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Abstract—The electric vehicle (EV) is the foremost element
for spreading electric mobility in smart grids. Its integration
into the electrical power grid involves the use of battery
chargers with improved power quality aspects, and therefore,
the topology of the front-end power converter represents a
vital role in the EV battery charger (EVBC). Since multilevel
topologies offer a set of advantages to accomplish with the
power grid interface, a comprehensive investigation of two
five-level topologies for EVBCs is presented in this paper. An
accurate computational validation and a meticulous
explanation of the hardware and software required for the
five-level topologies under study is presented and explained
considering realistic operating conditions. The obtained results
show the pros and cons of each topology targeting EVBC
applications for smart grids.

Keywords—Five-Level Converter; EV Battery Charger;
Power Quality; Smart Grids.

1. INTRODUCTION

Energy concerns are emerging as fundamental aspects for
sustainability. In terms of mobility, the new paradigm of
electric mobility is mainly centralized in the electric vehicle
(EV), besides other promises as fuel cell EVs [1][2][3]. Since
a plug-in EV has the possibility to consume and store energy
from the grid, by using a bidirectional EV battery charger
(EVBCQ), the EV has the capability to return energy back to
the grid. The importance of the EV in this perspective is
scrutinized in [4], [5], and [6] concerning control and power
electronics issues for the grid governing. Since the EVBC is
directly connected to the grid, identified as a new electrical
appliance capable of a bidirectional power exchange, power
quality questions are of the utmost importance, as verified,
e.g., in the studies presented in [7], [8], and [9].

Characteristically, the grid side interface of the EVBC is
accomplished by two- or three-level structures [10], but using
more voltage levels allows to obtain a produced voltage with
lower harmonic distortion and, consequently, the
requirements of the passives filters can be minimized
[11][12]. However, though increasing the levels will imply a
reduction in the needs of passive filters, it is not possible to
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increase the levels indeterminately, because the requirements
of hardware and software will also increase proportionately.
In this sense, to comply with an acceptable relationship
between voltage levels and passive filters, in a strategy to
increase power density, structures with five voltage levels are
well indicated to be applied in EVBCs. Using five level
converters in EVBCs will contribute to reduce the global
volume and size of the equipment, while maintaining high
power quality levels, signifying a contribution over
state-of-the-art solutions. A six switch five level structure
based on the well-known NPC converter, aiming renewables
as final application, is proposed as new in [13]. Also for
solicitations of renewables, five-level structures are suggested
in [14] and [15]. Considering motor drives as applications, a
new five-level topology is offered in [16]. A Vienna-type
structure skilled of five levels is proposed in [17] as an active
rectifier. Similarly, but based on a T-type converter, a
five-level structure is considered in [18] for smart grids. An
active rectifier is proposed in [19], which is capable of
producing five-levels and has as final application an EVBC.
Also for EVBC applications, a new five-level converter is
presented is [20]. Symmetrical and asymmetrical structures of
cascade converters are proposed as innovative in [21],
realizing a five-level converter.

As previously cited in different studies, not all five-level
structures are suitable for applications of EVBCs, as far as the
grid-side converter is concerned. More important to highlight
is that they were not directly analyzed to each other in order
to identify pros and cons of each solution. In this sense, this
paper presents a realistic analysis between two topologies of
five voltage levels with main focus on EVBCs. These
topologies were selected due to the reduced number of
components, both are constituted by a single split dc-link, and
both are bidirectional in relation to the operation from the grid
point of view. Since only five level topologies are considered
for analysis, the full-bridge topology is out of analysis.
Moreover, galvanic isolation can be guaranteed by the dc-dc
converter as a requirement for the automotive industry. As
differentiating factors, this paper presents the following
aspects: (1) Analysis of two five level topologies (T-type
five-level and full-bridge five-level) based on computational
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Fig. 1. Topologies under analysis: (a) Contextualization about the
introduction of the front-end converter in an EV charger; (b) T-type
five-level topology; (c) Full-bridge five-level topology.

results concerning the controlled variables and the
implementation requirements of hardware and software; (2)
Experimental validation using two laboratory prototypes of
the five level topologies in analysis.

After the introduction and the description of the main
contributions, Section II presents the hardware topologies
under comparison, Section III presents the laboratory
prototypes and an analysis in terms of the hardware and
software requirements, Section IV describes the main
computer and experimental results about the principle of
operation of both topologies, and, finally, Section V ends the
paper with the conclusions.

II. TOPOLOGIES UNDER ANALYSIS:
HARDWARE STRUCTURE

The topologies in analysis are shown in Fig. 1. The
contextualization about the introduction of the front-end
converter in an EVBC is illustrated in Fig. 1(a). In Fig. 1(b)
and Fig. 1(c) are revealed the two five-level topologies under

analysis. As shown, both structures are composed by the same
number of semiconductors (a more detailed description is
presented in Section IV), the same coupling filter, and both
have a split dc-link, categorizing an important feature for
EVBCs, especially when compared to cascade multilevel
structures. A more comprehensive description of each
structure is presented in the next sections.

A. T-Type Five-Level Topology

The T-type structure shown in Fig. 1(b) is composed by
six controlled semiconductors, IGBTs in this case, and two
diodes. This structure is composed of a fully controlled bridge
(IGBTs g/ to g4) and a semi controlled bridge (IGBTs g3, g6
and diodes dI, d2) that allows bidirectional and bipolar
operation and it is connected between the neutral terminal of
the grid (one of the main bridge legs) and the midpoint of the
split dc-link. Instead of this structure of semi controlled
bridge, a single structure composed by two IGBTs with a
configuration of common emitter can be used (also a common
collector configuration of the IGBTs can be used, working
with the same principle, but it is not suitable when comparing
the required number of isolated power supplies for
implementing the IGBTs gate-drivers). This is the main
reason why it is identified as T-type structure. According to
Table I, by properly selecting the IGBTs that switch in each
period of the digital control (i.e., the defined sampling period
for controlling the topology), the converter allows to operate
in the four quadrants, i.e., in bidirectional mode. Note that the
bidirectional functionality is a relevant aspect for EVBCs,
since it allows the EV to be dynamically integrated in the grid
to operate as a grid-to-vehicle (G2V mode) or as a power
supply for the grid, i.e., as vehicle-to-grid (V2G mode). These
topics of research are explored in [22] and [23]. In terms of
the maximum voltage at which each IGBT is subjected, the
IGBTs gl, g2 must support a vg voltage, whereas the other
IGBTs must support a voltage v4/2. The diodes must
withstand a maximum voltage of v4/2. It is important to note
that during the mode when the EVBC receives power from
the grid, the converter can operate with a strategy that only
uses some of the IGBTSs (e.g., by replacing the IGBTs g3 and
g4 by diodes, it is possible to obtain a unidirectional active
rectifier, also comprising five voltage levels). Moreover, in
this circumstance, the IGBTs g/ and g2 are switched at the
grid frequency, contributing for improving the efficiency of
the converter.

B. Full-Bridge Five-Level Topology

As regards the structure shown in Fig. 1(c), it is composed
by a traditional, fully controlled H-bridge and by an
additional arrangement of four IGBTs to connect the
H-bridge and the split dc-link. Equivalently to the previous
converter, according to Table II, by properly selecting the
IGBTs that switch in each period, this converter also allows
to operate in the four quadrants (in the case of applications of
EVBCs, for G2V and V2G modes). In terms of the maximum
voltage at which each IGBT is subjected, all the IGBTs must
support a voltage of vu/2. Also similarly to the previous
converter (topology highlighted in Fig. 1(b)), during the G2V
mode, the converter can operate with a strategy that only uses
some of the IGBTs (e.g., by replacing the IGBTs g3 and g4
by diodes it is possible to obtain a unidirectional active
rectifier with five-levels), where the IGBTs g/ and g2 are
switched at the grid frequency. However, the focus of this
paper is to compare the two topologies in bidirectional mode,
therefore all the IGBTS are necessary.



TABLE I
POSSIBLE STATES OF THE T-TYPE FIVE-LEVEL TOPOLOGY

gl G2 G3 G4 G5 G6 Veri

o | OFF OFF  OFF OFF  OFF  OFF +vde
Aca OFF  OFF OFF OFF ON OFF vdc/2
z | OFF  OFF ON OFF  OFF  OFF 0
O | o | OFF OFF OFF ON OFF  OFF 0
V| OFF  OFF  OFF  OFF  OFF ON -vdc/2

= | OFF OFF OFF OFF OFF  OFF -vde
- ON OFF  OFF ON OFF  OFF 0 +vdc

/\m ON OFF OFF OFF OFF ON vdc/2
ol 7| ox OFF  OFF OFF  OFF  OFF 0
§ o | OFF ON OFF  OFF  OFF  OFF 0
\/m OFF ON OFF OFF ON OFF -vdc/2

" | OFF ON ON OFF OFF OFF ~vde

TABLE IT

POSSIBLE STATES OF THE FULL-BRIDGE FIVE-LEVEL TOPOLOGY

gl G2 G3 G4 G5 G6 G7 GS8 Vera

o | ON OFF OFF ON OFF OFF ON ON +vdc
AM ON OFF OFF ON OFF ON ON OFF +vdc/2
g | ON OFF OFF ON ON ON OFF OFF 0
O | o |OFF ON ON OFF ON ON OFF OFF 0
vac OFF ON ON OFF ON OFF OFF ON -vdc /2
~ |OFF ON ON OFF OFF OFF ON ON -vdc
o | ON OFF OFF ON OFF OFF ON ON +vde
A, | ON OFF OFF ON OFF ON ON OFF +vde /2
© | 7| ON OFF OFF ON ON ON OFF OFF 0
§ o | OFF ON ON OFF ON ON OFF OFF 0
V_| OFF ON ON OFF ON OFF OFF ON -vdc /2
" |OFF ON ON OFF OFF OFF ON ON —vde

III. TOPOLOGIES UNDER ANALYSIS:
LABORATORY PROTOTYPES

The structures of the converters that are being analyzed in
the scope of this paper were validated using two laboratory
prototypes, in which the final objective is the application in a
bidirectional system of an EVBC. In Fig. 2 are presented the
photographs of each prototype in the laboratory workbench,
namely in Fig. 2(a) the photograph of the T-type five level
topology and in Fig. 2(b) the photography of the full-bridge
five-level topology.

In terms of main characteristics, which are common to
both prototypes, simple inductive filters were considered in
the grid side with a value of 5 mH (for a current of 20 A),
IGBTs FGA25N120ANTD (switched at 20 kHz), dc-link
capacitors of 2mF (for a voltage of 450V), isolated
HCPL3120 as gate-drivers (with isolated power supplies
TMAL1515), and the DSP F28335 for each case of prototype.
Besides, both converters were tested directly to the power
grid with a transformer, obtaining a nominal voltage of 115V
(which is an acceptable voltage level, similar to the voltage
level of several countries around the world) and frequency of
50 Hz.

IV. TOPOLOGIES UNDER ANALYSIS:
COMPUTER AND EXPERIMENTAL RESULTS

The principle of operation, in terms of the controlled
variables of both converters, is shown in Fig. 3. This result
was obtained using a simulation model implemented in
PSIM. The simulation model was developed focusing on an
actual application, therefore, for that reason, the harmonic
distortion of the measured voltage in a real environment in the
laboratory was considered (using a Fluke equipment, model

Fig. 2. Photograph of each laboratory prototype: (a) T-type five-level
topology; (b) Full-bridge five-level topology.

435). For the control of the converters, a predictive strategy
was chosen (and programmed in the DSPs for the
experimental validation); however, other control techniques
can be used to obtain results with another type of performance
(depending of the application requirements). As the purpose
of this paper is not to compare the control techniques applied
to the converters in analysis, the implementation details
concerning the control have been hidden in this paper, but can
be reviewed in the original publications [24][25].

In order to confirm and analyze the main functionalities of
both converters, Fig. 3 is divided into four distinct steps. In
Fig. 3(a), during the first step (#1), both converters present a
sinusoidal waveform in the input current (ac side controlled
current), which corresponds to the operation of the converters
when they receive power from the grid (active rectifier in
G2V). Even when operating as an active rectifier, from this
first stage to the second stage (#2), there is a sudden change in
the operation of the converters. This sudden change has been
intensely simulated, because it may correspond to a change of
the current on the battery side during the charging, which
forces to change the operating power of the EVBC.
Consequently, the reference of the ac-side current changes
and, due to the applied control, the current effectively
measured also changes (as the rms value of the grid voltage is
the same, the operating power will change due to the variation
of the ac side current). In order to really check the behavior of
both converters, a sudden change of 50% less than the
nominal power was chosen. This abrupt change of 50% was
considered only for an effective validation of the converters,
although in a real application of an EVBC, there would not
exist such abrupt changes. As this is a critical point of
operation for the converters, this transition to 50% of the rated
operating power is shown in zoom, so that the current in each
converter can be verified in detail. This detail is highlighted in
Fig. 3(b). As it turns out, both currents are quite similar, only
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Fig. 3. Simulation results of the topologies under analysis: (a) Grid-side
currents of both topologies (i, for the T-type converter and i.,, for the
full-bridge converter); (b) Comparative detail of both currents during G2V
mode; (c) Comparative detail of both currents during V2G mode; (d)
Voltage produced by the T-type five-level converter (v.;) and voltage
produced by the full-bridge five-level converter (v.,»).

presenting slight differences in terms of delay. Subsequently,
in step three (#3), the EVBC becomes inactive in relation to
the grid, neither receiving (G2V) nor providing power (V2G).
Based on the principle that the final application of the
converters is an EVBC, this step was only considered as a
transition between the G2V mode (the EV receives power
from the grid, where the converter acts as an active rectifier)
and the V2G mode (the EV provides power to the grid, where
the converter acts as an inverter).

In the fourth step (#4), instead of receiving energy, the EV
is injecting energy into the grid. This stage was considered in
the simulation because it is specially dedicated to support the
grid using the energy stored in the EV. Therefore, since it is
not necessary to inject power in the grid instantaneously at the
nominal power, a progressive increase of the injected power,
from zero to the nominal power, was considered in the
simulation. In order to verify, in simulation, the transition
from zero to the nominal power, it was considered that the
transition took place in a few milliseconds, however, in a
practical implementation this transition can be performed
more smoothly, depending on the needs of the grid in terms of
injected power. Also in this step, a zoom of both currents was
considered, corresponding to the zone when the converters
are operating in the fourth quadrant (positive voltage and
negative current), i.e., as grid tie inverter controlled by
current. This detail is presented in Fig. 3(c). Once again it is
noted that the controlled currents are quite similar, only
differing slightly in the delay of one with respect to another.
Although the question of delaying one current relative to
another may be significant for some more sensitive
applications, when the final application is an EVBC, as is the
case in this paper, this issue is not significant for the system
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Fig. 4. Simulation results of the topologies under analysis: Total harmonic
distortion (THD) for a range of operating power from 500 W to 3500 W.
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Fig. 5. Simulation results of the topologies under analysis: Detail of the
grid-side current during the passage through zero.

operation. It is also interesting to note that the voltage
produced by the converters does not change, as shown in
Fig. 3(d), respectively for the converters illustrated in
Fig. 1(b) and Fig. 1(c).

As analyzed in Fig. 3, there are no significant differences
in terms of the controlled currents of both topologies. The
same happens when both currents are compared in terms of
total harmonic distortion (THD) for several operating powers.
In this sense, an analysis was performed in terms of THD, and
the results obtained are presented in the graph of the Fig. 4.
These results were obtained for a minimum power of 500 W
and a maximum power of 3500 W (defined as maximum
value for the operating power of the EVBC), with measuring
intervals of 500 W. As it can be seen, by increasing the
operating power, the difference of THD is accentuated, where
the converter of the Fig. 1(c) presents slightly better results
than the converter of the Fig. 1(b), although the difference is
only 0.51%. The main difference between the two grid side
currents, which gives rise to the THD difference, is related to
the transition from the positive half cycle to the negative
half-cycle (and vice-versa), where the voltage levels produced
by the converters differ slightly, but enough to cause the
current distortion. This difference is more accentuated as the
operating power increases, because the ways to produce the
different voltage levels of each converter are distinct (cf.
Table I and Table 1I), causing slight differences in the current
obtained. In Fig. 5, a detail of both currents during zero
crossing is presented. The current of the converter shown in
Fig. 1(b) shows a slightly higher distortion, resulting in a
difference in the obtained values of THD (cf. Fig. 4). The
reference of current is exactly the same for both converters,
meaning that this is not the reason for the difference in the
obtained THD.

In addition to the technical analysis, the converters were
also analyzed in terms of needs for a practical
implementation. In order to obtain an objective comparative
analysis, the voltage levels, the number of IGBTs, the number
of diodes, the number of gate-driver circuits for the IGBTs,
the number of dc-link capacitors, and the number of sensors
were considered for comparison. Based on the principle that
both converters produce five levels and have a dc-link with a
single midpoint structure, the main differences lie in the
number of used semiconductors (IGBTs and diodes) and their
gate-driver circuits (in case of IGBTSs). The converter shown
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in Fig. 1(b) requires less two IGBTs and their gate-drivers (as
well as less two isolated power supplies), but requires two
additional diodes. Taking into account these aspects, and also
the needs of the control circuit for the additional IGBTS, the
converter shown in Fig. 1(b) (T-type five-level) is more
advantageous than the converter shown in Fig. 1(c)
(full-bridge five-level). This difference can be even more
prominent if the bidirectional and bipolar cell (formed by the
IGBTs g5, g6 and by the diodes d!, d2) consists of only two
IGBTs with common emitter configuration, where the two
diodes are not needed and only one gate-driver circuit can be
sufficient for controlling both IGBTs. A comparative chart of
both converters, considering the above referenced strands, is
shown in Fig. 6.

As regards dead-time control, the converter shown in
Fig. 1(b) needs more requirements than the converter shown
in Fig. 1(c). For the converter of Fig. 1(c) it is necessary to
guarantee dead-time between each leg (g/, g2 and g3, g4) and
between the IGBTs g5, g7 and also g6, g8. In this way, it is
possible to implement a simple PWM control strategy in
which each channel is composed of a signal and its
complementary with dead-time between them (four sets of
PWMs with complementary). For the converter of Fig. 1(b),
the guarantee of dead-time between the IGBTs is more
demanding, because in addition to the dead-time between the
IGBTs of the same leg (g/, g2 and g3, g4) it is necessary to
guarantee dead-time between the IGBTs g5, g6 with the
IGBTs g3, g4 of one of the legs. Thus, besides the dead-time
between the IGBTs g/, g2, it must be controlled between
three IGBTS, g3, g4 and g5 and also between g3, g4 and g6,
significantly increasing the complexity of the control.

In terms of experimental validation, both converters were
validated separately, as shown on the workbenches in Fig. 2.
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Fig. 8. Experimental results of the full-bridge converter during V2G mode:
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As the results obtained for both converters are very similar
(both with five-levels and with sinusoidal current), instead of
presenting similar results, it was chosen to present different
results for each converter (in G2V and V2G), but
corroborating the principle of operation in terms of voltage
and current. Thus, for the converter presented in Fig. 1(b),
Fig. 7 shows the grid side current in order to verify that it has
a sinusoidal waveform (in this particular case during the G2V
mode), the voltages relating to the two capacitors of the
de-link (where each one is controlled in each half-cycle of the
grid voltage), and the measured voltage downstream the
coupling filter (voltage produced by the converter) is
exhibited to verify that it has the expected five-levels. On the
other hand, to avoid repeating similar results for the converter
of Fig. 1(c), in Fig. 8 the current in the grid side is also shown
to verify the waveform (in V2G mode, i.e., in opposition to
the voltage), and the voltage ripple on each capacitor of the
de-link. Also in relation to this converter, Fig. 9 shows an
experimental result that relates the voltage in each capacitor,



the voltage produced by the converter (downstream the
coupling filter) and the grid voltage. Fig. 10 shows a detail of
the current of each converter. Thus, with respect to the T-type
converter (Fig. 1(b)), Fig. 10(a) is intended to validate the
ripple and the switching frequency (20 kHz) of the current
(ievi). With respect to the full-bridge converter (Fig. 1(c)),
Fig. 10(b) it is intended to verify when the current (ie.2)
crosses the voltage (v,).

V. CONCLUSIONS

This paper presents an analysis of two front-end
converters for electric vehicle (EV) chargers: A T-type
five-level and a full-bridge five-level. Based on the principle
that the integration of electric mobility in the power grid
involves needs of operation with high standards of power
quality, the converters under analysis are of multilevel type,
each one capable of producing five voltage levels. In addition,
both converters allow operating in bidirectional mode with
controlled current, a strand that will be of paramount
importance for future smart grids with EVs. This framework
with the power grid is described in detail throughout the
paper, and it is corroborated by computational and
experimental results. The results show that in terms of
grid-side current control, the differences are not significant
for applications of EV battery chargers (EVBC). On the other
hand, in terms of controllability, the T-type five-level is more
complex than the full-bridge five-level, mainly concerning the
dead-time requirements. In terms of practical implementation
of both solutions in EVBCs applications, as regards the
necessary components and the requirements of the control
hardware, the differences are more noticeable and may be
decisive for choosing one of the solutions, where the T-type
five-level requires less components than the full-bridge
five-level, also presenting slightly better results in terms of
power quality. Two laboratory prototypes are presented to
support the analysis presented.
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