an 
OFF voltage (Vi) given by: 

Vi =✓Vo . Vs (7.5) 
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for Da =Db . Since Vi is always less than Va in value, the OFF voltage capabili-
ties of S2 and D2 are reduced accordingly. 

If Mis 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 S l  
with paralleled switch components for higher current-handling capability and 
remove the second low-pass filter network (L2 , C2 ). On the other hand, if Mis

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 is still a viable 
concept. 

For a number (n) 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 SI and S2 are synchronized and have 
identical duty cycles. Therefore, the functions of Sl, S2, D l ,  and D2 can be 
replaced with an equivalent DPDT switch as indicated. Notice that capacitor 
C l  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 amplitudeswith­
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, considerable ripple in L l  can be tolerated 
since L2 and C2 provide a second stage of low-pass filtering. 
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Fig. 7.3. E~lution of the budc-boost converter (I). 

Having eliminated Cl, inductors LI and U can now be combined into a single 
element, as shown in Fig. 7.3C, since they are series-connected in one branch of 
the topology. 

If we are willing to accept a pollarity 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. 7 .4A. A practical realization for this 
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Fig. 7.4. Evolution of the buck-boost converter (II). 

Vo 

Vo 

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 fonn. 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 Sl, Dl, 

-;:�"§-
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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.SA, 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 .SC, 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 fly back converter and 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, Cl cannot be omitted since it is required for energy storage. As was 
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Fig. 7.S . . Derivation of the Qyback converter from the buck-boost converter. 

j 

the case for the buck-boost, if a polarity inversion ofoutput 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. 7 .6. Evolution of the Culc oon.erter. 

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 
magnitud� either above or below the value of its source voltage, depending on 
the duty cycle of S l  in Fig. 7.7C. Ideally the relationship between input and 
output voltages is simply D/(l - 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 (C 1 of Fig. 7. 7C) is divided into two series capaci­
tors, CIA and CIB, 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 CI A and Cl B 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 Culc converters. 

isolated Cuk converter results, as illustrated in Fig. 7 .88 for a two-output case. 
Note that Tl 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, Tl 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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