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Abstract—This article describes a general method for studying
the behavior of converters with three discontinuous conduction
modes as automatic power factor correctors (PFCs). Some con-
verters with a single discontinuous conduction mode (such as Buck-
Boost, Flyback, SEPIC, éuk, and Zeta converters) can behave as
automatic PFCs when operating in that discontinuous conduction
mode, with a nearly constant duty cycle during each cycle of the line
voltage. There are also dc/dc converters that, due to multiple diodes
and inductors, can operate in different discontinuous conduction
modes. A systematic method for studying these three discontinuous
conduction modes was recently presented. This article extends that
method to using the aforementioned dc/dc converters as part of an
ac/dc converter with low harmonic injection in the line, identifying
when the converters behave as “ideal automatic resistor emulators”
(i.e., configuring ideal automatic PFCs) and when they behave
as “quasi-ideal automatic resistor emulators” (i.e., as quasi-ideal
automatic PFCs). As an example, the article examines a SEPIC
converter used as a resistor emulator. In this case, three discontin-
uous conduction modes are possible, if the inductance of the input
inductor is low enough to allow the input bridge rectifier diodes
to stop conducting when the transistor is OFF. The study allows
us to determine of the line current waveform when the converter
operates in any of the possible discontinuous conduction modes.
The results show that quasi-ideal automatic PFC behavior can be
achieved in discontinuous conduction modes with low inductance
values. Moreover, the results for the SEPIC can be easily extended
to the Cuk converter operating in the same manner. Finally, the
theoretical predictions for the line current from the proposed study
were verified through simulation using PSIM (in the case of both
the SEPIC and Cuk topologies), and through experimentation (in
the case of SEPIC).

Index Terms—Conduction modes in dc/dc converters, power
factor correctors (PFCs), resistor emulators (REs), SEPIC and Cuk
converters.
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I. INTRODUCTION

OWER factor correctors (PFCs) are circuits in charge of en-
P suring low line distortion in single-phase ac/dc converters.
Active PFCs use a dc/dc converter with a nonlimited dc con-
version ratio placed between the line rectifier and the capacitor
that stores energy during half-periods of the line voltage. This
converter must operate as a resistor emulator (RE), meaning that
it exhibits a resistive input impedance in such a way that the load
seen by the line rectifier appears to be a resistor. The value of
this resistor must match the power demanded by the converter
from the line. There are two main ways to achieve this behavior
(Fig. 1). They are as follows.

1) Providing the converter with an input current feedback
loop that ensures that the input current is proportional to
the input voltage. This requires adjusting the proportion-
ality constant that determines the RE’s input resistance,
depending on the power demanded from the line. This
is achieved using an analog multiplier that modulates
the amplitude of the waveform used as reference for the
current loop [1], [2]. As Fig. 1(a) shows, this multiplier has
two input signals: 1) a waveform proportional to the input
voltage (and, therefore, variable over time); and 2) a signal
that must remain almost constant each line period. As this
signal comes from the output-voltage feedback loop, this
loop must be slow enough to exhibit this behavior. This
type of control can be used in any converter conduction
mode, the only condition being that the converter dc
conversion ratio must be nonlimited.

2) Implementing a very simple control that maintains a con-
stant duty cycle in each line period, while operating in
a special mode that achieves the desired proportional-
ity between the input voltage and the input current [see
Fig. 1(b)]. This behavior can be achieved when the dc/dc
converter operates in discontinuous conduction mode
(DCM) [3], [4], [5], [6], [7], [8] or when it is a resonant
converter operating at a specific operation point [9]. As
in the previous control, the dc/dc converter must also
exhibit an unlimited dc conversion ratio. Although this
control mode offers the advantage of extreme simplicity,
it does have a drawback: these modes increase the current
stress on some semiconductors. Despite this drawback,
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Fig. 1. Implementations of active PFCs based on the use of DC/DC converters
working as RE: (a) Control based on the use of an analog multiplier. (b) Control
when the DC/DC works as an automatic RE.

this is an attractive control strategy for low-power and
low-cost applications. The single-phase ac/dc converters
that implement this control are called automatic PFCs in
this article.

As noted above, using some dc/dc converters operating in
DCM allows us to build automatic PFCs. Therefore it is very
important to determine when a converter operates in this mode.

In conventional dc/dc converters with a single diode, there
are only two possible conduction modes: 1) the aforementioned
DCM,; and 2) continuous conduction mode (CCM). The bound-
ary between these two modes is well known [10]. The extension
of this study to converters that behave as REs was found in [11].
That study also focused on converters with only one diode and
therefore with only one DCM.

On the other hand, some dc/dc converters with several diodes
can exhibit several DCMs. A general method for studying these
converters was presented in [12]. That paper examined the use of
a Versatile Buck-Boost converter. This same method was applied
in [13] to address the case of SEPIC and Cuk converters with an
additional diode in series with their input inductors. In all of these
cases (Versatile Buck-Boost and the modified versions of the
SEPIC and Cuk converters) three DCMs are possible, and their
main characteristics were correctly identified and verified in both
papers. It should be noted that in all these cases, the converters
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operated as conventional dc/dc converters, and their operation
as REs in an ac/dc converter has so far not been addressed.

Some dc/dc converters with only one diode (and, therefore,
only one DCM) can be designed to always operate in DCM, even
when they are used as an RE in an ac/dc converter [11]. In the
case of the Buck-Boost, Flyback [4], SEPIC [5], Cuk [6], and
Zeta [8] converters, designing them to always operate in DCM
allows these converters to be used as ideal automatic REs. This
is because they exhibit proportionality between the line current
(averaged in a switching period) and the input voltage if the
converter duty cycle remains constant each line period. Thus,
very simple REs can be implemented using those topologies
always operating in DCM.

However, the situation is very different for converters with
several DCMs, including implementations of SEPIC and Cuk
converters with low inductance values. In this case, the first
question to answer is whether the converter can be designed to
always operate in one of the DCMs (or in several of them) when
it is working as part of an ac/dc converter. As Fig. 1(b) shows,
the converter will be placed in between a line rectifier (which
means full-wave rectified sinusoidal input voltage) and a bulk
capacitor (which means constant output voltage), and its duty
cycle will be kept constant each line period, thus implementing
an RE. If the converter can be designed to always operate in
one or several DCMs in these conditions, the next question to
answer is the state of the line current. If it is a perfect sinusoid,
then the final converter will work as an ideal automatic PFC. On
the other hand, if the line current exhibits some distortion, then
the final converter will work as a quasi-ideal automatic PFC.
Moreover, if the distortion is high enough, using the converter
as an automatic RE will not be possible. It should be noted that
these remain open questions. The main objective of the present
article is to propose a systematic method that will allow these
questions to be answered.

In summary, the main objective of this article is to provide
a general method to evaluate the performance of any dc/dc
converter with multiple DCMs as a potential automatic RE in an
ac/dc power conversion scheme, as the one given in Fig. 1(b).
The interest in studying the case of multiple DCMs is for two
main reasons as follows.

1) Operationin DCMs is always associated with low inductor

values, which in general means a smaller converter size for
a given switching frequency.

2) As Fig. 1(b) shows, the control scheme for an automatic
RE is very simple. However, the line current waveform
corresponding to operate following a given sequence of
DCMs has not yet been addressed. The quality of the
line current waveform obtained following the proposed
method determines whether the converter can work as an
ideal or quasi-ideal automatic RE, or must be discounted
as an automatic RE.

The rest of this article is organized as follows. Section II
provides a brief review of three important issues: 1) the study of
the conduction mode boundaries in dc/dc converters with only
one DCM that are operating as conventional dc/dc converters; 2)
the study of the conduction mode boundaries in dc/dc converters
with only one DCM that are operating as PFCs; and 3) the study
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of the conduction modes of dc/dc converters with three DCMs
that are operating as conventional dc/dc converters. Section III
proposes a general method for studying the conduction modes
of dc/dc converters with three DCMs that are operating as
PFCs, which is the main objective of the article. Section IV
provides example cases where the proposed method is applied
to several implementations of PFCs based on SEPIC and Cuk
topologies, designed with low enough values of input inductance
to generate three DCMs. Section V describes verification of the
predicted operation modes and of the line current waveforms,
using simulation and an experimental prototype of the SEPIC
converter. Finally, Section VI concludes this article.

II. REVIEW OF CONDUCTION MODE BOUNDARIES

This section presents a brief review of the study of the bound-
aries between conduction modes in dc/dc converters. Three
different situations are considered as follows.

1) DC/DC converters with only one diode (and therefore only
one DCM) working as conventional dc/dc converters (i.e.,
with constant output voltage, input voltage changing in
quite a limited range of variation, and controlled by fast
changing the converter duty cycle when the input voltage
and/or the load change).

2) Converters with only one diode (and therefore only one
DCM) working as ideal REs [11] (i.e., with constant output
voltage, input voltage continuously changing from zero to
the peak value of the line voltage, and controlled in such
a way that the input current is proportional to the input
voltage). The two main implementations for achieving this
behavior are shown in Fig. 1.

3) Converters with two diodes that remain in inductive
branches when the transistor is OFF (and therefore con-
verters with three DCMs), working as conventional dc/dc
converters [12], [13] (i.e., as in the first case, constant
output voltage, limited input voltage variation, and fast
duty cycle variation characterize their operation).

A. DC/DC Converters With Only One DCM Working as
Conventional DC/DC Converters

Conventional dc/dc converters with only one diode have only
two possible conduction modes: 1) DCM; and 2) CCM. The
boundary between these two modes is well-known [10]. First,
the dimensionless conduction parameter k is defined:
2L
" RT,
where L is the value of the inductance of the converter inductor,
R is the load resistance, and T is the switching period. The
critical value of k that defines the boundary between CCM and
DCM in closed-loop, k¢rit_ci, 1s a function of the ratio M, which

is the dc conversion, defined as M =V,/ Vy. The converter
operates in CCM when

k(R) > kcrit?cl(M) (2)
and in the DCM when
k(R) < kcrit?cl (M) (3)

k(R)

ey
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Fig. 2. Graphical determination of the conduction mode: (a) Converter op-
erating in the CCM. (b) Change of conduction mode when load resistance R
increases up to Rmax.
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The conduction mode can be easily analyzed by placing the
values of k and k¢ .; on a straight line, as shown in Fig. 2(a).
When the load value changes, then the value of parameter k also
changes, as shown in Fig. 2(b), and the conduction mode can
change.

B. DC/DC Converters With Only One DCM Working as
Resistor Emulators

The extremely simple method described in the previous sub-
section was proposed for converters operating as conventional
dc/dc converters. Expanding that study to converters that behave
as REs was reported in [11]. That study also focused on con-
verters with only one diode and consequently, only one DCM.

The key for that study is that both the converter dc conversion
ratio and the load seen by the converter are not constant in
this case (although R is constant), but instead continuously and
synchronously change according to the line angle ¢ [11]. The
variation of the dc conversion ratio with ¢ allows us to redefine
itas m(My /2, @)

V, Vo Mﬂ-/Q
M‘n’ I = - . = 1 4
m(My 2, 0) vy()  Vlsin(p)| — Jsin(y)] “)

where M /5 is the value of the converter dc conversion ratio at
the peak value of the line voltage, V,
Vo

My = —. 5
/2 Vg ( )

If the converter operates as an ideal RE due to a control scheme
such as in Fig. 1(a), then its input current can be expressed as

ig(p) = Iylsin(p)] (6)

where I is the peak value of the RE input current for a certain
load value R. The power balance between the converter input
and output ports for each line angle yields

VyIysin?(p) = Vyio(). (7
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Fig. 3. Main quantities involved in the operation of an RE.

In (7), i,(¢p) is the current injected by the dc/dc converter into
the parallel circuit made up of the bulk capacitor C'p (designed
to filter the current component of twice the line frequency) and
the load resistor R. It should be noted that bulk capacitor Cp is
large enough to ensure that voltage V, remains constant in spite
of the double-line frequency instantaneous power mismatch.
Averaging the converter input and output power over one line
half-cycle and equalizing both values produces the average value
of i,(¢p), defined as I,

I :Vylg: Iy
C 2V, 2My

®)

Therefore, (6) and (7) can be expressed as
ig(Mﬂ'/QﬂR? 4P) = 2IOM7T/2|Sin(90)|7 9

io(R, @) = 2I,sin*(p) = Q%Sinz(go).

Using (10), the load that the dc/dc converter sees before the
capacitor C'g can be defined as follows:

(10)

Vo R

MG T )

(11)

The main quantities involved in the operation of an RE are shown
in Fig. 3.

As the load seen by the converter changes according to
line angle ¢, then parameter k also changes according to .
Therefore, k can be redefined as follows:

2L, 4L
r(p)Ts " RT,

The conduction mode of an RE with only one DCM will be the
CCM for the values of ¢ and R that satisfy

k(R7 SD) > kCTithl(m(Mﬂ'/27 90))

k(R p) = sin® (). (12)

(13)
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Fig. 4. Graphical evolution of the conduction mode of a converter with only
one DCM when it is working as ideal RE: (a) Situation corresponding to operate
in the CCM when ¢ = /2. (b) Situation corresponding to operate in the CCM
when 0 < ¢ < /2. (c) Movement of k(R, ¢) and kcri¢_c1 (M /2, ») when
0 < ¢ < m/2.(d) Change of conduction mode when load resistance R increases
up to Rmax-

For the sake of simplicity, this inequality can be rewritten as
follows:

k(R, @) > kcrit?cl(Mﬂ'/Qa 50)

Conversely, the conduction mode of the RE with only one DCM
will be the DCM for the values of ¢ that satisfy:

k(R7 QO) < kCTit_Cl(Mﬂ'/27 SD)

As a result of these inequalities, an RE with a single diode that
supplies power to a certain load R can operate in the following
three possible modes.
1) Always in the CCM, if (14) is satisfied for the entire range
of .
2) Always in the DCM, if (15) is satisfied for the entire range
of p.
3) Partially in CCM and DCM,, if (14) is satisfied for values of
o around the peak value of the line voltage and, conversely,
(15) is satisfied for values of ¢ around the zero-crossing
of this voltage.
Of course, this situation can change when the load R changes.
Fig. 4(a) shows the relative situation of k(R,y) and
Eerit_ct(Mr2,¢) when the converter has been designed to

(14)

15)
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TABLE I
POSSIBLE CONDUCTION MODES

D1 Do Conduction mode  Region name
1 1 CCM CCM
1 0 DCM DCM1
0 1 DCM DCM2
0 0 DCM DCM3

operate in CCM. In Fig. 4(b), the converter is still operating
in CCM when 0 < ¢ < 7/2. The idea of the movement of both
E(R, @) and kcris_ci(My 2, p) when ¢ decreases from 7/2 to 0
(or increases from /2 to 7) is represented in Fig. 4(c), where
the converter is operating in CCM at ¢ = 7 /2. Finally, the
situation corresponding to operating in DCM by increasing the
load resistance up to Ry, is shown in Fig. 4(d). In all cases,
the values of £ and k., ; reach their maximum values at the
peak of the line voltage, and they tend to zero when the line
voltage also tends to zero.

The design of an RE with a single diode can be such that it
always operates in DCM (for any range of variation of input
voltage and load). This type of design allows it to be used as the
core of an automatic PFC. As mentioned previously, in Buck-
Boost, Flyback [4], SEPIC [5] and Cuk [6], [7], and Zeta [8]
converters operating in DCM, RE behavior is achieved when
the converter duty cycle is kept constant during each line cycle.
This means that the simple control strategy shown in Fig. 1(b)
can be used in these cases. In summary, ideal automatic PFCs
can be built from these topologies once they have been designed
to operate in DCM. This means that the control circuitry can
be dramatically simplified. A Boost converter can operate as a
quasi-ideal automatic PFC if it operates in DCM and works at
constant frequency [3]. To work as an ideal automatic PFC, it
must operate just in the boundary between CCM and DCM [14]
(also known as critical conduction mode).

C. DC/DC Converters With Three DCMs Working as
Conventional DC/DC Converters

Let us consider conventional dc/dc converters, but now with
two diodes and two inductors (Lq and Ls). If the two diodes
remain in two inductive branches (made up of inductances L
and Lo or a combination of the two) when its transistor is in
OFF state, then the converter will have four conduction modes,
one CCM and three DCMs [12], [13], [15], [16]. An example
of the current passing through the converter diodes is shown
in Fig. 5. The possible conduction modes in the case of three
DCMs are shown in Table I, where the diode conduction states
are represented by logical values. Thus, the ON state of a diode
at the end of the switching period corresponds to logical level
1, whereas the OFF state of a diode at the end of the switching
period corresponds to logical level 0. For example, operation in
DCM2 implies that diode D is OFF and diode D5 is ON at the
end of the switching period. In summary, converter conduction
modes can be easily identified by observing the conduction state
of each diode at the end of the switching period.

When the converter is working in closed loop and the input
voltage remains constant, both the input and the output voltage
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Fig. 5. Example of waveforms corresponding to the current passing through
the diodes in a DC/DC converter with one CCM and three DCMs: (a) CCM.
(b) DCML. (c) DCM2. (d) DCM3.
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Fig. 6. Waveforms corresponding to the current passing through the diodes in
two examples of boundary conditions: (a) Boundary between CCM and DCM2.
(b) Central point Pc.

are constant. Consequently, the slopes of the current passing
through the converter inductors remain also constant. Therefore,
the slope of the current passing through the diodes during the
transistor OFF period also remains constant. If the converter is
operating in the CCM [see Fig. 5(a)] and the load decreases, then
the average current passing through the inductors and diodes
must decrease. The converter will operate in the CCM at constant
duty cycle until one of the diode currents reaches zero just at
the end of the switching period. If this current is i1, then the
converter works in the boundary between the CCM and DCM2
[see Fig. 6(a)]. If the load continues decreasing, the average
value of 71 must decrease. As the slope remains constant, the
converter duty cycle must decrease, leading to operate in DCM2
[one example of the waveform corresponding to this mode is
given in Fig. 5(c)]. An additional decrease of the load implies
an additional decrease of the converter duty cycle. The operation
mode corresponding to zero load will depend on the converter
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kZ_Pc

Fig. 7. Example map of conduction modes for a given value of M.

under study. Thus, the converter can either continue in DCM2
or change to DCM3 when reaching zero load.

Obviously, a similar process will take place if ipo is the
current that reaches zero just at the end of the switching period
when the load decreases from operation in the CCM. In this case,
the converter will evolve from CCM to DCMI1 [see Fig. 5(b)].
As in the previous case, an additional decrease of the load until
zero can imply either to continue in DCM1 or to enter in DCM3.

A very special situation is represented in Fig. 6(b). In this
figure, both diode currents reach zero just at the end of the
switching period. This situation is the boundary between the four
conduction modes. As will be explained later, this boundary is
of primary concern when analyzing and designing the converter.

To study the conduction modes, a plane is established from
parameters k; and ks [12], which are defined as usual

2L,

ki = 16

L= R (16)
2L,

ko = RT. (17

The operation of the dc/dc converter can be characterized by a
family of maps plotted in the k; k5 plane, such as in Fig. 7. Each
map contains the regions of conduction modes for a particular
value of the dc conversion ratio M. Each region corresponds to
a specific conduction mode. The boundaries between adjacent
conduction modes are curves drawn in this plane. The shapes of
these curves are arbitrary in Fig. 7 because this map does not
correspond to a specific converter. However, there are several
general rules regarding the location of the conduction modes in
the map. Since operation in CCM implies larger inductors than
operation in any of the DCMs, the CCM region is the one farthest
from the origin of the k4 k2 plane (i.e., the bottom left corner) and
from the axes. In contrast, regions corresponding to the DCMs
are closer to the origin and the axes. The operation point of
the converter moves along a straight line called a “trajectory,”
which is determined by slope & = L/ L1 . In the example given
inFig. 7, operation point P is in the CCM, on a trajectory defined
by o = 1.5. As the load resistance R increases, operation point
P moves along the trajectory toward the origin of the kiks
plane, due to the synchronous variation of parameters k; and ko
according to (16) and (17). In the example in Fig. 7, operation
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point P could move from CCM to DCM2, or even to DCM3 if
the increase of R is great enough.

When the value of M changes due to a variation of the
input voltage, the boundaries between the conduction regions
change in the map, resulting in a new map of regions. Therefore,
each value of M will have a corresponding map of conduction
regions.

The dc conversion ratio for the converter can be expressed
using equations that take the following form:

1) In the CCM

My = fo(d)

where M, is the value of M in this mode and d is the
converter duty cycle.
2) In the DCMx

(18)

Mx = fm(da klakQ) (19)

where M, is the value of M in this mode.

The boundaries between adjacent regions DCMx and DCMy
can be easily calculated by equalizing the dc conversion ratios
of these regions, M, and M. The steps to follow are as follows.

1) To replace M, and M, with M in the two expressions in

the form (19).
2) Eliminate variable d from the two expressions in the form
(19).

The equation thus obtained for the boundary between DCMx

and DCMy is as follows:

Fuy(M, ky, kz) = 0. (20)

As previously explained, an example of current waveforms in
one of the boundaries between regions (conduction modes)
is shown in Fig. 6(a). Also as previously explained, all the
conduction regions (conduction modes) intersect at a single
point called the central point, Po. The value of the coordinates
of the central point for a given value of M, k1_p. and ko _pc,
can be determined by using either two equations in the form
(20) or three equations in the forms (18) and (19). Therefore,
the coordinates of the central point are exclusively functions of
M. The current waveforms in central point Po are shown in
Fig. 6(b).

III. A GENERAL METHOD FOR STUDYING THE OPERATION OF
DC/DC CONVERTERS WITH THREE DISCONTINUOUS
CONDUCTION MODES WORKING AS RESISTOR EMULATORS

A. General Considerations

If we consider a dc/dc converter with only one inductor work-
ing at a constant load, then the conduction mode is completely
defined by inequalities (2) and (3). This situation is perfectly
described by the position of dimensionless parameter k£ on a
straight line, where the boundary k..;: ; also lies (Fig. 2).
When the load changes and the dc conversion ratio remains
constant, parameter k changes its position along the straight
line while k.,;; o, remains constant, thus allowing a change in
the conduction mode [Fig. 2(b)].

The situation is different if that converter is forced to work
as an RE in an ac/dc conversion scheme [Fig. 1(a)], even if
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the load R remains constant. In this case, the conduction mode
may depend on the line angle, because both the converter dc
conversion ratio and the load “seen” by the RE are continuously
changing according to the line angle, in spite of having a constant
value for R (Figs. 3 and 4). Obviously, the situation becomes
more complex if R also changes [Fig. 4(d)].

Coming back to the case of a dc/dc converter working as
a conventional dc/dc converter instead of working as an RE,
the situation is different again if the converter has three DCMs.
In this case, two dimensionless parameters & must be defined,
determining a plane instead of a line [12]. Now, the boundaries
between conduction modes are curves instead of a point, making
a map of conduction regions. If the load R is constant, then the
operation point lies in a specific conduction region of the map.
The operation point describes a straight line on the map (the
trajectory) if load R changes. The trajectory can pass through
different regions (conduction modes) of the map.

Now, let us consider the use of this converter, not in a con-
ventional dc/dc conversion scheme, but as a part of an ac/dc
converter, working as the RE in this power conversion scheme.
To the authors’ best knowledge, this scenario has not been stud-
ied before. As mentioned previously, the converter must have
an unlimited dc conversion ratio (otherwise it cannot operate as
an RE). Moreover, let us consider a control strategy as simple
as the one shown in Fig. 1(b). In these conditions, we need to
determine whether the converter can operate either as an ideal
RE or as a quasi-ideal RE, or is a long way from this desirable
behavior. None of the existing methods can be directly applied
to determine the converter input current waveform, ig(go), for
the following reasons.

1) Three DCMs are possible.

2) The dc conversion ratio is continuously changing (because

of the rectified sine input voltage).

3) The load seen by the RE also changes according to the

line voltage.

It should be noted that, in this case, the input voltage is
continuously changing according to the line angle, whereas the
converter duty cycle remains constant. Consequently, the slopes
of the current passing through the converter diodes will change
(case of currents depending on the line voltage) or will remain
constant (case of currents depending on the output voltage,
exclusively). Moreover, the conduction mode must always be
one of the DCMs for any possible conduction mode and load, in
order to enable the possibility of operating as an RE. Therefore,
the sequence of DCMs that the converter is going to follow in
this case is clearly different from the one previously described
for the case of operating as a conventional dc/dc converter.

The objective of this article is to present a methodology for
studying the operation of dc/dc converters that involve three
DCMs when they are used as automatic PFCs. Particular atten-
tion has been paid to input current modeling in order to properly
evaluate the performance of the converters in this application.

B. Determining the Converter Input Current Waveform

Let us consider a dc/dc converter with three DCMs and with
an unlimited dc conversion ratio. This converter is used as the RE
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in an ac/dc conversion scheme, like the one shown in Fig. 1(b),
where the converter duty cycle is kept constant during each
line cycle. In these conditions, the converter input voltage is
continuously changing according to a rectified sine waveform,
whereas the converter output voltage is kept constant due to bulk
capacitor C'p. Therefore, the converter satisfies (4) and (5). To
normalize the study, a base value for the converter currents can
be defined from L1, as follows:

Vo Ts
Ibasel = 20Ll . (21)
Similarly, an alternative base value could be defined from Lo
Vo T
Thase2 = . 22
base2 = 57 (22)

The values of the dimensionless parameters k; and ko that the
converter is seeing can be computed as follows:

2L

ki) = o7 (23)
2L

ka(e) = S (24)

If the capacitance of capacitor C'p [Fig. 1(b)] is large enough
to ensure negligible voltage ripple across it, then the current
injected by the converter into the output RC'p network is

Vo
o = . 25
io(p) ) (25)
By using (21)—(24), (25) becomes
io(@) - Ibaselkl (99) - Ibase2k2(90) (26)

and, therefore, the normalized value of i, () can be expressed
by either of the two following equations:

M = k1(p),

ionl(@) = Ib L (27)
ion2(<p) = ZIOb(i;) - kQ(SO) (28)

Equations (26)—(28) show that the evolution of k1 (¢) and k2 ()
faithfully reflects the evolution of i, ().

Now, let us establish a power balance between the converter
input and output ports. First, this balance is established for each
line angle ¢, averaging the electrical quantities over a switching
period. Taking into account (5), the converter input current gives

- M7T/2 i
~ (o) )

It should be noted that i,(¢) is the average value (averaged
over a switching period) of the actual input current. Taking into
account (26), (29) becomes

ig (%) (29)

k() ka ()

Mﬂ‘ QIbasel.i = Mg ZIbase2.7-
[ fsin()] T sin(p)]

This is a very important equation because it shows that the

converter input current can be easily computed once the evo-

lution of either k; () or ko(¢) has been determined during a

ig(p) = (30
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line half-cycle. Moreover, the normalized expressions of i4(¢)
can be obtained directly from (4) and (30)

_ _igly) k1(p)
ign1(p) = et~ M2 g0 b
| Cigle) k2 ()
ign2(p) = T M )2 |sin(p)] 2

Extending the power balance between the converter input and
output ports to a line half-cycle, and taking into account the
electric charge balance in capacitor C'p, produces the following

equation:
V. 1 /™.
L= = 7/ io(ip)de (33)
™ o
Taking into account (26), (33) becomes
I, = IbaselKlavg = Ibase2K2avg~ (34)

where K4, and Koy, are the average values of k;(p) and
k2 (), respectively, in a line half-cycle

1 T
Klavg = ;/ kl(@)dsﬂ (35)

1 s
Kaws = [ halodp, (36)

o

From (34), the converter output power can finally be expressed
as follows:

P, = VoIbaselKlavg = VoIbase2K23vg~ (37

Equation (37) is essential for the converter design, as it relates
the converter power to either inductance L, through (21) or Lo
through (22). However, the values of either K,y or K2,4yg must
be known to properly design a converter with (37). Therefore,
determining the evolution of k1 (¢) (or ka(y)) is essential for
the following two very important reasons.

1) To determine the input current waveform, according to
(30). Once this waveform is known, the line current har-
monic distortion can be computed, which is a key concern
in evaluating the use of the converter as an RE.

2) To properly design the converter, according to (37) and
the set of (21) and (35), or (22) and (36).

Finally, K4y, is of primary concern in producing a small-
signal linear model for any dc/dc converter working as an
automatic RE, because this type of model is based on averaging
io(¢) in a half-cycle of the line period. After linearizing Ky,
a canonical first order circuit may be obtained, and a control
transfer function can be derived from it. However, the transfer
function thus obtained would depend on the particular converter
selected to work as an automatic RE. Consequently, a more
detailed study of this transfer function is beyond the scope of
this article.

C. Determining k1 () Evolution

Before determining the evolution of k; () it is important to
identify the map of the converter’s conduction modes when it is
working as a conventional dc/dc converter (i.e., when not only
is the output voltage constant, but also the input voltage). As
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noted previously, this map is a function of the dc conversion
ratio M. Once this map is known for any possible value of
M, the map corresponding to M/, (calculated according to
(5)) must be selected. This value corresponds to the value of
m(Mz /2, ) when ¢ = 7/2. The values of the dimensionless
parameters k1 and k» in the map corresponding to M /o are
k1(m/2) and ko(7/2), respectively.

The first step in determining the evolution of k1 (¢) is to place
the operation point P in the map corresponding to M /5. This
operation point will be called Py /5. The coordinates of Py /o
in this map are denoted as l~c1_pﬂ/2 and kg_pﬂ/2 in Fig. 8(a).
Obviously, to achieve behavior as an RE, P, /2 must be placed
in one of the three DCMs. If DCMX is selected, then the value of
the converter duty cycle dpcm can be easily obtained from (19)
after the following transformations.

1) M, must be replaced with M ;> (known).

2) ki and ko must be replaced with ki p_ /2 and ko _p_ /22

respectively (known).

3) d must be replaced with dpcy (unknown).

The final equation is

(38)

It should be noted that the value of dpcy thus obtained is kept
constant while M /» and R are also constant.

Once P/, is placed in the map corresponding to ¢ = /2
and, therefore, k1_p_ Jas ko p, /2 and dpcy are known, the next
step is to determine the value of k1 () for different values of .
Due to the symmetry of v, (¢) with respect to ¢ = 7/2, we can
select either the interval from ¢ = 7/2 to ¢ = 7 or the interval
from ¢ = /2 to ¢ = 0 to study the evolution of k1 (). For the
sake of simplicity, the second option is selected here.

When ¢ decreases from 7 /2 towards 0, less current is injected
by the RE into the output RC'p network, which means that i, (¢)
decreases and therefore the value of k1 () also decreases, as (26)
shows. As Ly = aLq, ka(p) = aki(p), which means that the
operation point goes down along the trajectory [see Fig. 8(b)
and (c)]. The operation point corresponding to each value of ¢
is called P,.

For each value of m (M /2, ¢), a new map should be drawn
[see Fig. 8(b) and (c)], because the boundaries between conduc-
tion regions depend on the converter dc conversion ratio, which
ism (M 2, ©) now. If the operation point P, remains in DCMX,
then the value of k; () can easily computed from (19) again,
but now after the following transformations.

1) M, must be replaced with m (M /2, ¢) (known).

2) d must be replaced with dpcy (known).

3) Ky must be replaced with k1 (¢) (unknown).

4) Once ki () is known, ka(¢) = aki (i), is also known.

The final equation is

dpcm = fdx(MTr/27 kl_Pw/z ’ k2_P7r/2)'

kl(@) = fklﬂ?(Mﬂ'/27dDCM7a7<)0)' (39)

This equation gives the value of k1(¢) while the converter
remains in DCMx. Due to the movement of both the opera-
tion point (along the trajectory) and the boundaries when ¢
decreases, the converter can reach other DCMs, e,g,, DCMy.
In general, the equation corresponding to the boundary between
DCMx and DCMy can be easily computed from a modified
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Fig. 8. Evolution of the converter operation when ¢ changes from 7r/2 to 0: (a) Conduction map when ¢ = 7/2. (b) Conduction map when ¢ = 1 < 7/2.

(c) Conduction map when ¢ = g < 1 < 7/2. (d) Several conduction maps are drawn together.

version of (20), obtained by replacing M with m(My 2, ), k1
with k1 (¢) and ko with ko (). The final equation is

FREmfy(M‘n'/Qa @, k17 kZ) =0.

The value of ¢ corresponding to this boundary can be computed
from (39) and (40), taking into account that ka(p) = ok ().
The value of ¢ thus obtained is denoted as ¢,

(40)

Pr—y = facfy(M‘n'/QadDCMva)‘ (41)

Once the operation point is placed in DCMy, the evolution of
k1 () can be obtained from an equation similar to (39), but valid
for DCMy

k1(0) = friy(My /2, dpem, @, @). 42)

This process is repeated until k() = 0, at ¢ = 0. The DCM
corresponding to this final state may be any of the three DCMs,
depending on the position of P/, on the map corresponding
to M 5. In fact, the complete evolution of k1 () will depend
strongly on this position, and in consequence, the line waveform
(and its distortion) will depend on it. Therefore, the position of
Py /5 in the map corresponding to M o is a primary concern
when analyzing the converter design.

The set of maps of conduction modes corresponding to values
between ¢ = Oand ¢ = 7/2 can be summarized in a unified map
in the k1 (¢)ko(p) plane [see Fig. 8(d)], where the boundaries
between regions continuously change as a function of ¢. These
boundaries always correspond to equations in the form (40).

A flowchart describing the procedure for determining the
evolution of k1 () is shown in Fig. 9.

Enter
/2 & ¢=rt/2

Update k,(¢)
Eq. (39)

Determine

next Guoundary
Eq. (41)

Decrease ¢

Yes

N

(o]
Achieved
¢baundary?

S

Ye

Fig. 9. Flowchart determining the k1 () evolution.

D. Design Procedure

The input data for the design will be the output voltage and
current, V, and I,, and the peak value of the line voltage, V.
Consequently, M, /2 18 input data as well (see (5)).

1) The first step in the design procedure is to select the posi-

tion of Py /5 on the map corresponding to M /5, according
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Enter
Ver Voo lor Tg

Compute M, ,
Eq. (5)

Determine k,(¢)

Compute gy, ($)
Eq. (31)

Compute THD

THD
satisfactory?

Yes
Compute Ky,

Eq. (35)

Compute I,y
Eq. (34)

Compute L,
Eq. (21)

Compute L,
L=aL,

Fig. 10.  Flowchart determining the design process.

to several possible criteria (line distortion, conduction, and
switching losses, etc.), but always in a DCM. Once the
coordinates of Py /o are known, the value of « is fixed.
Using (38), the value of dpcy can be obtained.

2) The second step is to determine the evolution of k1 (¢)
from ¢ = 0 to ¢ = 7 (in fact, determining evolution from
¢ = 0to ¢ = /2 is enough, due to the waveform sym-
metry). The value of K1,y will be obtained using (35).

3) The third step is to compute the value of Iy, from (34).
This value allows us to determine the value of L for a
given value of switching period 7%, according to (21).
Obviously, Ly = al;.

A flowchart describing the design procedure is shown in

Fig. 10.

IV. EXAMPLE OF USING THE PROPOSED METHOD: THE SEPIC
AND CUK CONVERTERS WORKING AS AUTOMATIC RES

Fig. 11 shows several implementations of PFCs based on the
SEPIC and Cuk topologies. The converter shown in Fig. 11(a)
is the classical implementation based on the use of the SEPIC
topology and a full-wave rectifier at the input [5], [7]. It should
be noted that if the inductance of L is relatively low, the current
passing through inductor L, tends to reverse during the transistor
OFF state, but cannot reverse due to the diodes in the full-wave
rectifier.

This circuit can be modified to avoid using the full-wave
rectifier (bridge rectifier), thus obtaining the bridgeless SEPIC
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topology shown in Fig. 11(b) [17]. In this case, the topology
avoids the voltage drop across one of the bridge rectifier diodes,
at the expense of having two transistors. During the positive line
half-cycle, transistor Sy is always in the ON state, whereas tran-
sistor So is switching. After analyzing a switching period in this
line half-cycle, it can be observed that diode D g5 is connected in
series with inductor L during transistor S OFF state. Therefore,
an additional DCM can occur in the current passing through
inductor L, besides the one essentially due to inductor Lo,
leading to three DCMs. Obviously, a similar situation occurs in
the negative line half-cycle due to diode D g1, when transistor .S,
is always in the ON state, transistor S is switching and the current
passing through inductor L; has the opposite direction. The only
difference between this and the previous case [Fig. 11(a)] is that
i4(¢) (which is the value of the current passing through inductor
L1 averaged over a switching period) is always positive, whereas
i’g(go) [see Fig. 11(b)] changes its direction each line half-cycle
(i.e., it is an ac current).

All of these considerations can be extrapolated to the classi-
cal Cuk [see Fig. 11(c)] [6], [7] and the bridgeless Cuk [see
Fig. 11(d)] [18]. Moreover, other bridgeless PFCs based on
SEPIC and Cuk topologies have been proposed [19], [20], [21],
[22], [23], [24], [25], [26]. In many of them, DCM operation is
forced to achieve automatic PFC operation. In spite of having
several diodes and inductors, only one DCM is considered,
because the value of some inductors is high enough to avoid
multiple DCMs. In this case, the method proposed here allows us
to evaluate the operation of these converters with lower inductor
values.

The study of PFC implementations based on the SEPIC
topology [see Fig. 11(a) and (b)] with three DCMs must start by
examining how this topology behaves working as conventional
dc/dc converter, but with an additional diode at the input port
[see Fig. 12(a)]. This converter has been already studied in [13].
Its main current waveforms appear in Fig. 12(b). The map of
conduction mode regions for M = 0.6 is shown in Fig. 13. Two
different trajectories have been drawn in this figure: a = 1 and
a = 0.3. The expressions that define the dc conversion ratios for
each conduction mode [expressions in the forms (18) and (19)],
are as follows [13]:

d
My = fo(d) = T—4 (43)
My = fi(d, k k’)—L 44)
1 1\Wy 1y A2 \/W7
k1 + ko
ki +/ki(4+Ek
My = fo(d, ky) = = 2;( g (45)
1
2
A+,/A2+lzﬁ
1
Ms = f3(d, ki, kg) = T d (46)
2
where
A= —d+\/d? + 4dks. 47)
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Fig. 12.  SEPIC converter with an additional diode added at the input port:
(a) Schematic. (b) Waveforms corresponding to the current passing through
diodes and inductors.

The coordinates of central point Pc can be easily deduced by
replacing My, M, and Mo with M in (43)—(45), and by solving
the resulting set of equations, thus obtaining the values of k;
and k&, for a given value of M. The final result is

1
m7 ko p, = /= (48)

A .
LF. (M +1)
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Several implementations of PFCs based on the SEPIC and Cuk converters: (a) Classical SEPIC. (b) Bridgeless SEPIC. (c¢) Classical Cuk. (d) Bridgeless
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Fig. 13.  Map of conduction modes for the converter shown in Fig. 12(a), when
M = 0.6. The trajectories v = 1 and o« = 0.3 have been drawn on the map.

The boundaries between conduction regions, obtained from
(44)—(47) are [13]

ky
Fo 1 (M,ky,kg) =kyg — ——-————=0 49
0-1(M, k1, k2) = ko A7 M1 (49)
which is the boundary CCM-DCML, valid for k; > ki p,.
1
Foo(M,k) =k — ———— = 50
0-2(M, k1) S VIS 0 (50)

which is the boundary CCM-DCM2, valid when ks > k2 p,.
Fi_3(M, ki, ko) =ke — Mky =0 (&2Y)

which is the boundary DCM1-DCM3, valid for when 0 < k; <
kl,Pc .

—ky + k(4 FE
Fy g(M, k1, ko) = ko — 1+ Lt 21( * 1)M:O

(52)

which is the boundary DCM2-DCM3, also valid for 0 < k; <

k1 p,.
As demonstrated in [13], (42)—(51) are also valid for a Cuk
converter with an additional diode at its input port.
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The operation of the REs shown in Fig. 11(a) and (b) must be
addressed from the operation of the converter given in Fig. 12(a)
(just described), but considering that the dc conversion ratio is
continuously changing. As the input voltage follows a rectified
sine waveform, central point Po and the boundaries between
conduction regions will also change according to the line angle
. The set of (44)—(48) will be now transformed as has been
previously explained, the final result is as follows.

1) In DCM1 (22)

My dpem (53)
[sin(p)| o '
mkl (99)
2) In DCM2 (23)
M /o ©) + VE1(0)(4 + k1(9))
- = d . (54
(@)l 2k () b O
3) In DCM3 (24) and (25)
My _ Ale) + VAW +160%ka(p) \ - oo
|sin(¢)| daky (o)
where
A((p) = *dDCM + A/ d]23CM + 40él€1 (gﬁ) (56)

Equations (53)—(56) allow us to obtain the value of k()
in each conduction mode. Regarding the coordinates of central
point Pr, its value can be easily deduced from (48), by replacing
M with m(M; 2, ). The result is

sin’ (i)
M‘n’/2(M7r/2 + |sm(<p)|) 7

v [sin(e)|
= .
kQ_Pc( 71-/27@) ]\47‘-/2 |Sin(s0)|

klfPC (Mﬂ'/27 90) =

(57)

The boundaries between conduction regions can be obtained by
replacing M with m(M /2, ¢) in (49)—(52). The results are as
follows.

1) Boundary CCM-DCM1

k1 ()sin? ()

ka(p) — — . =0
(Isin()| + My 2)?k1(p) — sin®(p)
(58)
which is valid for k1 () > k1_pe(Myz /2, ).
2) Boundary CCM-DCM2
sin?(¢p)
k - . =0 (59
WO Ao + ()
valid when ko () > kQ_PC(MTr/27 ©).
3) Boundary DCM1-DCM3
M
2 _
k() Sin(o) ki(p) =0 (60)

valid for values verifying 0 < k1(¢) < k1_pc(My /2, @).
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4) DCM2-DCM3

k1(p) + VK1 (0) (4 + ko (

@),
2lsin(p)] Mj2 =0

(61)

ka(p) — 1+ —

which is also valid for 0 < k1 () < ki_pe(Myz /2, ¢).
The map corresponding to M/, = 0.75 and ¢ = /2 is
given in Fig. 14(a). The coordinates of central point Pc can
be easily obtained from (57)

T 1
k M. - ) ==
1P ( /2 2) Mﬂ/g(Mﬂ-/Q + ].)7
1

S E— 62
Mﬂ/2+1 (62)

™

ka_p, (Mﬂ/m 2) =

The maps corresponding to other specific values of ¢ are

shown in Fig. 14(b)—(d), where the movement of the region

boundaries and of central point P can be observed. In Fig. 15,

these maps are collected in a map that summarizes the infor-

mation given in the previous maps. This map also shows the

movement of central point P~ when ¢ changes. The equation

that describes this movement on plane k1 ()k2 () can be easily
obtained by eliminating sin(¢) in the set of (57)

k%_PC (¥)
1 — k2 p.(p)

To study the evolution of the boundaries between conduction
regions, let us describe the evolution of the straight line that de-
fines the boundary between DCM1 and DCM3 when ¢ changes.
From (57), the slope of this straight line is

ki_p.() = =0. (63)

k27PC(M7r/27§0) _ M7r/2
kl_Pc (Mﬂ'/27 SD) |Sln(¢)|

As (64) shows, the slope of the DCM1-DCM3 boundary be-
comes vertical when ¢ approaches zero. This conclusion is
extremely important to understanding converter operation, as
will be explained below.

As the proposed method establishes, the positioning of point
Py /> on the map corresponding to ki (7/2)ka(7/2) is a key
point for analyzing converter operation. Let us draw a straight
line from point Pc to the origin. This straight line meets the
boundary between DCM1-DCM3. From (64), the slope of this
straight line is

(64)

ko p. (M2, %)

ki_p, (M2, %)

As the slope of the trajectory is a and Py /5 must be placed in
any of the DCMs, then two possible situations must be taken
into consideration (Fig. 16) as follows.

1) Case I: o < My 5. In this case, point Py /5 is placed in

DCMI.

2) Case 2: o> My . In this case, point Py 5 is placed in

either DCM2 or DCM3.

If the converter is designed in Case 1, the operation point will
remain in DCM1 when line angle ¢ changes from 7 /2 to O (or
from 77/2 to ), due to the movement of central point Pc (see
Fig. 15). Consequently, the evolution of k1 (¢) can be computed

/2 (65)
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Evolution of conduction maps of a SEPIC RE designed with M /o = 0.75, o = 2 and dpcm = 0.378, when ¢ changes from w/21t00: (a) p = /2.

Taking into account (21) and (66), and that i4(¢) is obtained by
averaging inductor L current over a switching period, then (30)
becomes

, , B+ )T
i) = (i, (6.9, = PALI a6

where i1, (¢, ) is the current passing through inductor L;. This
result demonstrates that the converter operates as an ideal auto-
matic RE when designed in Case 1. As a pair of the input diodes
shown in Fig. 11(a) or one of the input diodes in Fig. 11(b) are
always conducting, the result is consistent with the description
givenin [5] and [17] for the same converters with a single DCM.
To prevent the converter from operating in CCM when ¢ = 7/2,
it is derived from (43) that the following condition must be
satisfied:
M
doew < do(My2) = Wﬁl (68)
On the other hand, Py, is placed in either DCM2 or DCM3
in Case 2. If placed in DCM2, the value of k;(¢) while the
converter remains in this mode is easily deduced from (54), the
result is

2
dDCM

k =
1) My 5 (M /2 — dpcw|sin

@D sin?(¢).  (69)

A comparison of (66) and (69) allows us to predict that the evo-
lution of i, () in this mode does not correspond to a sinusoidal
evolution.

As the angle moves away from 7 /2, the operation point also
moves along the trajectory until it reaches a certain value of
©, labeled o_3, corresponding to leaving DCM2 and entering
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Map of regions for ¢ = 7/2 (left side) and normalized line current (right side), in two designs where the point P, /2 is placed in DCM2. (a) and (b):

Design with M,,/Q = 0.5, = 1 and dpcm = 0.307. (c) and (d): Design with M,,/Q =1,a = 1.2 and dpcy = 0.489.

DCM3. The value of this angle can be computed from (61) and
(69) and the definition of «, obtaining

dpey — 1+ B
o3 = arcsin (DCMJFMTr /2> (70)
2adpem
where
B = /(1 —dpem)(1 — dpem + 40v). (71)

Once the operation point enters the region corresponding to
DCM3, the value of k1 () is determined by (55) and (56). How-
ever, the operation point always enters DCM1 when ¢ continues
decreasing. In other words, the converter always operates in
DCMI near the line zero crossing. This is due to the slope of
the curve described by P (see (64)), which is vertical near
the line zero crossing. When the slope of the straight line that
defines the boundary DCM1-DCM3 is steeper than the slope
of the trajectory, then the converter starts operating in DCMI.
From (60) and the definition of «, we obtain

. (Mﬂ'/2>
3.1 = arcsin
[0

where ¢3_1 is the value of ¢ corresponding to this boundary. As
the converter is operating in DCM1, k1 (¢) is calculated again
using (66).

In order to prevent the converter from operating in CCM
when ¢ = 7/2, inequality (68) must be satisfied. Furthermore,
if the objective is to ensure that the converter operates in DCM?2

(72)

at ¢ = 7/2, the determination of the duty cycle value at the
DCM2-DCM3 boundary becomes critical. From (54) and (61),
we obtain the value of the duty cycle needed to design the
converter just in that boundary

M7!‘/2 2
(73)

Therefore, the following inequality must be verified to place
Py /2 in DCM2

dpcmz—3 =

d < dpey < iz (74)
peM2-3 < dpem Mot 1
On the other hand, Py /5 is placed in DCM3 if
0 < dpem < dpema—3- (75)

According to the proposed method and the equations already
obtained for the SEPIC REs given in Fig. 11(a) and (b), the
normalized line current waveform can be obtained. Two design
examples are shown in Fig. 17. In both examples, Py /5 is placed
in DCM2.

In the first (Fig. 17(a)), the design values are M, = 0.5,
a=1and ky(7/2) = ka(w/2) = 0.977. The value of the duty
cycle corresponding to placing Py /5 in this position is obtained
from (54), the result being dpcy = 0.307. The values of line
angles where the conduction mode changes are py_3 = 64.7°
and @31 = 30°, obtained from (70)—(72). The equation for
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k1 () is (69) when operating in DCM2, it must be obtained
from (55) and (56) in DCM3, while it is (66) in DCM1. Once
the evolution of k1 () is completely determined, the normalized
line current 4,1 (¢) is directly obtained from (31). Line current
waveform 7. (¢) can be easily built from i,(¢), which is a
rectified version of jine (¢). A normalized version of iji,e () can
be defined as

Z.]ine (90)
Ibasel

Tinen1 (QD) = (76)
The waveform obtained for this quantity is shown in Fig. 17(b).

In the second example (Fig. 17(c)), the design values are
My =1, a =12, ky(r/2) = 0.467, and ky(7/2) = 0.56.
The value of the duty cycle is dpcy = 0.489 and the bound-
ary angles are @y 3 = 75.77° and @31 = 56.44°. The final
waveform obtained for the normalized line current is shown
in Fig. 17(d). As this figure shows, the line current is almost a
perfect sinusoid, because the converter is operating in DCM1
during a large part of the line period.

Both examples show that low distorted line current waveforms
can be obtained when the SEPIC converter is designed to op-
erate in Case 2 (o > M 5). This is an important conclusion,
because designing in Case 1 implies a large value of inductor
L, according to the definition of a.. Therefore, quasi-ideal RE
behavior can be achieved even if the value of inductor L is
similar to the value of inductor L. A detailed analysis of the
possible designs as a function of the position of Py in the map
of conduction regions is beyond the scope of this article, which
mainly focuses on proposing a general method for studying the
operation of converters with three DCMs as REs. The SEPIC
converter is an example to demonstrate how the method can be
applied in a specific case.

As [13] showed, all of the equations that represent the opera-
tion of the converter shown in Fig. 12(a) are the same as those
corresponding to a conventional dc/dc Cuk converter with an ad-
ditional diode at its input port. Consequently, all the conduction
maps agree for both converters. Because of that, the variation of
the region boundaries with the line angle when the Cuk converter
is working as an RE [according to the control scheme given in
Fig. 1(b)], also agree. Therefore, all the considerations for the
SEPIC RE can also be applied to the Cuk converter when used
as an RE.

V. VALIDATION OF THE PROPOSED METHOD WITH SEVERAL
IMPLEMENTATIONS OF SEPIC AND CUK CONVERTERS
WORKING AS AUTOMATIC RES

In this section, the proposed method to determine the line
current of automatic PFCs based on converters with three DCMs
is verified on several examples of SEPIC and Cuk converters.
This verification involved both simulation using PSIM software
and experimentation on a real prototype.

A. Validation by Simulation

The first circuit simulated is the one shown in Fig. 11(a), which
is the classical implementation of a SEPIC converter used as an
automatic PFC. The values of the main components are given in

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 9, SEPTEMBER 2024

TABLE II
PARAMETER VALUES USED IN SIMULATIONS AND EXPERIMENTAL RESULTS

Parameter Value

Ly 200 pH

Lo 200 puH
C 330 nF

Co 6.8 uF

Cp 11800 uF

Ts 10 ps

fline 50 Hz

k2 (m/2)
1.5 T T
DCM2 | S
1 ~ i

n/2-B " P,

0.5

0 05 1 1.5
k1(m/2)

Fig. 18.  Design points used for validating the theoretical predictions.

Table II. It should be noted that both inductors have been selected
with the same value, which means o« = 1. As the peak value of
line voltage is V, = 1104/2 V and the output voltage is V, =
77.8 V,then M ;5 = 0.5. This means a > M /> and, therefore,
P /o must be placed in either DCM2 or DCM3, according to
Fig. 16. Two different options for P /5 have been selected for the
simulations, both in DCM2 (see Fig. 18). They are as follows.

1) Point Py /5 4: Pr /o is located in DCM2, but far from the
boundary between this mode and DCM3. This position is
achieved with d = 0.33 and R = 73.1 Q.

2) Point P /5 _p: Py is also placed in DCM2, but very
close to the boundary between this mode and DCM3. This
position is attained with d = 0.282 and R = 110 2.

The coordinates of P /s 4 are ky(m/2) = ka(m/2) = 1.28,

whereas those of Py /,_p are ki (m/2) = ko(7/2) = 0.73.
Theoretical and simulated line current waveforms for the
design corresponding to P54 are shown in Fig. 19(a) and
(b), respectively. The theoretical line waveform (in normalized
version) was derived by evaluating k1 (). The values of line an-
gles where the conduction mode changes are p2_3 = 56.38° and
p3-1 = 30°, obtained from (70)—(72). Fig. 20 shows simulated
ir1(t,) and ip(t, ) waveforms during a switching period
corresponding to several significant line angles. As expected,
the waveform shown in Fig. 20(a) corresponds to operation
in DCM2 (i.e., i11(t,¢) reaches zero before the end of the
switching period, when ip(t, ) is still positive). Operation
in the boundary between DCM2 and DCM3 is observed in
Fig. 20(b), also as predicted. It should be noted that this boundary
is achieved when ip(t, @) reaches zero just at the end of the
switching period, as Fig. 20(b) shows. Fig. 20(c) shows the
boundary between DCM3 and DCMI, where i1 (¢, ) and
ip(t, ) reach zero at the same time and remain at zero until
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(b) ¢ = 56.38°. (c) ¢ = 30°. (d) = 15°.

the end of the switching period. Finally, Fig. 20(d) corresponds
to operation in DCM1, as can be deduced after comparing it with
Fig. 12(d). It should be noted that the value of i1 (¢, ¢) remains
slightly positive when ip (¢, ) reaches zero, according to the
operation in DCM1.

Similarly, theoretical and simulated line current waveforms
for the design corresponding to P />_ g are shown in Fig. 21(a)
and (b), respectively. In this case, po_3 = 84.24° and ¢3_1 =
30°, which means that the converter is operating in DCM3
a wider line angle interval than the previous case. Simulated
ir1(t, ) and ip (¢, ) waveforms during a switching period for
several significant angles are given in Fig. 22. As in the previous
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Simulated i1 (%, ¢) and ip (¢, ¢) waveforms corresponding to the SEPIC PFC shown in Fig. 11(a) working in design point P /5 4: () ¢ = 90°.

case, operation in DCM2 at ¢ = 90°, in the boundary between
DCM2 and DCM3 (p2_3 = 84.24°), in the boundary between
DCM3 and DCMI1 (31 = 30°), and in DCM1 at ¢ = 30° can
be easily verified from this figure.

The bridgeless version of the SEPIC PFC shown in Fig. 11(b)
has been also simulated with the component values given in
Table II and for the same values of Py /o 4 and Py o p asin
the previous cases.

Transistors S7 and S5 are controlled as explained at the be-
ginning of Section IV. The line current waveforms thus obtained
were exactly the same as those given in Figs. 19(b) and 21(b).
Simulated i1, (t, ») and ip(t, p) waveforms for Pr/o_ 4 when
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Fig. 21.  Line current waveforms corresponding to the SEPIC PFC shown in Fig. 11(a) working in design point P /5_pg: (a) Predicted normalized waveform.
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Fig. 22.  Simulated i11(, ) and ip(t, p) waveforms corresponding to the SEPIC PFC shown in Fig. 11(a) working in design point P /5_p: (a) ¢ = 90°.
(b) p = 84.2°. (c) = 30°. (d) p = 15°.

© =90° ¢ =270°, @31 = 30°, and p3_; = 210° are shown i (¢, »)andip(t, p)during a switching period agree with those

in Fig. 23. These waveforms agree with those in Fig. 20 for for the SEPIC PFC.

the same line angles, the only difference being that i, (¢, ¢) is

negative when the line voltage is also negative, as expected.
Finally, the Cuk PFC shown in Fig. 11(c) was simulated in

the same conditions as the SEPIC PFC given in Fig. 11(a). The A prototype SEPIC PFC was used as testing bench to verify

results for the line current during a line period and for currents  the method proposed in this article for studying the operation

B. Validation by Experimental Results
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Fig. 24.  SEPIC converter used for the experimental validation.

of automatic PFCs with three DCMs. The SEPIC prototype has
galvanic isolation, as shown in Fig. 24. Bearing in mind that
the transformer turns ratio was 1:0.318, the values of the com-
ponents placed in the transformer secondary side were selected
to agree with those in Table II (corresponding to a converter
without galvanic isolation). Thus, C! = 10C,, Cz = 10Cp,
and R’ = R/10. Regarding electrical quantities, V. = 0.318V/,
and i, = ip/0.318.

This prototype was initially designed to operate as ideal auto-
matic RE, i.e., in Case 1, meaning o < M /5 and P /5 placed in
DCML. To achieve the operation at this point, L; = 3.22 mH,
R =20.99Q and dpcm = 0.3. Fig. 25 shows the line current
waveform in these conditions, whereas Fig. 26 shows the wave-
forms corresponding to iz, and i’y for ¢ = 90° and ¢ = 15°.
As predicted, placing P/, in DCM1 means operating in this
mode for the entire line angle. This can be easily deduced by
comparing Figs. 26 and 12(b). As expected, the line waveform
was an almost perfect sinusoid. In fact, the measured THD was
4.4%.
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Simulated i1 (t, ¢) and ip (¢, ) waveforms corresponding to the SEPIC PFC shown in Fig. 11(b) working in design point Py /5_4: (a) ¢ = 90°.
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3.22 mH).

Line current waveforms corresponding to operate in DCM1 (L; =

The value of L; was changed by replacing the original
inductor (L7 = 3.22 mH) with an inductor of lower value
(L1 = 200 pH), which means av = 1. With this value of L, the
conditions corresponding to operating in point Py /5_4 and in
point Py /o_p could be replicated in the prototype. The results
are shown in Fig. 27 (line waveforms) and Figs. 28 and 29 (i1
and 7', waveforms). Regarding line waveforms, the measured
THD values are 11% and 5.6% for operating points P, /5 4 and
Py /5 p. respectively, whereas the predicted values were 13%
and 3.7%. The experimental waveforms obtained for 7, and
i'n when the converter is designed to operate in point Py /5 4
are shown in Fig. 28. These waveforms correspond to the same
significant line angles given in Fig. 20. To properly compare
the two sets of waveforms, it is important to consider the fact
that ¢;,; waveforms (blue traces in the simulations and pink
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Experimental 77,1 and z"D waveforms working in design point Py /5_ 4: (a) ¢ = 90° (approx. 5 ms). (b) ¢ = 56.38° (approx. 3.13 ms). (c) ¢ = 30°
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traces in the experimental results) are both on the transformer
primary side, whereas ', is placed on the transformer secondary
side. Therefore, i/, values (blue traces in experimental results)
must be 1/0.318 = 3.145 times as high as ip (green traces in
simulations). In all cases, there was excellent agreement between
simulated (Fig. 20) and experimental (Fig. 28) results, helping
to validate the method proposed in this article, not only by
simulation, but also by experimental results. These comments
can be extended to the waveforms shown in Figs. 21 and 29 for
the converter operating at point Pr /2.

VI. CONCLUSION

This article presents a general, systematic method for study-
ing the operation of dc/dc converters that involve three DCMs
when they are used as automatic PFCs. This study enables
accurate determination of the line current, which is essential
for evaluating converter performance in this application. When
a dc/dc converter is used for this purpose, the converter duty
cycle is kept constant during the line period, the input voltage is
a rectified sinusoidal waveform, and the output voltage is kept
constant due to a bulk capacitor connected at the output port. In
this situation, determination of the input current waveform is a
primary concern for evaluating the feasibility of the converter
as an automatic PFC.

The procedure to analyze the feasibility of a given dc/dc
converter with three DCMs to be used as automatic PFC starts
with a thorough study of the converter as a conventional dc/dc
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converter operating in a closed loop. To that end, two dimen-
sionless parameters k; and ko must be defined. Moreover, a
map of four conduction mode regions (one CCM and three
DCMs) can be drawn in a plane called the k1 ko plane. For any
value of the converter dc conversion ratio, a map of conduction
regions can be drawn. The operation of the converter at a given
constant dc conversion ratio and load corresponds to placing the
operating point (defined by the values of k; and k5) in the proper
conduction region of the appropriate map. If the dc conversion
ratio changes and the load remains constant, then the operating
point remains constant, but the map changes and therefore
the operating point may be placed in a different conduction
mode region. On the other hand, if the dc conversion ratio
remains constant and the load changes, then the map remains
constant, but the operating point moves along a straight line
called the “trajectory,” determined by o = Lo /L1, (the ratio of
inductances). Consequently, the operating point may again be
placed in a different conduction mode region.

After this thorough study of the converter working as a con-
ventional dc/dc converter, we can determine: 1) the value of the
dc conversion ratio in each conduction mode as a function of k1,
ko, and the converter duty cycle; 2) the mathematical equations
that determine the boundaries between conduction modes in the
k1ks plane, i.e., on the map.

Once these sets of equations are obtained for operation as
a conventional dc/dc converter, the study of it as a part of
an automatic PFC can be addressed. That must consider the
following: 1) the converter dc conversion ratio is continuously
changing according to line angle ¢, because the input voltage is a
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rectified sinusoidal waveform. Therefore, the map of conduction
regions is also continuously changing according to ¢, even if the
peak value of the line voltage is constant; 2) even with a constant
load connected at the converter output, the load seen by the dc/dc
part of the automatic PFC (i.e., the RE in Fig. 1) is continuously
and synchronously changing according to line angle ¢, thus
moving the converter operating point along the trajectory from a
given point to zero. Therefore, the two dimensionless parameters
k1 and ko must be replaced with k1 (¢) and k2 ().

After taking into account these continuous, synchronous vari-
ations and the conditions for working as an automatic PFC
(constant duty cycle, rectified input voltage, and constant out-
put voltage), we can finally determine the evolution of &1 ()
(and k2 (@) = akyi(p)) along a quarter of the line period. The
evolution of k1 (¢) during the entire line period can be easily
deduced due to line current symmetries. The values of k1 (7/2)
and « determine the converter’s starting operating point on the
trajectory, which is a key concern in converter analysis and
design. To work as an automatic PFC, the point with coordinates
k1(m/2)and aky (7 /2), called Py 5 in the article, must be placed
in a DCM.

As demonstrated, the evolution of kq () is the key point in
determining the converter input current, and therefore the line
current. In fact, the article demonstrates that the input current is
proportional to k1 () /|sin(p)].

The article included an example using the proposed method:
SEPIC and Cuk converters used as automatic PECs. The study
shows that by placing P/, in DCMI, ideal automatic PFC
(sinusoidal input current) is achieved, which is a well known
result. However, converter behavior when P/, was placed in
either DCM2 or in DCM3 (lower value of the input inductor) had
not been determined before. Applying the proposed method, the
input current waveform was calculated in these cases, showing
that the design in these conditions leads to low distortion in
the line current, and therefore quasi-ideal automatic PFC can
be achieved. These analytical conclusions were validated by
simulation and experimental results, verifying the predicted
line current and diode waveforms in several significant line
angles (90° and line angles corresponding to conduction mode
changes).
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