
9206 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 67, NO. 11, NOVEMBER 2020
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Abstract—Two new power factor correction (PFC) recti-
fiers with the voltage buck-boost capability are proposed
in this article, called as Ferdowsi rectifiers (FRs). The pro-
posed rectifiers employ a reduced number of semicon-
ductors compared to the competitors. Also, since the re-
verse recovery problem of antiparallel diodes of transistor
switches is avoided, then MOSFETs can be readily utilized,
which lets much higher switching frequencies and lower
size of passive components. In addition, two parallel ca-
pacitors provide a path for the input current during the
discharge mode of the buck-boost inductors to improve
the current quality. The discontinuous conduction mode
operation of the proposed rectifiers guarantees a high qual-
ity input current with a low total harmonic distortion. All
aforementioned features offer a highly efficient operation
and at the same time a purely sinusoidal current drawn from
the ac source compared to the previous well-developed
competitors. The validation of the theoretical achievements
is performed by extensive tests on a laboratory test rig.

Index Terms—Buck-boost, Ferdowsi rectifier (FR), high
efficiency, power factor correction (PFC).

I. INTRODUCTION

THE rectifiers are widely utilized from home appliances to
industrial facilities, such as telecom and uninterruptable

power supplies, adaptors, light-emitting diodes (LEDs) and
motor drivers [1]–[5]. The conventional diode-bridge rectifier
is usually followed by a dc–dc stage to shape the input current
waveform, known as the power factor correction (PFC) circuit.
The most well-known bridge-based PFC rectifier is formed from
the boost-type dc–dc circuit [5]. However, this type of PFC
rectifier lacks to provide a dc voltage lower than the source
peak voltage, which is required in many applications [1], [6].
In contrast, the buck-type PFC rectifier offers the possibility
of voltage step-down. It lacks a pure sinusoidal input current
due to appearance of the dead zones within its waveform when
the instantaneous input voltage is below the output dc voltage
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[7]–[9]. As a following approach to improve the input current
quality of the buck-type PFC rectifiers, some other researches
tried to employ an auxiliary converter, which operates during the
dead zones of the input current instead of the main converter.
These auxiliary converters are mainly based on the buck-boost
and flyback converters, which successfully improve the power
factor [9], [10]. However, the aforementioned techniques incur
a recognizable distortion on the input current waveform at the
instant of changing the operating converter. In addition, many
components are needed for these rectifiers leading to a low
efficiency and a high cost. Therefore, these rectifiers cannot be
applicable in those applications, where the buck-boost capability
and the high-quality input current are of main interest. Unfor-
tunately, the buck-boost-type rectifiers also need an additional
input LC filter to reduce the total harmonic distortion (THD) and
improve the PF of the current drawn from the input ac source
[11]–[14]. In addition to these circuits, the application of the
well-known Cuk and Sepic converters are widely discussed as
the PFC rectifiers, which inherently offer voltage buck-boost
capability and a continuous input current waveform [15]–[20]
at the cost of a high number of passive components. As an overall
conclusion, the aforementioned topologies mainly suffer from a
high number of components, comparably high power losses and
a low input current quality, which higher costs and increased
converter volume are incurred to solve these issues, respectively.

In this article, two types of novel bridgeless PFC buck-boost
rectifiers are introduced, called as Ferdowsi rectifiers (FRs),
which offer high quality sinusoidal ac input current with a
close-to-unity PF. The proposed FRs employ a low number of
semiconductors and integrate the magnetic elements to reduce
the total size and volume of the converter. Also, they operate
under discontinuous conduction mode (DCM) to benefit from
the reduced power loss at the switch turn ON and the diode
turn-OFF transitions and at the same time, the simple single-loop
output voltage control plant without the need for additional sen-
sors [9], [15]. In addition, utilizing the MOSFETs lets increase
the switching frequency to reduce the passive components size.
Moreover, the continuous half cycle conduction of its inherent
body diode provides a continuous low frequency (LF) current
path between the input source and the output load without any
concern of abrupt current changes and the reverse recovery
problem. Considering the aforementioned features along with
the ability to operate with the maximum of two semiconductors
conducting during any operation mode, the highly efficient
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Fig. 1. Proposed FRs. (a) Type I. (b) Type II.

operation of the proposed FRs is guaranteed. As a clear
contribution, it can be claimed that the proposed FRs offer
highly sinusoidal input current with a low THD and a close-
to-unity PF compared to the Cuk and the Sepic-based rectifiers
of [15]–[20] while they can also provide higher efficiencies
than the buck-boost-type rectifiers of [13], [14]. Moreover, the
buck-boost-type rectifiers of [11]–[14] need an ac input filter
capacitor unlike the proposed ones, which does not require
any extra input filter capacitors. Therefore, both proposed FRs
can be employed instead of the conventional PFC rectifiers in
a variety of applications, such as LED drives, lamp ballasts,
motor drives, telecom power supplies, battery chargers, and wind
energy systems. In order to verify the aforementioned theoretical
advantages of the proposed FRs, a 300 W buck-operated proto-
type setup is implemented in the laboratory to feed a dc load with
48 Vdc from an input ac source of 110 Vrms/60 Hz. All discussed
features of the proposed rectifiers are confirmed by extensive
experiments on this prototype. It is worth mentioning that both
proposed FRs offer superior performance when higher output
voltages are of interest. Since most papers in the filed mainly
focused on the buck operation rather than the boost, then only the
buck operation with output voltage of 48 Vdc is investigated in
this article.

II. PROPOSED FRS

A. Circuit Configuration

The circuit configurations of the proposed FRs types I and
II, are depicted in Fig. 1, which are mainly inspired from the
well-known converters of [21], [22]. As seen from this figure,
both types benefit from two high frequency (HF) switched
MOSFETs, Sp and Sn, two HF diodes, Dp and Dn, two
inductors, Lp and Ln, and two capacitors, Cp and Cn. In
addition, one input inductor and one output capacitor are also
required for current and voltage smoothing, respectively. The
elements with a p (n) subscript operate only during the positive
(negative) ac half cycle. The same happens for Lp and Ln, thus,
they can readily share a common magnetic core to reduce the
overall size and cost as in [23]–[25]. Both proposed FRs produce
a highly sinusoidal input current waveform with the help of two
capacitors Cp and Cn, which provide a path for the input current
to flow through during the discharge mode of the inductors.
Therefore, one can employ a small input filter inductor, which is
more evident for the FR type I. It is worth mentioning that a LF
current path is always available between the load and the source

by the body diodes of the MOSFETs Sp and Sn for both FR types.
For both circuits and during the positive (negative) half cycle
a continuous half cycle current flows through the body diode
of MOSFET Sn (Sp) that means no reverse recovery problem.
Moreover, employing MOSFET switches lets highly increase the
switching frequency to reduce the components size without
the concern of high power losses. Also, the MOSFETs common
source configuration connected to the output negative-polarity
is provided by the FR type II, which highly simplifies the control
and gating of the MOSFETs. Finally, the common cathode or
anode connection of the diodes Dp and Dn lets employ dual
diode packages to reduce the size of both FRs.

B. Performance

The performance principles of both FRs are presented in
the following, according to the equivalent circuits during the
positive half cycle of the input voltage shown in Fig. 2 and
the expected current waveforms presented in Fig. 3. The op-
eration modes are analyzed with assuming a same pulsewidth
modulated gating signal goes to both MOSFETs Sp and Sn si-
multaneously, which simplifies the control and means that there
is no need to determine the zero crossings of the input voltage
waveform.

1) Mode I (0∼DTs):
a) Proposed FR Type I: The equivalent circuit of

mode I of the FR type I is depicted in Fig. 2(a) in which the
MOSFET Sp turns ON to charge Lp from the input voltage and the
capacitor Cp. According to Figs. 2(a) and (3), with assuming the
peak values, one can write

⎧
⎨

⎩

V type−I
Lp = V max

Cp = Vg−(pk)

Imax
Lp(type−I) = ICp + Ig−(pk)

(1)

whereVg−(pk), Ig−(pk) and ICp are the maximum values of input
voltage, input current and the capacitor Cp current, respectively.

b) Proposed FR Type II: The operation mode I of the
proposed FR type II is also depicted in Fig. 2(d). The volt-
age across Lp is the same as (1) while its current must be
rewritten as

Imax
Lp(type−II) = ICp. (2)

Comparing Fig. 2(a) and (d), the input current of the proposed
FR type II only flows through the body diode of Sn while it goes
through Ln of the proposed FR type I as well.
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Fig. 2. Operation mode. (a) I. (b) II. (c) III of FR type I, and mode. (d) I. (e) II. (f) III of FR type II, during positive input voltage half cycle.

Fig. 3. Current waveforms of FRs.

2) Mode II (D’Ts):
a) Proposed FR Type I: As obvious from Figs. 2(b)

and 3, the stored energy in Lp discharges to the output load
through the HF diode Dp. At the same time, the input current
flows through the capacitor Cp to charge it. On contrary to the

previous mode of operation, the input current of the proposed
FR type I does not flow through Lp. The equations during this
mode of operation are

{
V type−I
Lp = VDC

Ig−(pk) = ICp

(3)

and its inductor current decreases to zero.
b) Proposed FR Type II: The performance of the pro-

posed FR type II is the same as its type I counterpart during
mode II with a different input current path, which is conducted
from Lp back to the input, as shown in Figs. 2(e). While (3) still
holds for type II, the current of its inductor Lp becomes negative
at the end of mode II. From (2) and (3), one can conclude that
the current of the inductor within the FR type II has a lower peak
value compared to the type I. This reduces the required size of
the magnetic core for the inductors of the FR type II than its
type I. This mode ends when the diode Dp current reaches to
zero. By applying the volt-second balance on the voltage across
each inductor and considering the duty cycle D, one can obtain
D’, called the DCM duty cycle, as

⎧
⎪⎪⎨

⎪⎪⎩

D′ =
D

M
sin (ωt)

M =
VDC√

2Vg−(rms)

. (4)

3) Mode III ((D + D’)Ts∼Ts): From the end of the previous
mode to the end of mode III, the voltage across the inductor Lp

becomes zero. The input current flows through the capacitor Cp

of the type I while it also passes through Lp of the type II, as
seen from Fig. 3. The capacitor Cp keeps being charged in both
types during this mode and the output load is fed from the output
filter capacitor. As seen from all three operation modes shown
in Fig. 2, the body diode of the MOSFET Sn is always conducting
the input current during the whole positive half cycle of the input
voltage, which is evident from its corresponding switch current
waveform given in Fig. 3. Thus, any reverse recovery problem
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Fig. 4. Maximum duty cycle values for various (a) output powers, and (b) input voltages, assuming VDC = 48 Vdc.

and its related power losses is not concerned, since the body
diode does not turn-OFF during the whole half cycle.

The operation principles of the FRs during the negative half
cycle of the input voltage are the same as that analyzed above
for the positive one.

From (4), one can conclude that both FRs can operate with
buck-boost capability offering a wide range of the output voltage
gain. Also, unlike the conventional buck-boost rectifiers, the FRs
can provide a pure sinusoidal input current waveform to easily
meet the power quality standards, such as IEC 61000-3-2 [26]
without the need for additional ac filter components. Moreover,
the components count, especially semiconductors, are lower
compared to all well-known competitors.

III. PARAMETERS DESIGN AND COMPARISON

A. Parameter Design

Following a similar approach as in [15], by assuming the
proposed rectifiers operate in DCM, one can readily conclude
that

D′ < 1−D. (5)

Thus, in order to obtain the DCM duty cycle in terms of
the circuit parameters, the average output diodes current is
calculated according to Fig. 3 as

iavg
Dp,n =

V 2
g−(rms)D

2

4fsLeVDC
=

V 2
g−(rms)

2ReVDC
(6)

where Vg−(rms) is the rms value of the input voltage, fs is the
switching frequency and

⎧
⎪⎪⎨

⎪⎪⎩

1

Ltype−I
e

=
1

Ltype−I
p,n

1

Ltype−II
e

=
1

Ltype−II
p,n

+
1

Lf

; Re =
2fsLe

D2
. (7)

Besides, one can also show that the average current of the
output diodes during a half cycle of the input voltage is the same

as the output dc load current, i.e.,

iavg
Dp,n = Iload =

VDC

Rload
(8)

and if substituted from (6) in (8), one yields
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

M =

√
Rload

2Re
=

D√
2Ke

Ke =
2fsLe

Rload
.

(9)

Considering (4), (5), and (9)

Ke < Ke,crit =
1

2(M + sin (ωt))2
. (10)

In order to ensure the DCM operation during entire line cycle,
one can conclude that the designed Ke for the rectifiers must be
satisfied as

⎧
⎪⎪⎨

⎪⎪⎩

Ke < Ke,crit_min =
1

2(M + 1)2

Ke,Ratio =
Ke

Ke,crit_min
.

(11)

As evident from the above calculations, two parameters of the
input voltage and the output power can affect the maximum duty
cycle value, which ensures the DCM operation for any specific
output voltage. Therefore, the maximum duty cycle versus the
output power and the input voltage is plotted in Fig. 4(a) and (b),
respectively, when the proposed FRs are assumed to provide the
same output voltage of VDC = 48 Vdc.

As obvious from this figure, the lower side of each curve is the
DCM region while its upper side is the continuous conduction
mode, i.e., the CCM region. With any variations of the output
power and the input voltage, both proposed FRs guarantee their
good performance by keeping their duty cycles lower than the
boundaries plotted in Fig. 4.
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The input filter inductor is designed according to the voltage
applied across this inductor as

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Ltype−I
f =

α V 2
g−(rms)

ΔILf fsPo

Ltype−II
f =

DV 2
g−(rms)

ΔILf fsPo

(12)

where α is the voltage ripple ratio of the Cp and Cn of the FR
type I,ΔILf is the desired input current ripple for the FR type II,
and Po is the output power.

The maximum currents through inductors Lp and Ln are also
obtained as

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Imax
Lp,n (type−I) =

√
2 Vg−(rms)D

fsLp,n (type−I)

Imax
Lp,n (type−II) =

√
2 Vg−(rms)D

fsLp,n (type−II)

−√
2Ig−(rms)

(13)

where Ig−(rms) is the rms of the input current for the nominal
loading condition.

With regarding that the peak voltage across the capacitors of
both proposed rectifiers is the same as the peak input voltage,
one can design their capacitances by assuming β as their voltage
ripple ratio using

Cp,n = (1−D)
Po

βfsV 2
g−(rms)

. (14)

As seen from Fig. 2, the LC networks are appeared across the
input source constructed from the capacitors Cp and Cn, and
the input and the output inductors Lf , Lp, and Ln. These LC
networks cause resonances, which may appear in the input cur-
rent waveform and drastically degrade its quality. Therefore, this
situation must be avoided [27]. Following the same guidelines
as [27], the capacitors Cp and Cn of the FRs are designed as

Cp,n =
1

(2πfres)
2 × (

Lf + Lp/n

) (15)

in which the resonance frequency fres must be chosen within
the range defined as

fg < fres < fs (16)

where fg is the AC frequency.
In addition, the output filter capacitor is designed based on

the rated output power and the tolerable voltage ripple at the dc
side

Cf =
Po

2πfgδ V 2
DC

(17)

where δ is the acceptable output voltage ripple ratio.
The semiconductors ratings of the proposed rectifiers are

obtained as in (18) to select the proper switches and diodes
{
V max
Sp,n = V max

Dp,n =
√
2Vg−(rms) + VDC

Imax
Sp,n = Imax

Dp,n = Imax
Lp,n.

. (18)

In addition to (18), the body diodes of the MOSFETs Sp and
Sn must have the capability to conduct the input current, which
is much lower than the output inductors Lp and Ln currents.

B. Comparison

The numerical comparison among various PFC rectifiers is
performed and the results are given in Table I. The number of
components and the semiconductors conducting simultaneously
during each mode of operation are compared in this table. Both
proposed rectifiers employ the lowest number of semiconduc-
tors. Also, the number of conducting semiconductors within the
proposed rectifiers is comparably low. Moreover, the number of
inductive elements is relatively lower for the proposed rectifiers
than that for the competitors and at the same time they do not
need any input filter capacitor unlike the rectifiers of [15]–[20].
Evidently, the aforementioned properties directly translate to a
low total power loss and small converter size, as discussed in
Section II. In addition, the presence of an LF (HF) current path
between the input and the output, which affects the common
mode noise of the rectifiers is also given in Table I based on
the directions discussed in [3]. According to this table and the
operation principles discussed in Section II, both proposed FRs
benefit from an LF current path between the source and the
output to avoid common mode noise. Moreover, the total voltage
and current stresses of the semiconductors are calculated for
M = 0.3 and given in Table I for each circuit after normalization
based on those derived values for the proposed FRs. It is obvious
from Table I that the total voltage and current stresses of the
semiconductors of both proposed FRs are lower than most of
their competitors.

According to Table I, it must be noted that the rectifiers of
[12]–[15] employ a high number of HF diodes. In addition, the
number of semiconductors conducting in each mode of operation
of the rectifier of [17] is higher than that of the proposed ones.
Also, on contrary to the proposed rectifiers, a HF current flows
through the body diodes of the MOSFETs of rectifiers of [18]–
[20] from which the power losses increase due to their reverse
recovery issue.

The most important features of any PFC rectifier are the
power loss and the THD of the input current. Thus, as a
comparative analysis, the FRs are designed according to the
previous section procedure along with the other rectifiers with
assuming a constant and same Ke,Ratio, given in (11), and the
same output power and input and output voltages. By using
the power loss calculation methods given in [28] and [29] and
assuming the same semiconductors, the total power losses of all
under study rectifiers are calculated and compared in Table I.
Also, loss distribution among circuit components is compared
in Fig. 5(a). Accordingly, the FR type II offers the lowest power
loss compared to all other rectifiers. Also, the FR type I have a
comparably low power loss, especially when compared to the
rectifiers of [13] and [14].

In order to derive and compare the input currents THDs of the
under-study rectifiers, they are simulated in PLECS software to
generate 48 Vdc from 110 Vrms/60 Hz feeding a 300 W dc load.
The results are reported in Table I and THD variations at different
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TABLE I
COMPARISON AMONG VARIOUS RECTIFIERS

NA – Not Available

Fig. 5. Comparison of (a) power loss, and (b) input current THDs among various PFC rectifiers.

power levels are shown in Fig. 5(b). Obviously, the input current
THD of the FR type I is as low as that of the rectifiers of
[13] and [14], while it is higher for the FR type II similar to
the rectifiers in [15], [16], and [18]–[20]. One can conclude
that both proposed FRs offer low power losses (especially for

type II) and comparably low input current THDs (especially for
type I), with the lowest number of semiconductors compared to
the competitors.

Overall, the proposed FR type II offers a slightly lower total
power loss at the cost of a higher input current THD. On the
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Fig. 6. Experimental results of (a) input and output voltages and currents, (b) switches Sp and Sn voltages and inductors Lp and Ln currents,
and (c) capacitors and diode Dp voltages of FR type I at rated power.

TABLE II
EXPERIMENTAL TESTS CONDITIONS AND PARAMETERS

other hand, the proposed FR type I requires two isolated gate
driver circuits instead of only one of the type II and some other
competitors.

IV. EXPERIMENTAL CONFIRMATION

According to the guidelines given in Section III, a test rig
for both proposed FRs is implemented in the laboratory to feed
a 300 W, 48 Vdc load from 110 Vrms/60 Hz AC source. The
components and the test conditions are given in Table II. The
switching frequency is 60 kHz. The inductors Lp and Ln are
16 μH, which ensures the DCM operation at the rated power.
Moreover, they are symmetrically wound on each side-limb of a
common magnetic core to even more reduce the size and cost of
the core. The capacitorsCp andCn are selected so as to avoid any
resonance within the input current waveform as already designed
as (15). The output capacitor is also designed to keep the output
voltage ripple as low as 5% of 48 Vdc when the proposed FRs
operate at the rated power.

The experimental input and output voltage and current wave-
forms are presented in Figs. 6(a) and 7(a) for types I and II,
respectively. As seen from these figures, the output voltage is
fixed to 48 Vdc with a ripple ratio of δ = 0.06 by manually
adjusting the duty cycle while a purely sinusoidal current is
drawn from the input ac source. The same experiments are
performed at 50% and 20% of the rated power and the input
current quality factors are then measured by FLUKE-435 power
analyzer and plotted in Fig. 8. According to Fig. 8(a), the PF of
the input current is close-to-unity for both FRs. Also, the THDs

shown in Fig. 8(b) are lower than 5% for the FR type I while
they are higher for the FR type II, which is due to employing
the same input inductor Lf for both types during the tests. By
properly designing the input inductor for the FR type II, the
same or even better THDs than those reported in [15]–[20] can
be readily achieved.

The voltage waveforms across the positive and the negative
switches Sp and Sn along with their corresponding inductor
currents are measured and depicted in Figs. 6(b) and 7(b).
As obvious from these measurements, the voltages across the
switches are almost zero during their non-operating half cycle of
the input voltage, which confirms a half cycle conduction of
the MOSFETs body diodes. Moreover, the inductors currents
of the FR type I shown in Fig. 6(b) provide the input cur-
rent path during their nonoperating half cycle while those of
the FR type II do not, as shown in Fig. 7(b). According to
Fig. 3, these results were already expected. The capacitors
voltages VCp and VCn are also presented in Figs. 6(c) and
7(c) for the FR types I and II, respectively, where the peak
of the input ac voltage equals to the maximum capacitors
voltages.

As a general conclusion, one can easily say that the exper-
imental results truly verify the operation principles and the
theoretical claimed properties of the proposed FRs.

Finally, the efficiency values of both proposed FRs measured
from the tests at 20%, 50%, and 100% of the rated power are
plotted in Fig. 9. As seen from this figure, the peak efficiencies
of 93.26% and 93.87% are read for the FR types I and II,
respectively, at the rated output power. The FR type II offers
a bit higher efficiency than its counterpart, which is a result
of its lower inductors and capacitors currents, as discussed in
Section II.

Following previous analyses, one can conclude that the FR
type II offers a little higher efficiency than its type I counterpart
at the cost of a slightly higher THD value. Both proposed FRs
ensure the input current with close-to-unity PFs and acceptable
THDs without the need for any extra input ac filter capacitor and
by employing the lowest number of semiconductors. Despite a
subtle difference between the topologies, both FRs have the same
components with nearly the same ratings. Also, both benefit
from an LF current path between the input and the load to
mitigate the common mode noise. So, based on the main priority
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Fig. 7. Experimental results of (a) input and output voltages and currents, (b) switches Sp and Sn voltages and inductors Lp and Ln currents,
and (c) capacitors and diode Dp voltages of FR type II at rated power.

Fig. 8. Measured (a) power factor, and (b) total harmonic distortion.

Fig. 9. Efficiency curves of proposed FRs.

of any specific application (efficiency or THD), one may decide
to choose between them.

V. CONCLUSION

This article introduced two new single-phase buck-boost
bridgeless PFC rectifiers, called the FRs. Both proposed rec-
tifiers employ the lowest number of semiconductors with two
integrated inductors on a common magnetic core. The proposed
rectifiers utilize only two MOSFET switches without the reverse
recovery problem of their body diodes. In addition, the proposed
rectifiers employed two parallel capacitors to provide a current
path for the input current during the discharge mode of the
inductors to improve the power quality factors, known as PF
and THD. The aforementioned features along with benefiting
from the DCM operation of the inductors result in a low power
loss and improved THD of the input current for both proposed
rectifiers. Also, they benefit from a LF current path between
the input and the load to mitigate the common mode noise. The
theoretical achievements and the operation principles were all
validated through experimental tests on a test rig of 300 W.
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