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Abstract—The use of PFC rectifiers has assumed an
increasingly preponderance, contributing in a decisive way to
improve the power quality indices, since they allow to operate
with sinusoidal current on the ac-side and with controlled voltage
on the dc-side. In this paper is proposed a novel PFC rectifier
that allows five-levels of voltage. As noted in the paper, it
presents a number of interesting advantages when compared to
the conventional five-level PFC rectifier, mainly because it
requires less passive and active semiconductors to produce the
different voltage levels and requires less hardware resources to
implement the gate-driver circuits. The proposed five-level PFC
(SL-PFC) rectifier operates in boost mode and has a single
de-link (although with a midpoint to achieve the various levels),
being an important feature for applications in smart grids (e.g.,
smart electrical appliances and electric mobility chargers). The
key topics of the SL-PFC rectifier are addressed and discussed
based on the analysis of the principle of operation. As current
control strategy it was adopted the model predictive control.
Experimental results in steady and transient state were
considered for an effective validation of the 5L-PFC rectifier,
verifying the operation with: sinusoidal current on the ac-side;
multi-level operation with five-levels; controlled dc-link voltage.

Keywords— Five-Level, PFC Rectifier, Power Quality, Smart
Grids, Model Predictive Control.

1. INTRODUCTION

The use of electricity has been steadily increasing over the
last few decades, and power electronics converters have been
tracking this progress to meet the various needs, whether for
interfacing with the main grid or for interfacing with isolated
grids. Some relevant studies about this concern can be found in
[1]24in [2]. Nowadays, beyond simply converting voltage and
current levels, power electronics converters are increasingly
responsible for ensuring operation with high efficiency and for
meeting power quality requirements. Thus, the interest in
power converters is increasing for different applications, which
forces the emergence of new topologies, as well as power
theories and current and voltage control techniques [3][4]. In
this context, topologies of power factor correction (PFC)
rectifiers are of particular interest, since employing these

rectifiers it is possible to guarantee a sinusoidal input current
and a controlled output voltage [5]. Several topologies can be
identified in the literature, e.g., as the based on the boost, buck,
or Cuk converters [6][7]. In particular, also framed with PFC
rectifiers, multilevel converters reveal a line of converters with
peculiar attributes to meet efficiency and power quality
requirements [8][9]. In the early 1980s, the design of a
multilevel converter structure, represented by the Neutral Point
Clamped (NPC) topology, emerged [10]. Since then, new
multilevel converter structures have emerged, with special
emphasis on those that are based on flying-capacitor and
cascaded full-bridge [11][12]. As its name implies, a multilevel
converter differs from the other converters, since it can achieve
a high number of voltage levels. In this way, the voltage
produced by the converter is more similar to the fundamental
component of the ac-side voltage, allowing to reduce the needs
of the coupling filters. In addition, due to the particularity of
several voltage levels, the voltage applied to each
semiconductor is reduced contributing to improve the
efficiency of the converter (e.g., switching and conduction
losses are lower), reduce harmonic content of the controlled
variables, and to obtain a faster dynamic response. Due to these
characteristics, multilevel converters are assumed to be
preponderant for a variety of applications, e.g., unidirectional
active rectifiers, grid-tied inverters for on-grid systems,
inverters for UPSs, and inverters for control of electrical
machines [13]. In this perspective, a novel single-phase PFC
rectifier with a multilevel characteristic is proposed in this
paper, where the final application is related with electrical
appliances in smart grids (e.g., electrical appliances at home
level or EV battery chargers [14][15]). Since increasing the
number of voltage levels imply an increasing of the
requirements of hardware and software, a five-level PFC
rectifier (SL-PFC) is an interesting solution to comply with a
satisfactory correlation among voltage levels, passive filters,
and power density. A 5L rectifier based on the well-known
NPC is proposed in [16], where the final application is the
interface of renewables. Similarly, in [17], [18] and in [19] are
also presented SL rectifiers for interfacing renewables. A
SL-PFC rectifier with a structure based on the NPC is offered
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Fig. 1. Topologies of converters: (a) Two-level PFC VIENNA rectifier; (b) Three-level PFC VIENNA rectifier; (c¢) Proposed five-level PFC rectifier.

in [20] for three-phase applications, where the reduced number
of components is a distinguished factor. In counterpart, in [21]
is proposed a SL-PFC rectifier for applications of motor drives.
SL-PFC rectifiers are proposed in [22], [23], and [24] (with
some related aspects with this paper) for EV battery chargers.
A bidirectional 5L converter is proposed in [25] as a shunt
active filter. Generic SL-PFC rectifiers that can be used for
distinct applications, can also be found in the literature, as
following presented: A VIENNA-type SL-PFC rectifier is
proposed in [26]; A bidirectional 5L buck rectifier is proposed
in [27]; A T-type SL-PFC rectifier is considered in [28];
Cascade symmetrical and asymmetrical SL-PFC rectifiers are
proposed in [29]; A buck-boost SL rectifier is proposed in [30];
Cascading flying capacitor and an h-bridge is presented in [31];
A 5L packed U-cell is proposed in [32]. The proposed topology
derives from the most common topology of PFC rectifier,
which is composed of an ac-dc diode bridge followed by a
de-dc boost converter. This common PFC rectifier is classified
as a two-level (2L) structure. Depending on where the inductor
is placed (e.g., on the ac-side of the diode bridge), other
arrangements of the same topology may be considered. From
this conventional PFC rectifier, dividing the dc-link, it is
obtained a topology identified as PFC VIENNA rectifier,
which is shown in Fig. 1(a). In comparison to the conventional
PFC rectifier, the VIENNA rectifier operates with a
double-boost characteristic, allowing the operation with
three-levels (3L) and requiring only one more diode (in
comparison with the common 2L PFC rectifier). In this
sequence, using a bipolar and bidirectional cell, between the
midpoint of the dc-link and the neutral wire, a five-level (S5L)
PFC VIENNA rectifier is obtained, as shown in Fig. 1(b). In
comparison to the conventional PFC rectifier, this topology is
not of the double-boost type, and requires only two more IGBT
to produce the 5L. From the 5L-PFC VIENNA rectifier, it is
possible to derive another SL-PFC rectifier, which is proposed
in this paper, as presented in Fig. 1(c). As shown, this SL-PFC
rectifier requires one less diode and one more IGBT, but allows
to operate with reduced conduction and switching losses, since
for producing any of the voltage levels less components are
required. The main differentiating factors of this paper are: (i)
The proposed topology aggregates the main advantages of the
conventional SL-PFC rectifiers; (ii) It has a reduced number of
devices, does not present the double-boost characteristic, and it
has only a split de-link; (iii) The required switching devices are
connected, two by two, with a common-emitter configuration,
simplifying the gate-drive design (reducing the necessities
concerning isolated power supplies); (iv) It is capable of

operation even in case of failure of the switching devices (open
circuit cases, but this is not validated in this paper); (v)
Experimental validation of the SL-PFC rectifier using a
laboratorial prototype. An exhaustive comparison is out of the
scope of this paper due to space restrictions. The rest of the
article is organized according to: Section II presents the
converter, extolling its main valences; Section III presents the
control applied to the SL-PFC based on a predictive strategy;
Section IV presents the validation of the SL-PFC, supported by
computational and laboratory results with a developed
prototype; Section V ends the paper with the conclusions.

I. FIVE-LEVEL PFC RECTIFIER:
PRINCIPLE OF OPERATION

The 5L-PFC rectifier is shown in Fig. 1(c). In terms of
hardware topology, the topology consists of four IGBTSs (g, g2,
g3, g4) and four diodes (d;, d>, d3, dy). As it can be seen, the
diodes d;, d>, ds, and d, are used to form a conventional diode
bridge. (similar to the conventional PFC rectifier). The sets of
IGBTs (g1, g2 and g3, g4) have two distinct functions: (i) The
IGBTs g; and g, are used to obtain the voltage level 0,
respectively, in the positive and negative half-cycles; (ii) The
IGBTSs g3 and g4 are used to obtain the voltage levels +v4/2 and
-va/2, respectively, in the positive and negative half-cycles.
Through this analysis, it is understandable to verify that it is
only necessary to switch one IGBT at each time of the control
period, when the objective is to obtain the voltage levels 0,
+va/2, and -v4/2. Consequently, during a period of the grid
voltage, the four IGBTs only change the state four times, i.e.,
once each IGBT (two in the positive half-cycle and the other
two in the negative half-cycle). Both sets of IGBTs (g;, g2 and
g3, g4) assume a common-emitter configuration, however, a
common-collector configuration could also be used, as well as
another configuration to obtain a bipolar and bidirectional cell
(e.g., a semi-controlled h-bridge structure). In both sets of
IGBTs, the common-emitter configuration presents the main
advantage of simplifying the gate-driver circuit. Since IGBTs
are actuated with a gate-emitter voltage and require an isolated
power supply, the common-emitter configuration requires only
the use of one isolated power supply, since each set of IGBTs is
referenced to the same potential (both emitters). It should be
noted that other strategies can be adopted for the configuration
of the IGBTs and their gate-driver circuits. As example, the
IGBTs g; and g» may assume a common-emitter configuration
and the IGBTSs g; and gy are a common-collector configuration,
or vice-versa. In both situations, two isolated power supplies
are still required (in this situation an isolated power supply
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Fig. 2. Most convenient states that the proposed SL-PFC rectifier can assume: (a)-(c) When v,. > 0; (d)-(f) When v, <0.

would be required for the IGBTs g;, g2, and g3 and another for
the IGBT g4). As shown in Fig. 1(c), the proposed 5L-PFC
rectifier consists of a diode bridge that interfaces between the
ac-side and the dc-link, distinguishing the topology with a
relevant characteristic, which is to allow the operation even in
the eventuality of failures of the IGBTs (when they are always
open) or the gate-drivers. Based on this rationale, the SL-PFC
rectifier allows up to five different situations (according to fault
tolerance, when the IGBTs are in the off state, or when the
gate-driver circuits stop working): (a) Situation in which no one
of the IGBT fails and the topology operates normally with the
five-levels; (b) Situation where all the IGBTs fails and the
topology operates as a traditional diode bridge; (c) Situation
where the IGBTs g3 and g, fail and the topology can only
operate with three-levels (level 0 being guaranteed by the
IGBTs g; and g»), by adjusting the control algorithm; (d)
Situation where the IGBTs g3 and gy fail and one of the IGBTs
g or g, also fails, where the topology operates as a diode
bridge in one of the half-cycles and as active rectifier in the
other half-cycle (with two-levels); (e) Situation where the
IGBTs g; and g fail and the topology operates only with the
levels +va/2, +va, -va/2, and -vg. (thus, the level 0 cannot be
guaranteed). On the other hand, when there are error situations
in which the IGBTSs are always in the on state, it is necessary to
replace the damaged components, as the converter does not
allow to operate in any way, i.e., the current will increase until
it damages other components or until the action of the
protection circuit. This situation also occurs when the problem
is related to the diodes. The S5L-PFC rectifier is also very
relevant since it does not present any specific requirements
regarding dead-time issues, since only one of the IGBTs of
each set (g;, g2 or g3, g4) is controlled during a period of the
control algorithm. In the positive half-cycle only the IGBTs g;
and g4 are controlled and, therefore, it is not necessary to
guarantee dead-time between the IGBTs g» and g3. Similarly, in

the negative half-cycle, only the IGBTs g> and g3 are controlled
and, therefore, it is not necessary to guarantee dead-time
between the IGBTs g; and g4. The ac-side current is defined by
the status assumed by the SL-PFC rectifier during each
sampling period of the control algorithm. The most convenient
states that the SL-PFC rectifier can assume are summarized in
Fig. 2, for both positive and negative half-cycles of the grid
voltage. In the positive half-cycle (Fig. 2(a-c)), the IGBT g;
and the antiparallel diode of the IGBT g are used to produce
the zero level (vy, = 0). The level +va/2 (vyy, = va/2) is obtained
with the diode d;, the IGBT g4, and the antiparallel diode of the
IGBT g;3. The level va (vy = vac) is obtained with the diodes d;
and dy. During the negative half-cycle (Fig. 2(d-f)), the IGBT
2> and the antiparallel diode of the IGBT g; are used to produce
the zero level (vy, = 0). The level -va/2 (vy, = -va/2) is obtained
with the diode d>, the IGBT g3, and the antiparallel diode of the
IGBT gy. Finally, the level -va (vi = -va) is obtained with the
diodes d» and ds.

III. FiveE-LEVEL PFC RECTIFIER: CONTROL ALGORITHM

The ac-side current of the SL-PFC rectifier was controlled
using a model predictive control with finite control set
(MPC-FCS) [33][34]. It is important to mention that other
possibilities of current control can be selected [35][36]. By a
properly selection of the IGBT that is switched, it is possible to
force the SL-PFC rectifier to produce each one of the voltage
levels and to the ac-side current to follow its reference.

A. Reference of Current for the ac-Side

As previously mentioned, the main characteristic of a PFC
rectifier is the sinusoidal ac-side current (achieved with a
sinusoidal reference), and the controlled dc-side voltage. By
measuring the ac-side voltage, it is possible to determine its
rms value. Therefore, knowing the required operating power
(established by the load on the dc-side), it is possible to define



the reference of current for the ac-side. Based on these
presupposes, the instantancous value for the ac-side reference
of current (i,.*) is established as:

iac*(t) = VAC_Z Ve (£) Pac(t) (1)

where V¢ is the rms value of the instantaneous voltage v,.. By
applying this equation for obtaining the reference of current, it
is possible to conclude that the amplitude and phase of i.* is
dynamically determined by the operating power (p.), but
influenced by the ac-side voltage (v,..) waveform. This situation
is solved using a phase-locked loop, resulting in a reference of
current (i,.*) only dependent of the fundamental component of
the ac-side voltage. In fact, it should be mentioned that the
operating power (p,.) of the SL-PFC rectifier is the sum of the
power necessary for the load operation (e.g., can be a dc-dc
converter) and the necessary power (p.) for regulating the
voltage across the dc-link capacitors (which is obtained from a
PI controller). In terms of discrete implementation for a period
of the control algorithm, the previous equation results in:

igc k] = VPLLAC[k]_Z((UdC[k] *igc[K]) + pclk]) vpu, [kl (2)

Based on the value of the reference of current established in
equation (2) and the finite distinct states of the S5L-PFC
rectifier, during each control period is selected a state to obtain
an ac-side current as close as possible to its reference.

B. Predictive Model and Cost Function

By analyzing the ac-side voltages and currents of the
SL-PFC rectifier, the following equation is obtained:
digc(t)
dt
In digitally controlled applications, the forward Euler
approximation is commonly used for the discretization of
continuous-time model. Therefore, applying it in equation (3),
results in the discrete-time model described by:

T (igelk + 1] = igelk]) — L wgc[K] + L7 vy [K] = 0 . 4)

= L Mg (1) + L0y (1) = 0. 3)

Since the objective is to control the ac-side current, equation
(4) can be shortened by:

igelk + 1] = ige[k] + TL™ (vgc[k] — vy [K]) - %)

Knowing the reference of current (i,.*) for the ac-side
(equation 2), as well as the predicted current (equation 5), the
following simple cost function is applied:

g[k+1] = “iac*[k+1]_iac[k+1]”2- (6)

Since it is necessary to know the value of the reference of
current at [k+1], it was extrapolated according to [3]. Based on
the obtained result from the cost function, the state of the
SL-PFC is selected.

IV. FIVE-LEVEL PFC RECTIFIER: EXPERIMENTAL VALIDATION

Fig. 3 shows the laboratory workbench, which shows the
power prototype and the digital control stage. Regarding the
development of the power converter (as in Table I), IGBTs
model FGA25N120FTDTU and diodes model DUR6060W
were used. As a storage element on the ac-side, i.e., the
coupling filter with the grid, an inductor of 3 mH was used. On
the other hand, two sets of capacitors, each with a nominal
value of 2 mF, were used as the energy storage element on the

- Power
Digital Control Converter
System
b

digital
oscilloscope

Fig. 3. Laboratory workbench showing the prototype of the proposed 5L-PFC
rectifier, with its digital control system stage.

Table. I. Key parameters of the SL-PFC rectifier.

Parameter Value
IGBT FGA25N120FTDTU
Diode DURG6060W
ac-side Inductor 3 mH
dc-side Capacitor 2 mF

dc-side. The digital control stage is mainly focused on the DSP
F28335 of the Texas Instruments C2000 family. Since the DSP
is not directly connected to the SL-PFC rectifier, an additional
set of circuits were used, namely: (i) A signal conditioning
circuit to adapt the ac-side voltage, the ac-side current, and the
dc-link voltages to the analog inputs of the DSP; (ii) A
gate-driver circuit with four channels allowing the adaptation to
the common-emitter configuration (based on bipolar voltages
of +15V and -15V and constituted by optocouplers model
HCPL3120 and NMV1515SC isolated power supplies); (iii) A
coordination circuit that interconnects the DSP with the
gate-driver circuits, also allowing enable/disable functions of
all gate-driver channels through control signals from the DSP
or from the signal conditioning circuit (i.e., whenever a
variable exceeds the measured nominal value, a signal is sent to
the coordination circuit which, in turn, disables the gate-driver
circuits). For the measurement of voltage and current values,
hall-effect transducers, models LV-25P and LA-55 were used.
These transducers are connected directly to the signal
conditioning circuit. As mentioned, a DSP was used for the
digital control, being implemented in C language and executed
at a fixed frequency of 40 kHz, and all the tasks necessary for
the operation of the control algorithm are executed at this
frequency (e.g., reading the variables through the ADC, PLL
algorithm, dc-link voltage control, current control, and IGBT
selection). The proposed SL-PFC rectifier has been tested
connected to the grid (to verify if it complies with the IEEE
519 - 2014 Std.). The grid voltage has a total harmonic
distortion (THD) of 3.3%, measured with a Fluke 435. A result
of the proposed 5SL-PFC rectifier, when all the IGBTs are
turned off, is exhibited in Fig. 4. As expected, it operates as a
diode bridge rectifier, having the typical current waveform,
with a THD of 81.5%. The voltage vy, has a waveform similar
to the grid voltage and both dc-link voltages are balanced, but
are not controlled. On the other hand, a result in transient state
obtained to validate the operation of the SL-PFC rectifier is
exhibited in Fig. 5. As it turns out, in case #1 all the IGBTs are
turned off and, later, in case #2 the IGBTs are controlled
(according to the control strategy presented in the previous
section). In this case #2, it is verified that the ac-side current
becomes sinusoidal, the voltage vy, produced by the converter
is defined by the five-levels, and the voltages on the dc-link are
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Fig. 4. Experimental results of the proposed SL-PFC rectifier when all the
IGBTs are turned-off: Voltage on the ac-side (v,.: 50 V/div); Current on the
ac-side (i,: 1 A/div); Voltage of the converter (v,: 50 V/div); Voltage on the
de-side (vaer: 20 V/div, vaeo: 20 V/div).
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Fig. 5. Experimental results of the proposed SL-PFC rectifier in transient-state
(when the IGBTs are turned-on): Voltage on the ac-side (v,: 50 V/div);
Current on the ac-side (i,.: 1 A/div); Voltage of the converter (v,: 50 V/div);
Voltage on the de-side (vye;: 20 V/div, vy:: 20 V/div).

controlled for their reference and are balanced. After the
beginning of case #2, as soon as the SL-PFC rectifier reaches
the steady state, the measured THD value of the ac-side current
was 4.7%. A result showing the division of the currents of the
SL-PFC rectifier is shown in Fig. 6, i.e., the internal currents in
the set of IGBTs g;, g- and in the set of IGBTs g3, g4. As it
turns out, the voltage produced by the converter has the
five-levels, and the ac-side current, i ., corresponds to the sum
of the currents i,; and ix2. The current i, is the current
measured in the set of IGBTs g; and g», and corresponds to the
states where the voltage produced by the converter varies
between 0 and +v4/2, and between 0 and -v4/2. Summarizing,
it is found that this current only exists when it is necessary to
produce the level 0. On the other hand, the current i, is the
current measured in the set of IGBTs g3 and g4 and
corresponds to the states in which the voltage produced by the
converter varies between +v,/2 and +v4, and between 0 and -
va/2 and -vg.. Summarizing, it is verified that this current only
exists when it is necessary to produce the levels +v,./2 or -vg./2.
A result showing the gate-emitter voltage in each of the IGBTs
is presented in Fig. 7. In this figure is also presented the ac-side
current, as well as the voltage levels (allowing to identity the
IGBTs that are switched in each level). In the positive
half-cycle, as it turns out, the IGBTs g; and gy are switched to
produce the voltage levels 0 (IGBT g;) and +va/2 (IGBT gy).
When the voltage produced by the 5L-PFC rectifier varies
between +v4/2 and +vg only the IGBT gy is switched. In the
negative half-cycle, the IGBTs g» and g3 are switched to
produce the voltage levels 0 (IGBT g2) and -vu/2 (IGBT g3).
When the voltage produced by the 5L-PFC rectifier varies
between -vg/2 and -vg4, only the IGBT g3 is switched. Fig. 8
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Fig. 6. Experlmental results of the proposed SL-PFC rectifier in steady-state
showing the division of the currents: Current on the ac-side (i,: 1 A/div);

Internal current on the set of IGBTSs g, 2> (i, 1 A/div); Current on the set of
IGBTs g3, g4 (iac2: 1 A/div); Voltage of the converter (vy,: 50 V/div).
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Fig. 7. Experimental results of the proposed SL- PFC rectlﬁer in steady-state
showing a detail of the gate-emitter voltage: Current on the ac-side (iu:
1 A/div); Gate-emitter voltages in the IGBTs g, g, g3, g4 (ver: 5 V/div, v,
5 V/div, vgs: 5 V/div, vg,: 5 V/div); Voltage of the converter (vy,: 50 V/div).
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Fig. 8. Experlmental rCS:ltS of the proposed 5L- PFC rectlﬁer showing details
of the: Current on the ac-side (i,: 2 A/div); Voltage of the converter (vy:
50 V/div).

shows a detailed result allowing to verify the voltage produced
by the SL-PFC rectifier and the ac-side current. In particular,
this result was obtained in the positive half-cycle and when the
voltage produced by the converter varies between +vy/2 and
+va. As it turns out, when the voltage is set to +vg/2 (only the
IGBT gy turned-on), the current increases (the inductor stores
energy) and when the voltage becomes +vg (all the IGBTs are
turned-off), the current decreases (the inductor provides
energy). In this experimental result, the maximum switching
frequency was 10 kHz and the current ripple was about 0.42 A.

V. CONCLUSIONS

A five-level (5L) PFC rectifier is proposed in this paper
presenting relevant features when compared with another
five-level PFC rectifier. A comprehensive comparison is
established along the paper, where it is demonstrated that the
proposed S5L-PFC rectifier requires less semiconductors for
obtaining the voltage levels, as well as less hardware for the



gate-driver circuits. Using a developed laboratory prototype
(based on discrete components and controlled by a DSP), it was
possible to validate the proposed SL-PFC rectifier in steady and
transient state, when connected to the power grid voltage. In
the experimental validation it was verified that an ac-side
current with low total harmonic distortion, a controlled and
balanced dc-side voltage, and a multilevel characteristic were
achieved.
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