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Abstract—AC-to-DC conversion is integral to the two-stage
charging interface of electric vehicle (EV) batteries. For such charg-
ers, the use of multilevel rectifiers (MLRs) reduces voltage ratings of
power switches, while achieving a high-quality input voltage wave-
form. Balancing of capacitors in MLRs, however, is an important
challenge. In this work, a power factor correction (PFC) five-level
rectifier with self-balanced switched capacitors is proposed. Each
leg of the presented topology comprises five power switches and one
switched capacitor, where the voltage ratings of power switches are
equal to the output dc voltage. It does not require an additional
filter capacitor on the dc side, as the load appears in parallel
always with a switched capacitor of one of the legs. The five-level
operation with continuous conduction leads to the elimination of
the capacitive filter on the ac-side and inductive filter on the dc-side.
This article presents the operating principle, modulation strategy,
closed-loop control, and design aspects of the proposed rectifier. The
proposed topology is validated through experimental results and a
comparison is made with other topologies. Following three features
of the proposed topology make it suitable for EV battery charging
applications—buck operation with a wide output regulation, the
possibility of bidirectional flow of power needed for vehicle-to-grid
systems, and easy realization of its three-phase version by simply
adding one more leg. These features too have been demonstrated
with experimental results.

Index Terms—Buck rectifier, electric vehicle (EV) charging,
multilevel converter, multilevel rectifier, power factor correction
(PFC), switched capacitors, vehicle to grid (V2G).

I. INTRODUCTION

THIS section summarizes a brief literature review and high-
lights the research motivation and objectives. For better

readability and understanding, this part has been categorized
into different sections.
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Fig. 1. Basic block diagram of level-2 on-board charging.

A. AC-to-DC Conversion in Emerging Interfaces for
Electrical Vehicle Charging

The power electronics interface of an electric vehicle (EV)
charging system generally comprises two stages: a power fac-
tor correction (PFC) rectifier stage, followed by a dc-to-dc
converter [1]. The PFC stage aims at synthesizing sinusoidal
input current in-phase with the supply voltage and performs
ac-to-dc conversion to obtain a regulated output [2]. The dc-to-dc
converter is used to regulate the current supply for the EV battery
corresponding to its state-of-charge (SoC) and to match the
dc-link and the EV battery voltages [1]. Many a times, an electro-
magnetic interference (EMI) input filter is also required between
the ac source and the PFC stage [3]. All these constituents of
the charging systems (viz., power converters and filters) can
be integrated into the vehicle itself, leading to an on-board
charging system, or they can be placed in a specially designed
EV charging station as an off-board system [4]. Standards such
as IEC61851 and IS17017 offer guidelines on power levels
and voltages for such EV charging systems [1]. Depending on
the power requirements, these charging systems are fed with
single-phase or three-phase ac power [5]. For example, in the
level-2 on-board EV battery charging (exemplified in Fig. 1 in
a simplistic manner), a single-phase ac supply is used for the
charging power ranging between 2 and 8 kW (typically rated at
32 A), while three-phase ac supply is used for a charging power
of 19.2 kW (typically rated at 80 A) [5]. Similarly, three-phase
systems are employed for off-board charging systems based on
the power needs [6]. Thus, the conceptualization of the power
converter for the PFC stage begins with the consideration of the
ac supply, whether it is single-phase or three-phase.

Also at the PFC stage in EV charging systems, buck-type
rectifiers are being increasingly advocated to achieve a wider
control-range for the output voltage and to reduce the step-down
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requirement in the dc-to-dc conversion stage [7]. Buck-rectifiers
also enable the usage of low voltage power switches in the down-
stream dc-to-dc converter, leading to an increased efficiency and
better design flexibility, especially when galvanic isolation is to
be employed [8]. Another important consideration nowadays
has been to impart the capability of bidirectional power flow
to the charging interface so as to allow both G2V and V2G
modes [9]. V2G systems can provide additional opportunities
for grid operators [10], including reactive power support, ac-
tive power regulation, load-balancing [11], peak shaving, and
current harmonic filtering. They can also improve the technical
performance of the grid in areas such as efficiency, stability,
and reliability [12]. Hence, at the hindsight, it can be said that
in the contemporary EV charging interfaces, the most desirable
characteristics for a PFC rectifier topology are the following: 1)
it should achieve buck operation; 2) it should allow bidirectional
flow of power; and 3) its structure should be easy to extend for
a three-phase ac input.

B. Emergence of Multilevel PFC Rectifiers

Now, numerous PFC rectifier topologies have been proposed
and reviewed at length [13]–[16], including those which are
targeted for application-specific needs, such as on-board EV
chargers [17], electric drives [18], data centres [19], light-
ing [20], etc. These rectifiers are normally categorized into major
groups, namely, PFC boost rectifiers, PFC buck rectifiers, and
PFC buck–boost rectifiers [21].

1) PFC Boost Rectifiers: “Boost” here refers to the fact that
in this class of rectifiers, the magnitude of the output dc voltage
is greater than the peak value of the input ac voltage [22], [23].
The resulting dc voltage, in general, is too high to directly feed
the dc-bus of EV battery, and hence either a subsequent step-
down dc–dc converter is employed at the dc side, or a step-down
transformer is introduced at the ac side. Both these approaches,
however, add to the volume, costs and power losses in the system.
At the same time, to provide a constant output dc voltage and
UPF operation at the input, boost PFC rectifiers do not require
bulky filters either at the ac side or the dc side.

2) PFC Buck Rectifiers: “Buck” here refers to the fact that
in this class of rectifiers, the magnitude of the output dc voltage
is lower than the peak value of the input ac voltage. Buck-type
rectifiers provide a wider control range for the output dc volt-
age, as compared to the boost-type rectifier topologies [7], [8].
PFC buck rectifiers, however, generally exhibit discontinuous
conduction mode (DCM), due to which the regulation of output
voltage becomes difficult. Moreover, DCM makes the regulation
of output voltage dependent on the load impedance, and thus,
necessitates large filters on the dc side.

3) PFC Buck–Boost Rectifiers: “Buck-boost” type of recti-
fiers can operate in buck as well boost mode [24]. Many a times,
they employ a low number of semiconductors and integrate
the magnetic elements to reduce the total size and volume of
the converter [25], [26]. Newly proposed topologies, such as
the Ferdowsi rectifiers [25], use a low number of controlled
switches to achieve low total-harmonic-distortion (THD) in the
input current. In many cases, however, bridge-less buck–boost

Fig. 2. Role reversal in switched capacitors-based multilevel topologies.

rectifiers do not offer the possibilities of bidirectional power flow
and easy extension to three-phase ac systems [24]–[26].

Another categorization of PFC rectifiers is in terms of the
number of levels of the input side voltage waveform. This is
due to the fact that a grid-connected voltage source rectifier
synthesizes a voltage in order to control the grid current, and
hence if the synthesized voltage is improved by increasing the
number of voltage levels, the grid current can be consequently
improved [17]. These rectifiers are known as “multilevel rec-
tifiers (MLRs).” As compared to the nonmultilevel rectifiers,
MLRs offer attractive advantages, such as lower voltage ratings
of power switches, much better harmonic profile of the input
waveform, reduced dv/dt stress, possibility of fault-tolerant
operation, and so on. The conventional MLRs (viz., neutral
point clamped, flying capacitors and Vienna rectifiers) operate as
boost-rectifiers [22], [23], [27], [28], though some novel MLRs
operate as buck rectifiers, as discussed in the next section.

C. Multilevel Bidirectional PFC Rectifiers With Buck
Characteristics

To the best of the authors’ knowledge, very limited literature is
available on multilevel buck rectifiers [29]–[31]. These rectifiers
operate in continuous-conduction mode (CCM) and generate a
multilevel voltage waveform at the input. Due to CCM operation,
commonly used ac-side capacitive and dc-side inductive filters
are removed. The buck rectifier proposed in [30] is based on the
cascaded H-bridge (CHB) topology and provides multiple dc
outputs. For the CHB structure, on the ac side, each module
must interact with the others to obtain an almost sinusoidal
current in phase with the grid voltage. On the dc side, each
capacitor’s voltage must be stable and controlled. Balancing the
capacitor output voltage requires multiple voltage sensors and a
complex control strategy. In [29], Vahedi et al. have presented a
five-level buck rectifier, which is bidirectional in nature. In order
to balance the voltages of the two capacitors, two voltage sensors
are needed to implement a complex control methodology. More-
over, it requires power switches of high voltage ratings equal to
twice the output dc voltage. In addition, the topology in [29]
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cannot be directly extended to its three-phase version. Another
buck topology proposed in [31] is a nine-level converter, which
is primarily based on the original inverter topology described
in [32]. The control methodology in [31] is such that the structure
does not utilize the switched-capacitors principle, and hence,
voltage balancing of capacitors becomes challenging. In [31],
the authors use finite switching set mode predictive control
to regulate the dc voltages and to track the desired reference
of the input ac current. This requires four voltage sensors
and four current sensors to balance the capacitor voltage and
improve the PFC. Another drawback of the topology in [31]
is the requirement of high voltage rated power switches and
difficulty in extension to three-phase version. Hence, both these
rectifiers of [29] and [31] are characterized by three important
limitations—voltage ratings of the switches are different and
higher, balancing of voltages is extremely complex (involving
multiple sensors and cumbersome real-time computation), and
three-phase extensions are not possible directly.

D. Motivation and Objectives of the Work Proposed in This
Article

In the light of the previous discussions, it can be concluded
that there remains an ample scope of conceptualizing novel
topologies for EV charging applications with following features:
1) to achieve buck operation along with power factor correction
and wide range of output voltage; 2) synthesis of multilevel
voltage at the ac side; 3) ability for bidirectional flow of power;
4) easy balancing of capacitors’ voltages; and 5) possibility of
easy extension for three-phase application.

In order to achieve these objectives, the authors propose to
examine the features of the so-called “switched capacitors-based
multilevel topologies” [33], which have been hitherto proposed
as inverters [34]. These topologies use switched-capacitors to
synthesize additional voltage levels at the output of the inverter,
while at the same time, they enable an inherent voltage gain
greater than one, and thereby achieving a “boost” operation
as inverter. This is so because a switched capacitor is charged
by bringing it in parallel with the input dc source. Thereafter,
another switching combination brings it in series with the dc
source, while they are connected to the ac load. Hence, these
topologies offer the advantages of multilevel inverters, while
providing additional advantages of inherent boost and self-
balanced capacitors. Consider a simple single-phase system with
VDC as the dc side voltage and VAC as the ac side multilevel
voltage, with the voltage gain as β (see Fig. 2). Then, the peak
value of the fundamental component of the multilevel voltage
would be given as [35] and [36]

vmax
AC,1 = M.β.VDC (1)

where M is the modulation index with 0.5≤ M ≤1.
Now, for a rectification system based on the switched-

capacitors, the peak value of the grid voltage (vmax
g ) will replace

vmax
AC,1, while the output dc voltage (VDC) can be expressed

using (1) as

VDC =
vmax
g

M.β
. (2)

Fig. 3. Pertaining to the research proposed in this work.

The above expression indicates that for β > 1, the output dc
voltage would be less than the peak value of the grid voltage,
thereby allowing the ac-to-dc conversion to be of buck nature.
This expression also indicates that in the conventional multilevel
topologies where the voltage gain is unity (i.e.,β= 1), the output
dc voltage is greater than the peak value of the grid voltage, and
hence, they act as boost rectifiers.

Based on (2), it can be said that when operated as a PFC recti-
fier, switched capacitors-based multilevel topologies should per-
form buck operation and can be called as “switched capacitors-
based multilevel rectifiers (SCMLRs).” Some of the switched
capacitors-based multilevel inverters (SCMLIs) [37], [38] can
perform rectification, only if the diodes are replaced with con-
trolled switches. Moreover, most of the SCMLI topologies can-
not be easily extended to their three-phase version, as described
in detail in [37]. While many others, which can be bidirectional
and extended to three-phase versions, have limitations in terms
of large peak-inverse-voltage (PIV) of power switches [39], large
number of semiconductor devices, and large total-standing-
voltage [39], [40]. Therefore, in this work, a novel SCMLR is
conceptualized with the following features.

1) It works as a buck rectifier with power factor correction,
while providing a wide output range.

2) It synthesizes five levels at the input side, thereby greatly
improving the harmonic profile of the waveform. For all
the switching states, one of the switched capacitors is in
parallel with the load terminals and hence, no additional
filter capacitor is required at the dc output.

3) It requires power switches of equal voltage ratings, be-
cause the PIV rating of all the power switches is equal to
the output dc voltage.

4) It does not require any additional balancing circuitry since
the capacitors are self-balanced. Moreover, the voltage of
only one of the switched capacitors is required to be sensed
to implement a closed loop control.

5) It operates in continuous conduction mode (CCM) as buck
rectifier, thereby eliminating the bulky filters.

6) It allows bidirectional flow of power, and hence it can be
employed to implement a V2G interface for EV charging.

7) It can be easily extended to a three-phase version.
8) It acts as a boost rectifier for low modulation indices (<

0.5). Although in this case, it synthesizes only three levels
at the input terminals.
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The proposed research is summarized in Fig. 3, mainly to
emphasize that the switched capacitors-based topologies are a
special class of multilevel structures, which are being explored
here for the purpose of achieving multilevel buck rectification.

E. Organization of This Article

This rest of this article is organized as follows. Section II
presents the proposed topology, Section III deals with the control
scheme, and Section IV deals with the converter design. There-
after, Section V deals with a detailed comparison with other
topologies. Section VI summarizes the experimental investiga-
tions for possible applications. Finally, Section VII concludes
this article.

II. PROPOSED FIVE-LEVEL BUCK RECTIFIER

The proposed rectifier topology is shown in Fig. 4, wherein
two legs “A” and “B” are shown. The ac input voltage is given
at the terminals ‘‘a” and “b,” while the dc output voltage is
obtained between the terminals ‘‘p” and “n,” with “p” being
the higher potential terminal. The output voltage is shown as
‘‘V DC.” Each leg has five active switches and one capacitor,
which is maintained at a voltage equal toVDC. The pole voltages
(“Van” and “Vbn”), thus, have three voltage levels: +2VDC,
+VDC and 0. Of the five switches in a leg, say the leg A, the pairs
(A1, A1) and (A2, A2) are complementary, while the switch A3

operates simultaneously with A2. That is, if “1” corresponds to
“ON” state and “0” corresponds to “OFF” state of a switch

A1 = 1− A1

A2 = 1− A2 = A3. (3)

The voltage Vab can, thus, be expressed as

Vab = Van −Vbn. (4)

Since the pole voltages Van and Vbn have three levels, the line
voltage Vab manifests five levels viz., ±2VDC, ±VDC and 0.

In this proposed SC-based rectifier, the value of β is 2. From
(2) the output dc voltage can therefore be express as

VDC =
vmax
g

2M
. (5)

Equation (5) suggests that the output dc voltage will be equal
to the peak grid voltage vmax

g for M = 0.5. The value of VDC

will be less than vmax
g for M greater than 0.5, and therefore the

proposed converter will perform buck rectification. During over
modulation, where M exceeds unity, the output voltage will
approximate a square waveform, where-in the fundamental ac
side waveform acquires a maximum value of (4/π) times the peak
dc side voltage (i.e., 2VDC) [36], indicating that VDC can achieve
a maximum value equal to (π/8) times vmax

g . It is observed that
VDC exceeds vmax

g during under modulation (M < 0.5) thereby
performing boost operation. As described later, it will be seen
that only three levels will be synthesized for M < 0.5, in which
the voltage Vab manifests the levels viz., ±VDC and 0, and hence,
acts as three-level boost rectifier. The above discussion can be

Fig. 4. Proposed five-level PFC rectifier topology (single-phase).

Fig. 5. Variation of the output voltage with respect to modulation index.

summarized as following results for the output voltage VDC:

vmax
g

2
≤ VDC ≤ vmax

g (6)

for 0.5≤ M ≤ 1, five-level buck operation

πvmax
g

8
< VDC <

vmax
g

2
(7)

for M > 1, five-level buck operation (overmodulation) and

VDC > vmax
g (8)

for M < 0.5, three-level boost operation.
Output voltage variation in terms of modulation index is

shown in Fig. 5, for input rms ac voltage of 230 V (i.e., peak
value of 325 V).
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TABLE I
SWITCHING STATES OF THE PROPOSED FIVE-LEVEL RECTIFIER

Fig. 6. Switching states for the proposed five-level buck rectifier. (a) State St1. (b) State St2. (c) State St3. (d) State St4. (e) State St5. (f) State St6.

A. Description of Five-Level Buck Mode (0.5<M< 1)

All the valid operating states for the proposed rectifier are
summarized in Table I, where ON and OFF states of a power
switch are shown with “1” and “0,” respectively, and charging
and discharging states of the capacitors are shown with “C” and
“D,” respectively. There in, conduction paths of three currents
are shown: io is the load current, ic is the intercapacitors current
and i′g is the ac component drawn from the grid. These currents
are, respectively, shown in blue, green, and red colors. Various
switching states for the proposed rectifier are described herewith.

1) StateSt1 (Vab =+2VDC): During this state, in the positive
half cycle, the switches A1, A2, B1, B2, and B3 are si-
multaneously turned ON, so as to achieve two simultaneous
conduction paths as shown in Fig. 6(a). In the path shown
with red, it can be seen that the Vab = +2VDC. Both the
capacitors get charged from the ac source.

2) State St2 (Vab = +VDC): During this state, in the pos-
itive half cycle, the switches A1, A2, A3, B1, B2, and
B3 are simultaneously turned ON, so as to achieve three

simultaneous conduction paths as shown in Fig. 6(b). The
capacitor CA is in charging state and the capacitor CB is
in parallel with the load. Both the capacitors too are in
parallel due to which an inter-capacitors current flows to
balance their voltages.

3) State St3 and St4 (Vab = 0): During this state, in the
positive and negative half cycle, the switches A1, A2, A3,
B1, B2, and B3 are simultaneously turned ON, so as to
achieve three simultaneous conduction paths as shown
in Fig. 6(c) and (d). In these states, Vab = 0. For the
positive half cycle, capacitor CB is in parallel with the
load, while during the negative half cycle, capacitor CA

is in parallel with the load. Once again, in both the states,
the intercapacitors current balances the voltages of the two
capacitors.

4) State St5 (Vab =−VDC): During this state, in the negative
half cycle, the switches A1, A2, A3, B1, B2, and B3 are
simultaneously turned ON, so as to obtain Vab = −VDC.
As shown in Fig. 6(e), the capacitor CB is in charging
state and the capacitor CA is in parallel with the load. The
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Fig. 7. Equivalent circuits of the proposed rectifier for boost mode of operation
(M < 0.5).

voltages of the capacitors are balanced by the intercapac-
itors current.

5) StateSt6 (Vab =−2VDC): During this state, in the negative
half cycle, the switches A1, A2, A3, B1, and B2 are si-
multaneously turned ON, so as to obtainVab =−2VDC. As
shown in Fig. 6(f), both the capacitors are in the charging
state.

In this range of modulation index (0.5<M< 1), the proposed
topology operates in buck mode and generates five voltage levels
at the input terminals of the rectifier.

B. Description of Three-Level Boost Mode (M< 0.5)

While the proposed topology is primarily a buck converter, it
can perform boost operation as well, albeit with the synthesis of
three levels instead of five. This warrants a discussion, especially
from the point of view of switching states. The equivalent circuit
for the boost mode of operation is shown in Fig. 7.

For M < 0.5, the states ±2VDC are not synthesized at the
input terminals. This is so, because only switches A1, A1,
B1, B1 operate, while switches A2 and B2 are permanently
OFF and switches A2, B2, and A3, B3 are permanently ON,
as shown in Fig. 6(b)–(e). Here, CA, CB are in parallel with
an equivalent capacitance of Ceq. It can be observed that
the operating states for boost-mode are similar to the opera-
tion of the H-bridge rectifier. Boost mode of operation gen-
erates a three-level voltage at the input of the rectifier viz.,
+VDC, 0, and −VDC. Operating states of this mode are same
as St2 − St5.

III. CONTROL AND MODULATION TECHNIQUE

A. Multicarrier Pulsewidth Modulation (PWM) Technique

For the modulation of MLRs, different techniques have been
used, including high switching frequency techniques (such as
multicarrier PWM and space vector PWM) and low switch-
ing frequency methods (such as active harmonic elimination,
selective harmonic elimination and nearest level control) [41].
The proposed MLR can be modulated with any of these tech-
niques with appropriate adaptation. In the proposed work, a
level-shifted PWM (LSPWM) scheme is employed for the gating
signal generation, as shown in Fig. 8. A reference waveform
(Vref) of frequency (fref) is taken as the reference signal which
is generated by the voltage controller and its absolute value
|Vref| is compared with the two high-frequency triangular carrier
waveforms vcr1 and vcr2.

Fig. 8. Level-shifted modulation scheme for the proposed rectifier.

Fig. 9. Logic gates-based generation of switching signals.

During0 ≤ ωt ≤ 2π, requirements of various operating states
are shown in Fig. 8. During 0 ≤ ωt ≤ π, when vcr1 is compared
with |Vref|, the input voltage levels are (0 and VDC) which are
to be obtained by generating signals for states St3 and St2.
Similarly, when vcr2 is compared with |Vref|, the input voltage
levels areVDC and 2VDC, which are to be obtained by generating
signals for states St2 and St1. For the remaining half cycle,
during π ≤ ωt ≤ 2π, the states for the negative half cycle are to
be generated. When vcr1 and vcr2 are compared with |Vref|, the
output voltage levels are 0,−VDC and−VDC,−2VDC, which are
to be obtained by generating signals for states St4, St5 and St5,
St6, respectively. Logic gates-based switching pulse generation
is shown in Fig. 9.

B. Controller Design

In a rectifier circuit, using hysteresis current controller, the
grid current is shaped into a sine wave. By using this controller,
switching complications occurs like large and variable switching
frequency which increases power losses [42], [43]. For the
proposed rectifier topology, a simple controller including two
cascaded loops is designed for the generating the switching
pulses. The inner loop is used for grid-current control and the
outer loop is for regulating the output voltage. Primarily, the ac
grid average current is shown in [28], [44], and [45]

Lg
dig
dt

= vg − rgig − Vab

= vg − rgig −DVDC (9)
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Fig. 10. Inner and outer loops for voltage and current controllers.

where Lg is the grid inductor and rg is that inductor parasitic
resistance, and D is the buck rectifiers duty cycle. The small-
signal model of (9) can be converted into Laplace domain by
assuming a constant value of grid voltage (vg), and averaged
value of grid current and duty cycle

Lgsig = −igrg −DV ∗
DC. (10)

As the inner loop should be faster than the outer loop, it is appro-
priate to consider the outer loop value, which is the dc voltage, to
be constant. The following transfer function is obtained for the
grid-connected rectifier inner loop using a dc voltage reference
value V ∗

DC, indicating that the dc voltage output, inductive filter
value, and line impedance affect the grid ac current

ig
D

=
−V ∗

DC

Lgs + rg
. (11)

Fig. 10 shows the inner and outer loops of the controller.
Where, in the inner loop, current controller Gc(s) can be either a
simple gain as a proportional controller or a proportional integral
(PI) controller. It should be noted that the inner loop should have
a faster dynamics than the outer loop. Therefore, in the case of a
sinusoidal input current signal using a PI controller, the integral
gain of that PI should be minimal enough not to change the
inner loop’s speed. However, the use of a PI compensator on
a sinusoidal signal creates some steady-state errors that can be
seen as a dc component in the current harmonic spectrum. A
proportional resonant (PR) controller with an infinite gain at
the grid frequency (fref), which shows zero steady-state error,
is one alternative for such situation [46]. Furthermore, another
loop should be added to the controller to regulate the output dc
voltage. Equations from the dc side of the rectifier should be
examined to obtain the system model for the outer loop

ig = iceq + ioCeq
dV

dt
= ig − VDC

Ro
(12)

where the capacitors are parallel equivalent to Ceq and load cur-
rent is io. The following transfer function for the outer loop will
be accomplished by small-signal modeling of (12) conversion to
s-domain. The relationship between the output dc voltage, value
of the load resistance and dc capacitor value is shown by transfer
function

VDC

ig
=

Ro

RoCeqs + 1
. (13)

The voltage controller can be considered the outer loop due to the
relationship between ig and VDC as (13). Such loops deliver the
idea of a cascaded controller in which an input for the inner loop
is the output of the outer loop. As there is no frequency in the dc
signal, a PI compensator with a Gv(s) transfer function is used
to control the voltage at the desired level. The voltage control

Fig. 11. Model of the conversion system for inductive filter design.

Fig. 12. Waveforms pertaining to the design of filter inductor.

system controls the output dc voltage atV ∗
DC, as shown in Fig. 10,

and provides the reference current peak value as an input to the
inner loop. Due to its low complexity and adequate accuracy,
the controller shown in Fig. 10 can be easily implemented with
real-time controllers.

IV. DESIGN PARAMETERS, COMPONENT RATINGS, TOTAL

STORED ENERGY, AND LOSS ANALYSIS

A. Design Parameters

1) Filter Inductor (Lg) for the Input Side: Inductive filter is
modeled as a series connection of an inductor Lg and equivalent
series resistance rg. As filter inductor bears the grid current ig,
the value of Lg mainly depends on the allowable maximum
input current ripple, Δimax

g . The maximum input current ripple
(Δimax

g ) is limited to 20% of the rated current [47]. In the system
under consideration, the input voltage to the proposed rectifier,
designated as Vab, is a five-level voltage (comprising the voltage
levels 0, ±VDC, ±2VDC). For the purpose of filter design, the
system is modeled as shown in Fig. 11. The governing equation
can be written as

Lg
dig
dt

= vg − rgig − Vab. (14)

For a given switching cycle of period Tsw and duty-ratio D,
the above equation is approximated as

Lg
Δig

D.Tsw
= vg − rgig − Vab. (15)

To determine the minimum required value of Lg, a limiting
scenario may be considered, as depicted in Fig. 12, with the grid
voltage at its maximum value (vmax

g ), Vab being equal to VDC

(since Vab undergoes transitions between 2VDC ↔ VDC when vg
is in the region of its peak value), duty ratio being 50% and
the resistance of the filter as negligible. Accordingly, the ripple
on the inductor is maximum, with its peak-to-peak value being
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Fig. 13. Designing of passive components. (a) Variation of filter inductance
with change in switching frequency. (b) Variation of capacitance with modula-
tion index.

Δimax
g |pp and the value of Lg can be obtained as

Lg =
(vmax

g − VDC).Tsw

2Δimax
g |pp

(16)

where, in terms of the modulation index M , VDC is
expressed as (8)

Lg =
vmax
g (1− 1

2M )

2.FswΔimax
g |pp

. (17)

Variation of filter inductance (for vmax
g =325 V, VDC = 200 V)

with different switching frequencies is shown in Fig. 13(a).

B. Designing of Switched Capacitors

The proposed rectifier is working on the principle of switched-
capacitor (CX, X∈A, B) to maintain the voltage of capacitorCX

at VDC. When this capacitor discharges to load, voltage ripples
should not exceed 10% of the appropriate capacitor voltage,
which are decided by discharging time and load current. Through
the switching states as shown in Fig. 6, it is clear that, capacitor
CX experiences the maximum continuous discharge in 0 output
level occurring from 0 to θ. The maximum discharge for the load
Ro can be articulated as

ΔQCX
= CX.ΔVCX

=

∫ θ

0

VDC

2Ro
d(ωt). (18)

Solving

ΔQCX
=

VDC

ω.Ro
θ (19)

where

θ = sin−1

(
1

2M

)
. (20)

If 10% of maximum ripple are allowed

100ΔVCX

VDC
≤ 10. (21)

Using these equations, we have

CX ≥ 10

2ω.Ro
.sin−1

(
1

2M

)
. (22)

This equation is valid for M > 0.5 and variation of capacitors
values is shown in Fig. 13(b) with different modulating indexes
and Ro is taken as 20 Ω.

Fig. 14. Pertaining to the determination of intercapacitors current.

C. Component Ratings

The procedure for determination of voltage and current ratings
of power switches is summarized below.

1) Voltage Ratings of Power Switches: All the power
switches need to bear a maximum voltage equal to the output
dc voltage. A summary table of the voltages blocked by all the
power switches during various states corresponding to Fig. 6 is
shown in Table II.

2) Current Ratings of Power Switches: It can be seen from
various states (see Fig. 6) that the conduction paths for the fol-
lowing three currents are manifested in a state: 1) load current io;
2) ac component drawn from the grid ig′ ; and 3) intercapacitors
current, ic (see Fig. 14). For each working state, the total current
in a power switch is determined. A summary table describing
these currents is shown in Table II. Peak values of these currents
are

io =
VDC

Ro
(23)

where io is the output current, VDC output voltage, and Ro is the
load resistance

i
′max
g =

vmax
g

|Z| (24)

|Z| =
√

r2g + (xL − xc)2 (25)

where rg is parasitic resistance of the inductor, and xL and xc

are the inductive reactance and capacitive reactance values

imax
c =

Specified VCA − Lowest possible VCB

Req
(26)

imax
c =

VDC − 0.9VDC

Req
(27)

where

Req = rA2
+ rA3

+ rB2
+ rB3

+ ESRCA
+ ESRCB

. (28)

Based on these equations and Table II, the maximum current for
a given power switch is described, and hence, the current rating
are determined.

D. Stored Energy in Passive Components

The values of passive components (viz., inductors and ca-
pacitors) greatly determine the size of the power converters,
which are primarily governed by the maximum current ripples
and maximum voltage ripples, respectively [47]. The values of
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TABLE II
CURRENT AND VOLTAGE FOR THE POWER SWITCHES DURING VARIOUS STATES OF THE PROPOSED TOPOLOGY

Fig. 15. Total maximum stored energy of inductor and capacitors in the
proposed PFC rectifier and that proposed in [29].

stored energies are, respectively, given by [48]

W ind
L =

1

2
Lg(i

max
g )2 (29)

W cap
C =

1

2
(CA + CB)(V

max
Cx )2 (30)

where the maximum voltage across capacitors V max
Cx = VDC.

Designing of the inductor for the proposed topology and that
of [29] is the same as both are operated for five-level buck
mode with 0.5 gain as seen from (17). Similarly, the capacitances
too are same because the charging and discharging duration of
the capacitors are the same as seen from (22). The maximum
stored energy of an inductor and capacitor can be calculated by
substituting (17) and (22) into (29) and (30)

W ind
L =

5

4

(
1− 1

2M

)
.WL (31)

W cap
C =

5

2
sin−1

(
1

2M

)
.WC (32)

where

WL =
vmax
g .imax

g

Fsw
(33)

WC =
(vmax

g )2

ω.Ro
. (34)

The maximum stored energies for the proposed rectifier and
that of [29] are plotted in Fig. 15. The total maximum stored
energy of the inductor in the proposed PFC rectifier and those
in [29] are the same, as illustrated in Fig. 15. It significantly
decreases for the proposed buck converter, especially for the

higher modulation index. Fig. 15 also shows that the total
maximum stored energy of the capacitors CA and CB of both
the converters increases when the gain increases. Therefore, the
results presented in Fig. 15 imply that the size of energy-storing
components of the proposed converters is the same as the buck
PFC rectifier proposed in [29].

E. Switching Device Power (SDP)

As described in [49], each switching device in a PFC rectifier
system must be chosen on the basis of the maximum blocking
voltage across the switches and the peak and average currents
passing through it. A rectifier system’s voltage and current
stresses are quantified in terms of the so-called switching device
power (SDP) [50]. The product of voltage stress and current
stress is the SDP of a switching device. A rectifier’s total SDP
equals the sum of the SDPs of all the switching devices in
the power circuit. The overall SDP is a cost indicator for a
rectifier system since it estimates the total semiconductor device
need [49]. These definitions are summarized as follows:

SDPpk =

Ns∑
i=1

V pk
i Ipk

i (35)

SDPavg =

Ns∑
i=1

V pk
i Iavg

i (36)

where Ns is the number of semiconductors and V pk
i and Ipki

are their peak voltage and current stresses, respectively. The
total peak and average switching device powers (SDPpk and
SDPavg) are discussed at length in [50]. To quantify the voltage
and current ratings of the switches, Table II is to be considered,
which shows the voltage stress and current stress across each
switch for a given state. According to [49], SDPpk is used
to determine the cost of converters, whereas SDPavg is used
to determine the semiconductors’ thermal requirements and
conversion efficiency.

Both SDPpk and SDPavg are also calculated for the topology
proposed in [29]. Then, assuming the same output power for both
the rectifiers, SDPs are plotted in Fig. 16 against the modulation
index. As seen from Fig. 16, forM < 1 (i.e., buck mode of opera-
tion of the proposed rectifier), SDPpk of the proposed converter
is considerably higher than that of [29]. From Section II and
Fig. 7, for M > 1, boost mode of operation takes place, and
the utilization of power switches is greatly reduced because the



13448 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 11, NOVEMBER 2022

Fig. 16. Total peak and average SDP for the proposed PFC rectifier and that
proposed in [29].

topology effectively behaves as an H-bridge converter. In the
boost mode of operation, the SDPpk of the proposed converter
is considerably lower than that of [29]. Also, SDPavg calculated
for the proposed converter, is lower than [29] in a wide range of
modulation indexes. Thus, though the number of power switches
in the proposed rectifier is a bit higher as compared to that of [29],
the SDPs are found to be comparable.

F. Loss Analysis

The efficiency of the rectifier can be expressed as

η =
Po

Pin
=

Po

Po + Ploss
(37)

wherePo,Pin, andPloss correspond to output power, input power,
and total power losses, respectively. The total power losses are
due to the following: 1) capacitor power losses; 2) switching
power losses; and 3) conduction power losses. These are covered
briefly below.

1) Capacitor Power Losses: Voltage ripples, that are resulted
in a switched capacitor with current ICx

, (x∈ A, B) in every
working state of the rectifier [38] are expressed as

ΔVCX
=

1

C

∫ tb

ta

ICX
dt (38)

where (tb − ta) represents the time span of discharge during the
state under consideration. If fref is the grid frequency, the power
losses caused by voltage ripple are given by

P ripple
loss =

fref

2
Cx(ΔVCx

)2. (39)

Power losses also take place in a capacitor due to its ESR (RESR).
It is expressed as

P ESR
loss =

RESR.fref

2

∫ tb

ta

I2CX
dt. (40)

Thus, the total losses in a capacitor during operation are calcu-
lated by adding (39) and (40).

2) Switching Losses: The switching losses are resulted in
power switches during transitions. These losses are calculated
for a switch based on the overlap of the current and voltage
waveforms during transitions [51] as

P sw
loss ≈

1

2
VbvIcon(ton + toff )Fsw (41)

where ton and toff are the ON and OFF timings of switch, Fsw

is the switching frequency, Icon is the conduction current, and
Vbv is the blocking voltage across the switches.

3) Conduction Losses: As discussed in [51], the power losses
due to conduction in a switch (P con,sw

loss ) and a power diode
(P con,D

loss ) are expressed as

P con,sw
loss ≈ V sw

on Isw
avg +Rsw

on (I
sw
RMS)

2 (42)

P con,D
loss ≈ V D

on I
D
avg +RD

on(I
D
RMS)

2 (43)

where V sw
on , Rsw

on , Isw
on , and Isw

RMS correspond to voltage drop, re-
sistance, average current, and rms current through the transistor
part, respectively. While, V D

on , RD
on, IDon , and IDRMS correspond to

voltage drop, resistance average current, and rms current across
diode part, respectively. The overall power losses are obtained
by adding (42) and (43).

V. COMPARISON WITH OTHER TOPOLOGIES

The proposed topology combines multiple dimensions, viz.,
(buck ac-to-dc conversion) + (multilevel power conversion)
+ (switched capacitors principle). And therefore, carrying out
a comparison with various other PFC topologies may not be
very straight forward, as they employ one or two of the afore-
mentioned dimensions. And hence, in this section, separate
comparisons of the proposed topology with following topologies
have been presented:

1) comparison with switched-capacitors-based multilevel
topologies (single- and three-phase) (summarized in Ta-
ble III);

2) comparison with conventional multilevel topologies (sum-
marized in Table IV);

3) comparison with bridge-less multilevel buck PFC recti-
fiers (which do not employ the switched capacitors prin-
ciple) (summarized in Table IV);

4) comparison with some nonmultilevel buck–boost PFC
rectifiers (summarized in Table V)

Though switched-capacitors-based multilevel topologies
have been studied for many years now, they have been proposed
for dc-to-ac conversion. Some of the recent such topologies
(both single- and three-phase) are described in [52]–[54], which
were originally presented as inverters but can be employed as
rectifiers based on (2). Table III shows the comparison of the
proposed topology with those presented in [34], [39], [40], and
[55]–[59] in terms of crucial parameters such as [33]: number
of levels (NL), number of power switches (Ns), number of
capacitors (Nc), number of diodes (ND), peak inverse voltage
(PIV), voltage gain (β), and efficiency. Moreover, some other
features are also discussed, such as the requirements of the
dc bus capacitor, split-capacitors, and possibility of extension
to three phases. As can be seen from Table III, the topologies
presented in [55]–[57] synthesize five levels with lesser number
of power switches than that of the proposed structure, but those
in [55], [56] require power switched of high PIV (twice the
dc voltage), while an additional dc link capacitor is required
in [55] and [57]. Topologies presented in [39], [40], [55], [58],
and [59] employ split-capacitors (two connected capacitors in
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TABLE III
COMPARISON OF THE PROPOSED TOPOLOGY WITH SOME OTHER SWITCHED CAPACITORS-BASED MULTILEVEL TOPOLOGIES

dc

∗Not available, ∗∗PIV is with respect to the dc side voltage, VDC

TABLE IV
COMPARISON OF THE PROPOSED TOPOLOGY WITH MULTILEVEL RECTIFIERS

(SINGLE-PHASE)

∗PIV is with respect to the dc side voltage VDC

a T-type fashion), which increases the complexity of balancing
the voltages of these capacitors, especially in the rectification
operation, requiring additional voltage sensors [12]. Topologies
presented in [34], [39], [40] and [58], [59], respectively, syn-
thesize seven and nine levels, but are characterized by high PIV
and requirement of additional dc bus capacitors. Of these, [39],
[40], [55], [58], and [59] also need split-capacitors, leading to
voltage balancing issues. These topologies are difficult to extend
directly to three-phase structures [38]. In contrast, the proposed
topology is characterized by low PIV power switches and does
not require split capacitors and dc link capacitors. Also, it can be
easily extended to its three-phase version by adding a leg. Thus, it
shows better structural features. A comparison of the three-phase
version of the proposed topology has also been shown with other

TABLE V
COMPARISON OF THE PROPOSED TOPOLOGY WITH SOME NON-MULTILEVEL

PFC BUCK–BOOST RECTIFIERS

*Voltage stress across switches with respect to the dc side voltage VDC

three-phase switched capacitors-based multilevel topologies in
Table III. It can be seen that, as compared to topologies presented
in [52]–[54], the proposed topology has a low requirement of
components. Also, the presence of split-capacitors and dc bus
capacitors in the topologies of [52]–[54] increases the controller
complexity and number of voltage sensors.

In Table IV, a comparison of the proposed topology with
the conventional multilevel rectifiers, viz., H-bridge (HB) [22],
neutral point clamped [28], and flying capacitors [27], has been
shown. As compared to the proposed rectifier, the component
requirement is significantly less in these topologies, but it must
be noted here that these topologies offer a unity voltage gain, and
hence they function as boost rectifiers, and not buck rectifiers.
Multilevel buck rectifiers have been proposed in [29]–[31], and
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they too are included in Table IV. MLRs are classified with
respect to the output voltage, i.e., buck and boost. A comparative
analysis is done in terms of different parameters such as; NL,
Ns, ND, Nc, PIV, in addition to the number of voltage sensors
(NVS), number of current sensors (NCS), phase modularity and
efficiency. Topology in [29] requires power switches with PIV
equal to twice the output dc voltage and more number of voltage
sensors. Similar is the case with topology in [31], which requires
power switches with PIV equal to four times of the output dc
voltage and a significantly large number of voltage and cur-
rent sensors. Both these topologies possess similar limitations:
difficulty in balancing of capacitors’ voltages and difficulty in
extension to three-phase configuration. Hence, the proposed
topology manifests superior characteristics.

Table V summarizes the comparison of the proposed topology
with some buck–boost PFC rectifiers [24]–[26], [60], [61] in-
cluding the recently proposed Ferdowsi rectifiers [25]. The pro-
posed work is based on employing capacitors to attain multilevel
buck rectification, whereas the nonmultilevel topologies pro-
posed in [24]–[26], [60], and [61] employ magnetic core(s). The
comparison is carried out using the parameters of Ns, Nc, and
ND, in addition to the number of magnetic cores (NM), number
of the inductors (Nind), input current THD, and efficiency. Some
other features are also discussed such as voltage stress across
the switches, bidirectional capability, and possibility of exten-
sion to a three-phase system. In the magnetic core-based-buck
rectifiers proposed in [24]–[26], [60], and[61], voltage stress
in terms of output dc voltage is very high though they require
lesser number of active switches. However, the requirement
of other components is significantly high in these topologies.
Moreover, these topologies do not allow bidirectional flow of
power and do not offer an easy possibility of implementation
in three-phase systems. Hence, it can be safely concluded that
the topology proposed in this work is highly competent with the
considerations of buck PFC operation, bidirectional power flow,
three-phase extension, voltage ratings of power switches, and
ease of voltage balancing of capacitors.

VI. EXPERIMENTAL VERIFICATION WITH POSSIBLE

APPLICATIONS

In this section, results of experimental studies are presented
in steady and dynamic states. Additional results are presented
with the perspective of application to EV charging.

A. Results and Discussion

For the validation of the proposed five-level rectifier and the
closed loop control scheme, a laboratory setup was developed
using discrete power switches (MOSFETs SiHG47N60) with
Si82071AB-IS for gate driving. Hall effect-based voltage sensor
(LEM LV25-P) and current sensor (HE025T01) are used to sense
the output voltage and input current. A labeled photograph of
the setup is shown in Fig. 17.

OPAL-RT OP4510 was used to generate the real time con-
trol pulses for the power switches, which was interfaced with
the hardware using MATLAB/Simulink on the host computer.
The controller and switching process are implemented with a

Fig. 17. Photograph of laboratory set-up for validation of the proposed
rectifier.

TABLE VI
VARIOUS PARAMETERS/ ITEMS FOR THE EXPERIMENTAL SETUP

dc

b

sampling time of 10 μs. Input ac is obtained from the grid as
single-phase 230 VRMS, while the output dc voltage is set to
200 V in buck mode of operation. Various parameters for the
experimental studies are summarized in Table VI. Values of ca-
pacitors and inductor are chosen as per the design consideration
described previously. The performance of the system is tested
for both steady state and dynamic conditions (which include
variations in the operating conditions, such as sudden change
in dc load, sudden change in the input ac source voltage, and
change in the output reference voltage).

The steady-state results are captured when the rectifier con-
verts 325 V peak ac to 200 V dc (in buck mode) and supplies
it to the dc load, as shown in Fig. 18. It can be seen that the
input current (ig) is sinusoidal and is in the same phase with the
input grid voltage (vg), indicating that the input power factor is
maintained at unity. The figure also shows a five-level voltage
waveform at the rectifier input with low harmonic voltage,
positively impacting grid current THD. A 20Ω load is connected
on the dc side and the reference output voltage is set to 200 V,
which is satisfactorily obtained with a tolerable voltage ripple.
The voltages of capacitors CA and CB are balanced at 200 V
each, resulting in a five-level voltage waveform ofVab with levels
of 0, ±200 V, and ±400 V.
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Fig. 18. Waveforms pertaining to the steady-state operation of proposed
rectifier.

Results related to dynamic performance are shown in Fig. 19.
As can be seen in Fig. 19(a), when the output current is increased
suddenly by 50% (by changing the load resistance from 40 to
20Ω), the load voltage quickly stabilizes at 200 V and the rectifier
is still in unity power factor mode. In another instance, the dc side
power consumption (VDC.io) is not changed, but vg is suddenly
decreased, and it is seen that the grid current ig is increased
proportionally and unity power factor is maintained, as shown
in Fig. 19(b). When the ac grid voltage is suddenly decreased by
25% without any change in load, then the current drawn from
the grid stabilizes instantaneously to a proportionate value. The
voltages of dc capacitors are not affected by the voltage sag
in the grid. In another scenario, shown in Fig. 19(c), when the
output dc reference voltage is changed by 20%, it causes VDC

and io to change and the load voltage stabilizes at 240 V as
desired. These results also validate the tracking accuracy of
the controller. Under increased output voltage, the converter
continues to operate with a unity power factor and with five
voltage levels at the input of the rectifier. The voltage waveforms
across the switches are shown in Fig. 20 and as expected, it can
be seen that they are limited to a value equal to the output dc
voltage.

The steady-state results are also captured when the rectifier
converts 325 V peak ac to 400 V dc (in boost mode) and supplies
it to the dc load, as shown in Fig. 21. It can be seen that the
input current (ig) is sinusoidal and is in the same phase with the
input grid voltage (vg), indicating that the input power factor
is maintained at unity. Fig. 21 also shows a three-level voltage
waveform at the rectifier input.

The efficiency, THD, and PF are calculated for the proposed
work and comparisons are made with the topology proposed
in [29], which has been previously discussed to be a five-level
rectifier. The operating conditions for obtaining the efficiency
curves for both the topologies are same, viz., input ac voltage of
325 vmax

g , output dc voltage 200 V, and carrier frequency 10 kHz.
Now, it can be noticed from Fig. 22 below that the proposed
topology shows slightly lesser efficiency, but at the same time,
if a further comparison is carried out in terms of THD (versus
power) [see Fig. 23(a)] and power factor (PF) (versus power)

Fig. 19. Experimental results for dynamic performance. (a) When the load is
suddenly changed. (b) When the input ac source voltage is varied. (c) During
20% rise in the output dcC voltage reference.

[see Fig. 23(b)] for the topologies, then the proposed topology
exhibits much better performance on these parameters. Thus,
the peak efficiencies are differing slightly, which are 97.5% and
98%, respectively, for the proposed topology and [29] (mainly
due to intercapacitor currents in the proposed topology and lower
number of power devices in [29]). It is observed that proposed
rectifier yields lower THD and higher PF as compared to [29].
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Fig. 20. Waveforms of voltages across the power switches when the output
voltage is 200 V.

Fig. 21. Experimental waveforms for steady-state boost mode of operation of
the proposed rectifier.

Fig. 22. Efficiency comparison with [29]. (a) Curves with respect to power.
(b) Curves with respect to input voltage. (c) Comparison of distribution of power
losses with [29].

Fig. 23. Comparison with [29]. (a) THD curves with respect to power. (b) PFC
curves with respect to power.

Fig. 24. Experimental waveforms for single-phase battery charging applica-
tion for 1 kW system.

B. Possible Applications

Although the proposed SC-based PFC MLR can perform
both buck and boost operations, the number of levels at the
input side are five and three, respectively. And, hence this
work focuses on the buck operation due to better quality of
waveform synthesized. Since the output voltage can be regulated
in a wide range, the proposed rectifier can be employed in a
variety of applications such as EV charging, LED drives, lamp
ballasts, motor drives, telecom power supplies, etc. However,
all the advantages of the topology can be fully tapped when it is
used for EV charging application. These major advantages are
buck output with wide range, bidirectional flow of power, and
easy extension to three-phase systems. Accordingly, relevant
experimental results are presented, as discussed below.

1) Single-Phase EV Charging: For the purpose of demon-
stration of implementation in single-phase charging, a power
electronics interface is developed comprising of the proposed
PFC rectifier and a conventional buck–boost dc-to-dc converter,
as shown in Fig. 17. The ratings are considered as input voltage
230 VRMS, 50 Hz, rectifier output dc voltage being 200 V. The
rated power is 1 kW. Battery voltage (Vb) and current (ib), 48 V
and 20 A, respectively. The waveforms are shown in Fig. 24, and
it can be seen that the grid voltage and current are in phase and
achieve five-voltage level at the input terminal of the rectifier.
Output voltage of rectifier regulates to 200 V dc which is further
regulates to battery voltage 48 V by dc–dc converter.

2) Three-Phase EV Charging: Due to phase modular struc-
ture of the proposed topology, it can be easily extended to its
three-phase version. This is achieved by adding a third leg which
too carries a switched capacitor and five power switches, as
shown in Fig. 25.

Here too, a buck output voltage is obtained with unity power
factor operation at the input. Experimental results for the three-
phase MLR are shown in Fig. 26(a), with the input ac voltage
of 120 VRMS, 50 Hz, and the output dc voltage being 100 V.
The rated power is 1 kW. Fig. 26(b) shows the line voltages
with five levels (of step size 100 V) corresponding to the phases
a, b, and c with 120◦ phase shift, and also the three-level pole
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Fig. 25. Three-phase version of the proposed buck PFC rectifier.

Fig. 26. Experimental waveforms for the proposed three-phase buck rectifier.
(a) Grid voltage, grid current, dc voltage, and current. (b) Line voltages and pole
voltages.

voltages which too are phase-shifted from one another by 120◦.
This phase voltage generates five-level as a line voltage.

3) Bidirectional Power Flow to Enable Vehicle-to-Grid
(V2G) Compatibility: The V2G mode facilitates the injection
of battery energy back to the grid. That is to say, an EV can
respectively act as a load or a generator in grid-to-vehicle (G2V)
charging and vehicle-to-grid (V2G) discharging modes. A V2G
mode requires capability of bidirectional flow of power in the
interface. Such possibility is offered by the proposed topology,
both in the single- and three-phase versions. Fig. 27 shows ex-
perimental results for both modes (G2V and V2G) of operation.
It can be seen that when a sudden change in the flow of battery
current is commanded, the battery current is reversed. In this
case, the grid current is 180◦ out-of-phase with the grid voltage.

Fig. 27. Experimental waveforms pertaining to bidirectional flow of power
with the proposed five-level topology.

VII. CONCLUSION

In this work, a novel topology is proposed which utilizes
the switched capacitors principle to achieve five-level buck
rectification. This topology can be realized in single-phase as
well as three-phase applications. With the help of experimental
results, it is demonstrated that the proposed five-level rectifier
achieves power factor correction at the ac side and a wide control
range at the output dc side. In addition, it is observed that the
PIV of all the power switches is within the output dc voltage,
and hence, low voltage-rated switches can be employed. The
capability of presented topology for bidirectional flow of power
is also established with experimental results. A comparison with
other PFC buck rectifiers establishes that the proposed topology
is highly modular and offers easy balancing of capacitors. One
of the limitations of the proposed rectifier is that if operated in
boost mode, it synthesizes only three levels instead of five as
some switches of the proposed rectifier become redundant and
hence are less utilized.
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