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ABSTRACT This work presents the quantitative and qualitative analysis, as well as the experimental results
of a practical implementation of the Single-Phase Bridgeless Hybrid Switched Capacitor Rectifier operating
in discontinuous conduction mode (DCM) to achieve a high input power factor. Operating in DCM provides
several advantages, including natural power factor correction (PFC) behavior of the input current and
reduced semiconductor switching losses. The paper begins with a literature review on key studies of hybrid
switched-capacitor converters with a high power factor. Subsequently, the converter analysis, including its
modulation scheme, operational stages and design methodology, is detailed. The proposed approach is
validated with results from a practical prototype implementation, achieving an output voltage of 1200 V
and an output power of 315 W from an input voltage of 220 V. The converter demonstrated an efficiency of
97.3%, a power factor of 0.99, and harmonic distortion levels within the limits specified by IEC61000-3-2.

KEYWORDS Bridgeless Rectifier, Discontinuous Conduction Mode, Duty Cycle Control, Hybrid
Switched-Capacitor Converters, Power Electronics, Power Factor Correction, Static Gain Multiplication,

Voltage Balancing, Voltage Stress Reduction.

I. INTRODUCTION

In recent years, the demand for enhanced power quality in
energy conversion systems has driven research into innova-
tive topologies that incorporate switched-capacitor concepts.

The work presented by [1]] proposes two topologies de-
rived from the Cuik converter, which incorporate switched-
capacitor networks: one with a bridge configuration for alter-
nating voltage rectification and another bridgeless topology.
Both topologies reduce the static gain of the conventional
Cuik converter by half, making these structures more suit-
able for step-down applications. Operating in discontinu-
ous conduction mode, the waveform of the input current
naturally follows the shape of the input voltage. Although
these topologies employ a greater number of components
compared to the conventional solution, they demonstrate
improvements in efficiency and power factor.

An integration of the buck-boost converter with switched
capacitors is suggested by [2] for controlling the speed of
a BLDC motor with a high power factor. Similar to the
previously mentioned converter, the buck-boost operates in
DCM, requiring only a voltage control loop to regulate the

bus voltage applied to a voltage inverter. The power factor
correction converter is designed for an output power of 300
W, switching at a frequency of 30 kHz, and regulating the
output voltage between 50 V and 200 V, with an input
voltage of 220 V and a frequency of 50 Hz. The total
harmonic distortion observed was below 4.81%, which is
within the limits set by the IEC 61000-3-2 standard.

A recent study published in the specialized literature by
[3] proposed an integration of a boost converter with a
switched capacitor cell, effectively halving the static gain
of the conventional converter. This configuration enables
the converter to operate both as a step-down and a step-up
converter. The proposed converter is primarily designed for
low output voltage applications, aiming to provide a more
compact and feasible alternative to converters that utilize
cascaded configurations of boost and buck converters. This
design seeks to achieve low gain with a high power factor
while avoiding issues with the dead zone of the input current,
which are commonly encountered in conventional buck PFC
converters. The proposed topology was experimentally vali-
dated using a 1 kW prototype under two distinct operational
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conditions: (A) 127V AC and 100V DC; and (B) 220V AC
and 200V DC for the input and output voltages, respectively.
The experimental results demonstrate that the power factor
is approximately unity, while the total harmonic distortion
of the input current is measured at 4.6%. The maximum
efficiency achieved was 96.5% under condition B.

A variation of this converter is proposed by [4] as a
less bulky alternative to two-stage conversion. This design
employs a boost inductor on the AC side and requires the
use of a bidirectional switch. The viability of the proposed
converter for 1 kW operation was confirmed through an
experimental prototype utilizing SiC semiconductor technol-
ogy for the bidirectional switch. The converter has an input
voltage range of 90 to 270 V and is capable of generating a
regulated DC voltage from 72 to 400 V while meeting the
stringent total harmonic distortion (THD) limits for input
current established by IEC 61000-3-2. At nominal power,
the efficiency is 97.35%, with a THD of 2.78% and a power
factor of 0.99. The continuation of this study is presented
by [5]], who propose a bridgeless totem-pole structure. This
converter is capable of functioning as a component of an
onboard charging (OBC) system, specifically for low-voltage
battery charging, and is suitable for power levels of up to 3.3
kW. A 1 kW prototype of the converter design was simulated
and developed. The results indicate that the converter can
operate within a wide input voltage range of 90-270 V, with
the prototype achieving a THD of 2.19% and a power factor
(PF) of 0.99.

A boost rectifier with a switched capacitor network was
proposed by [|6]. This converter features only one controlled
switch, a minimal number of passive components, high gain
without a transformer, and reduced voltage stress on the
switch compared to the output voltage. Simulation results
for a converter with an output of 1600 V, 2.5 kW, and a
switching frequency of 25 kHz demonstrated a PF of 0.99
and a THD of 2.73%.

Significant results were also achieved in the work by [7],
which proposed a family of six unidirectional, three-level
converters with pulse width modulation based on a hybrid
switched capacitor. The objective was to achieve high gain,
reduced voltage stress, and high power factor while utilizing
a minimal number of controlled switches. The proposal was
validated through the implementation of a prototype of one
of the topologies, which featured an output voltage of 1600
V, an output power of 2.5 kW, and a switching frequency
of 90 kHz. The prototype demonstrated a high power factor
and low THD, achieving an efficiency of 97.91%, with the
semiconductors operating at only one-quarter of the output
voltage.

In [8]], a rectifier derived from the SEPIC converter with
a switched capacitor network was proposed. This converter
exhibits a significantly higher static gain compared to con-
ventional designs. Simulations of the SEPIC switched capac-
itor rectifier for an output voltage of 1600 V resulted in a PF
that is nearly unity, and the THD remained within the limits

set by the IEC 61000-3-2 standard. The article suggests that
this topology is suitable for applications requiring high DC
voltages and low current levels, such as in X-ray systems.

In [9], a series of AC-DC converters based on the SEPIC
voltage doubler rectifier aiming a high power factor are
presented. This structure utilizes a three-stage switch that can
be implemented with a combination of controlled switches
and diodes. Operating in discontinuous conduction mode,
the converter exhibits intrinsic power factor correction. It can
achieve a high power factor, reduced THD, elevated gain, and
low voltage stress on the switches. To validate the design, a
prototype was developed with an output voltage of 800 V and
an output power of 1 kW, operating at a switching frequency
of 50 kHz. The results demonstrated a power factor of 0.99,
a THD of 1.96%, and an efficiency of 93.9%.

In [10], a single-phase bridgeless PFC rectifier with hybrid
switched-capacitor cell operating in continuous conduction
mode (CCM) was introduced. The proposed converter utilize
switched-capacitor voltage multipliers to enhance the voltage
gain of conventional boost rectifiers while simultaneously
reducing the voltage stress on the switches. The integration
of the boost switching cell with the ladder cell leads to a
reduction in the number of semiconductor devices compared
to traditional hybrid boost rectifiers. The theoretical analy-
sis was experimentally validated using a 1 kW prototype,
which operates with a 220 V input and delivers an 800 V
DC output. The converter achieved a maximum efficiency
of approximately 97.9% and an input PF exceeding 0.99.
Although an extensive analysis has been presented for CCM,
no information is given related to DCM operation. To fill this
gap, the paper [11] presented the qualitative and quantitative
analyses of this converter operating in discontinuous conduc-
tion mode. The advantages of the DCM operation include
the requirement of only one output voltage control loop for
load regulation, eliminating the need for a current control
loop to achieve a high input power factor, and reducing
semiconductor switching losses.

This paper builds upon the previous research by incorpo-
rating a comprehensive literature review of hybrid switched-
capacitor static converters designed for high power factor,
as outlined in this introduction. Furthermore, it presents
experimental results from the implementation of a physical
prototype, which serves to validate the proposed method-
ology that was previously supported only by simulation
outcomes.

Il. SINGLE-PHASE HYBRID BOOST PFC RECTIFIER

The structure proposed by [[10] is composed of two control-
lable switches (S7 and Ss), a boost inductor (L), a boost
diode (Dy), two low-frequency output capacitors (C,; and
Cy2), and a switched capacitor cell consisting of a switched
capacitor (Cs) and two diodes (D, and D.3), as presented
in Fig. [ The addition of switched capacitor cells and
output capacitors can enhance the static gain of the converter
while preserving the number of controlled switches, without
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increasing the voltage stress on all components. In this
work, the analysis is presented considering a single switched
capacitor cell employed in the converter. One advantage
of this converter is that the ground reference of the active
switches is connected to each other and to the output voltage,
simplifying the switch gate driver circuits.

FIGURE 1. Converter Topology.

A. Modulation Scheme

To mitigate conduction losses, the chosen modulation tech-
nique requires one of the switches to remain continuously
conducting for the entire half-period of the input voltage.
For this purpose, the input voltage must be measured using
a differential amplifier and compared with the zero level.
Additionally, logic circuits, such as OR gates, are employed
to keep the control signal of the switch active throughout half
of the input voltage cycle. This approach effectively mini-
mizes conduction losses by avoiding current flow through
the device body diodes. A graphical representation of the
PWM signal generator circuit and the modulation scheme
are visually depicted in Fig. [
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FIGURE 2. (a) PWM signal generator circuit. (b) Modulation scheme.

B. Operational Stages

The DCM operation of the converter consists of six op-
erational stages, three for each half of the grid cycle, as
shown in Fig. B] The converter exhibits an asymmetric
operation, considering that the switched capacitor C; only
transfers energy during the negative half-cycle. It is also
only during this half-cycle that the output capacitor Cyy is
charged. This is why the output capacitors must be designed
considering the grid frequency, presenting a drawback when
compared to conventional boost PFC rectifiers, where the

output capacitors are dimensioned to operate at twice the
grid frequency.

(e) ®

FIGURE 3. Converter operational stages. (a) Positive cycle - First stage.
(b) Positive cycle - Second stage. (c) Positive cycle - Third stage. (d)
Negative cycle - First stage. (e) Negative cycle - Second stage. (f) Negative
cycle - Third stage.

Throughout the entire positive half cycle, the switch S;
remains turned on, the diode D, is forward-biased, connect-
ing Cs and C,; in parallel, and the output capacitors C,q
and Cyo supply energy to the load. In the first operational
stage [see Fig. E] (a)], the switch S5 is turned on, connecting
the input power supply V;,, to the inductor L which stores
energy. In the second stage [see Fig. [3] (b)], the switch S5 is
turned off, and the energy stored in the inductor is transferred
to the output capacitor C,; and to the switching capacitor
Cy through the diode D, until the current reaches zero.
Since C5 does not transfer energy during this half-cycle, the
current in D, can be neglected in the quantitative analysis of
the converter, as demonstrated by the theoretical waveforms
presented in Figure [ (a). The time represented by DyT
corresponds to the moment that the inductor current reaches
zero. The third stage [see Fig. E](c)] only involves the transfer
of energy from capacitors C,; and Cyo to the load.

During the negative half cycle, switch Sy remains turned
on. In the first stage [see Fig. E] (d)], the switch Sy is
turned on, connecting the power input V;, to the inductor
L. The capacitor C,; charges the switching capacitor C;
through the diode D.;. Considering that there is a voltage
difference between the output capacitor C,; and the switched
capacitor Cj, special attention must be given to this energy
transfer. This is because the charging current is limited only
by the intrinsic resistances of the components in the current
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flow path, including the forward resistance of diode D,
the drain-source resistance of switch S;, and the series-
equivalent resistances of the capacitors. The load energy is
provided by the output capacitors Cy; and Cs.

if, iCy
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FIGURE 4. Main theoretical waveforms. (a) Positive half cycle. (b)
Negative half cycle.

The second stage [see Fig. E] (e)] initiates when S is
switched OFF. Energy is transferred from the inductor L
and the switched capacitor C; to the output capacitors Cyq
and C,z, as well as to the output load, until the inductor
current reaches zero. In the third stage, the output current
is maintained by the output capacitors C,; and C,o [see
Fig. [3] (f)]. The main theoretical waveforms associated with
the negative half cycle are depicted in Figure [ (b).

lll. DESIGN METHODOLOGY

For the converter analysis, the input voltage frequency is
considered significantly lower than the switching frequency.
Therefore, approximating the input voltage as a continuous
signal within a switching period is valid, as presented in
the converter’s operational stages. For each switching period,
the voltage and current amplitudes vary according to the
magnitude of the input voltage. The input voltage is defined
by:

Vin(t) = Vp sin (wt) (D)
The conduction time of the switch that commutates during

the half-cycle is constant for each switching period and is
defined by:

Aty = DT, 2
Thus, the peak current in the inductor can be determined
by:
) Vp sin (wt)
ip(t) = TAtl 3)
Since, during the second operational stage, the current

decreases to zero, the current variation in the inductor will
be the same as in the first stage, as described by:

Air(Aty) = Aig(Aty) &)
Vo siz (wt) Aty — Yo VpLsin (wt) Aty 5)

By isolating At in Equation [5] the duration of the second
operational stage is obtained:

V, si t
Aty = DTy — DT, = V”S& (6)
52 — Vpsin (wt)
Defining o
Vb
= = 7
o V) @)
And rewriting At, as a function of «, we obtain:
i t
Aty — - asin (wt) Aty @)

5 — asin (wt)

A. Maximum Duty Cycle for DCM

To ensure the converter operates in DCM throughout the
entire grid period, the maximum duty cycle must be cal-
culated. Considering the worst-case scenario, at the limit of
discontinuity where the conduction is critical, it follows that:

Ath"‘it = (1 - Dmaz)Ts (9)

At the peak of the input voltage, the current in the inductor
reaches its highest value, and consequently, the longest de-
magnetization time occurs, as described by:

(0%
NP ——

max

DinazTs (10)

1
Equating (9) and (I0) and isolating the duty cycle ratio, D,
yields the function that calculates the maximum duty cycle,
as presented:
Doz =1 -2« (11)
B. Output Characteristic
Similar to the conventional boost converter, the average
output current, I,,, for a switching period is obtained by:

;o LipAty _ V,D? asin®(w)
wee T, 2 fiL 1—2asin (wt)

The average output current for half of the grid period is
calculated by:

12)

I V,D? [T asin? (wt)
I,=— | Ilaodwt= "L / duwt
° 7r/0 avo 0 2rf L Jo 3 — asin(wt) “
(13)
Defining Y7 («):
™ 02
t
Yl(a)z/ Md&)t (14)
0 3 — asin(wt)
Rewriting I, as a function of Y7 («):
I, = V”DQY( ) (15)
° onfL e
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C. Maximum Inductance for DCM

To ensure operation in DCM throughout the entire grid
period, the maximum inductance must also be calculated.
The output current will be maximum when the duty cycle is
at its maximum; therefore:

V(1 —2a)?
= ——Y] 16
Omax 27_[_st 1 (O() ( )
The maximum output power is defined by:
POWL(ET = VOIO”ma.T, (17)

The maximum output current can be written as follows:

b,
Io — max 1 8
mas = Ty (18)

Substituting into (T6) and isolating L, the inductance
for critical conduction mode operation is obtained, which

defines the maximum inductance value for operation in
DCM.

Ve Yi(a)(1 - 20)°
27TfsPOmaz o

19)

Lmaz =

D. Switched Capacitor
The dimensioning of the switched capacitor is based on the
operational stages of the negative half cycle. The criterion
is to ensure that the charge of capacitor Cs in the first
operational stage occurs in a partial charge (PC) mode [12],
as described in [7]]. This mode creates a near constant current
shape, similar to the no charge (NC) mode, without the need
for oversizing the capacitor. Furthermore, by adopting the PC
mode, the peak current is reduced compared to a “complete
charge” mode, thereby minimizing additional conduction
losses.

The energy transfer between capacitors during the first op-
erational stage in the negative half-cycle can be represented
by the equivalent circuit shown in Figure [3

FIGURE 5. Switching Capacitor Charge - Equivalent Circuit

Here, Ry, represents the summation of the intrinsic
resistances of the components in the path of the capacitor
charging current, Sy, D.1, Cs and Cp;.

By superposition, adding the effect of the power supply
with the effect of the initial charge of the switched capacitor,
the voltage across the capacitor s is obtained:

VEL(t) = Ve, -(1—e Toum 0 )+ Ve, (T,)-e Tewmcs (20)

The current evolution in the capacitor C; during the first
stage of the negative half cycle can be determined using:

-n Ve,, — Ve (Ts -efm
iz (1) = (om = VerT2)

The final voltage value V¢ (T5) is equal to the switching
capacitor voltage in DyTs, because Cs does not transfer
energy in the third operational stage, and is calculated by:

2y

(V;n + VCol)At% + QMTLDTSAtQ

VCS (Ts) = — DT,
QLCS (1 — eCsRsum )

+ Voo (22)

In the second operational stage the switching capacitor
current is forced by the inductor discharge [see Fig. 3] (e)],
as described by:

N . (2‘/171 + Vo) -t ‘/anTS
() = i (t) = S g

(23)

Following the design methodology given in [10], in order
to select the switching capacitor, the calculation of the
instantaneous RMS switching capacitor current is performed
for various capacitance values at the peak negative input
voltage. The discontinuous period of the boost inductor
current, during which the switching capacitor current is zero,
was excluded from the calculation. The RMS current in C
is given by:

YCsprus

(Voo = Voo(T))2Cy(1 — @R
a 2R yum T s

2Vin +Vo)2 3 ViaD2Vin +V,) « 5
+76 IT. At + 572 At
1
VADUZ N}
*m%)

(24)

The relationship between the capacitances and the cal-
culated RMS currents of the switching capacitor for three
different switching frequency f, values (50 kHz, 100 kHz
and 200 kHz) is presented in Fig. [

Observing Fig. [6] it can be concluded that the RMS
value of the capacitor current decreases exponentially with
the increase in capacitance value. However, beyond certain
capacitance values, the RMS current reaches a nearly con-
stant value, where further increases in capacitance no longer
provide a significant reduction in the RMS current. There-
fore, choosing larger capacitors does not provide significant
benefits in terms of converter losses but increases the cost
and volume of the solution. Analyzing the effect of switching
frequency on the RMS current of the switched capacitor,
an increase in switching frequency significantly reduces the
RMS value for lower capacitances, where the charging of the
switched capacitor occurs in complete-charge mode. How-
ever, since the goal is to charge the switched capacitor in a
partial charge mode, it is important to note that the switching
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frequency determines the minimum achievable RMS current.
However, an excessive increase in frequency results in higher
switching losses, which requires the designer to find the
optimal point that meets the converter specifications.

E. Output Capacitors

The output capacitors are designed to reduce the low-
frequency voltage ripple, based on the determination of an
equivalent capacitance, C/, which corresponds to the series
connection of the two output capacitors. Considering that
the converter behaves similarly to a single-phase half-wave
rectifier, and since capacitor C,o charging occurs only during
one half cycle, these capacitors are dimensioned for filtering
at the frequency of the input voltage.

The equivalent capacitance C” can be determined by:

C = _
° m-f-V, AV,
Here, AV, represents the desired ripple in the output
voltage.
Individual capacitance values can be obtained by multiply-
ing the equivalent capacitance by the number of capacitors,
as seen in:

(25)

2-P,

C401:6172:71_.f"/0.A‘/0

(26)

F. Input LC Filter

The converter operates at a high switching frequency, and
the input current becomes distorted due to this switching.
Therefore, an LC input filter is inserted at the converter’s
input to make the input current waveform less distorted,
minimizing the high-frequency harmonics flowing through
the grid.

The criteria for the filter design are:

e The cutoff frequency, feuiofs should be one decade
below the switching frequency for significant harmonic

attenuation and approximately 20 times higher than
the grid frequency to avoid introducing phase shifts
between voltage and input current.

e The damping coefficient, ¢, should be between 0.7 and
1 to prevent oscillations around the cutoff frequency
and to avoid introducing phase shifts between voltage
and input current.

To obtain the values of the input filter capacitor and
inductor, the equivalent resistance of the converter as seen
from the input filter perspective must be calculated using:

L'fs
D

Once the equivalent resistance is known, the filter capac-
itor is calculated as follows:

Req = 27

1
B 2 'C '(2 'ﬂ-'j%utoff) '}{eq

Using the capacitor value obtained, the filter inductor can
be determined by:

Cy (28)

1

L =
P72 7 fouos )2 Cf

(29)

IV. VOLTAGE AND CURRENT STRESSES OF SWITCHES
AND DIODES

The following equations present the methodology for current
stress determination for the semiconductors, along with the
considerations for obtaining the maximum voltage stresses.

A. Current Stress - Switches
For the determination of the current stresses on the switches,
the instantaneous RMS currents (during the switching pe-
riod) are initially calculated for both the positive and negative
half-cycles.

In the positive half-cycle, the current through the switch
S1 is equal to the current in the boost inductor.

The instantaneous RMS current of switch S7 during the
positive half-cycle is given by:

) 2V, sin (wt) — V,,)V,, sin (wt) DAt
e oty — [ @Y 1) = Vo)Vysin (DA

212
V2sin (wt)’D?  (2V, sin (wt) — V,)2 A8 N
3212 12L°T,
1
2 . 212 2
1% sméc;t) D ATt2 30)

In the first operational stage of the negative half-cycle, S;
conducts the magnetization current of the boost inductor and
the charging current of the switched capacitor.

The instantaneous RMS current in the negative half-cycle
can be described by:
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iS,—efn(wt) =

v, 2 RooCy (eoomes — 1
1 _ 7{) B Vcs (Tg) €q=s € !
Req 2

Vo -
42 Ve, (Ts) — %5 =V, sin(wt)
Reg I

DT,
~C2R2, DT + C2R2,)

DT,
(~CoRey DT

} 3D

During the positive half-cycle, switch Ss conducts the
magnetization current of the inductor L. The instantaneous
RMS current in switch S in the positive half-cycle is

determined by:
Vpsin (wt) [ D3
Lf 3

During the negative half-cycle, the current through the
switch S is equal to the inductor current. The instantaneous
RMS current in the switch Sy in the negative half-cycle:

N —V2sin®(wt) D3T3
L? 3

(wt) = (32)

USa—cyp

(2V, sin (wt) + Vo)V, sin (wt) DAt3 N

is,—effn(wt) =

212
V2sin (wt)’D?  (2V, sin (wt) + V,)2A8
3L2f2 12127,

1
2

V7?2 sin (wt)?D? At
12 T,

(33)

The RMS current in the switches over the complete grid
period is calculated by:

181 2_rMs =

1 ™ 27
9 \
\/271_ (/0 zsl)g_elffp(wt) dwt —i—/7r 0Sy 0 eiim (wt) dwt)

(34)

Given the complexity involved in solving the equation
above, it is recommended to employ computational methods
for the resolution.

B. Voltage Stress - Switches

The maximum voltage stress on switch .S; occurs during the
second operational stage in the negative half-cycle. In this
stage, the voltage across the switch is given by the sum of
the output capacitors C,; and C,y voltages, subtracting the
voltage across the switched capacitor C. Since the voltage
across the capacitors are ideally equal and equivalent to half
of the output voltage, it follows that:

|7
Vslfm,az = VCO] + VCo2 - VC@ = ?0 (35)

The maximum voltage stress on the switch S occurs
during the second operational stage in the positive half-
cycle. In this stage, diode Dy, is forward biased, connecting
capacitor C,; in parallel with switch Ss. Therefore, the
maximum voltage on the switch S5 is given by:

Vo
VSQ*WLQ:E = Vcol =5

> (36)

C. Current Stress - Diodes
For the sizing and loss estimation of the diodes, the equations
for determining the average current in the diodes will be
presented based on the described operational stages.
During the positive half-cycle, in the second operational
stage, diode D, conducts the demagnetization current of
inductor L. This is the only operational stage which Dy
is forward biased. The equation for obtaining the average
current is given by:

Dy_ave =

i/”i Vpsin(wt)DAt2T5+
o Jo T, L

2 i t)—V,
Vpsmifz)VAt§> dwt (37)

During the positive half-cycle, diode D.; is forward
biased, connecting Cs and C,; in parallel. However, the
voltage difference between the capacitors is so small that
the circulating current through diode D.; is neglected in the
component stress analysis. During the negative half-cycle,
diode D.; conducts the charging current of the switched
capacitor. The average current of diode D, in the grid period
is determined by:

L Vo () =% —(eTTe 1)
2m J, T,

C, dwt

(38)

During the positive half-cycle, no current flows through

diode D.s. During the negative half-cycle, diode D s con-

ducts the demagnetization current of the boost inductor,

which also corresponds to the discharge current of the

switched capacitor. The average current in diode Do is
calculated by:

YDei—ave =

‘Deo_ave =

1 [ Vp sin (wt) DT Aty
2n ), Ts L
2V, sin (wt) + V,
p4LAt§> dwt (39)
D. Voltage Stress - Diodes
The maximum blocking voltage on diode D; occurs during
the first operational stage in the positive half-cycle, when
diode Dy, is connected in parallel with the output capacitor
C,1. Therefore, the maximum voltage stress on diode Dy, is
given by:
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Vo

VDioas = VOu = 5

On the diode D.;, the maximum blocking voltage occurs
in the second operational stage of the negative half-cycle,
when it is connected parallel with output capacitor C,s. The

maximum voltage stress on diode D, is determined by:

(40)

V.

=Vo,, = ?0
The maximum blocking voltage on diode Do occurs in
the first operational stage of the positive cycle. In this stage,
D5 is connected parallel with C,2 and the maximum voltage

stress is obtained by:

Vb (41)

cl—mazx

Vo
= VCol = —

\%5) 5

1 mas (42)
V. EXPERIMENTAL RESULTS

To validate the proposed design methodology, a prototype
was developed. The main specifications are outlined in
Table [T} The specifications were defined based on the work
presented in [[13]], with the aim of obtaining an input boost
converter for cascading with an inverter structure. The target
application for this converter is in electroporation, where
the introduction of chemicals into a cell can be improved
by using high-voltage and short-duration electrical pulses to
enhance the cellular transport permeability.

TABLE 1. Converter Specifications.

Component Symbol Specification
Switching Frequency fs 100kH =z
Output Voltage Vo 1200V
Output Power P, 315W
Input Voltage Vin 220V
Input Frequency f 60H z
Duty Cycle D 0.32
Boost Inductor L 290puH
Resistance Association Rsum 1.5Q
Output Capacitors Co1,2 165 F (2 x 330uF") B43509
Switching Capacitor Cs 20pF CAAQQBWS5200A3L)
Diodes Dc1,2,3 1200V @40A IDW40G120C5B
MOSFETs S1,2 1000V@8A FQASN100C
Filter Capacitor Cy 1uF B32922
Filter Inductor Ly 2.53mH

The physical prototype, with dimensions of 162.68 mm x
124.58 mm x 51.6 mm (L x W x H), is shown in Figure m
The achieved power density was 306 kW/m?3, demonstrating
the compactness of the proposed design.

The converter was tested at its rated power, successfully
delivering an output voltage of 1200 V from a input of 220
V. The input current exhibited a sinusoidal waveform with
the expected distortion of the boost DCM PFC converters,
remaining in phase with the input voltage and achieving

FIGURE 7. Physical Prototype

a power factor of 0.99. Figure [§ illustrates the voltage
and current waveforms in both the input and output when
operating at rated power. The efficiency achieved under these
conditions was 97.3%.

10 ms/div /Vn 200 V/div

1200 mA/div

FIGURE 8. Rated power operation

The results presented in this article were obtained with the
converter operating with a constant duty cycle to validate its
steady-state operation. The control signals were generated
using the SG3525 integrated circuit in conjunction with
operational amplifiers to maintain one of the switches acti-
vated throughout the entire half-cycle. Under these operating
conditions, the converter achieved a THD of the input current
of 12.70%. A methodology for reducing the current harmonic
distortion for this converter was proposed and validated
through simulation in [[11]], and it can be easily implemented
when using active control with signal generation from a
microprocessor.

To confirm the effectiveness of power factor correction
in the DCM operation of the converter, an FFT analysis
was performed on the input current of the converter, as
illustrated in Figure O] The analysis revealed that the har-
monic levels were well below the thresholds established by
the relevant standard, ensuring compliance for integration
into Class A electronic equipment. These results underscore
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the converter’s suitability for modern applications requiring
stringent harmonic performance criteria.

Harmonics vs. IEC 61000-3-2 (Class A) limits
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FIGURE 9. FFT comparison with IEC61000-3-2 limits

One of the most significant features of this converter is the
reduction of voltage stress on the semiconductors compared
to the output voltage. This allows the use of switches and
diodes with lower voltage ratings than those required by
conventional boost converters. Figure [I0] shows the drain-
source voltage of MOSFETs S; and S; in the grid period.

200 V/div

10 ms/div Vo

FIGURE 10. Voltage on Switches S; and S- - grid period

In Figure [T0] the operation of the modulation technique,
which keeps one of the switches continuously activated for
half of the grid period to reduce the switching and conduc-
tion losses, can be observed. It also shows that the maximum
voltage on the switches is limited to approximately half of
the converter’s output voltage.

The voltage and current waveforms of the switches in the
positive half of the grid period at the switching frequency are
presented in Figure [TT] The voltage and current waveforms
of the switch Sy highlight the main advantage of operating
the converter in discontinuous conduction mode, as the only
switching event that incurs power losses occurs during the
switch turn off. Due to the chosen modulation strategy for

converter operation, which keeps one of the switches turned
on throughout the entire half-cycle, the waveforms of switch
S indicate that it experiences only switching losses during
this period. These losses are further reduced since the current
path occurs through the main channel of the MOSFET rather
than through the body diode.

5 ps/div Vs2 200 V/div

Is2 2 A/div

Vs1 200 V/div

w) P\ p.. N
| \/{Am\}/ \/

FIGURE 11. Voltage and Current on Switches - switching period on
positive half cycle

Figure [T2] presents the waveforms of the switches during
the negative half-cycle at the switching period. The current
waveform of switch Sy differs from that of switch S5 during
the positive half-cycle, as expected, due to the sum of the
switching capacitor C; charging current and the inductor
current flowing through S; in this operational stage. Once
again, it is observed that the only dissipative switching
event occurs during the switch S turn off, while switch S5
experiences only conduction losses since it remains turned
on throughout the entire negative half-cycle.

S ps/div

Vsi200 V/idiv - Is12 A/div

Bl

Vs2 200 V/div

]

1522 Aldiv

FIGURE 12. Voltage and Current on Switches - switching period on
negative half cycle

Figure [I3] illustrates the voltage waveforms across the
diodes Dy, D.; and D, along with the output voltage.
The results confirm that the diodes experience a maximum
blocking voltage of approximately half the output voltage.

Figure[T4]illustrates the voltage waveforms across the out-
put capacitors C,; and Cye, as well as the switched capacitor
Cs. It can be observed that the average voltage is inherently
limited to half of the output voltage without employing any
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10 ms/div -V 200 V/div

panT

] Vl)(‘/ .
400 V/div

400 V/div

10 ms/div VCs100 V/div

ICs 4 Aldiv

FIGURE 13. Voltage on Diodes D;, D.1 and D5

specific voltage control technique for the capacitors which
is an advantage compared to some multilevel converters.
The voltage amplitude across the switched capacitor C
is slightly lower than that of the output capacitor C,, as
detailed in the converter’s operating principles. Additionally,
it is evident that the charging of the output capacitor C,s
occurs exclusively during the negative half-cycle. During the
positive half-cycle, no energy transfer takes place between
the converter’s input and this capacitor.

Vol

Vo2
Jﬁ?”?f’ ‘-?""f.tw — -

1100 V/div
10 ms/div

FIGURE 14. Voltage on Capacitors C,1, C,2 and C

The voltage and current waveforms of the switched ca-
pacitor over the grid period are presented in Figure [I3]
As described in the converter’s operating stages, there is
no discharge of the switched capacitor during the positive
half-cycle, and the charge transfer from capacitor C,; to
capacitor C; is minimal, because the voltage difference
between the capacitors is only the direct voltage drop of
the diode D.;. Consequently, this current is neglected in the
converter design methodology.

Figure [T6] presents the waveforms of the switched capac-
itor C during the switching frequency period within the
negative half-cycle. Analyzing the positive portion of the
current waveform, it can be observed that the charging of the
switched capacitor occurs in partial charge mode, validating
the capacitor design methodology developed in this work.
The capacitor discharge follows the waveform of the current
through the boost inductor, as expected. However, a nega-

FIGURE 15. Switching Capacitor C'; Waveforms - grid period

tive current spike is observed, originating from the reverse
recovery of diode D.o. This non-ideal characteristic of the
converter must be considered when selecting semiconductors
to ensure it does not adversely impact efficiency.

5 ps/div V'Cs 100 V/div
‘ﬁ ‘"‘r w
ICs 4 Aldiv

N AN
A

FIGURE 16. Switching Capacitor C'; Waveforms - switching period

Finally, Figure [I7]illustrates the voltage and current wave-
forms of the boost inductor during the grid period, which
demonstrate that the converter operates in the discontinuous
conduction mode, validating the proposed design methodol-

ogy.

10 ms/div

VL 400 V/div

11 4 A/div

FIGURE 17. Boost Inductor L;, Waveforms - switching period
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VI. CONCLUSION
The aim of this article was to develop a design methodology
for operating a converter recently proposed in the litera-
ture, the single phase bridgeless PFC rectifier with hybrid
switched capacitor cell, in discontinuous conduction mode.
The proposed converter successfully achieved an output
voltage of 1200 V from a 220 V input at rated power with
a power factor of 0.99. It demonstrated high efficiency of
97.3% and compliance with IEC61000-3-2 harmonic limits,
confirming suitability for Class A electronic equipment.

The design reduces voltage stress on semiconductors,
enabling the use of lower-rated components and enhancing
reliability. These features highlight the converter’s potential
for modern applications, such as electroporation, requiring
compact, efficient, and low-harmonic solutions.

Future work will focus on integrating active control to
further improve performance by THD reduction methods.

ACKNOWLEDGMENT

This work was partially supported by the Conselho Na-
cional de Desenvolvimento Cientifico e Tecnolégico (CNPq),
Brazil, under grants 402175/2022-0 and 200163/2022-1.

AUTHOR’S CONTRIBUTIONS

C.MUMIC: Conceptualization, Formal Analysis, Investiga-
tion, Methodology, Validation, Writing — Original Draft.
M.V.SOARES: Writing — Review & Editing. Y.R.NOVAES:
Project Administration, Resources, Supervision, Writing —
Review & Editing. A.JJWATSON: Writing — Review &
Editing.

PLAGIARISM POLICY
This article was submitted to the similarity system provided
by Crossref and powered by iThenticate — Similarity Check.

REFERENCES

[1] M. A. A. Hysam, M. Z. U. Haque, K. Saifullah, S. Asif, G. Sarowar,
“New topologies of Cuk PFC converter with switched capacitor for
low power applications”, in 2017 IEEE Region 10 Humanitarian
Technology Conference (R10-HTC), IEEE, dec 2017, doi{10.1109/r10-
htc.2017.8289036.

[2] B. Singh, V. Bist, “A PFC based switched-capacitor buck-boost con-
verter fed BLDC motor drive”, in 2013 Annual IEEE India Conference
(INDICON), IEEE, dec 2013, doii10.1109/indcon.2013.6725951.

[3] H. M. van der Broocke Campos, J. W. M. Soares, A. A. Badin, D. F.
Cortez, “Single-phase hybrid switched-capacitor PFC boost rectifier
with low voltage gain”, IEEE Transactions on Power Electronics,
vol. 38, no. 1, pp. 968-976, 2022, doi:10.1109/TPEL.2022.3200519!

[4] G. N. Kumar, A. K. Verma, N. Sandeep, K. Shukla, “A Single-
Stage Boost Derived Switched-Capacitor Based PFC Converter for EV
Applications”, IEEE Journal of Emerging and Selected Topics in In-
dustrial Electronics, 2023, doii10.1109/IECON51785.2023.10311845,

[51 G. N. Kumar, A. K. Verma, N. Sandeep, “Switched-
Capacitor Based Bridgeless Totem-Pole PFC Converter for
EV Applications”, in IECON 2023-49th Annual Conference of
the IEEE Industrial Electronics Society, pp. 1-6, IEEE, 2023,
doii10.1109/IECONS51785.2023.10311845!

[6] G. I. Kishore, R. K. Tripathi, “Single-phase PFC converter us-
ing switched-capacitor for high voltage DC applications”, in 2016
IEEE st International Conference on Power Electronics, Intelli-
gent Control and Energy Systems (ICPEICES), IEEE, jul 2016,
doi:10.1109/icpeices.2016.7853211.

[7]1 D. E. Cortez, 1. Barbi, “A Family of High-Voltage Gain Single-
Phase Hybrid Switched-Capacitor PFC Rectifiers”, IEEE Transactions
on Power Electronics, vol. 30, no. 8, pp. 4189-4198, aug 2015,
doi:10.1109/tpel.2014.2360173.

[8] G. L. Kishore, R. K. Tripathi, “A novel high voltage gain single-
phase AC-DC PFC converter using switched-capacitor”, in 2017 4th
International Conference on Power, Control &amp Embedded Systems
(ICPCES), IEEE, mar 2017, doi:10.1109/icpces.2017.8117635.

[9] P. J. S. Costa, C. H. I. Font, T. B. Lazzarin, “Single-Phase Hybrid

Switched-Capacitor Voltage-Doubler SEPIC PFC Rectifiers”, IEEE

Transactions on Power Electronics, vol. 33, no. 6, pp. 5118-5130,

jun 2018, doii10.1109/tpel.2017.2737534.

J. C. Dias, T. B. Lazzarin, “Single-Phase Hybrid Boost AC-DC Con-

verters With Switched-Capacitor Cells and Reduced Switch Count”,

IEEE Transactions on Industrial Electronics, vol. 68, no. 8, pp. 6710—

6720, 2021, doi:10.1109/TIE.2020.3005060.

C. Mumic, M. V. Soares, Y. R. De Novaes, A. J. Watson,

“Analysis of The Single Phase Bridgeless PFC Rectifier With

Hybrid Switched Capacitor Cell Operating In DCM”, in 2023

IEEE 8th Southern Power Electronics Conference and 17th Brazil-

ian Power Electronics Conference (SPEC/COBEP), pp. 1-8, 2023,

doii10.1109/SPEC56436.2023.10407431.

S. Ben-Yaakov, “Behavioral Average Modeling and Equivalent Cir-

cuit Simulation of Switched Capacitors Converters”, IEEE Trans-

actions on Power Electronics, vol. 27, no. 2, pp. 632-636, 2012,

doii10.1109/TPEL.2011.2171996.

F. Imai, Y. R. de Novaes, “Design and Assembly of a Bipolar Marx

Generator Based on Full-Bridge Topology Applied to Electroporation”,

in 2019 IEEE 15th Brazilian Power Electronics Conference and 5th

IEEE Southern Power Electronics Conference (COBEP/SPEC), pp. 1-

6, 2019, doi:10.1109/COBEP/SPEC44138.2019.9065833.

[10]

[11]

[12]

[13

—_

BIOGRAPHIES

Chrystian Mumic was born in Joinville, Santa Catarina, Brazil, in 1997.
He received his Bachelor’s degree in Electrical Engineering from the Santa
Catarina State University (UDESC) in 2020. He is currently a Master’s
student at the Power Processing Research Group (nPEE) at UDESC.
His research interests include switched-capacitor converters, power factor

correction, variable frequency drives, and DC-DC converters.

Marecus Vieira Soares was born in Tubardo, Santa Catarina, Brazil, in 1990.
He received the B.S. degree in electrical engineering from Santa Catarina
State University (UDESC), Joinville, Brazil, in 2015, and the M.S. and Ph.D.
degrees from the Electrical Energy Processing Group (nPEE), UDESC, in
2017 and 2022, respectively. He is currently working as a Scientist for

Silicon Austria Labs within the Power Electronics Division.

Yales Romulo de Novaes was born in Indaial, Santa Catarina, Brazil,
in 1974. He received the B.S. degree in electrical engineering from the
Regional University of Blumenau (FURB), Blumenau, Brazil, in 1999, and
the M.Eng. and Ph.D. degrees from the Power Electronics Institute (INEP),
Federal University of Santa Catarina, Floriandpolis, Brazil, in 2000 and
2006, respectively. In 2001, he worked as a Research Engineer at the same
institute. From 2006 to 2008, he was a Postdoctoral Fellow at the Industrial
Electronics Laboratory, Ecole Polytechnique Fédérale de Lausanne, Switzer-
land. From 2008 to 2010, he was a Scientist with the Power Electronics
Systems Group, ABB Corporate Research Center, Daetwill, Switzerland.
He was also a visiting Post-Doctoral Researcher Fellow at The University
of Nottingham, PEMC, UK, from 2022 to 2023. He is currently a Full
Professor at UDESC - Santa Catarina State University, Joinville, Brazil,
and a Coordinator of CMEAR (Research Cell on Microgrids of Alternative
and Renewable Energies).

Alan J. Watson (Senior Member, IEEE) received the M.Eng. (Hons.)

degree in electronic engineering and the Ph.D. degree in power electronics

Eletrénica de Poténcia, Rio de Janeiro, v. 30, e202535, 2025. 11


https://doi.org/10.1109/r10-htc.2017.8289036
https://doi.org/10.1109/r10-htc.2017.8289036
https://doi.org/10.1109/indcon.2013.6725951
https://doi.org/10.1109/TPEL.2022.3200519
https://doi.org/10.1109/IECON51785.2023.10311845
https://doi.org/10.1109/IECON51785.2023.10311845
https://doi.org/10.1109/icpeices.2016.7853211
https://doi.org/10.1109/tpel.2014.2360173
https://doi.org/10.1109/icpces.2017.8117635
https://doi.org/10.1109/tpel.2017.2737534
https://doi.org/10.1109/TIE.2020.3005060
https://doi.org/10.1109/SPEC56436.2023.10407431
https://doi.org/10.1109/TPEL.2011.2171996
https://doi.org/10.1109/COBEP/SPEC44138.2019.9065833
https://creativecommons.org/licenses/by/4.0/

Mumic et al.: Analysis and Implementation of a Single-Phase Bridgeless Hybrid

Switched-Capacitor Rectifier in DCM for Power Factor Correction

from the University of Nottingham, Nottingham, U.K., in 2004 and 2008,
respectively. In 2009, he joined Power Electronics Machines and Control
Group, University of Nottingham, as a Research Fellow. Since 2009, he
has been involved in various projects in high-power electronics including
resonant converters, high-voltage power supplies, and multilevel converters
for grid-connected applications, such as HVdc and flexible ac transmission

systems. In 2012, he was promoted to a Senior Research Fellow before
becoming an Assistant Professor of high power electronics in 2013. Since
2022, he has been an Associate Professor of High-Power Electronics. His
current research interests include the development and control of advanced
high-power conversion topologies for industrial applications, grid-connected

converters, and HVdc transmission.

Eletronica de Poténcia, Rio de Janeiro, v. 30, e202535, 2025.


https://creativecommons.org/licenses/by/4.0/

	INTRODUCTION
	SINGLE-PHASE HYBRID BOOST PFC RECTIFIER
	Modulation Scheme
	Operational Stages

	DESIGN METHODOLOGY
	Maximum Duty Cycle for DCM
	Output Characteristic
	Maximum Inductance for DCM
	Switched Capacitor
	Output Capacitors
	Input LC Filter

	VOLTAGE AND CURRENT STRESSES OF SWITCHES AND DIODES
	Current Stress - Switches
	Voltage Stress - Switches
	Current Stress - Diodes
	Voltage Stress - Diodes

	EXPERIMENTAL RESULTS
	CONCLUSION
	REFERENCES
	Biographies
	Chrystian Mumic
	Marcus Vieira Soares
	Yales Rômulo de Novaes
	Alan J. Watson




