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Application of duality principle to synthesis of single-stage
power-factor-correction voltage regulators
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SUMMARY

The duality principle is applied to derive new single-stage power-factor-correction (PFC) voltage reg-
ulators. This paper begins with an application of duality transformation to conventional discontinuous-
conduction-mode buck, buck-boost and boost converters. The resulting dual converters operate in the
discontinuous capacitor voltage mode. These new converters provide the same PFC property, but in the
dual manner. It is proved that in the practical case of the input being a voltage source, the mandatory
insertion of inductance between the voltage input and the ‘dual PFC converter’ does not a�ect the
power-factor-correcting property. A new single-stage PFC regulator is derived by taking the dual of a
well-known circuit based on a cascade of conventional boost and buck converters. Analytical design
expressions are derived, illustrating the relation between current stress and component values. Experi-
ments are performed to con�rm the operation of the circuit and its power-factor-correcting capability.
Copyright ? 2003 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Single-stage power-factor-correction (PFC) regulators or integrated recti�er regulators typ-
ically contain a low-frequency storage capacitor which bu�ers the di�erence between the
instantaneous input power, pin(t), and the instantaneous output power, po(t), which take re-
spectively the forms p̂in sin

2!mt and Po, where !m is the mains angular frequency and Po
is a constant [1]. The basic con�guration of these so-called single-stage PFC regulators, in
e�ect, consists of two basic converter stages in cascade, which operate under the command
of one drive signal [2–5]. In this type of converter, one basic converter plays the role of a
power factor corrector, while the other serves as a regulator. Furthermore, since operation of
the PFC stage in discontinuous-conduction-mode (DCM) o�ers a very simple solution to the
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Figure 1. Non-isolated versions of single-stage PFC regulators: (a) based on cascade of boost and buck
converters [1], (b) �Cuk equivalence and (c) dual of the �Cuk equivalence (new).

PFC requirement, simple single-stage PFC regulators can be constructed by cascading a basic
DCM converter with another basic converter operating in either continuous conduction mode
(CCM) or DCM.
As an example, the single-switch non-isolated version of a single-stage PFC regulator based

on the cascade combination of a DCM boost converter and a buck converter is shown in
Figure 1(a), the transformer isolated version of which has been studied by Madigan et al. [2]
and Redl et al. [3]. While Madigan et al. keep the buck stage in CCM, Redl et al. propose
to operate both stages in DCM. The former operation can cope with a higher power level but
su�ers from varying voltage stress. Jovanovi�c et al. [4] provide a remedial method. Note that
when the boost stage operates in DCM and the buck stage in CCM, the circuit is topologically
equivalent to a �Cuk converter, as shown in Figure 1(b), having a diode connected in series
with the input inductor.
This paper attempts to explore the possibility of using dual versions of the basic converters

in the construction of single-stage PFC regulators.‡ The single-switch non-isolated version of
the circuit under study is shown in Figure 1(c), which can be obtained by taking the dual of
the special �Cuk converter shown in Figure 1(b). Clearly, since dual converters assume current
sources as inputs and current sinks as loads, practical constraints arise due to the conventional
use of voltages as mains supplies and the usual requirement of regulated voltages. This paper
examines these constraints and evaluates the use of the new (dual) topology for constructing
single-stage PFC regulators.

‡The principle of duality concerns the transformation between two apparently di�erent circuits which have similar
properties when current and voltage are interchanged. Duality transformations are applicable to planar circuits only,
and involve a topological conversion, capacitor–inductor interchange, resistor–conductor interchange, and voltage-
source–current-source interchange [6].
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2. THE BASIC DUAL CONVERTERS

The basic buck, buck-boost and boost converters can provide PFC when operated in the
DCM. More precisely, the inductor current in these converters assumes zero value during an
interval of time within each switching period, thereby destroying the low-frequency dynamical
property of the inductor and resulting in a near resistive input impedance observed by the
input source. Such a property is preserved in its dual converters in which the capacitor voltage
assumes zero value periodically. We shall refer to this mode of operation, that is characterized
by a sub-interval of each switching cycle having zero capacitor voltage as the discontinuous
capacitor voltage mode (DCVM). Figure 2 shows the basic converters and their duals, and
Figure 3 shows the discontinuous inductor current and capacitor voltage waveforms in the
two cases.

Remarks
It is interesting to note that the application of the DVCM operation to PFC has been reported
previously by Lee et al. [7] and Grigore and Kyyr�a [8]. The circuits considered in these
earlier works are essentially the dual version of the boost converter operating in DCM, i.e.
the circuit shown in Figure 2(f). However, in both References [7, 8], the circuit operation has
been misinterpreted in terms of a buck converter preceded by an LC �lter. Such confusion,
apparently arising from the appearance of the dual-boost converter, has led to lengthy analysis
which would have been unnecessary if the circuit was examined from a duality viewpoint. In

Figure 2. Basic DCM converters (a)–(c), and their DCVM duals (d)–(f).
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Figure 3. Discontinuous conduction mode waveform: (a) inductor current in simple converters and
(b) capacitor voltage in simple dual converters.

fact, as we will see, analysis becomes rather intuitive if we apply a voltage–current translation
to the conventional circuits whose properties have been well known and documented.

3. PRACTICAL CONSTRAINTS OF BASIC DUAL CONVERTERS

The dual converters are expected to possess the same PFC property as the simple converters.
However, with voltage and current interchanged, the dual converters may be handicapped due
to some practical constraints. Speci�cally, the dual converters are assumed current fed, and
we expect that the waveform of the input voltage follows that of the input current source,
while, in practice, only voltage sources are available from the mains. Thus, we need to insert
inductance, Ls, between the mains voltage source and the dual converter, in order to make
the system work, as shown in Figure 4. Also note that a small capacitor may be plugged on
to the load to remove high-frequency ripples when regulated voltage is required across the
load resistor.
In theory, high power factor is maintained at the input port of the dual converter, i.e. at

the input of the dashed box shown in Figure 4. In practice, however, the input is a voltage
source and Ls is regarded as part of the converter. Thus, the input impedance seen by the
voltage source e would have an inductive component, implying a possible degradation in
power factor due to the additional phase shift caused by Ls. Fortunately, the presence of Ls has
negligible e�ects on the PFC property of the dual converters. We will prove this statement as
follows.

Proof
Since the current source j in the basic dual converters (Figure 2) is required to remain as a
constant current source during a switching period, the rate of change of j should be an order
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Figure 4. Inductance inserted for source interface: (a) dual buck,
(b) dual-buck boost and (c) dual boost.

of magnitude lower than the switching frequency. This e�ectively means CCM operation of
Ls. In order to see whether the presence of Ls will drastically alter the input impedance, it
su�ces to compare the order of magnitude of !mLs (reactance of Ls at mains frequency !m)
with that of the input resistance Rin. Now, observe that Ls=RLT =O(1), and Rin=RL=O(1),
where RL represents the load resistance. In practice, the mains frequency is several orders of
magnitude below the switching frequency, i.e.

O(!mT )�1 (1)

Also, since Ls represents a reactance of !mLs at the mains frequency, the phase shift � caused
by Ls is given by

tan�=
!mLs
Rin

=
!mT (Ls=RLT )
(Rin=RL)

(2)

Substituting the respective orders in (2) gives

tan�=
O(!mT )O(1)

O(1)
=O(!mT )�1 (3)

Thus, we have sin�≈��1,
In practice, Ls has to be chosen large enough to maintain continuous conduction of the

input current at the switching frequency, but small enough to make its phase shift e�ect
at the mains frequency insigni�cant. This can be easily accomplished because of the wide
separation between the mains frequency and the switching frequency.
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Figure 5. Equivalent circuit for the single-stage PFC regulator. (a) Basic boost-buck cascade with L1
in DCM and (b) dual circuit with C1 in DCM. Switches are synchronized for single-stage operation.

4. NEW SINGLE-STAGE PFC REGULATOR BASED ON DUAL CONVERTERS

4.1. Derivation from duality

We now consider taking the dual of a PFC voltage regulator consisting of a boost
and a buck converter, as shown in Figure 5(a) [3]. The result is shown in Figure 5(b).
Note that in this dual circuit, the inductor L serves as the low-frequency energy bu�er ele-
ment, whereas the capacitor C1 operates in discontinuous capacitor voltage mode (DCVM),
thereby providing PFC. It is not di�cult to see that this circuit can be reduced to the
transformer isolated versions of Figure 6(a) and (b), which will be analysed in the next
sub-section.

Remarks
It is worth noting that the circuit of Figure 5(a) can be reduced to the single-switch version
shown earlier in Figure 1(a), based on a technique known as grafted converter trees [9]. Also,
in terms of the interval-by-interval operation, this circuit is equivalent to a �Cuk converter, with
the input inductor current discontinuous and output inductor current continuous, which can be
used directly to derive the dual circuit of Figure 1(c), and this single-switch dual circuit is
interval-by-interval equivalent to the one shown in Figure 5(b).

4.2. Circuit operation and averaged model

The operation of the transformer-isolated version of the proposed circuit shown in Figure 6
can be described as follows. As mentioned previously, inductor Ls serves to emulate a current
source. When the main switch is turned o�, capacitor C1 is charged up linearly and no current
�ows into the primary transformer. At the same time, the transformer’s magnetizing induc-
tance, L, is de-energized, transferring energy to the secondary and hence to the load. When
the main switch is turned on, C1 discharges through the primary and energizes the transformer
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Figure 6. (a) Dual single-stage PFC regulator with transformer isolation directly from Figure 5(b) and
(b) simpli�ed version with feedback regulating loop.

magnetizing inductance L. As the voltage of C1 falls to zero, the diode in the primary side
begins to conduct, clamping C1’s voltage at zero. When the switch turns o� again, the cycle
repeats. Referring to the waveforms shown in Figure 7(a), the averaged values of vC1 and vTP
can be written as

vC1 =
T (1− d)2
2C1

1
1− iin

iL

iin (4)

vTP =
T (1− d)2
2C1

iin
iL

iin−1
(5)

where overlining denotes averaged quantities. Furthermore, with the dual-buck circuit oper-
ating in continuous voltage mode, the averaged current charging the output �lter is equal
to N (1 − d)iL, and the averaged voltage across the secondary side of transformer T is
N (1 − d)vC2 , where N is the transformer turns ratio. The complete model is shown in
Figure 7(b).
Note that for consistency, we de�ne the duty cycle d in the usual way, as the fraction of

the period T for which the active switch is turned on.

4.3. Steady-state design equations

In the steady state, we assume that the inductor current iL is nearly constant and that the out-
put is well regulated. Hence, both iL and d may be considered nearly constant. We may
thus write iL= IL and d=D. Since N (1 − D)IL= vo=RL= vC2=RL and iin ≈ îin| sin!mt|, the
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Figure 7. (a) Ideal waveforms and (b) averaged behaviour model of the dual single-stage PFC regulator.

value of IL can be found by setting the average voltage across L over a mains cycle to
zero.

!m
�

∫ �=!m

0

T (1−D)2
2C1

îin| sin!mt|
IL

îin| sin !m t| − 1
dt

=
!m
�

∫ �=!m

0
N (1−D)vC2 dt (6)

Letting !mt= � and substituting N (1−D)iLRL for vC2 , the steady-state equation for IL can be
obtained as

2�
T
C1N 2RL=

(
îin
IL

)2 ∫ �

0

sin2 �(
1− îin

IL
sin �

)d� (7)
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Figure 8. Steady-state design curve.

A closed-form expression of the above integral is given in Appendix A. Figure 8 shows a
plot of (2�=T )C1N 2RL versus îin=IL, from which component values can be worked out for a
given current stress.
For brevity we denote (2�=T )C1N 2RL by � which actually represents the power level in

the case of regulated output voltage. The higher the value of �, the lower the power. Also,
under the assumption of regulated output voltage, we can write

îin
IL
=
2Po
êIL

=
2VoIo
êIL

(8)

where Io is the output load current. Since 1−D= Io=NIL, we have

îin
IL
=
2VoN
ê

× (1−D) (9)

Thus, the curve shown in Figure 8 represents the relationship between the power and the
steady-state duty cycle.

5. EXPERIMENTAL VERIFICATION

In this section we present an experimental prototype which has been constructed for ver-
i�cation purposes. The circuit is almost the same as the one shown in Figure 6(b). The
operating parameters and component values are shown in Table I. The circuit employs a
standard current-mode controller (UC3843) for output voltage regulation. Speci�cally, the
UC3843 senses the primary current of the transformer for cycle-by-cycle peak current con-
trol. A practical issue is worth noting here. A rather large voltage spike is observed across
the MOSFET switch due to the leakage inductance of the �yback transformer. This
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Table I. Component and parameter values used in the experiment.

Components=Parameters Values

Input inductance Ls 5 mH
Capacitor C1 34 nF
Primary inductance of transformer L 10 mH
Capacitor C2 2000 �F
Output capacitor Co 47 �F
Output inductance Lo 0:5 mH
Transformer turns ratio N 4
Output voltage Vo (nominal) 40 V
Input voltage ê (peak) 110

√
2 V

Nominal output power 50 W
Switching frequency 25 kHz
Mains frequency 50 Hz

Figure 9. Schematic of the experimental circuit.

problem can be alleviated by using a lossless snubber, which transfers the leakage energy
to the output through a small transformer. The complete experimental circuit is shown in
Figure 9.
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Figure 10. (a) Harmonic distortion �gures of input current at full load and (b) measured
e�ciency versus output power.

Figure 11. Input voltage waveform (upper trace, 50 V=div) and input current waveform (lower
trace, 0:5 A=div) at full load.

The converter is found to maintain a well-regulated output voltage of 40 V at a full-
load output power of 50 W, with an e�ciency of 72.50%. The measured power factor
and total harmonic distortion of the line current are 0.99 and 13.70%, respectively, at the
full-load condition. The measured harmonic distortion �gures and e�ciency are shown in
Figure 10.
Steady-state waveforms of interest are shown in Figures 11–13. Also, during load transient,

the input current waveform and output voltage are shown in Figure 14. Also, the output voltage
ripple (due to mains variation) is kept below 5%. Thus, as would be expected, the single-stage
PFC voltage regulator under study achieves comparable performance in almost all aspects as
its dual counterpart [3].

6. COMPARING CONVENTIONAL AND DUAL CIRCUIT OPERATION

The single-stage PFC regulator studied in this paper is the exact dual version of the con-
ventional single-stage PFC regulator proposed by Redl et al. [3]. The equivalent non-isolated
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Figure 12. (a) Primary current waveform (upper trace, 0:5A=div) and input capacitor voltage waveform
(lower trace, 100 V=div) at full load and (b) blow-up view of primary current waveform (upper trace,

1 A=div) and blow-up view of input capacitor voltage waveform (lower trace, 100 V=div).

version is shown in Figure 1(c) or Figure 5(b). Generally speaking, with voltage and current
interchanged, the operation of this new dual circuit is identical to the conventional circuit of
Figure 1(a), (b), or Figure 5(a).
We can easily appreciate the inherent pros and cons of the proposed circuit by taking a

dual view of the conventional circuit. However, if the input is still voltage fed (not current
fed) and the output load requires voltage (not current), inconsistency arises when the anal-
ysis is based on a straightforward voltage–current interchange. We will �rst examine some
straightforward translations.
Properties from duality translations:

1. The dual circuit has discontinuous capacitor voltage whose average is equal to the input
voltage. (cf. The conventional circuit has discontinuous inductor current whose average
is equal to the input current.)

2. The dual circuit has an inductive low-frequency storage L whose current has an ac
component superposed on a large dc static value. (cf. The conventional circuit has a
capacitive low-frequency storage C whose voltage has an ac component superposed on
a large dc static value.)
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Figure 13. (a) MOSFET drain-source voltage waveform (upper trace, 250 V=div) and drain current
waveform (lower trace, 1 A=div) at full load and (b) blow-up view of MOSFET drain-source voltage
waveform (upper trace, 250V=div) and blow-up view of drain current waveform (lower trace, 1A=div).

3. The dual circuit turns on its switch at high voltage. (cf. The conventional circuit turns
o� its switch as high current.)

4. The dual circuit has continuous input current. (cf. The conventional circuit has continuous
input voltage.)

5. The dual circuit has its load current controllable by duty-cycle modulation, with a second-
order response. (cf. The conventional circuit has its load voltage controllable by duty-
cycle modulation, with a second-order response.)

Non-translatable properties: Translation is trivial only if currents and voltages are all in-
terchangeable. However, the mains power is still voltage and the load still requires regulated
voltage. As a consequence, dual translation must be exercised with care. For example, it is
wrong to conclude from duality that the input voltage amplitude would vary when power
level shifts.

1. The average voltage of C1 is equal to ê sin!mt while the current varies with the power.
Here, ‘average’ refers to the average value over a switching period. (cf. The average
current of L1 varies with the power in the conventional circuit.)

Copyright ? 2003 John Wiley & Sons, Ltd. Int. J. Circ. Theor. Appl. 2003; 31:555–570
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Figure 14. (a) Input line current waveform (upper trace, 1 A=div) and (b) output voltage under load
transient (top trace, 5 V=div) from full-load to half-load.

2. From the steady-state curve of Figure 8, (1 − D) increases with decreasing power, as-
suming regulated output voltage. Also, since the output current decreases with decreasing
power, and Io=IL=N (1 − D), the storage inductor static current IL must decrease with
decreasing power. (cf. In the conventional circuit, the static storage capacitor voltage
increases with decreasing power.)

7. CONCLUSION

Converters operating with a discontinuous capacitor voltage are rarely studied despite their
potential use for power factor correction. This paper applies duality to a single-stage PFC
regulator consisting of a cascade combination of a discontinuous-conduction-mode boost
converter and continuous-conduction-mode buck converter. The main features of the proposed
circuit are

1. the discontinuous capacitor voltage operation which provides power-factor-correction
[7, 8, 11]; and
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2. the use of inductive storage to achieve power balance for single-stage PFC regulator
applications.

Although the conventional use of voltage in mains input necessitates the insertion of an in-
terfacing inductor which may a�ect the power-factor-correcting capability of the proposed
converter, the e�ect is negligible because of the wide separation between the switching fre-
quency and the mains frequency, as proved in the paper. To facilitate analysis and design,
an averaged model and steady-state design equations are derived. Finally, a transformer-
isolated prototype of the proposed dual PFC regulator has been tested, con�rming the power-
factor-correcting and voltage regulating capabilities of the proposed single-stage PFC
regulator.
The present paper demonstrates the possibility of employing discontinuous capacitor

mode and inductive storage for single-stage PFC regulator applications. The proposed cir-
cuit represents a simple alternative to the problem and seems to o�er a reduced EMI because
of the continuous input current. However, as of the writing of this paper, the main practical
di�culty with the design of such dual PFC converters is due to the use of inductive storage
which is rather ine�cient at high current levels. Thus, the practical use of such converters has
yet to be considered in the light of device stress, e�ciency, possible re�nements in topology,
etc.

APPENDIX A

The closed form expression for the de�nite integral used in Equation (7) is

∫ �

0

sin2 �
1− k sin � d�=

−�− 2k
k 2

+
�+ 2 tan−1

(
k√
1−k 2

)
k 2
√
1− k 2

where k is used to denote îin=IL.
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