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ABSTRACT

Investigation of a wide variety of switching
converten topologies culminates Lin the establish-
ment of the most general cornrelation between the
converten topologles--the duality nefationships.

The recognition of this general Law Leads to a
numbes of new results: new converter topologies
generated by the application o4 the duality trans-
fornmation to the existing convernten congigurations,
the discovery of the new mode of converten operation
(discontinuous capacitance voltage mode) as well as
sdgnificantly improved understanding of the existing
convernters and thein equivalent circudlt models.

1. INTRODUCTION

In the past decade many new switching config-
urations have been proposed, such as the Venable
[1], Cuk [2, 3], Weinberg [4], SEPIC [5] (Bell-Lab),
and many others [6]. They all have in common the
same functional goal of achieving dc-to-dc conver-
sion, although that goal is obtained through a
number of different fopoclogical sthuctures. A great
variety of possible interconnections of switches and
storage elements (inductors, capacitors, and trans-
formers) is still possible as further emphasized by
the loosely defined switching converter configura-
tion in Fig. la. The fundamental question then
becomes how these, what at first may appear to be
completely unrelated topologies, can be correlated?
To answer this question a variety of currently
known switching converters is investigated in a
search for establishment of the most general topo-
Logical conrelation among them. Hence, as is often
the case, new innovative results are obtained by
following an inductive approach. Small and separate
pieces of the complete picture are painstakingly
collected over the years and their proper placement
in the overall mosaic attempted. However, as the
knowledge and understanding of various parts pro-
gresses, at a certain stage the cumulative insight
gained becomes sufficient to contemplate the overall
mosaic. The development of the Power Electronics
field has matured and progressed to the point where
the visualization of such general concepts has now
become a reality. '
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The establishment of such general Laws and
concepts is in any field a very difficult task,
which is often hindered by the lack of knowledge
of some important links, and Power Electronics is
no exception. However, some recent results have
provided a key to such a generalization process.

In particular, the discovery of the new optimum
topology (Cuk) switching dc-~to-de converter [7],
has for the §{14t time uncovered the existence of

a new class of switching converters based on
capacitive energy transfer, as opposed to the usual
Anductive energy transfer. This has brought
attention to the duaf nature of the two energy
transfer mechanisms and the dual nature of the
switching mechanism topologies [2, 3]. When the
constant current source is included as an alterna-
tive converter input source, the last remaining
missing link is discovered and duality between
complete converter topologies is established as a
general law as postulated in Fig. 1 (a & b). As
seen in Fig. 1, the switching converters indeed
consist of dual component inductors and capacitors,
open and closed switches, input voltage and current

switching dc-to-dc converters
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sources (although the latter one has been largely
neglected in the past), load resistance and load
conductance. The dual nature of converter topolo-
gies has been until now largely obscured by complex
switching mechanisms and inductive energy transfer
only.

After a brief review of properties of dual
networks and an algorithm for their construction in
Section 2, the duality among the four basic
switching converter types is established in
Section 3.

An extension of the duality to switching
converters which contain transformers is presented
in Section 4, and a special switching configuration
Anvarniant under the duality transformation is un-
covered.

Once the duality is established as the firm
topological correlation, a number of new results
ayre easily deduced in Sections 5 and 6 by use of
the powerful duality principle. In Section 5, the
usual criteria for determination of dc conditions,
the so called volt-sec balance on inductors, is
complemented by an equally important amp-sec
(charge balance) criterion for the converters based
on the capacitive energy transfer. The duality is
furthermore extended to include both dc (steady-
state) as well as dynamic (ac small-signal) proper-
ties through use of the equivalent circuit approach
of modelling switching comverters.

The duality principle leads in Section 6 to
the discovery of a new mode of switching converter
operation. Quantitative results are obtained for
this new mode of operation for both dc (steady-
state) and (ac) dynamic performance very easily by
direct use of duality principle.

Some interesting correlations which exist
among the duality and two other topological proper-
ties-—the inversion and the symmetry are explored
in Section 7.

Finally, in Section 8 the duality concept is
extended to switching regulators.

2. REVIEW OF DUAL GRAPHS AND NETWORKS

The following is a concise summary of the
properties of dual graphs and networks, which is
sufficient for understanding the subsequent deri-
vations in the following sections. More detailed
expositions of duality theory as applied to graphs
and electric networks can be found in many standard
textbooks such as [8, 9].

Duality theory is generally limited to the
special class of graphs called pflanar graphs. A
graph G_ is said to be a planar graph if it can be
drawn oh a plane in such a way that no two branches
intersect at a point which is not a node. For
example, graph G in Fig 2a is a planar graph,
whereas graph anin Fig. 2b is not a planar graph.
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Fig. 7 Examples o§ planar {a) and nonplanar (b)
graphs

In a planar graph, however, meshes and outer
meshes are distinguished. Any closed loop of the
planar graph for which there is no branch in its
interior is a mesh. For example, loops ebf, dfc,
aed are meshes in the planar graph Gp of Fig. 2a.
Analogously, a loop which contains no branches in
its exterdion is called an outer mesh, like loop
abc in the planar graph G_ of Fig. 2a. In this
Review section the star ngtation (*) is used to
designate the dual graphs, networks and dual com-
ponents to facilitate easier recognition of duality
relationships. However, 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) there is a one-to-one correspondence between
the 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 hranches of each graph, such that whenever two
meshes of one graph have a branch in common, the
corresponding nodes of the other graph have the
corresponding branch connecting these nodes.

*

For example, the graphs G and G of Fig. 3a
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 correspond-
ing to nodes), the relationships between the dual
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networks also involve the duaf nature of the ele-
ments, that is, their electrical properties
(capacitors corresponding to inductors, voltage
sources correnponding to cugrent sources etc.).
Therefore, networks N and N are dual networkg if:
a) they have dual topological graphs G gnd G

b) the branch equation of a branch of N is ob-
tained from its corresponding equation of N by
performing the following substitutions;

* * * *
v > j , 1>V ,q>¢ and ¢ » q 1)
where v, j, q and ¢ are branch voltage, current,
charge and flux variatioms.

Thus, to a resistance of R ohms of N therg
corresponds a conductance of G mhos (1/Q) in N,
since v = Rj branch,relation is transformed into
jo =6 v , where G = 1/R. Therefore, a resistance
of R ohms in the origimnal network becomes resistance
of 1/R ohms in the dual network. Similarly from the
inductor of L (puH) becomes a capacitor of C° (uF)
and vice versa as seen from the example in Fig. 3b.
Also, the current source of I_ (Amperes) corresponds
to a voltage source of V (Vo%ts) in the dual net-
work. In summary, the following dual substitutions
are in order:

*

L~+~C C L* R G*(G* 1) I v (2
- N -> R > = = R >
R g 4 )

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

2.1 Algorithm for Dual Graph and Dual Network
Construction

The dual graph G*
obtained if:
a) to each mesh Qf graph G, we associate a corres-
ponding node of G , by placing it inside the mesh.
Finally, an additional node is placed outside of
graph G (in its exterior) which corresponds to the
outer mesh of graph G;
b) for each branch, say b, of G which
mesh i and j, we associate a,branch b
is connecting the nodes of G
meshes i and j of G.

of a planar graph G can be
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Fig. 4 AlLgonithm for dual graph and dual netwonrk
construction

This construction is transparent from Fig. 4a
which is also an example of oniented graphs. Given
the orientations of the original graph G branches,
the orientation of corresponding dual branches is
obtained by counterclockwise rotation of the orig-
inal branches until they coincide with their dual
branch directions, as also illustrated in Fig. 4a.

The dual oriented network construction involves
only the additional step of dual substitutions (1)
and (2) in the corresponding dual branches, as also
easily seen in Fig. 4b.

The mere construction of a dual network fol-
lowing this algorithm would have remained just an
interesting and elegant topological correlation,
had it not been intimately tied with a truly re-
markable general law of nature-—the duality prin-
edple.

2.2 Duality Principle

Since many of the results obtained in later
sections will be based on the duality principle,
not only some qualitatively new phenomena, but
quantitative results as well, it requires a very
careful definition [8}. The remarkable duality
principle can be stated as:

Consdidern an apbitrary planar network N and
its dual netwonk N . Let S be any trye statement
concerning the behaviowr of N. Let S be the
statement obtained from S by replacing every graph
theonetic wond or phrase (node, mesh, Loop, ete.)
by its dual and every electrical quantity (voftage,
cwwent, impedance, etc. by £ts dual. Then S ,is
a thue statement concerning the behaviour of N .

In its abbreviated form limited to the rela-
tionship of its electrical parameters which will
be very often used later, it can be stated in the
form of the equivalence relation:

. * * L * * % *
S (J’V)q’¢’L9C)Z) 2 (V ,j ,¢K~q ,C ,L ,Y ) (3)



3. DUALITY IN SWITCHING DC--TO-DC CONVERTERS

As also anticipated in the Introduction and
illustrated in Fig. 1, in order fully to develop
the duality relationships, the notion of a switch-
ing dc-to-dc cwuient converter needs to be intro-
duced first and its meaning clarified. 1In other
words a constant cwirent input source is postulated
in addition to the usual constant voltage source.

3.1 Switching Dc-To-Dc Voltage and Current
Converters

Consider now the comparison of the convention-
al buck converter, with either constant voltage
source as in Fig. 5a, or constant current source
as in Fig. 5b. In either case, the inductance L
is for simplicity large enough to result in prac-
tically dc current I at the output, with neglig-
ible 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 I_may be voltage limited
to prevent excessive riseBof the voltage on the
input capacitance C (for S at position B only).

It is also assumed that ideal switch S is in
position A for interval DT_and in position B for
interval D'T_ = (1—D)TS, where D is the switch
duty ratio and TS the switching period.
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Fig. 5 Comparison of a switching voltage (a) and
a switching cwwent converten (b)

We now concentrate on the principal features
of the two converters in Fig. 5. For the voltage
converter in Fig. 6a, we easily obtain in the
ideal case:

v _

v °D (4)
g

I 1 p?

—_ = — -+ = —_—

Ig D Ig R Vg &)

Thus from (4), the voltage gain is only depen-
dent on duty ratio D, but is {ndependent of load
R. However, the dc current I  drawn from the
source is dependent on load R®as seen in (5).
Therefore, the converter of Fig. 6a can be con-
veniently designated as a switching dc-to-dc
vottage converter. On the other hand, for the
converter in Fig. 6b:

-1 (6)
1 D
g
v R
— =DzxV =~ 1
v, g 2 8 (N
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Here the current gain is independent of load
R as in (6), while both input and output voltage
fluctuate to accomodate the change of load R.
Thus, this converter can be conveniently designated
as a switching dc-to-dc cwurent converter. Hence
the basic buck power stage operates as either a
switching voltage or a cuttent converter depending
on the type of dc source applied.
3.2 Duality Among the Four Basic Switching

Converter Types

Although it has not previously been demon-
strated how a dual network of a planar network
which contains switches can be found, it is rela-
tively simple to resolve this problem. Consider,
for example, a switching buck-type current con-
verter more closely, which is for convenience again
redrawn in Fig. 6a. For the two positions of
switch S (for intervals DT and D'T_ respectively),
the two switched networks of Fig. 6b are obtained.
Each of the two switched networks of Fig. 6b is a
planar network, consisting of L, C, R and I
Thus a dual network for each of the two linfar
switched networks of Fig. 6b can easily be found
following the algorithmic procedure outlined in
Section 2 for dual network construction. By
taking into account the orientation of the branches
in Fig. 6b, the dual orndlented networks are obtained
in Fig. 6¢c. The two dual switched networks of
Fig. 6¢c can now easily be redrawn as resulting from
a single switching network in Fig. 6d for the two
positions of its single-pole double-throw switch S.

a) buck current +
converter S
B
1,<D _|_c R

d) boost voltage
converter

Vg

T

Fig. 6 Duality between the buck and the boost
switehing convertens




An important conclusion can now be made from
Fig. 6. The familiarn boost voltage convernten £s
fust a dual networnk to the buck cuwwient convertenr.

It should be also noted that in the two dual
networks, the positions A are the corresponding
homologous switch positions. Note also that for
the buck current converter only minimal configur-
ation was chosen, and the usual output capacitance
left out as not essential, as seen in Fig. 6a.
However, the inductor L is essential and leads in
the dual network to capacitor C which is likewise
essential for boost voltage converter operation
as in Fig. 6d.

By invoking the powerful duality principle
(3) we can obtain directly the dc voltage gain of
the boost converter from the dc current gain (6)
of its dual buck converter as

1 (I »V)J 1
I I -V v D
g g g g

(8)

if the duty ratio of switch S in Fig. 6d 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 Fig. 6d, we get

v 1
v ' T 14D 9

D> D'

which is the familiar dc gain of the boost con-
verter. This is a first example which illustrates
the powerful duality principle, and how the
property of a dual network (here voltage gain),
can be determined directly from the dual property
of the original network (here current gain).

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 switching structures,
two goals may be achieved at the same time:

a) the known switching converters can be corre-
lated by a strong bond via duality correlation,
and their comparative performance much better
understood. In fact, later in Section 6 it will
be shown how some new phenomena can be uncovered
in existing converters based on the established
duality relationships.

b) new, at present unknown switching configur-
ations may be discovered, completing the set of
all possible switching configurations.

Let us continue this exciting search with the
conventional buck-boost converter being now the
obvious next choice. Again as before for the buck
converter we consider the conventional buck-boost
converter as shown in Fig. 7a. Following the same
algorithm for dual network construction, the dual
switched networks of Fig. 7c¢ are obtained from
the original switched networks of buck-boost con-
verter shown in Fig. 7b. Finally, the switching
mechanism which leads to the two switched networks
of Fig. 7c¢ is reconstructed as switch S in the
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Fig. 7 Duality between the buck-boost and Cuk
convertens

switching converter of Fig. 7d. Note that here
the use of oidlented graphs in dual network con-
struction is absolutely essential since only the
proper polarity of capacitance C such as that
shown in Fig. 7c¢ leads to the switch S realization
as in Fig. 7d. Had the orientation of branches
not been used in the duality transformation, the
final dual switched networks would leave an ambig-
uity as to whether the switch implementation is as
in Fig. 7d, or as in the straightforward cascade
connection of the boost converter followed by a
buck (two switch realization) as shown later in

Fig. 11.

The following conclusion can now easily be
made from Fig. 7. The dual network of the conven-
tional buck-boost cuwurent converter s the new
optimun topofogy |Cuk) voltage conventen. This
now suggests an alternative (deductive) path which
could have been followed in the discovery of the
new converter topology of Fig. 7d, had it not been
discovered earlier following a different path.
Nevertheless the original path of discovery [2, 3]
followed quite natural steps of converter perform-
ance improvement (cascade of the boost converter
followed by the buck converter, hence nonpulsating
input and output currents) and simplification with
high efficiency in mind (hence reduction of number
of switches in a straightforward cascade connec-
tion). In any case, both that inductive path and



the just-outlined deductive path (coming from the
general observation of applicability of the duality
principle to switching converters) lead to the same
result-~-the new Cuk converter topology. Both
approaches, however, emphasize the fact that a
remaining fourth very important member of the
family of basic switching converters was indeed
missing.

The establishment of the duality between the
two switching converter topologies permits now
all properties and results found for the conven-
tional buck-boost converter to be transferred as
dual properties in the Cuk converter via the
duality principle. Only some of the key essential
features and properties will be emphasized here
with the help of Fig. 8, while the detailed com-
parison will be given in Sections 5 and 6. For
example, the dc current gain of the buck-boost

converter I/I_ = D'/D leads to the dc voltage gain
of the dual Cdk converter as
I (I ~» vy_D'
I (I + v )~ D (10)
g g g

when duty ratio D is referred to homologous point
A in Fig. 7d. However, with respect to point B as
is the case in practice, the dc voltage gain
becomes:

(11)

Fig. 8 Comparnison of buck-boost and Cuk convertens

Comparison of the waveforms in Fig. 8 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 {nductive eneagy thans fer of the buck-boost
converter, there corresponds a dual capacitive
energy transfer of the Cuk converter since induc-
tance is the only energy transferring device
between input and output ports in the buck-boost
converter and capacitance in the Cuk converter.
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In fact, it is this duality of energy transferring
mechanism which has prompted the search for the
complete duality of two switching converter
topologies and subsequently has led to the estab-
lishment of duality as a general concept for a

wide class of switching converters.

This also becomes an impontant distinguishing
featune of the buck-boost converter types, which
arne based on inductive energy trans fern only, and
the new Cuk conventens which are primarnily based
on capacitive enengy thansfer, but are not Limited
to that type only, sdince some of their extensions
(such as coupled-inducton Cuk conventer and single
Anducton Cuk converten) possess an additionak
inductive energy thans fer.

Let us now for completeness present an
alternative method for the comstruction of dual
networks for networks which contain switches.

This method circumvents the need for comstruction
of a dual network for each switch position and the
subsequent reconstruction of the switching mechan-
ism, but is rather carried out in a single duality
transformation. For example, the switch action in
the buck converter of Fig. 6a, can be modeled by
the dependent voltage and cuwvrent sourced as shown
in Fig. 9a, in which the variable o takes two dis-
crete values: a = 1 for interval DT_ (switch S in
Fig. 6a in position A) and o = 0 for interval D'T
(switch S8 in Fig. 6a in position B). The standard®
algorithm then results in the dual network shown
in Fig. 9b.

a)

Fig. 9 An alternative approach for the con-
stwcetion of a dual to the switfching
convertern of Fig. 6a



However, proper precaution has to be taken in

transforming the controlling quantities of depen-
dent sources (such as i and v in Fig. 9a) into
their respective dual counterparts in Fig. 9b.
For example, the current source in Fig. 9a is con-
trolled by output current i, which in the dual
network becomes a dependent voltage source con-
trolled by the output voltage v (dual to current
i).

A somewhat more complex case of using this

method is illustrated in Fig. 10, which gives an
alternative dual construction to that of Fig. 7.

a)

(1~a)(v-v)

+ -

{ T [0-a %G

(-a) (i)

Fig. 10 An alternative approach for the con-
sthuction of a dual Zo the switching
converten of Fig. 7a

Although presented so far for the single-
switch basic converters, the duality relationships
are not limited to that and can be as easily
implemented in multi-switch converters as shown
next.

3.3 Duality in Derived Switching Converters

Following either of the two approaches it is
easily shown that the cascade connection of the
boost converter followed by the buck (Fig. 11b) is
really a dual switching converter to the cascade
connection of the buck converter followed by the
boost converter (Fig. lla). In fact, the reduction
of the switches in the converter of Fig. lla led to
a conventional buck-boost converter (Fig. 7a),
while a similar reduction of switches in Fig. 11b
has led to the Cuk converter {2, 3].
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Fig. 11 Duality 4in switching converterns with o

ideal switches:
a) noninverting buck-boost
b) noninvernting boost-buck

Note that in the general setting of Fig. 1
not all interconnections of storage elements and
switches are allowed but only those which result
in an effective Low-pass filter nature, hence
allowing the input dc component to pass to the
output. How can then we be sure that the duality
transformation will lead to the correct dc-to-dc
converter topology? However, even the few given
examples are sufficient to postulate the general
conclusion:

 The duality trans fomation of any viable
switehing de-zto-de conventen topology nesults in
an equally viable de-fo-de convertern topology.

This must be so, since from the duality
principle, the dc current conversion is trans-
formed into a dc voltage conversion, hence the
dc conversion property is conserved. From the
topological viewpoint any capacitance effectively
in parallel is transformed into an effective series
inductance and vice versa, hence the low-pass
filter nature of the effective filtering is
preserved.

Although the duality relationships are shown
to be applicable to a relatively wide class of
switching structures as exemplified by Fig. 1,
they still do not include the transformers owing
to the fack of the corresponding dual components.
Let us now see how duality can be extended to
circumvent this problem and still be useful in
deriving new configurations from the converters
containing transformers.



4. EXTENSION OF DUALITY TO SWITCHING CONVERTERS
WITH TRANSFORMERS

In many practical applications dc isolation
between the input source and output load side is
required, hence the importance of encompassing
this class of converters into a more general and
unified theory, such as the duality theory devel
oped in the previous section. As an example,
consider the converter of Fig. 12a introduced in
[5] and known as SEPIC (Single Ended Primary
Inductance Converter), whose transformer provides
the isolation between input and output sides. The
difficulty in applying the duality transformation
to this structure lies in the fact that there is
no proper dual component corresponding to an ac
transformer. However, still some hidden avenues
remain open for the application of the duality
transformation.

o)

Fig. 12 Duality trhans formation in switching
conventens with trans formens--SEPIC
convernten example

The transformer may, for example, be consid-
ered penfect, and hence replaced by its magnetizing
inductance L, model (leakage inductances zero) and
the isolation property temporarily lost as in the
intermediate step shown in Fig. 12b. 1In fact, by
replacing the transformer with a single inductance,
the main feature of the inductive energy transfer
that the isolation transformer also performed is
still preserved. However, this configuration with
its transistor and diode being replaced by ideal
synchronous switches S and S, (Fig. 12b) is now
in a form for direct duallty Eransformation appli-
cation, since it only consists of capacitors and
inductors with no transformers. The dual switching
converter to the converter of Fig. 12b is then
easily found as shown in Fig. 12¢. The lost iso-
lation property can now easily be recovered by
replacing the inductor at the input with its more
general transformer representation, thus resulting
in the switching dc-to-dc converter of Fig. 12d in
which the ideal switches have also been replaced
by the transistor and diode. Thus, with the
special intermediate transformations in mind
(which preserves the original inductive energy
transfer) the two converters of Fig. 12a and Fig.
12d may be considered dual, even though they both
have dc isolating transformers among their com-
ponents.

It is interesting to point out that the front
end of the SEPIC converter has the same bgost—like
form as the front end of the dc isolated Cuk
converter shown in Fig. 13, while the just-derived
converter of Fig. 12d has the same buck-like output
form as the dc isolated converter of Fig. 13. How-
ever, their features, especially regarding the
isolation transformers, are markedly different [10],
including opposite isolation transformer polarity
in converter of Fig. 13.

N|:N2

L,

VQT mf{.

Fig. 13 0C isolated Cuk converter

Lew us now take another example of the
switching converter containing the transformer,
which is however not used to provide the isolationm,
but rather to achieve some other benefits. Namely,
recently a new general technique of magnetically
coupling the inductors in some switching converters
is shown [11, 12] to lead to further improved per-
formance, with even the possibility of achieving a
zero-current ripple at a selected end.

Specifically, the unique features of the basic
Cuk converter (Fig. 8b) allowed the coupling of the
input and output inductors on the same core and
resulted in the coupled-inductor Cuk converter of
Fig. l4. Magnetic coupling thus provided an
additional inductive energy transfer as seen from
Fig. 14.
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Fig. 14 Coupled-inducton Cuk converten funthen
neduces cwuient nipple at both input and
output

%R
capacitive

energy transfer SZ
=

For the §inst time a switching convertern was
available (Fig. 14} with both capacitive and
Anductive enengy transfer between the Linput and
output pornts, as compared to the conventional
convertens which are based on the inductive enengy
Znans fen only (such as buck-boost conventern of
Fig. 8a fon example).

Thus, it should come as no surprise that both
input and output current ripples have been reduced
from the original uncoupled case (Fig. 8b). By
proper adjustment of the transformer (coupled-
inductors) effective turns ratio with respect to
its coupling coefficient, even zero current ripple
at either input or output side has been demon-
strated [12]). Furthermore, the same benefits are
available by coupling the inductors in the isolated
Cuk converter of Fig. 13 [7] as practically demon-
strated in [13].

The coupled-inductor version of Fig. 14 has in
effect an ac transformer and hence is not yet in a
form appropriate for deality transformation. It is
however a relatively simple matter to see that the
coupled-inductor Cuk converter can be redrawn as in
Fig. 16a, such that the coupled inductors have a
common junction. Just as the coupled-inductor Cuk
converter is in its most general form in Fig. 16a,
so is the conventional transformer-coupled buck-
boost ( flyback) converter of Fig. 15a. 1In the
special case of 1:1 turns ratio, the transformer
in Fig. 15a can be replaced by a single inductor
and the nonisolated buck-boost of Fig. 15b obtained.
Similarly, for the special case of 1:1 turns ratio
in the coupled-inductor Cuk converter of Fig. 16a
the coupled inductors can be replaced by a single
inductor, resulting in the special case of coupled
inductors--the single inductor Cuk converter of
Fig. 16b. Note that the presence of both inductive

and capacitive energy transfer between the input
and output ports is now even more transparent than
in its more general-coupled inductor version of
Fig. 14.
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While in the general case of Fig. 16a, zero
‘current ripple and even negative current ripple
[12] was possible at either input or output side
by turns ratio adjustment, that is not possible
for the single-inductor Cuk converter (Fig. 16b)
owing to the loss of one degree of freedom--the
turns ratio. The current ripples in Fig. 16b at
input and output then divide inversely to their
source and load impedances at the switching
frequency. Since the load can often have a
significant capacitive part, it could result in
a relatively uncontrolled current ripple division
between the input and output side. This (Fig. 16)
and some other practical aspects of the coupled-
inductor implementation, which do not require
turns ratio adjustment, are dealt with in detail
in [147].

The converter in Fig. 16b is now in a form
directly applicable for duality transformation,
which follows along the same lines as before (Fig.
17). However, from Fig. 17 it is apparent that
the duality transformation results in a converter
of the same topology. Hence, an interesting result
is obtained--the single-inductor Cuk converten is
dual to itself, that is its topology 4is invariant
uden the duality trans formation. This should come
as no surprise, however, since the original capac-
itive energy transfer is mapped by the duality
transformation into an inductive one, and original
inductive energy transfer into a capacitive one,
thus leading to the same invariant topology. It
is also interesting to note that the two switched
networks of Fig. 17b have the same configurational
characteristics of the two switched networks of the
basic converter configuration (Fig. 7b). The only
difference is that the role of the separate input
and output inductances of Fig. 7b is now played by
a single inductance (which, of course, has to carry
the sum of the input and output dc currents). This
viewpoint becomes even more evident when the single-
inductor version is viewed as being directly gener-
ated from the basic Cuk converter topology, as
illustrated in Fig. 18. As shown in [11], the volt-
sec balance on the inductors 1leads to their
rectangular voltage waveforms and 1:1 relationship
(Fig. 18a), provided the capacitance voltage is
relatively constant (negligible ripple). In the
layout of Fig. 18b, input and output inductors
have a common junction. Thus, although the
potentials on the other ends of inductors (points
A and B in Fig. 18b) vary between the input dc
voltage V and the output dc voltage -V, the
change isBsimultaneous, such that both points A
& B are at equal potential (either V_ or -V)
throughout the whole switching interbal. Thus
points A and B can be connected (dotted line in
Fig. 18b) to yield a single-inductor Cuk converter
(Fig. 18c) with effective inductance L = LIHL2
This is an interesting result, since an eafrlier
investigation [16] concluded that the discontin-
wous Lnductorn cwuient mode in the basic converter
(Fig. 18b) is determined by the sum of input and
output currents (i, + iz) going to zero and is
governed by the dimensionless parameter
K, = 2L f /R where L _ = L,||L,. The physical
explanation of such a result becomes now espe-
cially transparent in Fig. 18c. From its gener-
ation, either as in Fig. 16 or in Fig. 18 it is
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also arparent that the single-inductor Cuk
converter maintains the outstanding feature of
the basic configurations, that is nonpulsating
input and output currents i, and i, (Fig. 8b),
which is in sharp contrast with the corresponding
pulsating currents in the conventional buck-boost
converters (Fig. 15).

Although the special cases are important in V
themselves, it should be emphasized that the
coupled-inductor Cuk converter is the most general
case which, except for the dc isolated version
(Fig. 13), encompasses all other special cases:

a) for zero coupling coefficient (k = 0) it
reduces to the basic Cuk converter (Fig. 8a),
which in turn can be reduced to a single-
inductor Cuk converter

b) for perfect-transformer model (coupled-induc-—
tors) and 1:1 turns ratio it reduces also to
a single-inductor Cuk converter.

These special cases are easy to see and follow
directly from the general result in a straight-
forward way. The opposite approach to arrive at
the general result from these special cases is a
tremendously more difficult process, which usually
calls for a key quantum jump, which suddenly puts
everything nicely together. Here that key step is
the coupling of inductors [11], which allows
remaining correlations to be easily established
via a deductive approach.
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However, any attempt to directly include this
most general case of coupling the inductors into
the duality theory is at present unsuccessful.
Namely, to extend the duality with the buck-boost
converters (Fig. 7) and include the magnetic field
coupling of inductors in the Cuk converter (Fig. 7d)
would require a corresponding dual electric field
coupling of the input and output capacitors in the
buck-boost converter (Fig. 7a), which is at the
present level of duality theory deemed not feasible,
and in fact exposes some of its shortcomings. This
is, indeed, unfortunate since the method of coupling
the inductors is a truly general concept. It can be
applied with similar success (zero ripple feature)to
a number of other known switching converter con-
figurations {12] (cascaded boost-buck of Fig. 1lb
and dc isolated (uk converter of Fig. 13 to name a
few), and even further generalized to result in
switching configurations with even both input and
output current ripples reduced to zero sdmultane-
ously [157.

However, even though the coupled-inductor Cuk
converter can not be directly correlated via
duality with the corresponding dual buck-boost

converter, a different topological correlation still

can be made, which further emphasizes the importance
of the optimum interconnection topology. It has
already been observed (see Fig. 22 in [11]) that the
coupled-inductor Guk converter can be obtained from
the conventional buck-boost by change of position

of only one component--the output capacitance, and
substituting it for the energy transfer capacitance
in the coupled-inductor Cuk converter. This view-
point is again illustrated in Fig. 19 for both
transformer~coupled and single-inductor versions of
the two converter families. Although in either case
it involves the change of position of the same com-
ponent (capacitance), that change produces a funda-
mental difference in the performance and operation
of the two converter types [11]. 1In its dotted line
position in Fig. 19, the capacitance effectively
takes part in energy (and power) transfer, helping
to smooth out the energy transfer from input to
output, while in the conventional buck-boost (heavy
line in Fig. 19) it merely serves to redistribute
the power transferred by the only available induc-
tive energy transfer. The substantial differences
in efficiency of operation and switching ripple
performance {2, 3] are directly related to non-
pulsating currents in one family versus the
pulsating currents in the other family.

An important general conclusion regarding
converter topologies, substantiated by some earlier
comparisons [3, 10}, can now be made:

Diffenent conventen topological interconnec-
tions of the same components can Lead to markedly
different nesults in terms of efficiency, switching
nipple, dynamic nesponse and overall pengormance.

-V

Fig. 19 Change of one component position loutput
capacitance) in the buck-boost converten
Leads to Cuk converterns and signiflcant

pergormance improvement
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Let us finally clarify some misconceptions
which may arise with regard to Fig. 19 if the role
of capacitance in the dotted line position is not
understood properly. An oversimplified argument
which can easily lead to misinterpretation of its
operation is to regard the Cuk converters in Fig.
19 as obtained from the conventional buck-boost
converter by addition of an extra capacitance
between the input and output ports. Suppose that
the buck-boost was in a black box and capacitance
added externally between the input and output
ports. The logical consequence is that the extra
capacitance would charge to the potential differ-
ence between the input and output dc voltages of
the original buck-boost converter and then cease
conducting current (no current in capacitance any
more). However, in the Cuk converter this does
not happen since the capacitance is now an inte-
gral part of the switching process and in fact it
is the original energy transfer capacitance of the
basic Cuk converter. Hence, it will alternately
charge from the input source (inteval D'T ) and
discharge to the load (interval DT ), thug result-~
ing in a large rectangular currentsripple in the
capacitor (see Fig. 20 and discussion of charge
balance criteria in Section 5). This once again
demonstrates that the placement of the capacitance
in the dotted line position in Fig. 19 leads to a
fundamental change of operation and is in fact a
crucial difference between the two types of
converters.

So far we have made a major step in establish-
ing duality relationships among a variety of
switching converter topologies. Let us now see
what other benefits can be derived from these
duality relationships.

5. CONTINUOUS CONDUCTION MODE AND DUALITY

Let us now examine more closely the duality
relationship between the conventional buck-boost
converter and the Cuk converter founded in Section
3. As seen in Fig. 20, in the conventional buck-
boost converter, all the elements (current
source, storage elements and load) are "connected”
in parallel while switch S acts as a series element.
In the dual converter of Fig. 20b, the correspond-
ing dual elements are connected in series, while
the switch S acts as a parallel element with
positions A being corresponding dual positionms.

In both converters position A corresponds to

energy accumulation, in Fig. 2Qa in the inductor

L via electromagnetic field, and in Fig. 20b in
the electric field via electric charge. However,
owing to the practical bipolar transistor, diode
realization of switch S in the Cuk converter, (Fig.
8b), the duty ratio (on-time of the tranmsistor
switch) is referred to the point B in Fig. 20b.
Thus, as shown before (11), the duality relation-
ships are slightly modified: where in any statement
or expression D appears in the conventional con-
verter, it should be replaced with D' = 1-D in the
Cuk converter and vice versa. Apart from this
minor modification due to the switch duty ratio
definition, complete duality relationships exist.
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5.1 Charge Balance as a Dual to Field Balance

Let us first recall a simple method for
steady-state (dc conditions) determination in the
buck-boost converter (Fig. 20a) and any other
converter based on inductive energy transfer by
use of the so-called volt-sec balance on inductors:

-

s 12)

[ |

at = P41 = - =
vy 9 Ldi ¢(IS) $(0) =0

that is, the net field change after a complete
cycle is zero (no "accumulation'" of the field).
For the converter in Fig. 20a, and with assumption
of constant voltages vV, and V (C1 & C, large
enough), volt-sec balance (12; yields
V2 D

= ' —_— = =

VDT = VpD'Tg 3 v, "D

(13)

From the duality principle we now expect a
dual amp-sec balance on capacitors to exist in
the switching converters based on capacitive
energy transfer. Indeed, a dual relation to (12),
the amp-sec (charge) balance on ¢apacitors becomes

T
F7i dt = f7¢dv_ = q(T_)-q(0) =0 (14)
C 0 S

That is, the net contribution of charge over a
complete cycle is zero (no accumulation of charge)
This latter criterion of charge balance may even
be easier to comprehend physically. The charge
stored on capacitance during one position of the
switch must be equal to the charge released to

the load during the complementary interval.

Hence, for the converter in Fig. 20b, and from

its rectangular capacitor current waveform, the
criterion (14) yields

1

2
2°7s 1 s Il

D‘
=35 (15)
Again the switch drive definition is responsible
for the reversal of the slopes of capacitance
voltage in Fig. 20b, in comparison with their
dual counterpart--the triangular inductor current
waveform of Fig. 20a. Note also the rectangular
inductor voltage waveform (Fig. 20a) and dual
rectangular capacitor current waveform (Fig. 20b)
with the shaded areas pictorially representing
volt-sec and amp-sec balance respectively.

The two dc gains (13) and (15) can actually
be obtained even directly from each other by use
of the duality principle as shown earlier in (10)
and (11). However, duality principle is even more
general in that it allows for all properties of a
network to be concluded from the properties of its
dual network. Let us then see how it relates their
dynamic (ac small-signal) properties.
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5.2 Dynamic (Ac Small-Signal) Properties of
Switching Converters and Duality

The previous work [17, 3, 18, 19] in modelling
and analysis has culminated in the establishment of
a fixed topology, canonical cincuit modef which
properly models dynamic (ac small-signal) proper-
ties of any switching converter in the continuous’
conduction mode. It is a linear equivalent cir-
cuit model, linearized around a steady-state
operating point. Although it is of a fixed topo-
logical structure its element values differ for
different converter configurations. For example,
the element values and canonical model for the
buck-boost current converter of Fig. 20a are
showr. in Fig. 2la.
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We could now proceed to use the state-space
averaging technique [3, 18, 19] and arrive at the
canonical circuit model of the Cuk converter in
Fig. 20b. However, by use o4 the powernful duality
prineiple its equivalent cirncult model can be
obtained dinectly by finding a dual network of
the equivalent cincult model fon the buck-boost
convertern.

Several key steps in that dual transformation
are illustrated in Fig. 21. Although a presence
of an ideal ac and dc transformer in the canonical
model (Fig. 2la) may at first seem an obstacle for
duality transformation, it is easily removed by
modelling ideal transformer with the controlled
generators as in Fig. 21b. The standard algorithm
then leads to a dual network in Fig. 2lc in which



Fig. 21

Duality transformation of a canonical
clreuit model (a) Leads fo the same
topological structune (d)

generator e (s) and j (s) expressions are obtained
as dual to j(s) and e?s) generator expressions in
the starting model (Fig. 2la). Namely, the
parallel current generator j(s)d of Fig. 21b, be-
comes a senles voltage generator e(s)% of Fig. 2lc,
while a series voltage generator e(s)d of Fig. Zlb,
becomes a parallel current generator j (s)d of Fig.
21c. Their dual quantitative expressions obtained
by duality replacements (2) and (3) are

I D
e(s) =— |l=s —5 U
D D' R A
L (16)
e -2 S_D_E> s
i =31
d o2 2 ¢
12 D' 2 LC
i(s) == [1-sc,R — +s" —] D
D' D D v
A
v p' 2 LC L 17)
e,(s) = . 1-sL,6— + s —— S
d p*2 D D
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Note also that the dependent voltage generator
gT-v of Fig. 21b, became a dependent current gen-

erator 2} i of Fig. 2lc, and analogously for other
dependent generators. Finally in Fig. 21d an ideal
D:D' transformer is recovered which corresponds to
the original D':D transformer of Fig. 2la. Note
that the duty ratio dependent sources can be inter-
changed in Fig. 2lc to result in the same input
structure as in Fig. 2la. Finally, the original

m low-pass filter structure (Fig. 2la), has been
transformed into a T low-pass filter structure
(Fig. 21d). An interesting result is therefore
obtained.

The dual network of the canonical circuit
model is the network of the same fixed topological
form, namely duty ratio dependent generators
(control), followed by a transformer (basic dc-to-
de conversion) and loaded by an effective low-pass
filter structure. Thus, the canonical circuit
model for continuous conduction mode has the
special form which is {nvariant (having the same
qualitative structure) under the duality trans-
formation. However, this should have been expected,
since based on previous results [17, 18, 19] both
converters result in the canonical circuit model,
that model should have a structure which is dual
to itself.

To complete duality relationships for their
models in continupus conduction mode, the substi-
tution D <+ D' is introduced (different duty ratio
definitions in the two converters) and Fig. 22
obtained in which the generators e (s) and j (s)
are obtained from (16) and (17) as® ¢

2
A L
e (s) = -2 l-s == E~ +8° Elf]
c 2 R D' D'

D (18)
12 D'

j (8} = —5 ]1-s — CR

c D,Z D2

The obtained generators (18) are the same as
previously obtained independently [2, 3], thus
once again verifying the complete duality relation-
ships which now include their small-signal equiva-
lent circuit models. Therefore, the knowledge of
“ynamic properties of only one of the converters
is sufficient to have a complete knowledge
(qualitatively as well as quantitatively) of the
behaviour of its dual converter in the continuous
conduction mode.

6. DISCONTINUOUS CONDUCTION MODE AND DUALITY

When the ideal switch in the buck~bhoost con-
verter (Fig. 22a) is implemented by a bipolar
transistor, diode combination, another mode of
operation~~the discontinuous inductorn cuwwrent mode
(until now also called discontinuous conduction
mode) is obtained. It comes directly as a conse-
quence of an unidirectional current carrying capa-
bility of the switch implementation, and more
specifically due to the diode unidirectional
characteristic. This immediately rises a question:
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Could an analogous, the discontinuous capaci-
tance voltage wmode exist in the dual conventer,
whon its switch 48 AmpLemented by unidirectional
voltage carnying devices?

The answer is affirmative and comes as a
direct consequence of the application of duality
principle.

6.1 A New Discontinuous Capacitance Voltage Mode
of Switching Converter Operation

To get better understanding of this new mode
of converter operation let us first briefly review
with the help of Fig. 23a the discontinuous
inductor current mode of operation in the buck-
boost converter. For simplicity we assume that
C, and C, are sufficiently large to result in
essentia%ly dc voltages V. and V2. Consider now
its operation when the in%uctance value is grad-
ually decreased. For a sufficiently small induc-
tance value, the inductor current reduces to zero
(i, = 0) even before the end of second interval
D'& . Since inductor current was originally keep-
ingsthe diode on, the diode turns off and a third
switched network is obtained for interval D,T_ for
which both transistor and diode are off (seé Fig.
23a). This is in addition to the two switched
networks (Fig. 7b) appearing in the continuous
conduction mode (transistor on,diode off and vice
versa).

Consider now the analogous situation in the
converter of Fig. 23b. Again, for simplicity of
discussion, the two inductances L, and L, are
assumed large enough to effective}y resu%t in
practically dc currents I. and 12. Suppose that
we are now reducing the size of the energy trans-
ferring capacitance C. For a sufficiently small
capacitance value, the capacitance is fully dis-
charged even before the first switched interval
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DT (transistor on) has expired as shown in Fig.
23b, and its voltage is reduced to zero (v = 0).
However, since the capacitor voltage was originally
keeping the diode reverse biased and off during
interval DT , now that v = 0 there is nothing

to keep the diode from cogducting. Namely, the
diode becomes forward biased to keep the output
inductor current i, flowing. Thus a third switched
network is generated for interval D,T_ = (D-D )Ts’
for which beth transistor and diode are on (Fig.
23b). This is in addition to the two switched
networks appearing in its continuous conduction
mode (Fig. 7c¢) (transistor on, diode off and vice
versa).

It does not take long to see that the addi-
tional third switched networks are actually dual
to each other. The "open'" position of switch in
Fig. 23a, corresponds to a 'shorted” switch
position in its dual network in Fig. 23b. The
duality relationships for other two switched net-
works have been established earlier (Fig. 7).
Therefore, an important conclusion can be made:

Duality relationship in switching conventens
can be extended to even include thein discontin-
uous conduction mode of operation.

This result becomes even more transparent if
the discontinuous conduction mode is considered as
an appropriate restriction on some internal vari-
atles (inductor currents and capacitor voltages)
which are in turn consequences of the unidirection-
al properties of the switch implementations. For
example, in Fig. 10 a more general method for dual
network construction was presented which uses
controlled source for the switch representations.
If, for example, in Fig. 10a in addition to the
switching parameter ae [1, 0] a restriction on an
internal parameter, such as inductor current is
imposed as i = 0, the third switched network of
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Fig. 23a is obtained, since current controlied capacitance voltage mode. Furthermore, it was
source (1"?)1 became zero even for a = 0.(corres— verified that a complete duality holds between
ponds to diode opening in discontinuous 1n§UCt°r switching converters mot only in their continuous
CUTIEQt pode). Hovevgr, when a corresponding dual conduction mode, but even in their corresponding
restriction v = 0 is imposed on the converter of discontinuous conduction modes of operation.
Fig. 10b, the third switched network for the Cuk
converter (Fig. 23b) is obtained, since voltage We may again invoke the powerful duality prin-
controlled source (l-a)v became zero even for ciple and obtain even the quantifative results for
@ = 0. In fact, the controlled sources represen- this new discontinuous capacitance voltage mode
tation of the switches as in Fig. 10, describes directly on the basis of the results for its dual
both.convefters complete}y in contlnuous as well counterpart, the conventional buck-boost converter
as discontinuous conduction mode of operation. operated in discontinuous inductor current mode.

6.2 Steady State (dc) Results in Discontinuous

We now recall [15] that a single dimensionless
parameter KL uniquely combined all the parameters

The duality principle has led us so far to responsible for discontinuous inductor current
uncover qualitatively a completely new mode of operation (inductance L, leoad R, period T_), and
switching converter operation--the discontinuous played a key role in actual quantitative determin-

Capacitance Voltage Mode
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ation (such as voltage gain, second interval D,T_,

etc.). The dimensionless parameter KL was defined
in [15] as:
= 2L
KL =3 fs (19)

The single dimensionless parameter K which
will govern the behaviour of the converter in Fig.
23b in the discontinuous capacitance voltage mode
is the dual cof KL and easily obtained from (19) as

2C

Kc = KL(L + C,R > G) = T fS (20)

However, since R <> G correspondence really
means G = 1/R in terms of converter resistance,
(20) becomes

Kc ZRCfs (21)

The region of the discontinuous inductor
current mode of buck-boost (Fig. 23a) obtained in

[15] as

2 (22)

K, < D!
is mapped by the duality transformation into a

corresponding region for the discontinuous capaci-
tance voltage mode of the converter in Fig. 23b as

2

K <D

(23)
c

where also the substitution D <= D' is used because
of the difference in the duty ratio D reference
definition in the two converters.

Finally, from the dc current gain in the buck-

boost converter in discontinuous inductor current
mode, [15]

(24)

HlQA
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o

the dc voltage gain of the Cuk converter in the
discontinuous capacitance voltage mode becomes

(12 AP Kc)= k.

I »V,D~»>D' D'
g g

D

I
g g

V2 (25)
\Y

where Kc is as defined before in (21).

Thus, all the steady-state results for one
converter are obtained directly from the corres-
ponding results for its dual counterpart. Al-
though these results for discontinuous capacitance
voltage mode could be independently verified and
obtained by application of the general state-space
averaging method [2, 20], let us verify some of
these results by simpler means.

For example, the boundary between the contin-
uous and discontinuous capacitance voltage mode is
easily seen from Fig. 23b to be when
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(26)

where V is average capacitance voltage and Av
maximum triangular ripple with I,/C slope for
interval DTs' Therefore (26) leads to

VoLV @)
D 2R C
which rearranged results in boundary region
definition
2RCE = p? (28)

This is, of course, the same result as obtained
earlier in (23). Another interpretation of the
results in (26) and (28) gives the relative ripple
voltage present on the energy transferring capaci-
tance as

(29)

which is very useful for practical implementations.

Very often it is important to know simple
criteria which will insure the operation in the
continuous conduction mode, regardless of the
operating point change (duty ratio D, that is).
From (22) the buck-boost (Fig. 23a) will alfways
operate in continuous inductor current mode when

(30)

while its dual counterpart (Fig. 23b) operates
afways in continuous capacitance voltage mode when

2RCE > 1 (31)

By comparison of (30) and (31) the qualita-
tively different way of entering discontinuous
conduction mode through load R changes is observed.
The discontinuous inductor current mode is obtained
by violating (30) and by anﬂeaAing load resistance
value. In fact, to maintain buck-boost converter
in continuous inductor current mode

R < 2Lf (32)

max

while its dual counterpart will be maintained in
continuous capacitance voltage mode when

1
2CE_ (33)
s
As a numerical example, for L = 50pH, C = 50uF,
= = 10 dR . =0.1Q.
fs 100 kHz, Rmax  an min
It is, therefore, now apparent that the terms
sometimes used to designate the continuous con-
duction mode as a "heavy' mode (due to heavy
loading, high current, small resistance R) and



discontinuous conduction mode as a "light" mode
(light loading, small average current, high
resistance R) became completely {inappropriate,
vhen this new phenomenon of discontinuous capaci-
tance voltage mode is considered. It is, then,
suggested that the terms 'discontinuous inductor
current"” (DIC) mode and "'discontinuous capacitance
voltage'" (DCV) mode be used, since they define the
primary causes of such behaviour, rather than by
describing them through onfy one of the means of
arriving at them (change of load R), and neglecting
other equally important parameters L, C and fs.

It should be emphasized that this qualitatively
new feature of discontinuous capacitance voltage
mode is also present in the single-inductor Cuk
converter (Fig. 18b or 19b), since that special case
also retains the original capacitive energy transfer
feature of the Cuk converter. Furthermore, all the
above quantitative results are equally valid for
single-inductor version. In fact, the duality
relationship between two discontinuous conduction
modes applies equally well to other converters with
more than a single switch, such as for example, ones
shown in Fig. 24.
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6.3 Dynamic Response in the Discontinuous
Capacitance Voltage Mode

Although an ac model can be obtained by use of
the general state-space averaging technique {2, 20]
which proceeds analogously to the discontinuous
inductor current treatment [20], we will again take
a shortcut.

The dynamic (ac small-signal) equivalent
circuit model for the voltage driven buck-boost
converter (Fig. 1) derived elsewhere [2, 20] can be
easily updated for the current driven buck-boost as
shown in Fig. 25a. Note, that now instead of the
external dc voltage gain as a parameter, an external
de current gain M_ = 12/1g is used.

The dual equivalent circuit to that of Fig. 25a
can now easily be found by use of standard algorithm
and substitutions

K+ Ko M > M, R>G, T, >V, v > i) (34)

to result in the equivalent circuit of Fig. 25b.
Note also how the voltage controlled cuvient sounrce
of Fig. 25a became a cwirent controfled volitage
Aowice in dual network of Fig. 25b, while at the
same time open circuit (controlling voltage v ) in
Fig. 25a _became a short circuit (controlling
current i,) in Fig. 25b. Another distinguishing
feature of the model in Fig. 25b is that the
capacitance is effectively removed from the model,
and original third order response in continuous
conduction mode reduced to a two pole response in
the discontinuous capacitance voltage mode such
that the two transfer functions of interest are:

12 1
G, =— =M (35)
8 s 14 scRM DA + SC.R/2)

g 17 ¢ y 2 g

i I, 1 - sC.RM 2 1

2
¢, =-2-mu -2 1 ¢ (36)
id g © K 1+ sC.RM 21+ sC.R/2

KL 17 ¢ sta

Note that the duty ratio to output current transfer
function exhibits the undesirable nonminimum phase
response due to the presence of the right-half plane
zero. How, then, could one explain an earlier re~
sult [20], which showed that the right-half plane
zero was indeed removed when buck-boost converter
(Fig. 5a) was operated in discontinuous inductor
current mode? This is, however, now easy to ex-
plain with reference to Fig. 25a. When the buck-
boost converter in Fig. 25a is driven by the
voltage source, it merely replaces the current
source in the equivalent circuit model of Fig. 25a.
But then the input port of the model does not enter
into calculation of the voltage transfer function,
since the input duty ratio dependent current gen-—
erator is effectively shorted with v_ = 0, while
the capacitance C, and resistance RM 2only affect
the input impedance calculations. Thus, the volt-
age gains in that case indeed exhibit a single-pole
minimum phase response

;2 Riz 1
[ = == =M ———— (37)
vg vg vg v 1+ sCzR/Z
v Ri A 1
2 2 2
Gvd =—== _E— =j:: _ (38)
d KL 1+ SCZR/Z

This, again, stresses the importance of the
complete equivalent circuit model which correctly
models the converter input properties [19].

Example in Fig. 25 illustrates why the search
for the canonical circuit model for discontinuous
conduction mode (in analogy with canonical circuit
model for continuous conduction mode) would not be
fruitful. The "parallel" topology of Fig. 25a
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became a ‘'series' topology of Fig. 25b, hence a
fundamental structural change is made. However,
the duality relationships allow now that even the
ac small signal properties of one converter be
completely deduced from the corresponding proper-
ties of its dual converter in their respective
discontinuous conduction modes.

7. DUALITY, INVERSION AND SYMMETRY PROPERTIES

In addition to the dwality which is now firmly
established as one of the fundamental and most gen-
eral properties of switching converter structures,
there are several other topological properties of
particular interest. We will consider here only
two——Anversion and symmetiy.

In the general switching converter representa-
tion of Fig. la, there is nothing to limit the
direction of power flow, since all elements in the
box are bilateral. Thus in general, for a given
converter configuration, the source and load inter-
change would result in an equally viable switching
converter configuration. Therefore this Lnversion
thans formation could be used to generate comple-
mentary switching configurations. For example, as
shown in [11] the source and load interchange in
the buck voltage converter (Fig. 5a) would result
in a boost voltage converter (Fig. 6d). Another
example using the SEPIC converter (Fig. 12a) is
illustrated in Fig. 26. The source and load inter-
change (shown by dotted lines in Fig. 26) together
with the practical bipolar transistor, diode imple-

mentation of the original ideal switch appropriate
-for the reversed current direction (shown again in
dotted lines in Fig. 26) leads to the same topo-
logical configuration earlier obtained by use of
duality in Fig. 12d. When both transistors and
both diodes are present in the converter realiza-
tion, it possesses the property of bidirectional
current and power flow. This is generally the
case and as shown in [21] leads to very useful
single converter configurations which can be used
for both battery charging as well as for supplying
the bus voltage from the battery.

While in these examples, the simple inversion
transformation resulted in the same topological
configurations as obtained by duality transforma-
tion, there are many other configurations, where
only duality as a more general tool results in new
and viable switching converter configurations,
whereas the inversion becomes superficial. For
example, symmelry is the topological property
in which source and load interchange results
in the same configuration. Hence symmetri-
cal switching structures are then {nvaiiant under
the inversion transformation. The duality trans-
formation of a symmetrical configuration, however,
may lead to the new converter configurations as
demonstrated by the duality between the buck-boost
and Cuk converter (Fig. 7). Still in some special
cases, such as a single-inductor Cuk converter,
duality transformation of a symmetrical configur-—
ation results in the same topology, which is indeed
Arvasliant under the duality transformation.
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8. DUALITY IN SWITCHING REGULATORS

Very often the switching dc-to-dc converters
are only a part of a larger, more complex system—-—
the switching negulaton, which through the closed-
loop feedback regulates the output quantity
(voltage or current) despite the source and/or
load variations. Duality relationships developed
so far for switching converters, can now be natur-
ally extended to switching regulators as illus-
trated in Fig. 27. To the switching voltage

a) switching voltage regulator

_V2

b) switching current regulator
L C L
e = 2
‘ 000 1
Vg : %G
|
[
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: modulator feedback comparator,
[
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Fig. 27 Duality beiween the switching voltage
hegulaton la} and swifching current hegu-
Laton {b) extends even fo the duality of
thein feedback compensation netwonrks
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negulator around the buck-boost current converter
(Fig. 27a) there corresponds its dual swifching
cwuent negulator (Fig. 27b) built around the Cuk
voltage converter, Note that in Fig. 27b the
extra winding at the output only symbolically
signifies that the output dc current is sensed
(hence straight line across both windings)

not in any way representation of the actual imple-
mentation. In the particular case, for example,
sensing of the diode current by a current trans-
former and rectifying it results in a proper
measure of the output dc current [21].

Duality relationships now extend to the overall
system. If the switching voltage regulator of
Fig. 27a is made stable by certain feedback com-
pensation scheme (shaded box in Fig. 27a), the
dual regulator of Fig. 27b will also become stable,
when the dual feedback scheme is employed. In
fact, even the complete performance properties
(phase margin, audio susceptibility or line
rejection characteristic etc.) may he concluded
on the basis of the known properties of its dual
regulator.

9. CONCLUSION

Duality and duality relationships have been
recognized and used to great advantages in many
different fields: in abstract algebra and graph
theory, in optimization problems (minimization of
linear or nonlinear function of several variables
subject to equality or even inequality constraints),
just to name a few. However, in the Power Elec-
tronics field, which is perhaps the most natural
ground for its application, the potential of the
powerful duality concept has not been recognized
in the past and duality was completely neglected.
This is now corrected by establishing the duality
of electric networks as the most general and fun-
damental correlation among the switching topologies
in the Power Electronics field.

On the particular example of switching dc-to-
de converters, the duality is first established
among the four basic switching converter configur-
ations and then easily extended to a number of
their derivatives or special cases. Several other
examples are included, with no attempt for com-
pleteness. In fact, it is expected that the out-
lined general deductive path will be instrumental
in discovering other as yet unknown converten
topologies by the application of duality trans-
formation to the existing converter configurations.
For example, from the family of current-fed
converters the family of voltage-fed converters
could be obtained, and duality applied to more
complicated and complex switching structures.

Many benefits and new results are obtained
once the duality relationships are recognized.
Specifically, by use of the powerful duality prin-
ciple all properties and rnesults found to be true
for one converter, can be transferred into corres-
ponding dual properties of the dual converter, and
not only qualitative, but quantifative results also
obtained. This then cuts {n half the number of
switching converters topologies needed for detailed



quantitative study of their comparative performance
since the other half is directly accountable through
duality transformation.

This investigation of dual properties culmin-
ated in discovery of the new mode of switching
converter operation, termed discontinuous capaci-
tance voltage mode which was shown to be completely
analogous to the usual discontinuous inductor cur-
rent mode in inductive energy transfer converters.

It is demonstrated that the duality concept
is applicable not only to the steady-state (dc)
properties of switching converters, but to their
dynamic (ac small signal) properties, through the
duality of their equivalent circuit models for both
conduction modes. In particular, in the continuous
conduction mode, the topological structure Anvariant
unden the duality transformation resulted in a fixed
topology equivalent circuit model, the so called
canonical cirecuit model, which has been indepen-
dently obtained earlier [2]. Therefore, the
modelling and analysis of switching converters and
topological investigations of switching structures
are finally unified into a harmonious structure.

It is expected that the concept of duality
developed here for switching dc-to-dc converters,
can be easily extended to functionally different
but still switching structunes such as de-to-dc
invertens and/or power amplifiens [22]. It is
therefore believed that the duality will be used
in the future to generate new, more efficient
switching converter, inverter and power amplifier
configurations, exhibiting overall improved
performance.
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