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Switchmode

Converter Topologies —

Make Them Work for You:

INTRODUCTION

Recent years have seen atremendous expansion in the sales
volume and variety of applications for switching regulators.
Surprisingly, if one looks at the circuit arrangements most
frequently used, only a few different types are represented.
The parallel, half-bridge and full bridge quasi-squarewave
circuits and the single ended flyback and feedforward: con-
verters represent about 95% of what is availablein-the market-
place today. A bit of research quickly reveals that there are
many other circuit topologies, both switchmode (modified
squarewaves) and resonant, that are available and which may
be superior to the popular circuits in particular applications.

This application note is intended to provide the switching
power supply designer with a broad view of the switchmode
converter topology options available and to demonstrate
synthesis  techniques that should enable the designer to
invent new topologies which may better suit his particular
design problem.

Why We Need New Topologies

There are several reasons for considering new or non-
standard circuits:’

-a. Increasingly, switchers are operating at higher switching

frequencies to-reduce size and weight. It is now com-
pletely practical to operate above 200KHz, and while the
more popular circuits wiil work at these frequencies, they
are by no means optimum. It has been shown!that some
not so common topologies have very definite advantages
at high frequencies.

b. Power MOSFETs are rapidly becoming a reality for
switchmode converters. The distribution between switch-
ing and conduction losses in a MOSFET is quite different
from those of a bipolar, and'the choice of circuit topology
can have a profound effect on the total power loss. Many
of the standard circuits are less than optimum when used
with MOSFET switches.

¢. The switching power supply designer is limited by the
capabilities of the components available to him. Because
of the efforts of component manufacturers, the perfor-
mance limits change continuously, but progress is slow
and the designer will always be faced with component
limitations. Because the electrical stresses on the individ-
ual components vary widely with the topology, the choice
of topology can be used as a tool to get around some of
the limitations in components, and the larger the number
of circuit variations available to the designer, the greater
the likelihood that an acceptable solution will be found.

d. As switchers find a wider range of usage, more and more
special applications that require optimization of a variety
of different performance parameters appear. To cope with
these applications, the designer needs a wide variety of
circuits to choose from so that really effective designs can
be created.
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e. The power supply industry is becoming increasingly
competitive. Manufacturers using a poorly optimized
“one circuit for all applications” approach are going to be
pushed out of the marketplace by more aggressive and
versatile competitors. .

f. Requirements on the control of EMI are becoming much

more restrictive; the choice of topology can be used to
minimize EMI.

g. Itoccasionally happensthatan individual or organization

will create a circuit variation that gives a real or imagined
competitive advantage for a particular application. The
normal course is toimmediately patent the circuit to deny
its use to a competitor. While the competitor cannot use
the original circuit, he may very well be able to apply the
manipulative techniques shown herein to the circuit to
produce a different and perhaps even better circuit. Con-
versely, the circuit originator could better protect himself
by manipulating his circuit and extending the patentto all
possible variations.

Where Do Circuit Topologies Come From?

There are many sources of switchmode converter topolo-
gies. The first and most obvious place to look is standard
industry practice. The next source is the published literature
inthe field; an extensive bibliography is included at the'end of
this-application note. A third rich source is the patent and
patent disclosure files. A search of the patent files can be
tedious, but every so often a really useful circuit or circuit
variation will be found.

The next step is to employ synthesis techniques to generate .

circuits that do not presently exist. A variety of synthesis
procedures exists, and the discussion of these procedures is
the main thrust of this application note.

By far, the most important source for new circuits is the
designer’s intuition. The synthesis procedures described
herein have not evolved to the point that the designer can

_define the desired circuit performance and then foliow a

specified synthesis procedure that will lead directly to the
desired solution; and while very useful, the present range of
synthesis techniques are still rather-clumsy tools that the
designer must guide, using his intuition to reach the desired
goal.

CRITERIA FOR COMPARING CONVERTER
TOPOLOGIES

As will be demonstrated shortly, the literature, patent search
and synthesis efforts produce a large and bewildering array
of circuit topologies. The number of circuits is so large that
there is no way to deal with all of them on a one-at-a-time
basis. What is needed is some orderly means to compare
circuits quickly, to enable the designer to choose the best
circuit for his application. There are several possibilities for
simplifying the comparison process:

(408) 996-5000 TWX: 910-338-0171

1 ~F DN

SlUidAag ApnYy AqQ [NOA 10} IO Way | aNey — saibojodo] J9319AUCD BPOWYDIIMS GCEOV ug;a"ng uonesijddy

SOWNA



A035

1. The circuits can be organized into families sharing com-
mon characteristics.

2. The figures of merit for different topologies can be com-
pared. The stress on the various circuit components varies
widely from one topology to another. For each topology
and component, a normalized component stress figure of
merit can be developed that relates the individual compo-
nent stress to the input and output voltages and currents.

3. Figures of merit relating the amount of inductive and
capacitive energy storage required for a given power level
can be derived. These figures of merit are very useful for
weight and volume trade-off studies.

4. The feedback loop and transient characteristics are an
important practical consideration for comparing topolo-
gies. The presence of a right half-plane zero in the boost
family of converters is an example of a potential stabiliza-
tion problem.

5. The component count can be a very important figure of
merit, especially for powers below 100W. In converters
operating below 100W, the component stress is not usu-
ally high enough that multiple components or especially
high performance components are needed and the ‘prim-
ary objective is usually low cost. As the power level goes
above 100W however, it becomes increasingly desirable to
use topologies that reduce component stress levels even if
the component count is higher. The point is that the com-
ponent count is a very useful figure of merit, but it can be
misleading as the power level is increased.

6. Theresponse of the circuitto component nonidealitiesis a
useful point of comparison. For example, the switch con-
duction overlap caused by transistor storage time can be
either harmless or catastrophic, depending on the
topology.
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Converter Topologies Organized Into Families

It appears that all of the known switching regulators can be
synthesized from combinations of three circuit elements:
The boost regulator, the buck regulatorand some formof DC
transformer, as shown in Figure i. Examples to support this
contention will be given in following sections. This observa-
tion suggests a family delineation that derives from the basic
elements from which a particular converter can be assembled.
Figure 2 is a converter family tree that begins with the buck
and boost converters as the most basic elements. As will be
shown shortly, the buck and boost converters are electrical
duals of each other. The DC transformer is not treated as a
starting element but is used as a circuit element to produce
permutations of the basic buck and boost regulators.

The buck derived family shares the common characteristics
of discontinuous input current, continuous output current,
duty cycle, D = V,/V,, non-moving poles in the transfer func-
tion and an internal bus voltage V, lower than V;. The boost
derived family shares the common characteristics of contin-
uous input current, discontinuous output current, a right
half-plane zero and moving left half-plane poles in the
transfer function, and an internal bus voltage higher than the
input voltage. The family of converters made up of combina-
tions of buck and boost converters is not so neatly character-
ized, because of the diversity of its members, but there are
localized generalizations that can be made. Wherever possi-
ble, the common name for the particular converter is given.

Since many of the entries in Figure 2 are not generally known, -

or do not have specific names, each entry is referred to the
figure number in the following sections where the circuit is
first developed.

DC TRANSFORMERS
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Component Stress Figures of Merit

A very powerful tool for comparing topologies in a given
application is to look at the component stresses for given
input and output voltages and currents. A wide variety of
figures of merit can be created. Some of the more useful ones
are:

Input capacitor, l;me/l;

Transformer or choke primary windings, |;ms/l;

Switches, |avg/|iv |rms/|iv Vpk/vir Ppk/Pi

Primary catch diodes, 1g/1;, V;/V;

Transformer or choke secondary windings, l;ms/lo

. Secondary rectifiers, layg/10, Vi/Vo, lpK/lo

The symbols are defined in Table I.

e ol

TABLE |
SYMBOL DEFINITION
lrms/li Ratio of component rms current to DC input current
Iavg/li Ratio of component average current to DC input current

Voi/Vi Ratio of peak component voltage to DC input voltage
Po/P;  |Ratio of peak component power to input power

Vi /V, Ratio of diode reverse voltage to DC input voltage
lims/lo  |Ratio of component rms current to DC output current
| Vi/Vo Ratio of diode reverse voltage to DC output voltage

The reader can no doubt supply many other possibie merit
figures to suitindividual needs. It should be keptin mind that

INTERSIL

each of these figures of merit will be a function of the duty
cycle (<Vy/V,), and in some cases the shape factor of the
current waveform.

Thevariation of the average and rms values of the waveforms
isanimportant consideration andis treated at some length in
Appendix I. , .

Design Example

Let us now compare two common circuits, the buck and

boost regulators, using some of the figures of merit and

qualitative considerations previously suggested. The regula-

tors will be compared for an applicaton with atwo to one line

variation.

Assumptions

1. V, = 18V for the buck regulator

2. Vg = 42V for the boost regulator

3. V;=20 to 40V

4. For simplicity L >>L; i.e., rectangular current pulses

5. Circuits correspond to Figures 1A and 1B

Given these assumptions, the equations for the component

stress figures of merit can be derived and the values calcu-

lated. This is summarized in Table |l. The following observa-

tions can be made from Table |l.

1. Iftheinput capacitor of the buck is compared tothe output
capacitor of the boost; the boost has a much lower ripple
current.

TABLE Il. Buck/Boost Regulator Comparison

FIGURE OF MERIT VALUE AT LOW LINE VALUE AT HIGH LINE
COMPONENT BUCK BOOST BUCK BOOST BUCK BOOST
I V. I
c1 ams_ [0 4 22=0 0.33 0 1.1 0
li Vo li
Irms - Vi Irms _ Vi
T v I 1 A 1.05 0.72 1.49 0.22
I v, I Vi
avg_ ‘o g _q__1 0.9 0.52 0.45 0.05
s1 iV I Vo
Y/ Vo V,
V =1 VoV 1 2.1 1 1.05
PV Py V
pk — Vi pk £o] .
k=i _Pk_ 1o 1.11 2.1 2.22 1.05
i Vo Pi
I Vi I \
avg_ 1 _ 4 a9 _L 0.11 1.11 1.22 0.95
D1 I o i Vo
Vv, ViV,
| =1 DASSIRLS 1 2.1 1 1,05
i ViV
I 2 I
L1 ams _ T ams _
Aldva 7 1 1.11 1 2.22 1
Irms . Irms _ Vi Vi
c2 = 0 T 1—W 0 0.34 0 0.21
; — Vo — Vi '
Duty Cycle D=2 D=1--L 0.9 0.52 0.45 0.05
Vi Vo
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2. The switch rms and average currents are much higherin |

the buck than in the boost. The peak voltages and powers
are nearly equal.

3. The diode average current is significantly lower in the
boost.

4. The choke rms current is somewhat higher in the buck.

5. The duty cycle excursion is much larger in the boost.

These comparisons can be shown to be valid between com-
plementary members of the buck and boost families. Survey-
ing these comparisons, one would find the boost converter
family to be generally more efficient and have lower compo-
nent stresses than the buck family.

If, however, one now looks at considerations other than
component stress, the boost family is not quite so attractive.
The feedback loop transfer function contains a zero in the
right half-plane, and the poles in the left half-plane vary with
the duty cycle. This makes the boost regulator much more
difficult to stabilize, and, if simple control loops are used, can
mean degraded transient response. The duty cycle variation
in the boost regulator is much larger, and this can be a
problem if wide load current and line voltage excursions are
specified. Inthe boost regulator, there will be a current surge
whenthe line voltage is applied, and the output voltagein the
beginning is controlied by the source impedance rather than
the switch. All members of the boost family display similar
behavior even when transformer coupled. The difference for
" the transformer coupled variations is that the surge current
occurs at the onset of the switching action rather than at the
application of line power. )

SYNTHESIS USING DUALITY

Dr. Slobodan Cuk?2 has demonstrated the application of the
duality principle to switchmode converter topologies. At first
glance this work may appear to be an interesting but purely
¢ academic exercise. Thisis not the case. Not only does duality
give insight into relationships between topologies, but it is
also a very practical tool for synthesizing new circuits.

Review of Dual Graphs and Networks*

“The followingis a concise summary of the properties of dual
graphs and networks, which is sufficient for understanding
the subsequent derivations in the following sections. More
detailed expositions of duality theory as applied to graphs
and electric networks can be found in many standard
textbooks.34

“Duality theory is generally limited to the special class of
graphscalled planar graphs. A graph Gis said tobe a planar
graph if it can be drawn on a plane in such a way that no two
branches intersect at a point which is not a node. For exam-
ple, graph Gin Figure 3A is a planar graph, whereas graph
G, in Figure 3B is not.

“In a planar graph, meshes and outer meshes are distin-
guished. Any closed loop of the planar graph for which there
isnobranchinitsinteriorisa mesh. For example, loops bf, bf,
and bf are meshes in the planar graph, G, of Figure 3A.
Analogously, a loop which contains no branches in its exte-
rioris called an outer mesh, like loop bfin the'planar graph Gp
of Figure 3A. In this review the star notation (*) is used to

*This section is a direct excerpt from the paper(z) published by Dr. Cuk.
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Figure 3: Examples of planar (A) and nonplanar (B) graphs

designate the dual graphs, networks and dual components to’

facilitate easier recognition of duality relationships. How-

ever, in the remaining sections it will be left out, since the
recognition of dual components will by then be mastered.

“Two planar graphs, G and G*, are dual graphs if:

a) thereisaone-to-one correspondence betweenthe meshes
of G (including the outer mesh) and the nodes of G*, and
vice versa, and

b) there is a one-to-one correspondence between the
branches of each graph, such that whenever two meshes
of one graph have a branch in common, the correspond-
ing nodes of the other graph have the corresponding
branch connecting these nodes.

“For example, the graphs G and G* of Figure 4A are dual

graphs, since the above correspondence can be easily

established.

“For two electrical networks, N and N*, to become dual, some
additional properties are required. In addition to the graph
concepts (meshes corresponding to nodes), the reifation-
ships between the dual networks also involve the dual nature
of the elements, that is, their electrical properties (capacitors
corresponding to inductors, voltage sources corresponding
to current sources, etc.). Therefore, networks N and N* are
dual networks if:

a) they have dual topological graphs G and G*, and

5 of 32
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b) the branch equation of abranch of N* is obtained fromiits
corresponding equation of N by performing the following
substitutions;
v=jLj—=viq-¢'and ¢ - q" (1)
wherev, j,qand ¢ are branch voltage, current, charge and
flux variations respectively.

“Thus, to a resistance of R ohms in N there corresponds a

conductance of G mhos (I/Q) in N*, since v = Rj branch

relationistransformedintoj*= G*v*, where G>.=1/R. There-
fore, a resistance of R ohms in the original network becomes
resistance of 1/R ohms in the dual network. Similarly, the
inductor of L (uH) becomes a capacitor of C* (uF) and vice
versa as seen from the examplein Figure 4B. Also, the current
source of Ilg (Amperes) corresponds to a voltage source of Vg

(volts) in the dual network. In summary, the following dual

substitutions are in order:

L-C"C— L"R— G*(G*=%), Ig — Vg* (2)

“Let us now see how for a given planar graph or planar
network the dual can be constructed.

(A) Graphs

(B) Networks

-
[

r»co

n
@

Figure 4: Example of Dual Networks (B) and Their Corresponding
Graphs (A)

Algorithm for Dual Graph and Dual Network Construction
The dual graph G* of a planar graph G can be obtained if:
a) to each mesh of graph G, we associate a corresponding
node of G*, by placing it inside the mesh. Finally, an
additional node is placed outside of graph G (in its exte-
rior) which corresponds to the outer mesh of graph G;
b) for each branch, say b, of G which is common to mesh i
and j, we associate a branch b* of G* which is connecting
the nodes of G* corresponding to meshes i and j of G.

“This construction is transparent from Figure 5A which is
also an example of oriented graphs. Given the orientations of
the original graph G branches, the orientation of correspond-
ing dual branches is obtained by counterclockwise rotation
of the original branches until they coincide with their dual
branch directions, as also illustrated in Figure 5A.

“The dual oriented network construction involves . . . the
(one) additional step of dual substitutions (1) and (2) in the
corresponding dual branches . .. Figure 5B.

6 of 32
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(A) Graphs (B) Networks

Figure 5: Algorithm for Dual Graph and Dual Network Construction

“The . .. construction of a dual network following this algo-
rithm would have remained just an interesting and elegant
topological correlation, had it not been intimately tied with a
truly remarkable general law of nature — the duality principle.
Duality Principle
“Since many of the results obtained in later sections will be
based on (it), the duality principle, . . . requires a very careful
definition.® The remarkable duality principle can be stated
as:
Consider an arbitrary planar network N and its dual
network N*. Let S be any true statement concerning the
behaviour of N. Let S* be the statement obtained from S
by replacing every graph, theoretic word or phrase
(node, mesh, loop, etc.) by its dual and every electrical
quantity (voltage, current, impedance, etc.) by its dual.
Then S*isatrue statement concerning the behaviour of
N*.
“In its abbreviated form, limited to the relationship of its
electrical parameters which will be very often used later, it
can be stated in the form of the equivalence relationship:

S (jv.q.¢,L,C,Z) = (v*,j",v",q",C",L"YT) (3)

“Duality in Switching DC-to-DC Converters*”

“In order fully (sic) to develop the duality relationships, the
notion of a switching DC-to-DC current converter needs to
be introduced first and its meaning clarified. In other words, a
constant currentinput sourceis postulated in addition to the
usual constant voltage source.

Switching DC-to-DC Voitage and Current Converters
“Consider. . .the comparison of the conventional buck con-
verter, with either constant voltage source, as in Figure 6A, or
constant current source, as in Figure 6B. In either case, the
inductancelL is, for simplicity, large enough toresultin prac-
tically DC current, |, at the output, with negligible switching
ripple. Although the practical realization of the switching
current converter is of no concern here, it may suffice to say
that the constant current source Igmay be voltage limited to
prevent excessiverise of the voltage on the input capacitance
C (for S at position B only). It is also assumed that ideal
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switch S is in position A for interval DTgand in position B for
interval D'Tg= (1-D) Ts, where D is the switch duty ratio and T
the switching period.

“We now concentrate on the principal features of the two
convertersin Figure 6. For the voltage converter in Figure 6A
we easily obtain in the ideal case:

e (4)

I _1 D2

L o
“Thus from (4), the voltage gain is only dependent on duty
ratio D, but is independent of load R. However, the DC cur-
rentlgdrawn from the source is dependent on load R as seen
in (5). Therefore, the converter of Figure 6A can be conve-
niently designated as a switching DC-to-DC voltage conver-
ter. On the other hand, for the converter in Figure 6B:

) R

v 07 (5)s )
“Here the current gain is independent of load R, as in (6),
while both input and output voltage fluctuate to accommo-
date the change of load R. Thus, this converter can be conve-
niently designated as a switching DC-to-DC current conver-
ter. Hence the basic buck power stage operates as either a
switching voltage or a current converter, depending on the
type of DC source applied.

Figure 6: Comparison of a Switching Voltage (A) and a Switching
Curent Converter (B)

Duality Among the Four Basic Switching

Converter Types* ‘

“Although it has not been demonstrated previously how a
dual network of a planar network which contains switches
can befound, itis relatively simpleto resolve this problem. Consider,
for example, a switching buck-type current converter more
closely, . .. for convenience again redrawn in Figure 7A. For
the two positions of switch S (for intervals DTg and D'Tg
respectively), the two switched networks of Figure 7B are
obtained. Each of the two switched networks of Figure 7B isa
planar network, consisting of L, C, R and Ig. Thus, a dual
network for each of the two linear switched networks of
Figure 7B can easily be found following the algorithmic
procedure outlined in the previous section . .. By taking into
accountthe orientation of the branches in Figure 7B, the dual
oriented networks (of Figure 7C) are obtained. (These two)
networks . . . can now be easily redrawn to form a single

switching network in Figure 7D for the two positions of its ‘

single-pole double-throw switch S.

INTERSIL

“An important conclusion can now be made from Figure 7.
The familiar boost voltage converter is just a dual network to
the buck current converter.
“It should be also noted that in the two dual networks, the
positions A are the corresponding homologous switch posi-
tions. Note also, that for the buck current converter only a
minimal configuration was chosen, and the usual output
capacitance left out as not essential . .. However, the inductor
L is essential and leads in the dual network to capacitor C,
which is likewise essential for boost voltage converter opera-
tion; (see) Figure 7D.
“By (using) the powerful duality principle (3), we can directly
obtain the DC voltage gain of the boost converter from the
DC current gain (6) of its dual buck converter as:

AR 1>= v_1 8
Ig<lg Vg/ Vg D (8)
(assuming) the duty ratio of switch S in Figure 7D is referred
to the corresponding position A. However, owing to practical
realization of that switch by a bipolar transistor and diode, it
is usually referred to position B (on time of the transistor).
Thus with the duty ratio defined with respect to B in Figure
7D, we get: :

\ , 1 1
which is the familiar DC gain of the boost converter. This is
(the) first example which illustrates the powerful duality
principle, and how the property of a dual network (here vol-
tage gain), can be determined directly from the dual property
of the original network (here current gain).

(A) Buck Current A v
Converter

(B)

@

_[_C

(€) L

vg‘[_l, c

(D) Boost Voltage
Converter

Vg

Figure 7: Duality between the Buck and the Boost Swntchlng
Converters
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“One is now immediately inspired to find dual switching
converters to all known switching structures. Once equipped
with this powerful tool and method to generate dual switch-
ing structures, two goals may be achieved at the same time:

a) the known switching converters can be correlated by a
strong bond via duality correlation, and their comparative
performance much better understood.

b) new ... switching configurations may be discovered . . .
“Let us continue this exciting search with the conventional
buck-boost converter being the obvious next choice. Again. .

we consider the conventional buck-boost converter as shown
in Figure 8A. Following the same algorithm for dual network
construction, the dual switched networks of Figure 8C are
obtained from the original switched networks of buck-boost
converter shown in Figure 8B. Finally, the switching mecha-
nism which leads to the two switched networks of Figure 8C

is reconstructed as switch S in the switching converter of’

Figure 8D. Note that here the use of oriented graphs in dual
network construction is absolutely essential, since only the
proper polarity of capacitance C, such as that shown in Fig-
ure 8C, leads to the switch S realization, as in Figure 8D. Had
the orientation of branches not been used in the duality
transformation, the final dual switched networks would leave
an ambiguity as to whether the switch implementationisas in
Figure 8D.

“The following conclusion can now easily be made from
Figure 8. The dual network of the conventional buck-boost
currentconverter is the new optimum topology (éuk) voltage
converter. This now suggests an alternative (deductive) path

(A) Conventional s
Buck-Boost
Current
Converter

(B)

(9]

(D) Cuk Voltage
Converter

Figure 8: Duality between the Buck-Boost and the Cuk Converters
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which could have been followed in the discovéry of the new
converter topology of Figure 8D .. . The original path of
discovery followed quite natural steps of converter perfor-
mance improvement (cascade of the boost converter fol-
lowed by the buck converter, hence non-pulsating input and
output currents) and simplification with high efficiency in
mind (hence reduction of number of switches in a straight-
forward cascade connection). In any case, both the inductive
path and the just-outlined deductive path (coming from the
general observation of applicability of the duality prmc:lpleto
switching converters) lead to the same result — the new Cuk
converter topology. Both approaches, however, empha5|ze
the fact that a remaining fourth, very important, member of
the family of basic switching converters was missing.

“The establishment of the duality between the two switching
converter topologies now permits all properties and results
found for the conventional buck-boost converter to be trans-
ferred as dual propertiesin the Cuk converter, via the duality
principle. Only some of the key essential features and prop-
erties will be emphasized here, with the help of Figure 9. For
example, the DC current gain of the buck-boost converter
I/lg = D'/D leads to the DC voltage gain of the dual Cuk
converter as:

11-.v D (10)

lg g = Vg D
when duty ratio D is referred to homologous pointAinFigure
8. However, with respect to point B . . . the DC voltage gain
becomes: :

V ,_ D

V; D —D'= o (11)
“Comparison of the waveforms in Figure 9 shows that the
nonpulsating input and output voltage waveforms of the
buck-boost current converter have been mapped, by the
duality transformation, into the very desirable nonpulsating
input and output currents of the Cuk voltage converter. In
addition to the inductive energy transfer of the buck-boost
converter, there corresponds a dual capacitive energy trans-
fer of the Cuk converter, since . . . inductance in the buck-
boost converter and capacitors in the Cuk converter are the
only energy transferring devices.

“In fact, it is this duality of (the) energy transferring mecha-
nism which has prompted the search for the complete duality
of (the) switching converter topologies, and subsequently . ..
to the establishment of duality as a general concept for a wide
class of switching converters.

I2

Figure 9: Comparison of Buck-Boost and Cuk Converters
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“This also becomes an important distinguishing feature of
buck-boost converter types which are based on inductive
energy transfer only, and the new Cuk converters which are
primarily based on capacitive energy transfer but . . . not
limited to that . . . since some of their extensions (such as
coupled-inductor Cuk converter and single inductor Cuk
converter) possess an additional inductive energy transfer.”

Bilateral Inversion**

The duality transformations just discussed can sometimes be
difficultto apply in circuits containing transformers, because
there is no electrical dual of mutual coupling. Although not as
general as the Guk method, a simpler duality transformation
procedure exists which does not have this problem. It has
been demonstrated® & 7 that the common boost and buck
regulators can be made to transfer power from output to
input, as well as from input to output (i.e., bilaterally) by the
simple expedient of shunting each switch with a diode and
each diode with a switch. An example of this is shown in
Figure 10, for a boost regulator where Q1 is shunted by D2
and D1 is shunted by Q2. The load is replaced by a source
equal to V2; the requirement that V2 > V1 is retained. Switch
Q2is ONwhen Q1is OFF. This meansthatif Q1 operates with
a duty cycle of D, then Q2 has a duty cycle of D' = 1-D. The
direction of power flow is now a function of D. The procedure
can be carried one step further, as shown in Figure 10C; Q1
and D1 are removed from the circuit and source V1 is
replaced by a load with a potential of V1 across it.

The circuit in Figure 10C is simply a buck reguiator. Again
one sees the duality between the buck and boost regulators.
The rules for bilateral inversion are as follows:

1

Vf :

V11—

Nl
2
N—F—

(A)

. Y . Q2
+
V1 RL' J~c:' sz :IZID‘V- —]‘_—_iv2
(C) I I
Figure 10

**Portions of this section were originally published in the proceedings of the
European Power Conversion Conference, 1979.10
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1. All switches are replaced by diodes phased to conduct
current in the opposite direction from the original switch.

2. All diodes are replaced with switches phased to conduct
current in the opposite direction.

3. Ifthe duty cycle of the original switches is D, then the new
switch duty cycleis D' = 1-D.

4. |f, for given D, the input voltage is V1 and the output
voltage is V2, the original source is replaced by aload with
a potential of V1 and the original load is replaced by a
source-with a potential of V2.

5. Foragiven D, an original load R_and output capacitance
C, the inverse output load and capacitance is:

‘ V1\2
RL:RL(T/E)

o 12_)2
c=cC (v1

6. For particular D, V1, V2 and output power, the value of
L critical IS unchanged.

The diodes and switches referred toin rules 1 and 2 are only
those directly involved in the power conversion process, not
those acting as snubbers or other control function.

This inversion process is general, and can be applied to a
wide variety of more complex converters. This provides atool
by which new circuits can be derived from known circuits. An
example of this procedure for a more complex cicuit is given
in Figure 11; the circuit in 11A is a well known voltage-fed
configuration (sometimes referred to as a quasi-square wave
converter); Figure 11B is the circuit after bilateral inversion is
applied. This circuit is a form of a symmetrical transformer
coupled boost regulator, in which the switches conduct
simultaneously for part of the cycle. A switch timing diagram
for circuits A and B is shown in Figure 12.

Qt D1 L
A) }%—N*—‘ ‘—L—-%
( P nt n2 CTRL §2
éw P n1§ n2
L R g—*

+

“ % Vi
TRL’ _

Figure 11

Overlapping Conduction

The use of overlapping switch conduction is not seen very
often in present converters, because in many circuits the
results are catastrophic. However, in some converters, over-
lap is not only harmless but can be useful as shown by the
example in Figure 12.

9 of 32
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in many (usually only current-fed) circuits, overlappng and
non-overlapping operation may be combined to enhance the
circuit’s operation. Figures 13, 14 and 15 show an example of
such a circuit.

Non-overlapping, Mode A (Figure 14), operation prevails for
Vi=Vp. During STATE |, energy is drawn from the source and
then delivered to the load and stored in L. In STATE I, S1
opens and the energy stored in L is delivered to the load.
During Mode A, the input current is discontinuous and the
load current is continuous.

Overlapping, Mode B (Figure 15), operation prevails for V; <
Vp. During STATE [, energy is drawn from V;and stored only in
L. During STATE Il the energy stored in L is discharged into
the load. In this mode the input currentis continuous and the
output current is discontinuous.

By controlling the switches appropriately, it is possible to
design a converter that is a boost regulator at low line volt-
ages and buck regulator at high line.

The foregoing example shows how the basic nature of the
converter can be altered, by changing the switch sequence
without changing the topology. This technique is not limited

|
on | I
w
i o | B
< off i
= ! |
(%] on |
z
2 “ off I
5 on L ‘
2
: o | i
5 off | :
o on
Q4 :
off
| l
T/2 T
TIME
Figure 12
li L1 S1PWM

b T1
tE-LW . N .
- l ' I 50% Vb g ' I ! % +
- D C1 V,
-[ ' 1 _ D3 TRL Vo
T -

D2 —EO/O—J _
(A) STATE | PWM
L1 St
"o 74

+| Vi S2_ +
s F—N\TN___O "
—'[, D1 ?
! = -
'I S3 -~ Vb ; >I
D2 {S4 - D4
(B) STATE Il

Figure 14
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to this particular topology but can be used with many other
circuits. Figure 16 shows an example where a well known
current-fed converter can be made to operate as either a
buck, boost or buck-boost converter simply by altering the
switch sequence. If alarge capacitoris connected from input

‘to outputand the switches sequenced for buck-boost opera-

tion, the circuit will act as a single inductor Cuk converter.

Interchange of Switch Connections

Figure 17 shows four common rectifier connections. Itis well
known that any one of them can be used on the transformer
output, simply by altering the transformer secondary turns
and the diode current and voltage ratings. If bilateral inver-
sion is applied to each of the rectifier connections, the result
is the switch connections in Figure 17(E-H).

Note that there are a large number of rectifier connections
used in practice, but relatively few switch connections. The
bilateral inversion principle can be applied to these rectifier
connections to generate new switch connections.

‘ PWM Vi
[ == + ;—}FTWVT
T 3|
'-I-: _ 50% — :
50% E Vn
Vp ?——N_—'TWV-|
— h el
PWM ' I
Figure 13
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e
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i S
‘ T
Vil+ S2 + lo
| 5 y .

!

;

D1 D3 Cl1 TR S Vo

b
+
L See W
D2 S3 - - D4

(B) STATE I

Figure 15

N



A

A0O35

The circuit in Figure 17C is a voltage doubler. Another form
of doubler is shown in Figure 18A. If this connection is
inverted, the switch connection in Figure 18B which results is
an alternative to the popular half bridge. This variation is
rarely seen in practice but should be useful.

The next step up in this process is to invert a voiltage quad-
rupler, as shown in Figure 19. In the case of the inverted
doubler, the switches see the line voltage and twice the line
current. For the inverted quadrupler, the switches see one-
half the line voltage and four times the line current. This
connection would be useful for very high voltage busses. The
circuit divides the line voltage across the switches naturally,
without the need for complex device matching or voltage

sharing networks.
1
Ss3 @E
InRe
Ca
S2

I

i

Mode A, Buck Regulator
S3=PWM, Sy and S2 = 50% conduction

Mode B, Boost Regulator
S3 = always ON, Sq and S; = overlapping PWM

Model C, Buck-Boost Regulator
STATE |, S4, S2, S3 ON
STATE Il, S2 ON, S¢ and S3 OFF

Figure 16
INVERSION

1l
= ¥ 3je®

|
|
|
|
1
|
| % % | i
(B)ii I EE(F)
!l } T | i
l
|
(C)”€ |
N
1 ‘_} | Il
{:_—‘_: (@
|
|
|
| .

! | |
(@)} = 1 (F)
|
|

=

Figure 17
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SYNTHESIS USING DC TRANSFORMERS AND
BUCK OR BOOST REGULATORS

A wide variety of converter topologies can be synthesized by
using a combination of a boost or buck regulator and some
form of DC transformer. The DC transformer can take a wide
variety of forms, two of which are shown in Figure 20. The
function of this circuit element is to provide voltage and
current level transformation, either up or down, within the
regulator. For the purposes of this discussion, the switches,
transformers and diodes are assumed to be ideal.

The Buck Derived Family of Converters

As astarting point let us begin by combining the buck regula-
tor with a parallel connected DC transformer. The buck regu-
lator circuit will be progressively opened at points A through

1? 1

I ] il Bll

i I i
(A)

(B)

Figure 18

4l
1

]
2
(A i

bl
Ll

AAA
V

————

(8) =

ST

Figure 19
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Figure 20
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E, and the DC transformer inserted as shown in Figure 21.
When thisis done, the group of circuits in Figure 22 is gener-
ated. Figure 22A is simply a pre-regulator DC-DC converter,
22B is a current-fed DC-DC converter, and 22C and D are
essentially identical because the diodes are not needed for
the circuit operation. Here is a new circuit apparently, but as
will be shown shortly it simplifies into one weli known. Figure
22E is a DC-DC converter driving a post-regulator. Circuits
22A and E are dead ends, but 22B and C can be modified to

11

(B) S2
50%
Figure 21
50%
PWM

l?Tﬁ

50%

*féHs”T’_%?
®T =

|

UJL
w
o
(4
N

(E)

Figure 22

form a variety of circuits. S3 in 22C is really redundant, its
function can be performed by S1 and S2. This results in the
circuit in Figure 23A, which is the common parallel quasi-
squarewave converter. If a bridge rather than a parallel DC
transformer had been used, the bridge form (Figure 23B) of
the quasi-squarewave converter would have resulted. Figure
23 can be modified in a wide variety of ways; Figures 24 and

12 of 32
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25 show some variations using saturable reactors for fixed
frequency (Figure 24) and variable frequency (Figure 25). A
host of other variations is possible.

The circuit in Figure 21B also provides a wide variety of
variations, beginning as shown in Figure 26. One starts with
A, and then in B, S3 is shifted to the negative lead of the
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source. In Cthe connection between S1and S2is broken and
S4 and D2 added. The result is Figure 26D, which is another
current-fed converter. Despite the additional diode and
switch, this circuit has some advantages; the PWM switches
are referenced to the ground node, the input power is now
shared by two transistors instead of one, 100% duty cyciein A
correspondsto 50% duty cyclein B. The currentin D1, Figure
26A, is commutated by reversing the voltage across the de-
vices. In real devices with finite reverse recovery times, this

RS %12 T3
S3 Vp
(A) T o g éﬂ—
50%
. .
| ¥ — [ *] ﬁ T 3
Vp
® = Im % %_NJ
PWM
e 50%
LS a2
_E X sg
© ;‘[: I 50%
(D)
PWM 50%
Figure 26
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causes a large current spike to be drawn through S3. In the
circuit in Figure 26D, the current in diodes D1 and D2 is
commutated by opening their respective series switches, so
that when the voltage is reversed across the diode only avery
small current spike is present. For high voltage sources the
circuitin Figure 26D is very useful, because S3and S4 see no
more than the line voltage and S1 and S2 see only twice the

‘reflected voitage, V,,, which can be made low. For low voltage

sources the circuits in Figure 26 are at a disadvantage, how-
ever, since there are two switches in series during part of the
switching cycle which reduces the efficiency. The circuit can
be modified as shown in Figure 27. As before, S1 and S2
conduct alternately, each with 50% duty cycle, and S3 and S4
are modulated. In this circuit the current only flows through
one switch atatime, because D1isreverse biased while S3is
ON; the same applies to D2 and S4 on the other half cycle.
The penalty forincreased efficiency is that now S3 and S4 will
see the line voitage plus twice V,,

w L
L
® L
|
(C) £
L]

Figure 27

Thecircuitin Figure 27C can be modified as shown in Figure
28, by using adual winding choke. This circuit can be further
modified, as shown in Figure 29, by connecting one choke
winding and the inner switches and diodes to the output. In
making this modification, S1, S2and D2 are no longer neces-
sary; This results in Figure 29C, which is a two switch
current-fed converter with the properties of a buck regulator
with DC isolation and arbitrary output voitage.

Instead of separate windings on the choke, atapped winding
may be used to produce the variations in Figure 30.

If, in the beginning, a bridge connected DC transformer had
been used instead of one which was parallel connected,
slightly different circuits would have resulted. For example,

4 L N
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(A)
(B)
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Figure 28
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Figure 29

instead of the circuit in Figure 31A, one would have the
variation in Figure 31B. This circuit can now be modified, as
was done in Figures 26 and 27, to produce the variations in
Figure 32. Using a bridge connection, Figure 29 becomes
Figure 33A, which is a current-fed bridge inverter. With a bit
more manipulation, the circuit in Figure 33B can be derived.
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Figure 30
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j
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By a process of simple manipulation, and combining a buck
regulator with aDC transformer, a family of converter circuits
has been derived which are all clearly related and, despite
differences in the circuit connection, have in.common the
properties of the buck regulator. Most of the circuits derived
in this section are relatively well known, but in the next sec-
tion the process will be repeated for the boost regulator; and
this will resultin a number of circuits that have not been seen
before.

The Boost Derived Family of Converters

An entire family of converters with boost properties can be
generated by combining a boost regulator with a DC trans-
former. As before, the DC transformer will be sequentially
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inserted into the regulator (Figure 34). The results of this
combination are shown in Figure 35. A is a boost pre-
regulator followed by a DC-DC converter. In B and C, the
diode D1 serves no function, and can be omitted to form a
new circuit. This is a current-fed converter, modulated by
periodically shunting the primary. In D, the control elementis
shifted to the secondary, and the modulation is accom-
plished by shorting the secondary, again we have a new
circuit. The circuit in E is simply a DC-DC converter with a
boost post-regulator.

The function of S3in Figure 36A can be performed by S1and
S2 if S1 and S2 are allowed to have an overlapping conduc-
tioninterval. Thisis another way to derive the circuitin Figure
11B.

The circuitin Figure 35D is a usable converter, but it suffers
from the disadvantage of having the output current pass
through two diodes in series. An alternate and more efficient
connection is shown in Figure 37B, where the load current
flows through only one diode. The ultimate is reached in
Figure 37C, where D1, D2 and S3 are moved to a separate
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winding, which can be proportioned to provide the optimum
voltage and current for S3 independent of the output voltage.
This is a particularly interesting circuit that allows isolation
between source, load and control loop. The power chopping
is done on the primary, but the control is in the secondary,
eliminating the need for isolation within the control loop.

Like the buck family, these circuits also have many varia-

tions, as shown in Figures 38 and 39 for saturable reactor
control, and Figure 40, for bridges.
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Single Ended Converters

For many applications, low component count is of para-
mount importance; the family of single ended converters is
usually preferred for simplicity. By using a boost or buck
regulator combined with a single ended DC transformer, as
shown in Figures 41 and 42, if the parallel or bridge DC
transformers are divided in half, the resultis singleended DC
* transformers. If these transformers are combined with a
buck regulator in manner such as the quasi-squarewave
converter, the feed forward converter is the result, as'shown
in Figure 43. Figure 43B looks a bit strange, and in thisformiis

| B
(B) IN .

Figure 41

(A) o—l—é

TS
R B
0——1 'v.

Figure 42

(B)

S

Figure 43
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not really useful, but as will be shown shortly, a minor modi-
fication will make it most useful. Both circuits lack one
important ingredient, a means for resetting the core. The
family of feed forward converters is quite large, but the dif-
ferences within the family are related to the means by which
the core is reset. The basic energy transfer is identical, even
though the circuits may Jook very different.

The designer has two choices (Figure 44); he may select a
core which has a low Br and which will self discharge or he
may select a very square core with little energy storage and
then reset the core externally.

In the case of self-resetting, the energy may be dissipated in
the primary or secondary (Figure 45), or recovered in the
primary or secondary, as shown in Figures 46 and 47.
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Where a square loop core is used, external current reset can
be provided as shown in Figure 48. The currentsupplied by a
DC source as in A, or better yet, derived from the output
choke, as in B. These types of current reset do not define the
winding voltage during reset. A variety of voltage clamps for

(A)

(B)

(C)
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Figure 46
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Figure 47

current reset can be used as shown in Figure 49.
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The quasi-squarewave converter is not the only member of
the symmetrical converter family that has a single ended
equivalent. As shown in Figure 50B, the Weinberg circuit
(Figure 29C) is another which can be single ended. Again, the
corereset means is omitted, and the designer is free to select

the reset scheme and core of his choice. Figure 50C is one

possible example.

Single ended versions of symmetrical boost converters can
also be derived, as shown in Figure 51 where A is converted to
B. To maintain current continuity in the choke, the duty cycle
of S1 is now the complement of S3.

= [T
{*l_,_ﬁ‘g»

S3 D {51

Figure 51

Limitations On This Procedure

It has been demonstrated that inserting a DC transformer
into a buck or boost converter can produce a wide variety of
useful topologies. The procedure does not, however, work
for all regulators and all DC transformers.

For example, if a parallel connected DC transformer is
inserted into a Cuk converter, most of the combinations will
not work. This is because the Cuk converter requires a bidi-
rectional flow of current to function, and the usual switch in
the primary, rectifier in secondary DC transformer connec-
tion does not permit this. The designer must be on the look-
out for this problem. For some circuits the single ended DC
transformer does not provide for continuous current flow in
the inductor, so that such variations don’t work.

Even with these restrictions a huge number of circuits can
still be developed.

SYNTHESIS USING COMBINATIONS OF
CONVERTERS

A very powerful technique for deriving new circuits is to treat
buck and boost regulators and the DC transformers as two

port networks, and then combine these networks in various

arrangements.

A few of the many possibilities are shown in Figure 52, Be-
ginning with A, similar or dissimilar converters can be cas-
caded. An outstanding example of this process is the Cuk
converter (Figure 53A) which was initially derived by cascad-
ing a boost followed by a buck regulator. This topology has
several importantvariations, as shownin Figure 53B, Cand D.
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The Cuk converter has the unusual property of zero input or
output ripple in the coupled inductor case. By an additional
circuit permutation, it is possible to have zero currentripple
on boththe input and the output. Figure 54 shows one way to
accomplish this. A is the basic circuit. In B, C is divided and
an inductance L is added. In C, the three inductors are
coupled. Zero input and output ripple is achieved by adjust-
ing the mutual coupling between the windings or by using
trimming inductors.37 Figure 55 shows some other variations
to achieve the same goali.
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It can be shown that the common buck-boost regulator (Fig-
ure 56A) circuit may be derived from a cascaded connection
of a buck followed by a boost regulator. By the simple expe-
dient of using a multiple winding-choke, the popular flyback
converter is derived.

A cascade connection of a boost and a buck-boost is shown
in Figure 57A. This can be transformer isolated in the same
way as the flyback, by making L2 a multiple winding choke
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(Figure 57B). If duality is applied to these two circuits, the
arrangements in Figure 57C and D are obtained.
Identical converters can also be cascaded with useful results.
An example of this is given in Figure 58. The input to output
voltage transfer ratio is:

Vi _

Vo
This circuit connection can be very useful when large trans-
formation ratios are desired. Using a single buck stage fora
large transformation ratio results in very narrow, high ampli-
tude current pulses which restrict the power handling capa-
bility of the switching device. This is a very real limitationin
off-line converters. By cascading two or more converters, a

(D)n



Figrure 58

larger duty cycle is used which reduces the current ampli-
tude. Forexample, a converter using a single stage operating
with a duty cycle of 0.1 would have a duty cycle of 0.32 if
changed to two stages, a three to one reduction in peak
current! A second benefitis that S2 would see only 32% of the
input line voltage, and could be a less expensive device than
S1.

Paralleling of converters (Figure 52B) is another very useful
way of increasing the power capability. By altering the switch
drive phasing between the converters, the output ripple fre-
quency can be increased and the amplitude decreased.

Cascading and paralleling are not the only possibilities. An
example (Figure 52C) of connecting the inputs of two conver-
ters in parallel with their outputs in series is shown in Figure
59A. This is a combination of a DC-DC converter and a
flyback converter. If bilateral inversion is applied to A, then
the circuit in B results; another way to derive the circuit in
Figure 29C. :

The possible combinations are endless and really limited
only by the designer’s imagination and persistance.
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Limitations to the Procedure
Not all of the possible four terminal combinations yield work-
ing circuits, and general rules as to what will or will not work
have not yet been derived. The designer must, for the pres-
ent, use a cut and try approach.

SYNTHESIS USING TRANSFORMER AND
INDUCTOR TAPPING

A very simple way to modify known circuits in useful ways
employs tapping of the inductor and/or transformer.

inductor Tapping

One of the simplest modifications is to tap the inductor to

alter the component voltage or current stress, as shown in
- Figure 60.
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The concept of tapping the inductor may be extended to the
use of multiple windings. It has been shown that the multiple
wound inductor can be used in place of multiple inductors, as
shown in Figure 61, with a significant savings in size and
weight.

A circuit using a two winding choke can also be used to
reduce the size of a filter eapacitor as shown in Figure 62.
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Transformer Tapping

Thetransformer may be tapped to provide very useful circuit
variations. Figures 63 and 65 show some examples. The
quasi-squarewave circuit has an output voltage waveform
(before the filter) like that shown in Figure 64A. This wave-
form has a very high harmonic content which must be dealt
with by the filter. If the quasi-squarewave circuit is modified
to have a tapped primary with two additional switches, as
shown in Figure 63A, the output waveform can be made to
look like that shown in Figure 64B, with the difference
between V1 and V2 determined by the tapping ratios. This
waveform can have a much lower harmonic content, which
allows the size of the filter to be reduced. Similarly, the input
current will also have a lower RMS value, which is of great
assistancein reducing EMI. These circuits and some of those
in the following section allow the designer to trade circuit
complexity for reduced EMI. The disadvantage of these cir-
cuits (in addition to the extra switches) is that there isnow an
upper as well as a lower limit on the line voltage that can be
accommodated, for a given tapping ratio. For applications
where there is not a large line voltage excursion, the reduc-
tion in filter size may be very worthwhile. Figure 63B is a dual
of 63A.
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Figure 64: Converter Output Voltage Waveform
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Figure 65A is a boost derived circuit using the same principle
(S1 and S2 do not overlap); Figure 65B is the dual of this
circuit. The bridge versions of these circuits are shown in
Figures 66 and 67. This process can be extended by adding
2n additional switches so that the voltage and current ripples
approach a sinusoid.
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Combined Choke and Transformer Tapping

Tapping of both the choke and the transformer can be com-
bined in one converter: An example of this is shown in Figure
68A, along with its dual, 68B. By tapping the choke, the
output current becomes continuous and the input discontin-
uous. Figure 69 shows the bridge version of Figure 68A.

By tapping the inductor and transformer in the circuit in
Figure 70A, the circuit in 70B is generated. This circuit has
the advantage of reducing the currentin D1 and D2, increas-
ing the circuit efficiency while retaining the continuous out-
put current and current-fed converter nature. This particular
combination of tapping does not have the upper limit on
input voltage.
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SUMMARY

A wide range of ideas and techniques, many of which are
new, have been presented herein. So much has been pre-
sented that the reader may find it difficult to see the forest as
opposed to the individual trees.

The key ideas that have been presented are:

1. The present popular circuits represent only a small por-
tion of switchmode converter possibilities. The popular
circuits are not the only, or even the best, solutions.

2. Thedesigneris notrestricted to using the present known
converter circuits but can, by modifying the known cir-
cuits and synthesizing new ones, derive new circuits to
better solve his problem.

3. Allofthe converter topologies we presently know can be
derived from combinations of very simple elements; the
buck and boost regulators and some form of DC trans-
former. :

4. Converter topologies can be grouped into families with
similar characteristics. One way to perform this group-
ing is to define the family members on the basis of the
basic circuit elements from which the individual circuits

" are derived.

5. General duality theory can be applied to switchmode
converters to provide both insight into circuit relation-
ships and a synthesis tool.

6. A special case of duality, bilateral inversion, leads
directly to the use of overlapping and non-overlapping
conduction and combinations thereof to alter circuit
operation.

7. Bilateral inversion also leads to using rectifier connec-
tions as switch connections. This can be extended to
multiplier and possibly multiphase connections.

8. Quantitative figures of merit based on component stress
and energy storage, and qualitative circuit considera-
tions can be used to compare circuits. Comparisons of
large numbers of circuits, in fact, require the use of some
orderly process.

9. There are several techniques for modifying known cir-
cuits or generating new circuits: duality, bilateral inver-
sion, combinations of boost or buck regulators with DC
transformers, combinations of more complex conver-
ters, transformer and inductor tapping and, of course,
combinations of all these techniques.

10. Thedesigneris freetochoose many of the circuit proper-
ties, for example: the regulation function may be per-
formed in either the primary, the secondary or in an
isolated winding. The control loop transfer function can
be altered to either add or remove moving poles and right
half-plane zeros. The high current ripple can be moved
from the primary to the secondary or vice versa. Both
primary and secondary ripple can be reduced at the
expense of input voltage range or circuit complexity. By
altering the switch conduction modes, the input voltage
range can be greatly extended.
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Effect of Waveform on RMS Value

In a switch mode converter, the current waveforms through
the inductors, transformer windings, rectifiers and switches
will appear, as shown in Figure 72, ranging from a triangle to
arectangle depending on the value of the averaging inductor
and the load. For the capacitors, the waveforms will be sim-

ilar, except that there can be no DC component, as shown in |
Figure 73. The RMS and average values of the waveform are’

given in the figures.
It can be shown that:
K= 2= f(L/L) (1)

b
where, L = inductance of the averaging choke

L. = is the critical inductance for a particular input
voltage and load power.

As L is increased, K goes from 0 (triangle) to 1 (rectangle).
Substituting K =1,/1, forthe continuous choke current case:
21 K2+ K+1
lrms = =2 2)

vD 3(K+1)2

General Case

la +1p
lave = D <T>

IRmMs = [[—3) <|a2 + lalb + |b2>:| 2

. .
D=5

Special Cases
1) D=1

la + 1p
lavg = —
la2 + laly + Ip2 | 72
lRms = \ ———7—
2) 1, = Iy
lavg = laD
IrMs = la VD
Hl=0
1,D
lave = 5~
5
IrRms = leg

Figure 72: Average and RMS Values for Trapazoidal Waveform
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General Case
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Special Cases
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Ib — la
12

lrms =
21y = lp

Irms = la\p — p2
3)la=0 -

D D2
lRMs = lb/3 — 7

Figure 73: RMS Value of AC Component of Trapazoidal Waveform

For constant l,,5and D, the normalized (I;ms=1forK=1) s
isas shownin Figure 74. This curve shows that, for triangular
waveforms, the I2R losses are 32% higher than for rectangu-
lar waveforms. It is also apparent that for 1,/I, > 0.6, the
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additional lossesincurred by having L <«is only 2%, so from
a practical point of view L need only be about twice L.
Increasing the value of 1 /I, increases the switch turn-on
losses but decreases the turn-off losses. Since the turn-off
losses usually dominate, increasing |/, reduces the total
switch loss also.

For the case of discontinuous inductor current (L <L), 14/},
=0 and is no longer relevant, since the waveforms are now
triangles. For a given l5,4 the RMS current is:

| 2lag
rms \/ﬁ

A plot of equation (3) is given in Figure 75, where l,y4 is
constant and | s is normalized for D = 1. Obviously triangu-
lar current waveforms with high peak currents and low duty
cycles are to be avoided if low losses are desired.

3)

For the case where: |5 = I

| = I_aV_g
rms D @
the curve in.Figure 75 also applies. It is important to realize
that for a given input voltage, current and transformation
ratio, there can be a difference in duty cycie which allows one

circuit to have lower losses due to the iower value of I pys.
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Figure 75: Variation of RMS Current with Duty Cycle.

APPENDIX Il

Despite the huge number of circuits presented in the main
portion of this application note, there are still many more that
could be shown. To provide the reader with as full a picture as
possible, some additional circuits are presented here with
limited comment.

INTERSIL
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Figure 76

The circuits shown in Figures 63 through 69 have a number of
additional variations. When the input voltage range is 2:1 or
less, one switch may be eliminated as shown in Figures 76
and 77; the switch connections can also be varied as shown in
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Figures 78 and 79. Some of the duals of this family of conver-
ters are givenin Figures 80 and 81 and there are also multiple
winding versions of these circuits as shown in Figures 82
and 83.

Multiple transformer windings can also be used to reference
all the switches to one node, as shown in Figure 84. The extra
transformer winding may be cheaper than separate base/
gate drive isolation transformers, however, there will be some
voltage spiking due to leakage inductances between the
primary windings.
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Figure 85 shows a variation on the quasi-squarewave half-
bridge that is occasionally seen. The bridge version is also
possible. The major disadvantage of this circuit is that the
inductor must operate in the discontinuous mode. Two more
useful variations of this circuit are shown in Figure 86. In A,
S1 and S2 use overlapping or nonoverlapping conduction,
andin B,the PWM switch isinthe secondary. Bridge versions
of both these circuits can be built, with and without dual
chokes.

The circuit in Figure 87 is a variation of that previously given
in Figure 51B. In this variation, T1 is designed to store energy
while L1is discharging through the transformer into the load
(81 open, S2 closed). While energy is being stored in L1 (S1
closed, S2 open), the transformer discharges into the load. If
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Figure 87

the inductances of L1 and T1 are proportioned correctly, the
output current waveform shown in B will result. This has a
much lower RMS value than the original circuit and can be
made arbitrarily small by increasing the inductance value.
This is potentially another low EMI converter circuit.

There are many other combinations of converters. In Figure

88, a buck regulator with continuous inductor current and

pulse width modulation is combined with a buck-boost regu-
lator having discontinuous inductor current and variable fre-
quency. The two are combined with PWM and variable fre-
quency control loops to produce a converter with a single
switch and two independently regulated outputs.
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Figure 89A shows a circuit in which two converters have
parallel inputs and series outputs. All the switches operate
with 50% duty cycle, and modulation is accomplished by
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Figure 89

varying the phase between the two converters. This can be
done with n such converters to synthesize an output wave-
form. The circuits in Figures 24A and B can be built with one
magnetic elementinstead of two, if a dual core transformeris
used as shown in Figure 90.

The circuit previously shown in Figure 27C has some duals as
shown in Figure 91B and C.

The circuit in Figure 28C can be reconnected to be similar to
that of Figure 26D as shown in Figure 92.

Avariation using atapped choke isshown in Figure 93A. This
circuit isinteresting in that some of the energy stored in the
inductorisreturned to the source ratherthan to theload. The
circuit has the unusual property that at certain duty cycles
more power is pumped back into the source than is delivered
to the load, and the sign of the feedback loop inverts! Possi-
bly, this is an example of a pole moving into the right half
plane. The circuit will also work whether or not the switches
have overlapping conduction. If this circuit is inverted (B),
the boost version which results also displays similar bizarre
behavior.
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Figure 93

A few of the circuits previously shown (Figures 30C, 46A, 47,
49A, 50, 86 and 94) also return energy to the source, and it is
conceivable that all these circuits can display this type of
instability. In some cases, this can be prevented by Ilmltlng
the stored energy, but not always.

Figure 94

PWM

Figure 95 -
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