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Abstract—The discontinuous conduction mode (DCM) is usually
studied in single-diode and single-inductor converters, where only
one DCM exists. However, multiple DCMs can appear in multidiode
and multi-inductor topologies and the methodology to identify and
characterize these multiple modes is not evident. In this article, a
general method to study multiple DCMs is presented. The first step
of the method consists in finding out the number n, which is the
number of diodes conducting current passing exclusively through
inductors when the transistor turns OFF. For a given n value,
2n possible conduction modes are expected: 1 continuous mode and
2n − 1DCMs. The second step is to create ann-dimensional space
called “k-space.” In the k-space, the converter operation describes
a straight line when the load changes. This straight line called
“converter trajectory” passes through different n-dimensional en-
closures. Each one of these enclosures represents a different con-
duction mode. The third step is to determine the borders between
conduction modes which are subspaces of (n − 1) dimensions.
This method must be followed for both control strategies (i.e.,
open- and closed-loop controls). The proposed method is applied
to the versatile buck–boost converter. Experimental results verify
the theoretical analysis for all the identified conduction modes.
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I. INTRODUCTION

I T IS well known that the characteristics of a dc–dc converter
strongly depend on its conduction mode [1]. In continuous

conduction mode (CCM), classical dc–dc converters (buck,
boost, or buck–boost converters) exhibit low open-loop output
impedance. This means that, in this conduction mode, the output
voltage remains theoretically constant when the load changes.
The converter conversion ratio only depends on the converter
duty cycle while the converter remains operating in this conduc-
tion mode, whatever the value of the switching frequency, the
inductor inductance, and the load resistance.

On the other hand, when any of the classical dc–dc converters
are operating in discontinuous conduction mode (DCM), they
become a high open-loop output impedance converter, which
means that the output voltage changes when the load changes.
In this case, the converter conversion ratio depends not only on
the converter duty cycle but also on the switching frequency, the
inductor inductance, and the load resistance, as well. Therefore,
closed-loop operation strongly depends on the operation mode:
The actual value of the duty cycle changes slightly with the
load variations if the converter is operating in CCM, but it
changes markedly under the same circumstances if the converter
is operating in DCM.

Although behavior with low open-loop output impedance
is more desirable than with high open-loop output impedance
in most applications, there are exceptions to this general rule.
One example is the use of these converters for power factor
correction (PFC) in single-phase ac–dc conversion [2]–[6]. In
this case, the use of a high open-loop output impedance con-
verter after a four-diode bridge rectifier allows a very sim-
ple control strategy to achieve sinusoidal [3]–[6] (or quasi-
sinusoidal [2]) line current and output voltage control at the
same time, thus carrying out the so-called voltage follower
control.

The conduction mode also influences the converter losses and,
therefore, the converter efficiency. Operation in DCM is prone to
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increase the conduction losses and the transistor turn-OFFlosses,
whereas the transistor turn-ON losses decrease considerably due
to the zero current switching of the converter diode [7]–[10].
Regarding the value and the size of the converter inductor, the
design of a converter to operate in DCM over the full operation
range leads to a lower value of this device, but its total size does
not decrease similarly due to the increase in the inductor peak
current [11]–[13].

Another important difference between the two conduction
modes can be seen when analyzing the converter transfer func-
tion that relates the variations of output voltage and duty cy-
cle [1]. Operation in CCM yields second-order transfer functions
(even with a right half-plane zero in the case of the boost
and buck–boost converters). By contrast, operation in DCM
leads to simple first-order transfer functions in basic converters.
Therefore, the knowledge of the conduction mode is important
in determining the control transfer function of a specific con-
verter and, consequently, the type of compensator that must be
implemented in the control feedback-loop. Therefore, the study
of the converter conduction mode is important for evaluating
both its static and dynamic behaviors.

Many converters are usually designed to operate in CCM
under heavy load conditions. However, DCM can be reached
during light load conditions. If needed, this situation can be
avoided by applying design criteria derived from the knowledge
of the CCM-DCM borders. In this case, knowing these borders
becomes of primary concern.

Due to the above-mentioned reasons, the analysis of the
conduction modes must be performed whenever a rigorous
study of a converter is required. The study of the conduction
modes is addressed in power electronics books by the most
well-known authors, and in application notes from the most
significant converter manufacturers. Regarding converters on
the market, some of them operate in DCM or on the border
between both conduction modes [14]. For example, some PFC
stages used in LED drivers rated between 50 and 150 W are
based on a boost converter that operates in the above-mentioned
border between conduction modes (sometimes called “critical
mode”), thus achieving the highest efficiency possible for the
current technology of low-cost semiconductors [15]. Another
proof of the importance of the operation in DCM is the existence
of commercial chips designed to control low-power converters
in this conduction mode [16], [17].

A limited analysis of the conduction modes in multidiode
topologies was addressed in [18], where a modified single-ended
primary-inductor converter (SEPIC) was studied. In that work,
a diode is added in series with the SEPIC input inductor, thus
obtaining a topology with two diodes. This additional diode
represents the effect of the bridge rectifier diodes placed at the
input of the SEPIC converter when it is used in PFC applications.
The inclusion of this diode avoids negative current circulat-
ing through the input inductor, clearly defining an additional
DCM. The main contribution of [18] is the generalization of
the averaged state–space method (proposed in [19]) to obtain
small-signal models in converters with multiple DCMs. The
small-signal model is derived for only one of the possible DCMs.
The study of other possible DCMs is omitted, and, therefore, the

determination of the borders between conduction modes and the
determination of the sequence of conduction modes when the
load changes (either in open- or closed-loop operation) was not
addressed.

The complexity of the analysis of the possible conduction
modes in a given dc–dc converter depends on its number of
inductors and diodes. If there are n diodes conducting in-
ductive current when the converter transistor turns OFF, then
1 CCM and 2n − 1 possible DCMs are expected. This arti-
cle introduces a general method to determine the conduction
modes of a given dc–dc converter, the borders between these
modes, and the sequence of modes that it follows when its load
changes. Afterwards, the proposed method is applied to the
versatile buck–boost (VBB) converter. This converter can be
implemented either in a bidirectional power-flow version (with
four transistors) or in an unidirectional power-flow version (with
two transistors and two diodes). In the unidirectional power-flow
version, the converter can operate either like a boost (step-up)
converter, with one transistor and only one diode switching each
period, or like a buck (step-down) converter, with one transistor
and two diodes switching each period. In this last case, the VBB
presents three DCMs, which has not been identified so far.

This article is organized as follows. The description of the
proposed methodology is presented in Section II, and a brief
description of the VBB converter is shown in Section III. The
possible conduction modes of the VBB converter in boost and
buck modes are presented in Sections IV and V, respectively,
while the features of all the conduction modes in buck operation
mode are presented in Section VI. Experimental results in both
open- and closed-loop operations are shown in Section VII.
Finally, Section VIII concludes this article.

II. GENERAL METHOD TO STUDY MULTIPLE DISCONTINUOUS

CONDUCTION MODES IN DC–DC CONVERTERS

The method proposed in this article to analyze the conduction
modes of a dc–dc converter is based on the steps analyzed below.

A. Finding Out the n value

The determination of the number n is of primary concern in
this study. This number is defined as the number of nonredundant
diodes that are conducting current passing exclusively through
inductors (one inductor or several inductors in parallel) when the
transistor turns OFF. This number is calculated after eliminating
redundant diodes in the aforementioned state. As an example
to explain the determination of n, Fig. 1(a) shows a general
equivalent circuit of a dc–dc converter when the transistor is
OFF. Four branches with one diode appear in this figure. It is
assumed that voltage sources or capacitors with no voltage ripple
are connected at the end of each branch, including the common
one [voltage sources V1 − V5 in Fig. 1(a)], which is the nor-
mal situation in standard pulsewidth modulated (PWM) dc–dc
converters. Some of the diodes and voltage sources could have
the opposite polarity to the one shown in this figure. However,
the voltage across any of the inductors when all the diodes are
conducting must provoke the decreasing of the current passing
through them, because the transistor OFF-state corresponds to the
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Fig. 1. Examples of equivalent circuits corresponding to the transistor OFF-state in conventional PWM dc–dc converters. (a) Case with a redundant diode. (b) Case
with no redundant diodes.

demagnetizing period for all the inductors in single-transistor
PWM dc–dc converters. Thus, in the particular case of Fig. 1(a),
V5 − V4 > 0, V5 + V2 > 0, and V5 + V3 > 0. Moreover, some
of the voltage sources could be short circuits. The first branch of
the circuit shown in Fig. 1(a) contains diodeD1, which conducts
the current passing through inductor L1. Similarly, diode D2

exclusively conducts the current passing through inductor L2.
The next branch contains diode D3, which conducts the current
passing through inductors L3 and L4. Diodes D4 and D5 are
not placed in inductive branches. Thus, D4 only conducts the
current passing through capacitor C and, therefore, must not be
taken into account when computing number n. Finally, even
in the case of a circuit without the aforementioned branch,
diode D5 must not be taken into account when computing
number n because it is redundant with the rest of diodes. As
there are only three nonredundant diodes (D1, D2, and D3)
conducting inductive currents when the transistor is OFF, then
n = 3. Another example is shown in Fig. 1(b). In this case,
the branch made up of V3 and L3 does not have any diodes,
which means that the current passing through it can flow in
both directions. Due to this, D3 is not redundant and must be
taken into account when computing number n and, therefore,
n = 3.

B. Computing the Number of Conduction Modes

The number of conduction modes is directly determined by
the number n. We can built an n-dimensional vector D =
(D1, D2, . . . , Dn) with the conduction state of each diode at
the end of the switching period. It should be noted that only the
diodes taken into account when computingnmust be considered
in vector D. As a diode that has stopped conducting remains
OFFthe rest of the switching period, the value of D characterizes
the conduction state of the converter diodes and, therefore, it
corresponds to a single conduction mode. As only two conduc-
tion states (ON and OFF) are possible for each diode, there are
2n possible values for the vector, and, therefore, there are 2n

possible conduction modes. Let us consider the ON-state of each
diode as logic level 1 and the OFF-state of the same diode as logic
level 0. The conduction mode corresponding to all diodes in
ON-state at the end of the switching period, i.e., D = (1, 1, ...1),
is the CCM. The remaining 2n − 1 cases correspond to DCMs.

C. Representing the Converter Trajectories in the k-Space

The evolution of the converter conduction modes is deter-
mined by the load changes in two different control situations:
open-loop operation (i.e., at constant input voltage and duty
cycle) and closed-loop operation (i.e., at constant input voltage
and constant conversion ratio). In both cases, the succession of
operating points is called “trajectory” in this article. Each point
of a given trajectory will belong to a specific conduction mode.
To determine this conduction mode, the proposed method uses
the concept of “k-space,” which is going to be presented in this
section.

The next step of the proposed method is to definen conduction
parameters kx, as follows:

kx =
2Lx

RLT
(1)

where 1 � x � n, RL is the converter load, T is the switching
period, and Lx is the inductance corresponding to the inductor
(or the parallel connection of inductors) whose current cannot
reverse due to diode Dx. The set of possible values of the n pa-
rameters kx determine ann-dimensional space, called “k-space”
in this article. In the k-space, each conduction mode is rep-
resented by an n-dimensional enclosure. The borders between
two adjacent enclosures are subspaces of (n− 1) dimensions.
Two different types of n-dimensional enclosures can be defined
in the k-space, one for the converter operating in open loop
and the other for the converter operating in closed loop. In both
control situations and for any value of the load RL, the values
of kx are related to the following set of n− 1 linear equations
[obtained from (1)]:

(n− 1) linear equations

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

kn = Ln

Ln−1
kn−1

kn−1 = Ln−1

Ln−2
kn−2

...
k2 = L2

L1
k1

. (2)

Each one of these n− 1 linear equations represent a hy-
perplane of n− 1 dimensions in the k-space. The intersection
of this equation set determines a straight line in the k-space.
The changes of the load RL cause a synchronous change of
all the kx values and, therefore, a change of operating point
position on the straight line. Therefore, this straight line is the
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above-mentioned converter trajectory that the converter follows
when RL changes. Whatever the dimension of the k-space is,
the converter trajectory in the k-space is always a straight line.
The converter trajectory passes through different n-dimensional
enclosures and always passes through the origin (that corre-
sponds to RL → ∞). The slope of the trajectory in the k-space
is defined by the inductances ratios, Ln/Ln−1, Ln−1/Ln−2, . . .,
L2/L1, which are constant values for a given design. Changing
these inductances ratios, the trajectory also changes, but the new
trajectories thus obtained always pass through the origin. Once
the converter has been designed, it has a given trajectory in
the k-space. This trajectory is independent from the converter
duty cycle and from the converter conversion ratio. However,
the n-dimensional enclosures that the trajectory passes through
depend on the converter control situation (either open loop or
closed loop) and on the particular value of the duty cycle (in
open-loop operation) or of the conversion ratio (in closed-loop
operation). Once the converter inductors and the control situation
have been selected, both the trajectory and the enclosures that the
trajectory passes through in the k-space are completely defined.
In these conditions, the position on the trajectory and, therefore,
the conduction mode only depends on the value of RL.

D. Computing the Borders Between Enclosures

The third step in this method is to determine the borders
between then-dimensional enclosures. For this purpose, we will
start computing the converter conversion ratios corresponding
to the different conduction modes, i.e., the converter conversion
ratios inside the 2n different n-dimensional enclosures. Once all
the conversion ratios have been computed, the border between
two adjacent n-dimensional enclosures can be easily calculated
by equaling the expressions of the converter conversion ratios
corresponding to them. Sometimes, this border can be easily
computed by equaling the average value of the current passing
through an inductor and its zero-peak ripple value. The borders
thus obtained are subspaces of (n− 1) dimensions. This pro-
cess can be extended to the common border between adjacent
n-dimensional enclosures, equaling the expressions correspond-
ing to the conversion ratios.

The process of obtaining the borders between the 2n

n-dimensional enclosures must be carried out for the two con-
verter control situations that have been mentioned, i.e., open- and
closed-loop controls. Moreover, the borders between enclosures
not only change with the control strategy but also with the duty
cycle when the converter is operating in open loop and with the
conversion ratio when it is operating in closed loop.

In summary, the selection of the converter inductors deter-
mine the converter trajectory in the k-space. This trajectory
is independent from the converter duty cycle and conversion
ratio, and, therefore, it is independent from the converter control
strategy. It is also independent from the load, but it determines
the point of the trajectory where the converter is operating.
For a given duty cycle and conversion ratio, an operating point
belongs to a specific conduction mode, which means that it is
inside of a specificn-dimensional enclosure in thek-space. Once
the converter trajectory and the borders between enclosures

TABLE I
CONDUCTION MODES FOR n = 2

for a given control strategy are known, the conduction mode
corresponding to each possible value of the load is completely
determined. Either the conversion ratio (open-loop) or the duty
cycle (closed-loop) corresponding to this operating point can be
easily computed by using the corresponding equations.

E. Applying the Proposed Method to Low-Order Cases

Some examples of the study of the conduction modes using
trajectories in the k-space are shown in Figs. 2 and 3. For n = 1,
which is the classic case, vector D only has two values, i.e.,
D = (1), which is the CCM, and D = (0), which is the unique
DCM. Consequently, there is a single parameter k. The k-space
is a straight line (see Fig. 2), where both conduction modes are
located, separated by a point defined as border, as shown in
Fig. 2. As parameter k is always positive, only the positive part
of the straight line is considered. The conversion ratio in CCM
will be called N and verifies

N =

[
Vo

Vg

]
CCM

= fCCM(d1) (3)

where d1 is the transistor duty cycle. When the converter oper-
ates in the unique DCM, the conversion ratio will be called M
and verifies

M =

[
Vo

Vg

]
DCM

= fDCM(d1, k) (4)

where k is defined according to (1). The border between modes
can be easily calculated equaling (3) and (4). The value of k thus
obtained is the “critical” value of k and is called kcrit. This value
can be expressed either as a function of the duty cycle d1 [for
open-loop control, Fig. 2(a)] or as a function of the conversion
ratio M [for closed-loop control, Fig. 2(b)], as follows:

kcrit_OL = fcrit_OL(d1) (5)

kcrit_CL = fcrit_CL(M). (6)

In the casen = 2, vectorD has four possible values, as shown
in Table I. There are two types of k parameters, k1 and k2, that
define a plane, as shown in Fig. 3(a). As parameters k1 and
k2 are always positive, only the positive part of the plane is
considered. The converter trajectory is a straight line in the k1k2
plane, as also shown in Fig. 3(a), where the inductance ratio is
L2/L1 = 1.5. The conversion ratio in CCM will be expressed
as in (3). On the other hand, the conversion ratios in the different
DCMs can be expressed in the following general form:

Mx =

[
Vo

Vg

]
DCM_x

= fDCM_x(d1, k1, k2) (7)
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Fig. 2. k-space when n = 1. (a) Trajectory in the k line when the converter operates in open loop with kcrit_OL = 1.5. (b) Trajectory in the k line when the
converter operates in closed loop with kcrit_CL = 1.25.

Fig. 3. k-space when n = 2. (a) Trajectory in the k1k2 plane when L2/L1 = 1.5. (b) Map of regions when the converter operates in open loop at a given duty
cycle. (c) Map of regions when the converter operates in open loop at a duty cycle different from the previous one. (d) Map of regions when the converter operates
in closed loop at a given conversion ratio.

where 1 � x � 3. The 2-D enclosures corresponding to any of
the four conduction modes are “regions” of the plane. Each
point in the k1k2 plane belongs to one of the four possible
regions, whose names are given in Table I. However, the region
where a given point is placed depends on the control strategy
used and either on the duty cycle (in open-loop control) or
on the conversion ratio (in closed-loop control). The borders
between adjacent regions are, in general, curves, although it
could be points in some specific cases. The equations of these
curves can be obtained by equaling conversion ratio equations
corresponding to adjacent modes. For example, if DCM2 and
DCM3 are adjacent [as shown in Fig. 3(b)], the border curve
will be obtained equaling the respective conversion ratios given
by (7). The result can be expressed in open and closed loop, as
follows:

k2_crit_2−3_OL = fcrit_2−3_OL(d1, k1) (8)

k2_crit_2−3_CL = fcrit_2−3_CL(M,k1). (9)

The curves given in (8) and (9) determine the border between
adjacent Modes DCM2 and DCM3 in the k1k2 plane for both
control situations. As mentioned before, this border can be
sometimes easily computed by equaling the average value of
the current passing through an inductor and its zero peak ripple
value. The curves given in (8) and (9) appear in Fig. 3(b) and (c)
for open-loop operation at different duty cycle, and in Fig. 3(d)
for closed-loop operation at a given conversion ratio. We can
call these figures “maps.” The converter trajectory in the k1k2
plane is only determined by the value of the ratio L2/L1, but
the regions the trajectory passes through depend on the map
of regions. In turn, the map of regions depends on the control
strategy and on the value of the control parameter that remains
constant for each type of control (either the duty cycle or the
conversion ratio). If the process of equaling conversion ratios
given by either (7) or (3) and (7) does not give a solution, then
the regions corresponding to these conversion ratios will not be
adjacent in the map of regions. If this process gives constant
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values for k2 and k1, then the border between regions is a point.
Moreover, the border between three or more adjacent regions
is always a point, whose value can be obtained by equaling the
respective conversion ratios given by either (7) or (3) and (7).
This is the situation shown in Fig. 3(b)–(d), where Pc is that
common point for the four regions in the three maps represented
in these figures.

As Fig. 3(b)–(d) shows, a given trajectory can pass through
different regions, depending on the map that the control strategy
determines. Looking at these figures, three classes of trajectories
can be identified. The first class [see Fig. 3(b)] corresponds to
the sequence of vectorD values (i.e., the sequence of conduction
states) given by (1, 1), (1, 0). The sequence of vector D values
corresponding to the second class [see Fig. 3(c)] is (1, 1), (0, 1),
(0, 0), (1, 0). Finally, the third class [see Fig. 3(d)] corresponds
to the sequence of vector D values given by (1, 1), (0, 1), (0, 0).

In the case n = 3, vector D has eight possible values. There
are three types of k parameters, k1, k2, and k3, that define a
volume. The converter trajectory is a straight line in the k1k2k3
volume. As parameters k1, k2, and k3 are always positive, only
the positive part of the volume is considered. The conversion
ratio in CCM will be expressed as in (3). On the other hand,
the conversion ratios in DCM can be expressed in the following
general form:

Mx =

[
Vo

Vg

]
DCMx

= fDCM_x(d1, k1, k2, k3) (10)

where 1 � x � 7. The 3-D enclosures corresponding to any of
the eight conduction modes are “bodies” of the volume. Each
point in the k1k2k3 volume belongs to one of the eight possible
bodies. However, the body where a given point is placed depends
on the control strategy used and on the value of the control
parameter that remains constant for each type of control. The
border between two adjacent bodies is a surface, whereas the
border between three adjacent bodies is a curve, both in the
k1k2k3 volume. The equations of the surfaces can be obtained
by equaling two conversion ratio equations corresponding to
adjacent modes. For example, if DCM5 and DCM6 are adjacent,
the border surface will be obtained by equaling the respective
conversion ratios given by (10). If this process does not give
a solution, then the bodies corresponding to these conduction
modes will not be adjacent in the k1k2k3 volume. Otherwise,
the result can be expressed in open and closed loop, as follows:

k3_crit_5−6_OL = fcrit_5−6_OL(d1, k1, k2) (11)

k3_crit_5−6_CL = fcrit_5−6_CL(M,k1, k2). (12)

The surfaces given by (11) and (12) determine the border
between adjacent bodies DCM5 and DCM6 in the k1k2k3
volume for both control situations. If body DCM4 is adjacent
to bodies DCM5 and DCM6, a new pair of equations can be
obtained by equaling the respective conversion ratios given by
(10), now corresponding to DCM4 and either DCM5 or DCM6.
For example, equaling the conversion ratios corresponding to
DCM4 and DCM5, we obtain

k3_crit_4−5_OL = fcrit_4−5_OL(d1, k1, k2) (13)

k3_crit_4−5_CL = fcrit_4−5_CL(M,k1, k2). (14)

Fig. 4. Versions of the versatile buck–boost (VBB) converter. (a) Bidirectional
power flow. (b) Unidirectional power flow.

The set of (11) and (13) determines a curve in the k1k2k3 vol-
ume. This curve is the border between adjacent bodies DCM4,
DCM5, and DCM6 in the case of open-loop operation and at
a given d1 value. Similarly, the set of (12) and (14) determines
the border curve between adjacent bodies DCM4, DCM5, and
DCM6 in the case of closed-loop operation at a given M value.
Obviously, this process can also be extended to the case of four
or more adjacent bodies, increasing the number of equations
used. The result will be a point in the k1k2k3 volume. Just on
the other hand, if the set of equations obtained equaling several
of the conversion ratios given by either (10) or (3) and (10) does
not have a solution, then the bodies are not adjacent.

III. REVIEW OF THE VBB CONVERTER

The VBB converter was first introduced in [20]. This converter
exhibits a noninverting step-up and step-down characteristic and
nonpulsating currents in the input and output ports, making it
useful for many power processing applications. It is composed
of a buck–boost cell, a pair of coupled inductors, an intermediate
capacitor, and a damping network, as shown in Fig. 4(a). The
damping network and the coupled inductors solve the drawback
of zeros in the right half-plane when the converter operates in
boost mode. This feature increases the converter bandwidth and
makes the controller design easier. The converter can operate
either as a boost converter with an output filter or as a buck
converter with an input filter, with lower voltage stress in the
switches compared to other buck–boost topologies. This con-
verter also exhibits some other interesting features. Thus, it can
control either the input or output current with low ripple values
[see Fig. 4(a)]. Moreover, it is capable of rapidly and seamlessly
interchanging the port whose current is being controlled [21].
The effects of the dead zone in the transition between buck and
boost operating modes can be mitigated using the method pro-
posed in [22]. In addition, the adaptability of the VBB converter
to many situations was successfully verified when it was used as
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Fig. 5. Boost mode operation of the circuit shown in Fig. 4(b). (a) Circuit
obtained when switch S2 is permanently in ON-state. (b) Equivalent circuit
when the voltage ripple across capacitor C is negligible.

a part of a fuel-cell hybrid power system [23]–[25]. In this case,
the VBB operation was tested in three different configurations
and with different control objectives.

The VBB converter can be implemented in a bidirectional
power flow version [see Fig. 4(a)], but also in a unidirectional
power flow version, when some of the transistors are replaced
with diodes, as shown in Fig. 4(b). This version of the VBB
converter has been chosen for the analysis of conduction modes
presented in this article because it has two diodes and, therefore,
multiple DCMs are possible. For the analysis carried out in the
article, the damping network has not been taken into account,
since it does not affect the converter operation in steady state.

IV. CONDUCTION MODES OF THE VBB CONVERTER IN BOOST

OPERATION MODE

The conduction modes of the VBB converter depend strongly
on the converter operation mode (either buck or boost). This
section makes a detailed analysis of the conduction modes
appearing when the converter operates in boost mode. In this
mode, the transistor S2 in Fig. 4(b) is permanently ON, which
forces the diode D2 to be permanently blocking. Under these
conditions, the circuit in Fig. 4(b) reduces to the one given in
Fig. 5(a). From this equivalent circuit, one obtains

vLm
= vo − vc. (15)

The capacitor values C and Co are conveniently chosen to
ensure no appreciable ripple; then, voltage vLm

must be a
constant value. This constant value must be zero because the
average voltage across any inductor is always zero in a steady
state. Therefore, in steady state, the circuit in Fig. 5(a) becomes
the one given in Fig. 5(b), where short circuits have replaced
the magnetizing inductance Lm and the ideal transformer. This
latter circuit corresponds to a conventional boost converter but

Fig. 6. Circuit obtained when switchS1 in Fig. 4(b) is permanently in OFF-state
(buck mode operation).

with two parallel capacitors at its output. It is important to note
that in this equivalent circuit, there is only one diode (diodeD1),
so that only two conduction modes are expected.

1) CCM: Diode D1 always conducts current when transistor
S1 does not conduct.

2) DCM: Diode D1 does not continuously conduct current
when transistor S1 does not conduct.

This situation is the same as the one of a conventional boost
converter; so the conduction mode will depend on the dimen-
sionless parameter k, defined as in (1)

k =
2L
RLT

. (16)

The border between the CCM and DCM is established by
comparing k with kcrit. The value of kcrit for the boost converter
is

kcrit = d1 (1− d1)
2. (17)

Therefore, the converter works in CCM if k > kcrit, in DCM
if k < kcrit, and on the border between the two modes (CCM and
DCM) if k = kcrit.

V. CONDUCTION MODES OF THE VBB CONVERTER IN BUCK

OPERATION MODE

A. General Considerations

In buck mode operation, the transistor S1 in Fig. 4(b) is
permanently blocking; so the circuit from Fig. 4(b) becomes the
circuit in Fig. 6, where only transistor S2 is working in switch-
ing mode. During the OFF-state of transistor S2, two branches
conducting inductive current can be easily identified. Therefore,
n = 2 in buck operation mode, and, therefore, four conduction
modes are expected. As will be commented in another section,
a subdivision of the CCM may even be considered.

In steady state, the average values of the currents ig , im, and
iT are defined as Ig , Im, and IT , respectively. Verifying the
steady-state converter power balance, we obtain

Ig = ITM (18)

Im = IT (1−M) (19)

IT =
vo
RL

(20)

where M is the converter conversion ratio defined as

M =
vo
vg

. (21)
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Fig. 7. Transformations of the circuit from Fig. 6 are valid only in conduction
modes in which diode D1 always conducts. (a) Circuit obtained considering
VC = Vg . (b) Redrawing the previous circuit, moving inductor L to the trans-
former secondary side.

Fig. 8. Main waveforms in each conduction mode (A1, A2, B, C, and D) and
the operation at the singular point Pc.

On the other hand, the conduction of S2 produces an increase
in the inductor current ig (Δig). This increase can be easily
calculated by applying Faraday’s law to the circuit of Fig. 6 and
considering that D1 conducts while S2 conducts, leading to

Δig =
vg − vo

L
d1 T. (22)

Equations (18)–(22) are valid in any case of buck mode
operation of the VBB converter, regardless of the conduction
state of diodes D1 and D2 during the OFF-state of transistor S2.
In conduction modes in which diode D1 conducts during the
OFF-state of transistor S2, the circuit in Fig. 6 can be notably
simplified, as explained in the following subsection.

B. Simplifications in Operation Modes in Which D1 Does Not
Stop the Current Conduction

As mentioned before, diodes conductD1 andD2 are placed in
inductive branches during the OFF-state of transistor S2, which
means that both diodes are conducting current passing through
an inductor (the case of diode D1 and inductor L) or the sum of
the currents circulating through two inductors (the case of diode
D2 and inductors L and Lm). In the case of current ig , if the
following condition is verified:

Δig < 2 Ig (23)

the current through diode D1 will not reach zero, and its con-
duction will not be interrupted during the transistor OFF-state.
If this condition is not met, it will produce a condition that will
generate a specific conduction mode.

Unlike D2, D1 conducts during the conduction interval of
S2. If it also conducts the entire blocking interval of S2, then it
always conducts so that it can be replaced by a short circuit in
Fig. 6. Under these conditions

vL + vLm
= Vg − Vc. (24)

Taking into account that Vg and Vc are constant voltages in
steady state and that the mean values of vL and vLm

have to be
zero under the same conditions, it follows that

Vc = Vg. (25)

Therefore, the circuit from Fig. 6 can now be redrawn as
shown in Fig. 7(a). Finally, moving the inductor L to the sec-
ondary side of the ideal transformer with a 1:1 ratio gives the
circuit in Fig. 7(b). This equivalent circuit is especially useful for
performing calculations in conduction modes in which diodeD1

always conducts. Thus, under these conditions, it can be stated
that the D2 conduction during the blocking interval of S2 will
not be interrupted if the following condition is verified:

ΔIT < 2 IT (26)

where the ΔIT value can be calculated by applying Faraday’s
law during the conduction interval of S2, resulting in

ΔIT =
Vg − Vo

Leq
d1T (27)
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Fig. 9. (a) Map of conduction regions corresponding to operate at constant d1 (open loop). The value of kc, and therefore the abscissa of the singular point Pc,
changes in each map. (b) Possible open-loop trajectories.

Fig. 10. (a) Map of conduction regions corresponding to operate at constant M (closed loop). The value of kc, and therefore the abscissa of the singular point
Pc, changes in each map. (b) Possible open-loop trajectories.

where Leq is the equivalent inductor of the parallel between L
and Lm. This equivalent inductor can be calculated as

Leq =
L Lm

L+ Lm
. (28)

C. VBB Converter Conduction Mode Waveforms

This subsection examines the different conduction modes that
arise from analyzing the four possible operation alternatives of
diodes D1 and D2 during the blocking interval of S2.

1) Mode A: This is the CCM. In this mode, D1 and D2 con-
duct while S2 is blocking the current flow, i.e., vector D verifies
D = (1, 1). As long as D1 is conducting, the considerations
derived from the previous subsection are valid. Inequalities (23)
and (26) define this operation mode. However, the condition
expressed by (26) can be satisfied in two different ways:

Δim < 2Im (29)

Δim > 2Im. (30)

Verification of inequalities (23), (26), and (29) produces a sub-
mode, called Mode A1, while verification of inequalities (23),

(26), and (30) produces another submodule, called Mode A2.
The waveforms corresponding to these situations are shown in
Fig. 8 (see Modes A1 and A2).

2) Mode B: This is one of the DCMs. The waveforms for this
mode are shown in Fig. 8 (see Mode B). In this mode, D1 does
not always conduct while S2 is blocking and D2 is conducting,
i.e., vector D verifies D = (0, 1). In this case, inequality (29) is
satisfied together with

Δig > 2 Ig. (31)

3) Mode C: This is another DCM. In this mode, D1 always
conducts whileD2 does not always conduct whenS2 is blocking,
i.e., vector D verifies D = (1, 0). The waveforms for this mode
are shown in Fig. 8 (see Mode C), and this mode is defined by
inequality (23) together with

ΔiT > 2 IT (32)

with (25), (27), and (28) being valid since this is a case in which
D1 always conducts.

4) Mode D: This is the last DCM. In this mode, there is an
interval in which neither S2, nor D1, nor D2 conduct, as shown
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Fig. 11. Family of characteristic curves of the converter operation in open
loop with constant duty cycles. (a) µ = 1. (b) µ = 2.

Fig. 12. Example of the family of characteristic curves Vo vs. Io in open-loop
control. In this case, L = 23.7µH, T = 10µs, and Vg = 12 V. (a) µ = 1.
(b) µ = 2.

Fig. 13. Family of characteristic curves of the converter operation in closed
loop with constant conversion ratios. (a) µ = 1. (b) µ = 2.

Fig. 14. Experimental configuration. (a) VBB converter. (b) Digital signal
controller. (c) Oscilloscope (Keysight MSOX-2014 A). (d) DC electronic load.
(e) Power supply for current probe. (f) Input dc power supply.

in Fig. 8 (see Mode D). Therefore, vector D verifies D = (0, 0)
in this mode. The inequalities that define it are (30) and (31).

D. Conversion Ratios in the Different Modes

1) Mode A: In both A1 and A2 submodes, diode D1 always
conducts; so the circuit in Fig. 7(b) is used to analyze this mode.
As it is a conventional buck converter and when (26) is verified,
the following equation is satisfied:

M = d1. (33)

2) Mode B: Examining the circuit in Fig. 6 and applying
Faraday’s law during the decreasing interval of ig produces

Δig =
Vo + Vc − Vg

L
d2 T. (34)

From (22) and (34), it can be seen that

d2 =
Vg − Vo

Vo + Vc − Vg
d1. (35)

The volt-second balance in Lm (see Fig. 6) leads to

Vo = Vc d1. (36)

Averaging the ig value in Fig. 8 (see Mode B) and using (22)
and (34)–(36), Ig can be calculated as

Ig =
(Vg − Vo)Vo

2L(Vo − (Vg − Vo)d1)
d21 T. (37)

Performing a power balance between input and output in the
converter, and using the definitions of k and M in (16) and (21),
the following relation is derived:

k =
1−M

M(M − (1−M)d1)
d21 (38)

where M can be calculated as

M =

(
1− d1

k

)
+

√(
d1
k

+ 1

)2

+
4

k

2(d1 + 1)
d1. (39)

3) Mode C: Similar to Mode A, the circuit from Fig. 7(b)
is used to analyze this mode. Its behavior is as a conventional
buck converter working in DCM and created with an equivalent
inductor defined in (28). Therefore, the conversion ratio value
will be

M =
2

1 +

√
1 +

4 k km
(k + km) d21

(40)

where km is calculated as

km =
2 Lm

RL T
. (41)

4) Mode D: Equations (34) and (35) remain valid in this
mode. From these equations, it is easy to obtain the Ig value
[note that (36) and (37) are not valid in this mode] as

Ig =
(Vg − Vo)Vc

2 L(Vo − Vg + Vc))
d21 T. (42)
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TheVc value can be calculated using (18), (20), (21), and (42),
obtaining the expression

Vc =
(1−M)M

M2 − d2
1

k (1−M)
Vo. (43)

On the other hand, the increase in im in this mode can
be calculated both in the conduction interval of S2 and D2,
producing

Δim =
Vc − Vo

Lm
d1 T (44)

Δim =
Vo

Lm
d′2 T. (45)

From these two equations, the Im value is obtained

Im =
(Vc − Vo)Vc

2 Lm Vo
d21 T. (46)

Using (19)–(21), (43), and (46), the following expression is
finally obtained to determine the conversion ratio M in Mode
D:

d21 M

km

(
M−2 M2+

d21(1−M)

k

)
=

(
M2− d21(1−M)

k

)2

.

(47)

VI. DETERMINING THE MAPS OF CONDUCTION REGIONS IN

THE kkm PLANE FOR THE VBB CONVERTER OPERATING IN

BUCK MODE

The next step in this study is to obtain the maps of conduction
regions in the kkm plane. It should be noted that parameters
k and km are always positive, and, therefore, only the positive
part of the plane must be considered. As mentioned before, these
maps can be structured in two different ways.

1) Keeping d1 constant in the map. These maps correspond
to operating the converter at a constant duty cycle by
letting the conversion ratio change as the load changes. In
other words, it corresponds to the converter in open-loop
control. There will be one map for each d1 value.

2) Keeping M constant in the map. The curves correspond
to operate the converter at a constant conversion ratio
by letting a feedback system change the d1 value. In
other words, it corresponds to the converter in closed-loop
control. There will be one map for each M value.

A. Open-Loop Control Conduction Maps

1) Mode A Region: This region can be subdivided into
Mode A1 Region, in which the inequality (29) is verified, and
Mode A2 Region, in which the inequality (30) is satisfied. The
value of Δim can be calculated by applying Faraday’s law to the
circuit in Fig. 7(b) during the conduction interval of S2 yielding

Δim =
Vg − Vo

Lm
d1 T. (48)

Substituting (48) in (29) and using (16), (19), (20), and (33),
the conditions for operation in Mode A1 can be determined as

km > km_crit_A1−A2 = 1. (49)

For the case that km < km_crit_A1−A2, the converter operates
in Mode A2. Therefore, the border between regions correspond-
ing to Modes A1 and A2 is defined by the equality in (49).
Furthermore, in the regions corresponding to Modes A1 and
A2, the inequalities (23) and (26) are satisfied. The inequalities
(23) and (26) are transformed into (50) and (51) using (16), (18),
(20), (21), (27), and (28), as follows:

k > kc =
1− d1
d1

(50)

km > km_crit_A−C =
(1− d1) k

k − (1− d1)
. (51)

Since the opposite inequality to (23) is (31) and this corre-
sponds to Mode B region, then the inequality in (50) defines
operation in Mode A region in the vicinity of Mode B region.
The border between the regions corresponding to Modes A
and B is determined by the inequality in (50). Similarly, since
the opposite inequality to (26) is (32), and this corresponds to
Mode C region, then the inequality in (51) defines operation in
Mode A region in the vicinity of Mode C region. The border
between these regions is determined by the inequality in (51).

2) Mode B Region: In addition to the border already defined
with Mode A region, Mode B region has a border with Mode D
region. This border is defined by inequality (29) and by the
conduction of diode D2. The Δim value can now be calculated
by applying Faraday’s law toLm in the circuit of Fig. 6 during the
conduction interval of S2, resulting in (44). The inequality (29)
becomes the inequality (52), considering that (36) is satisfied in
Mode B and using (16), (19)–(21), (39), and (41)

km>km_crit_B−D =
2 (1− d21) k

2k+d1(k+d1)−d1
√

(k+d1)2+4 k
.

(52)
The border between the regions corresponding to Modes B

and D is defined by the equality in (52).
3) Mode C Region: In addition to the already-defined border

with Mode A region (51), Mode C region has a border with
Mode D region. This border is determined by inequality (23)
and by the fact that the current im is negative at the beginning of
the switching period. In the case that im was zero at the beginning
of the switching period, as in Mode D, then the mean value of
im could be easily calculated from the circuit in Fig. 7(b) using
(25), (35), and (48). The final result is

Im_crit_C−D =
Vg − Vo

2 Lm Vo
Vg d21 T. (53)

When starting im at a negative value, the following should be
checked:

Im < Im_crit_C−D. (54)

Considering (19)–(21), (40), and (16 7), inequality (54) be-
comes

k3m < d21(km + k)2. (55)

Using Cardano’s formula, this inequality becomes

km < km_crit_C−D = A(k) +B(k) +
d21
3

(56)
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with

A(k) =
3

√
d61
27

+
d41
3
k +

d21
2
k2 + d21k

√
d21
27

k +
k2

4
(57)

B(k) =
3

√
d61
27

+
d41
3
k +

d21
2
k2 − d21k

√
d21
27

k +
k2

4
. (58)

The border between regions corresponding to Modes C and
D is defined by the equality in (56).

4) Mode D Region: This region has the already-defined bor-
ders with regions corresponding to Modes B and C.

5) Singular Point Pc: All of the regions converge in one
operation point whose waveforms are shown in Fig. 8 (see
singular point Pc). In the situation described in this figure, the
following are satisfied:

Δig = 2 Ig (59)

Δim = 2 Im. (60)

From these equations and taking into account (18)–(22), (33),
and (48) yields:

k = kc =
1− d1
d1

(61)

km = km_crit_A1−A2 = 1. (62)

Therefore, the point defined by Pc = (kc, 1) is the point of
convergence of all the regions and, therefore, of all the operation
modes.

6) Trajectories in the Conduction Maps: As previously men-
tioned, the converter trajectories in the kkm plane are straight
lines that always pass through the origin. The slope of these
trajectories only depend on the converter inductors ratio. Thus,
if the dimensionless parameter µ is defined as

µ =
L

Lm
=

k

km
(63)

then the trajectory slope is 1/µ. When the RL value increases
or the switching frequency decreases (lower values of k and
km in both cases), the operation point approaches the origin.
Otherwise, the operation point moves away from the origin.

Three classes of trajectories can be defined in the map of
regions, as shown in Fig. 9(b).

1) Class I (µ < kc): The trajectory that a converter designed
to work at full load in Mode A would follow when increas-
ing the RL value would be

Region A1 → Region B → Region D → Region C.

2) Class II (µ > kc): The trajectory, under the same condi-
tions as in the previous case, would be

Region A1 → Region A2 → Region C.

3) Singular class µ = kc: This trajectory, with only theoret-
ical interest, would have the following trajectory:

Region A1 → Region C.

B. Closed-Loop Control Conduction Maps

The inequalities (49)–(52) and (56) delimit the open-loop
working modes. In the process of obtaining them, some variables
from various mathematical expressions have been eliminated
in the initial analysis (including M ), producing mathematical
expressions in the form km = f1(k, d1). Similarly, the starting
equations can be manipulated so that d1 is eliminated instead
of M , giving mathematical expressions in the form km =
f2(k,M). Thus, the following borders have been obtained.

1) Mode A Region: The border between the regions corre-
sponding to Modes A1 and A2 is still defined by inequality
(49). The borders with the regions corresponding to Mode B
and Mode C become

k > kc =
1−M

M
(64)

km > km_crit_A−C =
(1−M) k

k − (1−M)
. (65)

2) Mode B Region: Besides the border with Mode A region
defined by (64), this mode has the following border with Mode D
region:

km > km_crit_B−D

=
(2 +Mk)(1−M)−M

√
(M−1)2 k2 + 4k(1−M)

2(1−M)2
.

(66)

3) Mode C Region: In addition to the already-defined border
with Mode A region (65), its border with Mode D region is

km < km_crit_C−D =
M

1−M
k. (67)

4) Mode D Region: This region has the already-defined
borders with regions corresponding to Modes B and C.

5) Singular Point Pc: Its coordinates in the kkm plane are
defined by (62) and by the equality in (64).

6) Trajectories in the Conduction Maps: Fig. 10(a) shows a
conduction map for closed-loop control. As already mentioned,
there is a specific plane for eachM value. The classes of possible
trajectories are shown in Fig. 10(b). These classes of trajectories
are as follows.

1) Class I (µ < kc):

Region A1 → Region B → Region D.

2) Class II (µ > kc):

Region A1 → Region A2 → Region C.

3) Singular Class µ = kc: which is a trajectory with only
theoretical interest:

Region A1 → C−D border.

C. Characteristic Curves

Once the value of µ has been selected (and, therefore, the
converter trajectory) in a given design, a set of curves that
characterize the converter operation in buck mode in both open-
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Fig. 15. Analysis of one trajectory in open-loop control, for the VBB converter operating in buck mode with a duty cycle of (a) 0.4 and (b) 0.6. CH1: iL
(500 mA/div), CH2: iT (500 mA/div), Math Channel: iLm = iT (CH1)− iL(CH2) (500 mA/div), and time base of 1.48 µs.
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Fig. 16. Analysis of one trajectory in closed-loop control, for the VBB converter operating in buck mode with a conversion ratio of (a) 0.4 and (b) 0.6. CH1: iL
(600 mA/div), CH2: iT (600 mA/div), Math Channel: iLm = iT (CH1)− iL(CH2) (600 mA/div), CH3: Vg (15 V/div), CH4: VCo (15 V/div), and time base
of 1.48 µs.

and closed-loop operations can be obtained. This set of curves
is presented in this section.

1) Open-Loop Curves: Open-loop control with constant duty
cycle and increases in the RL value can be plotted in the MRL

plane. Using (16), RL can be expressed in terms of k to graph

the operation in the Mk plane. The set of curves obtained for
different d1 values forms a family of curves whose common
characteristic is the value of parameterµ. In Fig. 11, two families
of open-loop characteristic curves are shown for values ofµ = 1
[see Fig. 11(a)] and µ = 2 [see Fig. 11(b)].
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Each of these curves describes the operation point locus for
one of the previously explained open-loop trajectories. The
corresponding class of trajectory can be deduced from (61) and
(62). The results are as follows:

1) Class I: if d1 <
1

1 + µ
;

2) Class II: if d1 >
1

1 + µ
.

The converter goes through modes according to the type of
trajectory. The following equations are useful for finding the
operation borders for the curves plotted in the Mk plane:

kcrit_A−C = (1− d1)(1 + µ) (68)

kcrit_A−B = kc =
1− d1
d1

(69)

kcrit_B−D =

µ(1− d1)(2 + d1) + d
√

µ(1− d1)(µ(1− d1) + 4)

2
(70)

kcrit_D−C = d21µ(1 + µ)2. (71)

These equations can be easily obtained from the equalities in
(51), (52), and (56), taking into account (63). On the other hand,
the conversion ratio of each region is a mathematical expression
of the form Mi = f(k, µ, d1). The conversion ratios for each
region were presented in (33), (39), (40), and (47).

An important characteristic studying the converter is the
output impedance behavior. From the curves plotted in Fig. 11,
a family of curves Vo vs. Io with constant duty cycles can be
obtained as shown in Fig. 12. Vo is calculated by substituting
M and Vg in (21), while Io can be obtained substituting RL

using Ohm’s law in (16) and solving. The evaluation of the
sign-changed slope at each operation point determines the output
impedance. Note that the impedance in CCM remains zero,
while in DCMs, the impedance is variable and increases as Io
decreases.

2) Closed-Loop Curves: The description is similar to open-
loop control. In this case, operation curves with constant conver-
sion ratio are plotted on thed1 k plane. The set of curves obtained
for different values of M (with µ constant) represent another
family of characteristic curves (see Fig. 13). Each curve in the
plane d1 k shows the converter evolution along with one of the
classes of trajectories. The criteria to define the corresponding
class are as follows:

1) Class I: if M <
1

1 + µ
;

2) Class II: if M >
1

1 + µ
.

In the plotted curves, the borders between modes are obtained
by evaluating (72)–(75)

kcrit_A−C = (1−M)(1 + µ) (72)

kcrit_A−B = kc =
1−M

M
(73)

kcrit_B−D =
−b−√

b2 − 4ac

2a
(74)

with

a = (1−M)2[1−M(1 + µ)]

b = −µ[2(1−M)2 + µM(2M − 1)]

c = µ2(1−M). (75)

On the other hand, the mathematical expressions of the form
d1−i = f(k, µ,M), given in (76)–(80), allow us to obtain the
duty cycle required to achieve operation with M constant in
mode i.

d1−A = M (76)

d1−B = M
k(1−M) +

√
k(1−M)(k −Mk + 4)

2(M − 1)
(77)

d1−C = M

√
k

(µ+ 1)(1−M)
(78)

d1−D = M

√
k[µX + k (2(M − 1) + µ(2M − 1))]

2k(1−M)[M(µ+ 1)− 1]
(79)

where

X =

√
k[k + 4kM(M − 1) + 4

k

µ
(M − 1)2]. (80)

VII. EXPERIMENTAL RESULTS

The VBB converter prototype described in [24] was used
to obtain the experimental results. The inductor values were
L = Lm = 23.7µH, which means µ = 1 in this design. The
experimental configuration of the power circuit is shown in
Fig. 14. A Texas instruments TMS320F28335 digital signal
controller was used to generate the switching signals for open-
and closed-loop operations. Open-loop results for duty cycles
of 0.4 and 0.6 are shown in Fig. 15(a) and (b). In both cases,
current waveforms are depicted for different operation points
that belong to the trajectory µ = 1, which are also plotted in
the kkm plane, where all of the operation modes and borders
are shown. These operation points exhaustively describe all the
regions and borders that the converter can reach withµ = 1 as the
RL value increases. Several trajectories with a color scale were
included to show the evolution of the operation modes. Note that
µ = 1 is Class I for a duty cycle of 0.4 and Class II for a duty
cycle of 0.6. Closed-loop experimental results for 0.4 and 0.6
conversion ratios are shown in Fig. 16(a) and (b). These figures
show current and voltage waveforms for different operation
points that belong to the closed-loop regions and borders of
the trajectory µ = 1, which are also plotted in the kkm plane.
Experimental results in both open- and closed-loop operations
validated all of the VBB converter conduction modes (CCM and
DCMs) demonstrating agreement with the theoretical analysis
in both trajectories. The waveforms mentioned above show the
agreement with the expected waveforms generically plotted in
Fig. 8.
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VIII. CONCLUSION

A general method to determine the conduction modes of dc–dc
converters with only one transistor has been presented in this
article. The first step of the method consists in determining the
number n, which corresponds to the diodes conducting current
passing exclusively through inductors when the transistor turns
OFF. Afterwards, one dimensionless parameter k is defined for
each of these n diodes. The set of these parameters defines
the k-space. In the k-space, the converter operation describes
a straight line when the load changes. This straight line is called
“converter trajectory.” The converter trajectory is independent
from the converter duty cycle and from the converter conversion
ratio, and it only depends on the ratio of inductors. The converter
trajectory passes through different n-dimensional enclosures
in the k-space. The total number of possible enclosures is
2n. Each one of these n-dimensional enclosures represents a
different conduction mode. The borders between enclosures
depend on the converter control strategy. If the converter is
operating in open loop, then there will be a specific set of
borders between adjacent enclosures for each duty cycle. On
the other hand, if the converter is operating in closed loop,
then there will be another specific set of borders for each
conversion ratio. In the particular case of n = 2, the k-space is a
plane and there are four regions corresponding to one CCM and
three DCMs. The borders between adjacent regions are curves.
The set of regions and their borders configure a “map.” As
mentioned before, these borders (curves) depend on the control
strategy, thus existing two families of maps, one family for
open-loop, and another family for closed-loop. As a study case
of the method proposed in this article, the conduction modes
of the unidirectional version of the VBB converter working in
the boost and buck modes have been presented. The analysis
shows that there are only two conduction modes (one CCM
and one DCM) in boost mode, which fit the behavior of a
classic boost. In contrast, VBB converter operation in buck
mode has two diodes in inductive branches, which means that
n = 2, and, therefore, there are two k parameters (k and km) and
four conduction modes, of which one is the CCM (subdivided
into Modes A1 and A2) and three are DCMs (Modes B, C,
and D). Consequently, four regions can be delimited in the kkm
plane. These four regions have a common point, called “singular
point.” Besides this singular point, the borders between adjacent
regions are curves in the kkm plane, whose equations have been
calculated in the article for both converter control strategies (i.e.,
open- and closed-loop). Thus, two families of maps can be estab-
lished in the kkm plane. In each map, two classes of trajectories
can be established. Moreover, in each conduction mode, the
conversion ratio corresponding to a given duty cycle (useful for
calculations in open loop) and the duty cycle corresponding to a
given conversion ratio (useful for calculations in closed loop) has
been computed in the article. Once the map and the trajectory is
known, the converter operation is completely defined, because
a specific load means a specific point in the trajectory, which
is placed in a specific region in the map. Either the conversion
ratio (open-loop) or the duty cycle (closed-loop) corresponding
to this operating point can be easily computed by using the

already determined corresponding equations. Using these proper
equations, the completed behavior of the converter when the load
changes is completely determined for both control strategies. As
expected, the open-loop output impedance is zero in the CCM
and increases when the load increases in all the DCMs. Finally,
all the theoretical predictions around the different conduction
modes have been verified in a converter prototype.
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