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Abstract—This paper presents a high gain buck PFC
synchronous rectifier which offers a high efficiency rectification
and high quality waveforms. The Z-source network applied to
the rectifier, helps to highly increase the quality of input current
of the conventional rectifier. The input inductor of this Z-source
network provides smooth and pure sine waveform for the AC
source current. In addition, applying this Z-source network
allows to decrease the high AC input voltage to a very low output
voltage required for low voltage loads such as LED drivers. Also,
the synchronous buck rectifier utilization with the simple average
current control (ACC) method offers less power losses compared
to conventional buck rectifier, in addition to less control
complexity. The steady state operations of the proposed PFC
rectifier are theoretically derived and analyzed. Then, the
concept and the supremacy of the proposed PFC rectifier are
verified through a set of simulations for a 48Vdc/500W rectifier.
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I. INTRODUCTION

The AC/DC converters supplies the loads in many
applications such as UPS, telecom, chargers and adapters. The
AC/DC converters are designed to reduce the harmonic content
of the input current to meet power products requirements such
as lighting equipments. These converters usually consist of two
stage of the power converters combining the power factor
corrector (PFC) and the DC/DC stage as shown in Fig. 1. In the
PFC stage, the AC input voltage is converted to DC voltage
with nearly unity PF and low total harmonic distortion (THD).
The boost converter is the most popular PFC topology, in
which the input inductor current can be easily shaped in the
form of a pure rectified sine waveform [1]-[4] The boost type
PFC converters suffer from many drawbacks which include the
DC output voltage which is always higher than the peak input
voltage, the input to output isolation cannot be implemented
easily, the startup inrush current is high, and there is a lack of
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Fig. 1. Conventional AC/DC power supply.
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current limiting during overload conditions [5]. However, its
important drawback remains the control detuning phenomenon
that it presents at the zero-crossings of the source voltage,
which increases the distortion of source current and restrict the
performance of this type of PFC rectifier [2]. These drawbacks
of a boost PFC pre-regulator can be overcome by using a buck
converter for the rectifier [6]. The buck PFC converter has
higher low-line efficiency and lower EMI noise compared to
the boost PFC converter. The buck PFC rectifier has some
attractive merits. First, the output voltage of buck converter is
always regulated lower than the boost converter. Second, the
voltage across the main switch of the buck converter is almost
clamped to the input voltage [7] and [8]. Therefore, the buck
PFC rectifier can achieve relatively high efficiency within the
universal input voltage range. The traditional buck PFC
rectifier and its steady state operation waveforms are shown in
Fig. 2. Due to the inherent dead angle in the input current when
the input voltage is lower than the output voltage, the buck
PFC usually has limited PF and high current distortion, which
is hard to meet the current harmonic requirements. The buck
power factor correction has attracted a lot of research interests
for its low output voltage and high efficiency at low input
condition. However, the traditional buck PFC converter usually
has low power factor (PF) and poor harmonic performance due
to the inherent dead angle of the input current, especially at low
input condition [9].

This paper introduces a PFC rectifier utilizing the Z-source
networks to alleviate some of the aforementioned shortcomings
of the conventional buck rectifier. At the same time, with the
Z-source employment, the power conversion is achieved using
only one stage of the power converter leading to less converter
size and cost as in [10] and [11]. Also, very low step-down
gains can be easily achieved due to the high gain buck
operation of the rectifier which allows to simply increase the
switching frequency and thus, lowering the passive elements
size. The advantages of the proposed PFC rectifier makes it
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Fig. 2. Input voltage and dead angle of a PFC buck rectifier.
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Fig. 3. Circuit configuration of the proposed PFC rectifier.

suitable for different applications such as telecom and electric
vehicles (EVs) chargers [12]. All modes of the operation of the
proposed PFC rectifier are theoretically analyzed and then
successfully supported by the simulations.

II. PROPOSED RECTIFIER CIRCUIT AND PERFORMANCE
ANALYSIS

A. Circuit Configuration

The circuit configuration of the proposed single-phase high
gain buck synchronous power factor correction (PFC) rectifier
is shown in Fig. 3. As can be seen from this figure, the
proposed rectifier is realized by applying a diode bridge for the
input voltage rectification, a Z-source network and the buck
converter which serves the output load and steps down the DC-
link voltage as a switching converter. The Z-source network
consists of the input inductor for the power factor correction at
the AC input side and at the same time for providing the
charging current path for a set of switched capacitors proposed
in [13]. Furthermore, the switched capacitors help to decrease
the DC-link voltage more than the buck converter. In other
words, this Z-source network is a high gain step-down
switched network featuring an input inductor. In fact, the Z-
source network applies to the front-end of a buck converter
offering a high gain DC-link step-down operation with a proper
power factor correction capability. All of the advantages of the
proposed PFC buck rectifier are obtained through the only one
power converter stage with the utilization of the switched
capacitor Z-source network. In addition, for the switching stage
of the PFC rectifier at the load side, the buck converter is
realized as a synchronous buck rectifier with two controlled
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switches due to lower switching power losses. The theoretical
principles of the PFC rectifier performance are analyzed and
the converter advantages are all characterized through a detail
investigation in the following.

B. Performance Analysis

In order to easily investigate the proposed PFC rectifier
modes of operation, the simplified circuit configurations of the
rectifier are shown in Fig. 2(a) and (b) during the positive half
cycle of the AC input voltage. The rectifier modes of operation
are all the same in both the positive and the negative half
cycles of the AC input voltage. The rectifier has two modes of
operation in each half cycle of the AC input voltage which are
analyzed as follows.

1) Mode I [DT,~T]:

This mode is shown in Fig. 2(a) in which the switch SW; is
turned off while the anti-parallel diode of SW, is forward
biased and thus conduct. Thus, the output inductor L, current
flows through this conducting diode. At the same time, the
switch SW; is switched on to reduce the on state voltage drop
of its anti-parallel diode. Furthermore, the input inductor L;,
provides the charging current path of the capacitors C; and C;
which are in series with the conducting diode D; while having
the diodes D; and D; reversed biased. Also, the capacitors C;
and C; are the same and equal, thus, their voltages are the
same, i.e. Vi = Ver = Verz. The peak voltage and current
equations of the converter components for this mode of the
operation are obtained as follows.

Vi =2Ve =V,

I/:Lo :AVACU ) )
w =L =1cps

ALo :fcc +fu

2) Mode II [0 ~ DTyJ:

In this mode, the switches SW; and SW, are turned on and
off, respectively. As shown in Fig. 2(b), the diodes D; and D;
are forward biased and connect the capacitors C; and C; in
parallel. Then, the input inductor L;, and the paralleled
capacitors C; and C; feed the output load and charge the output
filter capacitor C,. The peak voltage and current equations are
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Fig. 4. Operation modes (a) I [DT, ~T;], and (b) I1 [0 ~DT;] of the proposed PFC rectifier.
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derived as in (2).

Vin =V Ver

i Ve Ve @
L, =1,

Foy =l +20e

It should be mentioned the rectifier modes of operation in
both positive and negative half cycles of the AC input voltage
source are the same as mode I and II described above.

By applying volt-sec balance on the input inductor L;, and
the output one (L,), the capacitors C;, C> and the output peak
voltage equations of the proposed synchronous buck PFC
rectifier is obtained as in (3).

Ve =g
- 3)

A

o o :—Vin
2-D

The gain curve of the proposed rectifier is plotted in terms
of the duty cycle (D), shown in Fig. 5. As obviously seen from
this figure, for a same duty cycle, the proposed rectifier offers a
much lower step-down gain than the conventional buck
rectifier. In other words, for achieving the same step-down
voltage gain, the proposed rectifier requires higher duty cycle
than the conventional one. This leads to the possibility of
increasing the switching frequency without the concern of the
parasitic elements effect on the switching. This increase in
switching frequency is desired due to the passive components
reduction in size resulting in less converter volume and cost.
Also, the only one stage power conversion possibility helps to
achieve higher efficiency and reliability in addition to lower
converter size and complexity of the circuit topology and
control method.
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Fig. 5. Gain curve of the proposed vs. conventional PFC buck rectifier.

III. COMPONENTS DESIG AND STRESS ANALYSIS

This section is dedicated for passive and active component
design, and voltage and current stresses analysis.

A. Inductors

The inductors are designed and selected based on the
desired ripple current being a constant percent of the average
inductor current, i.e. 4I; = %xI;. The two input and output
inductors of the proposed rectifier are selected using the
equations given in (4). Also, the continuous conduction mode
conditions for L;, and L, are given in (5).

_ D(U-D) V.
" %x(2-D)f,P,
. )
B D(I-D) vV,

° %x(2-D)fP,

_R,1-D)
’ Zf\'
_R,2-D)1-D)

2DfV

5" in

L
®)

B. Capacitors

For the capacitors selection, the %y is assumed as the
percent of the capacitors voltage ripple. Thus, all of the
capacitors can be designed using the following equations.

__(U-D
* T %y8L, f?
B (-DE+2-D)D (I-D)D 1 1 ©)
Ty R (D) Y%y2f L, I,

C. Diodes and Switches

The peak voltage and current stresses of the diodes and
switches of the proposed rectifier are given in the following
equations.

; V.

VD1,2,3 E

2,

Vwr = D @)
.

szz =Vbpg, = - D
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Fig. 6. Block diagram of the average current control method.
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Where, VADS,,,,, and [, n,, . are the peak voltage and current
stresses of the diode of the SW.

IV. CONTROL METHOD

The block diagram of the control method is depicted in Fig.
6. This simple and known method has already been proposed
in [4] which is called Average Current Control (ACC) method.
Also, the other control methods for power factor correction are
proposed as in [14]-[16]. In this control method, the desired
output voltage and the input current requirement are achieved
by double loops of control, i.e. the outer voltage control and the
inner current control loops. As it is obvious in Fig. 6, the error
signal of the output voltage and its reference is compensated
using a simple PI controller then, this signal is multiplied by an
ideal rectified sine waveform to produce the input inductor
(Lin) current. This current reference is then almost appeared in
the input inductor current when its error signal with L;, current

TABLE L SIMULATION CONDITIONS AND PARAMETERS.
Description Values
Rated power, P, 500W
Input AC voltage, Vi, 160-265Vrms
Output DC voltage, V, 48V,
Switching frequency, f; 50 kHz
Capacitors: C;, C; and C, 1 uF, 1 pF and 2x(6.8 mF,
ESR =19 mQ)

3 mH, (ESR = 346 mQ)
1 mH, (ESR = 120 mQ)
Powerex CS240650
IXGH40N60C2

Input inductor (L;,)
Output Inductor (L,)
DiOdCS, D1, Dz, D3

IGBT switches, SW;, SW,

OutputVoltage (V)

0.2 04 06 08 1o 1.2 [4
Timers)

Fig. 7. Output voltage of the proposed rectifier, V.

being fed to a PI controller.

V. SIMULATION RESULTS

In order to verify the adequacy of the proposed PFC
rectifier, a set of simulations are done in this section. The
simulation conditions are all given in Table I. The simulation
of the proposed PFC rectifier is performed using Thermal
Module of the PSIM software for considering loss related
parameters. The nominal AC input voltage is assumed
230Vrms and the proposed rectifier supplies a S00W load with
a regulated 48Vdc voltage.

Fig. 7 shows the output regulated 48Vdc with its ripple
depicted in the center of the figure. The output voltage ripple is
only 2.5V, i.e. 5.2% of 48V, which is in the acceptable range.
Fig. 8 shows the AC input voltage and current of the source
and the obtained input power factor (PF) is also indicated for
the nominal condition. As shown in this figure, the power
factor of input source is as high as 0.998 which is considerably
comparable with the low input PF of conventional buck
rectifier. Also, the dead zone of the input current is shorter than
the conventional buck as a result of the Z-source network
utilization at the front-end of the buck converter. In order to
verify the high efficiency rectification of the proposed PFC
rectifier, Fig. 9 is presented. The efficiency is obtained with the
various output loads as low as 10% to the nominal output
power. For the sake of a fair comparison, the efficiency of the
proposed and the conventional rectifier reported in [17] are
also plotted in the same operating conditions. The maximum
efficiency is 98.5% for 10% of nominal load and minimum
efficiency is 94.1% for the nominal load. As can be seen, the
efficiency of the proposed PFC rectifier is higher than the
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Fig. 8. Input voltage and current of the proposed rectifier.
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Fig. 9. The efficiency versus the percent of the nominal load.

others, especially for low output powers which can be a
remarkable feature for variable load applications. To
investigate the quality parameters of the input waveforms, the
total harmonic distortion (THD) of the input current and the
power factor (PF) of the input source are plotted for a range of
the AC input voltage and in nominal output power, shown in
Figs. 10 and 11, respectively. For the validation of the low
magnitude harmonic contents of the input current, the Fig. 12
is presented. According to the standard IEC61000-3-2, the
proposed rectifier can be categorized as a class D rectifier. As
shown in Fig. 12, the input current harmonics are significantly
lower than the standard harmonics magnitude of class D
rectifiers.

In order to compare the proposed PFC rectifier with the
already reported rectifiers, the Table II is also presented. As
can be seen from this table, the proposed PFC rectifier offers
suitable input/output current/voltage characteristics which are
comparable with the other rectifiers. Also, the proposed PFC
rectifier requires acceptable number of components with the
ability of AC/DC conversion using only one stage of the power
converters. According to the analysis results, the derived
theoretical operations of the proposed rectifier are all well-
supported by the simulations which confirms the validity of the
proposed PFC rectifier.

VI. CONCLUSION
This paper introduces a high gain buck synchronous PFC
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Fig. 10. The input current THD versus the input voltage (V).
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Fig. 11. The power factor (PF) versus the input voltage (V).

rectifier, which utilizes a Z-source network at the front-end of a
synchronous buck converter. The input inductor of the Z-
source network provides the possibility of improvement in the
input current THD and power factor (PF) of the proposed
rectifier. Also, the Z-source network employment allows to
convert the input AC voltage to the desired and regulated
output DC voltage using only one stage of the power converter.
The well-known and simple control method called average
current control (ACC) is applied to the synchronous buck
converter to decrease control complexity and increase the
efficiency of the proposed PFC rectifier.
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