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Abstract: Electric vehicles (EVs) contain two main power electronics systems, namely, the traction
system and the battery charging system, which are not used simultaneously since traction occurs
when the EV is travelling and battery charging when the EV is parked. By taking advantage of this
interchangeability, a single set of power converters that can perform the functions of both traction
and battery charging can be assembled, classified in the literature as integrated battery chargers
(IBCs). Several IBC topologies have been proposed in the literature, and the aim of this paper is to
present a literature review of IBCs for EVs. In order to better organize the information presented
in this paper, the analyzed topologies are divided into classical IBCs, IBCs for switched reluctance
machines (SRMs), IBCs with galvanic isolation, IBCs based on multiple traction converters and IBCs
based on multiphase machines. A comparison between all these IBCs is subsequently presented,
based on both requirements and possible functionalities.
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Electric vehicles (EVs) appear to be one of the most promising agents in the change
towards a sustainable planet, where the aim is to decrease the levels of environmental
pollution and the dependency on fossil fuels. Besides being an emissions-free system at
the utilization level, EVs can also play a relevant role in terms of power grid support,
since battery charging systems can allow bidirectional operation. Thus, from the power
grid point of view, EVs are expected to be part of the solution rather than part of the
problem, provided power grid congestion due to simultaneous charging of multiple EVs is
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avoided [1-3].
In terms of its constitution at the power electronics level, an EV contains a traction
system, responsible for controlling one or more electric machines that guarantee the EV’s

propulsion, and a battery charging system, responsible for charging the battery from an
external source, e.g., the power grid [4]. Regarding the traction system, in order to energize
the electric machine windings from a battery power source, as well as to perform the
opposite process during a braking operation, a dc—ac converter is needed [5]. In addition,
in order to adapt the dc voltage of the dc—ac converter, as well as to regulate the energy
generated by the electric machine and returned to the battery during a braking operation,
a bidirectional dc—dc converter is used [6]. Regarding the battery charging system, since
power is supplied by an ac power grid (either single-phase or three-phase), an ac—dc
converter is needed. Moreover, in the traction system, a dc—dc converter is needed for
controlling the battery current and voltage during the charging operation, though this
converter can be the same as the one previously referred to. This constitution can be seen
in Figure 1a, representing the conventional power electronics structure of an EV. Regarding
conductive charging, considering that the EV must be stationary in order to charge its
Attribution (CC BY) license (https://  battery, it can clearly be seen that the traction and battery charging systems are never used
creativecommons.org/licenses /by / simultaneously. Furthermore, it can also be seen that the front-end converters dedicated to
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common dc link. Taking these two factors into consideration, integrated battery chargers
(IBCs) arose, which use the same power converter for traction and for battery charging.
This approach can be seen in Figure 1b,c and is advantageous in the sense that it combines
two functionalities in a single system, with the prospect of reducing the volume, weight
and cost of the power electronics comprising the EV [7].
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Figure 1. EV power electronics structure: (a) conventional; (b) integrated using the machine windings

as coupling filters with the power grid; (c) integrated using external inductors as coupling filters with
the power grid.

It can be seen that two types of IBCs are represented in the figure (Figure 1b,c). In
Figure 1b, the electric machine windings are used as coupling filters with the power
grid, while in Figure 1c external inductors are used. There are several ways of achiev-
ing an IBC, as can be seen by the different topologies published in the literature and
patented [8]. Moreover, IBCs can present different specifications such as galvanic isola-
tion, bidirectional operation with the power grid and the various possibilities for power
grid interfacing (e.g., single-phase ac, three-phase ac or dc). However, they can also add
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complexity to the general system as additional inductors may be required to interface
the converter with the power grid and/or contactors, to reconfigure the power converter.
In [9] an analysis of IBCs is presented in terms of functionalities and implementation costs
compared to dedicated systems that allow the same operation modes, with bidirectional
operation also considered. Additionally, some proposed IBCs require access to the neutral
point of the electric machine, which is not commonly necessary in conventional systems,
and some IBCs even require access to all winding terminals in order to operate. Further-
more, there are IBCs that can be used with any electric machine type and others that are
specifically designed for a given electric machine or for a number of given electric machines.
In this context, this paper presents a review of the IBCs proposed in the literature and
patented, as well as a comparison between them, both in terms of implementation require-
ments (e.g., the need for external inductors or contactors) and functionalities (e.g., galvanic
isolation, bidirectional operation).

The rest of the paper is organized as follows. Section 2 presents the relevant IBCs
that have been proposed in the literature or patented. Section 3 presents a comparison
between all the IBCs presented in Section 2. Lastly, Section 4 presents the conclusions of
this review paper.

2. Integrated Battery Chargers

This section presents relevant IBCs that have been proposed in the literature. In order
to better organize the presented topologies, this section is divided into five subsections,
grouping the IBCs into: (1) classical topologies; (2) IBCs especially developed for switched
reluctance machines (SRMs); (3) IBCs with galvanic isolation; (4) IBCs based on multiple
traction converters; (5) IBCs based on multiphase machines. It should be noted that the
section on classical IBCs contains some topologies that are more recent than those of some
of the IBCs presented in other sections. This is because these topologies do not match any
of the other criteria, i.e., for use with SRMs, with galvanic isolation or based on multiple
traction converters or multiphase machines.

2.1. Classical Integrated Battery Chargers

The first publication regarding EV IBCs dates back to 1983, a time when EVs were
far from having the popularity they have nowadays. This publication consists of a United
States Department of Energy report produced by NASA [10], and it was followed by
a publication by the same author, D. Thimmesch, two years later [11]. The approach
presented in both publications can be seen in Figure 2 and consists of a thyristor-based
resonant three-phase dc—ac converter, sized for a mechanical peak power of 34 kW in the
traction mode and a continuous power of 3.6 kW in the battery charging mode, which
also uses a transformer comprising four windings (T1,, T1p, T24, Top)- In traction mode,
the system operates as a single converter, i.e., a resonant three-phase dc—-ac converter
(thyristors S1—Sg), where the electric machine is of the three-phase type, while in battery
charging mode the system operates with two separate converters (one ac-dc and the other
dc-dc) connected to a single-phase ac power grid. The thyristor antiparallel diodes of the
dc-ac converter (D1-Dg) are employed as a diode full-bridge single-phase ac-dc converter,
with the power grid connected in series in one of the converter phases (terminals a, 1) and
the stator windings of the electric machine (L,, Ly, L;) operating as coupling inductors with
the power grid. The dc—dc converter, composed of thyristors Sy and Sg and diodes D7 and
Dg, operates as a resonant converter, similarly to the three-phase dc—ac converter used in
traction mode. It should be noted that the battery charging operation is performed in an
isolated way, using four contactors (K;—K4) that remain closed in traction mode and are
opened in battery charging mode, isolating the batteries from the power grid.
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Figure 2. EV IBC proposed by D. Thimmesch in 1983 [10].

Several years later, in the early 1990s (1990 [12], 1992 [13] and 1994 [14]), three IBCs for
EVs were patented by W. Ripple and A. Cocconi, as shown in Figure 3. The IBC patented
in 1990 [12], shown in Figure 3a, consists of a bipolar-junction-transistor-based three-phase
three-leg bidirectional ac-dc converter (S1—S¢) and a diode full-bridge single-phase ac—dc
converter (D1—Dy). In traction mode, only the three-phase bidirectional ac—dc converter is
used, and the electric machine is of the three-phase type. In battery charging mode, the
diode full-bridge single-phase ac—dc converter is employed to interface the system with
a single-phase ac power grid (terminals a, 1), while the three-phase bidirectional ac—dc
converter operates with only one leg, acting as a bidirectional buck-boost dc-dc converter.
In battery charging mode, an additional inductor (L1) is used to reduce the battery current
ripple, although the authors note that it is possible to use the electric machine windings,
with the trade-off of a higher current ripple. The IBC patented in 1992 [13] concerns the
application of two induction machines or, alternatively, one electric machine with two
sets of windings, composed of two three-phase three-leg bidirectional ac—dc converters, as
shown in Figure 3b. In traction mode, each of these converters controls one electric machine
independently. In battery charging mode, the two terminals of a single-phase ac power
grid are connected to the neutral point of each of the electric machine stator windings,
such that the three-phase bidirectional converters operate in a three-phase interleaved
configuration of a full-bridge single-phase bidirectional ac-dc converter. In contrast to
the solution patented in 1990, this IBC does not use external inductors. The IBC patented
in 1994 [14] (Figure 3c) consists of an adaptation of the previously patented solutions
with the purpose of operating either in single-phase or three-phase ac power grids, using
eleven contactors (K;-Kj1). Contactors K1—Kj3 are responsible for connecting the system to a
three-phase ac power grid (terminals 4, b, c), whereas K4 and K5 have the role of connecting
the electric machine stator windings in a star configuration. Contactors K¢—Kj; are used to
interface the system with a single-phase ac power grid (terminals a’, n). In this case, K4 and
K7 remain open and Kg—Kj; are closed. As in the system patented in 1990 [12], an external
inductor is used (L1). Unlike the topology patented in 1992 [13], which only needs access to
the neutral points of the electric machine stator windings, this topology needs access to all
six terminals in order to perform the connection to a three-phase ac power grid, with the
stator windings behaving as coupling inductors. The three IBCs patented by W. Rippel and
A. Cocconi have a common characteristic, namely, the requirement for the power grid peak
voltage to be lower than the EV battery voltage, as is the case for any voltage source ac—dc
converter with a single dc link, i.e., without being split.
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Figure 3. EV IBCs proposed by: (a) W. Rippel in 1990 [12]; (b) W. Rippel and A. Cocconi in 1992 [13];
(c) A. Cocconi in 1994 [14].

In 2001, L. Solero proposed an IBC for an electric scooter [15]. This system can be
seen in Figure 4a. It is composed of a three-phase three-leg bidirectional ac-dc converter
(insulated gate bipolar transistors (IGBTs) S1—S¢) and a diode full-bridge single-phase
ac—dc converter (diodes D;—-Djy). In traction mode, only the three-phase bidirectional
ac—dc converter is used, controlling the electric machine, which is of the three-phase
type. During battery charging mode, the diode full-bridge single-phase ac-dc converter
is also used to interface the system with a single-phase ac power grid (terminals g, 1),
with the three-phase bidirectional ac—dc converter operating as a three-phase interleaved
bidirectional buck-boost dc—dc converter. In this system, the stator windings behave
as dc—dc converter inductors, and the neutral point is connected to the positive output
terminal of the diode full-bridge single-phase ac—dc converter. In this case, the power
grid peak voltage cannot be higher than the battery voltage due to the boost operation
of the dc—dc converter from the power grid to the battery. In 2010, G. Pellegrino et al.
proposed a similar system with an additional bidirectional dc—dc converter between
the battery and the dc link of the three-phase bidirectional ac—dc converter, endowed
with power factor correction (PFC) characteristics and allowing the battery charging
operation from power grids with peak values that can be higher or lower than the battery
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voltage [16]. This topology can be seen in Figure 4b. It should be noted that the authors
did not specify the dc—dc converter topology.
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Figure 4. EV IBCs proposed by: (a) L. Solero in 2001 [15]; (b) G. Pellegrino et al. in 2010 [16].

In 2013, O. Hegazy et al. proposed the IBC presented in Figure 5, which is based
on an eight-switch three-phase ac-dc converter (S;-Sg) and a two-phase interleaved
buck-boost dc—dc converter (S9—S1,), both bidirectional [17]. The ac—dc converter is
composed of three legs, one of them with two switches (S7 and Sg) and the other two
with three switches (51-S¢). This approach allows a three-phase three-leg bidirectional
ac—dc converter (S, S3, S5, S¢, S7, Sg) to be simultaneously established with a full-bridge
single-phase bidirectional ac—dc converter (Sq, Sp, S4, S5 or Sy, S3, S4, S¢), connected
with a three-phase electric machine and a single-phase ac power grid (terminals a, n),
respectively. Since the electric machine and the power grid are connected to different
terminals of the ac—dc converter, no system reconfiguration is necessary in order to
change the operation mode between machine drive and battery charging, and hence no
relays or contactors are used. The only additional element is an inductor (L1), serving
the purpose of interfacing the converter with the power grid. In order to guarantee
the proper operation of the converter, IGBTs S; and S4 are kept permanently closed
in traction mode so that current flow in the three-phase three-leg bidirectional ac-dc
converter (Sp, S3, S5, S¢, S7, Sg) is allowed, while in battery charging mode IGBTs S,
and S5 (or Sz and S¢) are kept permanently closed in order to allow current flow in the
full-bridge single-phase bidirectional ac-dc converter (S1, Sp, S4, S5 or Sy, S3, S4, S¢),
while the third leg (S7 and Sg) is kept permanently open.
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Figure 5. EV IBC proposed by O. Hegazy et al. in 2013 [17].

2.2. Integrated Battery Chargers for Switched Reluctance Machines

In 2000, C. Pollock and W. K. Thong proposed an IBC based on a two-phase SRM [18],
as shown in Figure 6. As well as the converter that is typically used for traction systems
in this type of machine (asymmetrical dc—ac converter), in this case of the two-phase type
(comprising metal oxide semiconductor field effect transistors (MOSFETs) S, S3 and diodes
Dg, Dy), it also uses an energy recovery circuit (inductor Ly, capacitor C4, MOSFET S4 and
diode Dg), an additional inductor (L;) coupled to one of the machine phases (in this case,
L,) with the respective diode (Ds) and IGBT (S1) and a diode full-bridge single-phase ac—dc
converter (D1-Dy) for interfacing with a single-phase ac power grid (terminals a, n). The
additional inductor L, is only used in battery charging mode, making the system operate
as a flyback isolated dc—dc converter. In addition, capacitor C; and resistor R; form an RC
snubber and are also only used in battery charging mode.

Cl R; D5
Dz* D3, :
0 — Ly
Ucmg CQ::
n.

D% D, SIJ

Figure 6. EV IBC based on SRMs proposed by C. Pollock and W. K. Thong in 2000 [18].

In 2009, H. C. Chang and C. M. Liaw proposed an IBC based on four-phase SRMs, as
shown in Figure 7a, with the four-phase asymmetrical dc-ac converter (comprising IGBTs
51-Sg and diodes D;—-Dg) operating as a PFC converter in battery charging mode [19]. In
this system, in traction mode, the unidirectional boost dc—dc converter formed by IGBT
Sg, diode Dg and inductor L; is used to step up the voltage from the battery to the dc
link of the asymmetric dc—ac converter. On the other hand, in battery charging mode, the
unidirectional boost dc—dc converter is not used, and two of the stator windings are used as
input passive filters (in this case L,, Ly) of a diode full-bridge single-phase ac—dc converter
(D1—Dj4) used for interfacing with a single-phase ac power grid (terminals 4, 7). One of
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the remaining stator windings (in this case L;) is used as an inductor for a unidirectional
buck-boost dc—dc converter, which is composed of two IGBTs (S7, Sg) and a diode (Dg)
that belong to the traction converter. In battery charging mode, an extra diode (Dyg) is
also used to avoid short-circuiting the battery when Sg is turned on. This diode exists
on board the EV but its connection is performed through an off-board shunt; hence, it is
represented with a dashed line. Moreover, two contactors are used, one with two positions
(K1) and the other with three (K;). Contactor K; remains closed in traction mode and is
opened in battery charging mode, connecting capacitor C; in parallel with the converter
legs in traction mode. Contactor K, allows point x to be connected to one of two points,
depending on the operation mode, namely, to point y in traction mode and point z in
battery charging mode. In 2011, the same authors proposed modifications to this system,
allowing the battery to be charged through a buck-boost or a buck configuration, with the
latter being advantageous in the sense that it inserts an inductor in series with the battery,
reducing its current ripple [20]. This topology is shown in Figure 7b, where it can be seen
that the asymmetric dc-ac converter has a modified structure, using five IGBT legs (S1-51¢)
instead of four IGBT pairs and four diode pairs, reducing the semiconductor count from 16
to 10. In contrast to the system previously proposed by the authors, only one contactor (Ky)
is used, which is responsible for connecting the capacitor C, in parallel with the converter
legs in traction mode. Like diode Dy presented in the previous topology, diode D; serves
the purpose of avoiding short-circuiting the battery during its charging process when IGBT
S10 is conducting.

K
% Y
z
Dgx
L,
LY Y Y\
D
>
_——_2 Vbat
CsT
L,
>
_——_2 Ubat
CsT

(b)

Figure 7. EV IBCs based on SRMs proposed by H. C. Chang and C. M. Liaw in: (a) 2009 [19];
(b) 2011 [20].
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In 2014, Y. Hu et al. proposed an IBC for plug-in hybrid vehicles based on three-
phase SRMs [21]. This topology is shown in Figure 8a. It is composed of an asymmetric
dc—ac converter based on n + 1 switches (51—S4) and n + 1 diodes (D7-D1g), where n
is the number of machine phases. This converter is also known as a Miller converter
and is an alternative to the more commonly used version for SRM drives, in which 2n
switches and 2n diodes are used. By adding a diode full-bridge three-phase ac-dc converter
(D1-Dg) and two contactors (K3 and Ky4), the asymmetric converter can operate as a dc-ac
converter for driving the machine or as a buck dc-dc converter, where the machine stator
windings behave as output inductors and the battery current is divided between the three
windings. The input of the diode full-bridge three-phase ac—dc converter (terminals a, b,
c) can be used for interfacing either with a power grid (single-phase ac, three-phase ac or
dc) or a generator mechanically coupled with the internal combustion engine (ICE) of the
vehicle via contactors Kj and K;. These contactors are closed whenever the ICE-coupled
generator is used, as is the case for generator-only driving and hybrid driving in traction
mode. Contactor K3 is used in traction mode, either in generator-only driving, battery-only
driving or hybrid driving, and should be kept open in battery charging mode in order
to establish a buck dc—dc converter. Contactor Ky is closed whenever the battery is used,
either in traction mode (in battery-only driving and hybrid driving modes) and in battery
charging mode.
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Figure 8. EV IBCs based on SRMs proposed by Y. Hu et al. in: (a) 2014 [21]; (b) 2015 [22].
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In 2015, the same authors proposed the IBC presented in Figure 8b, for application
in EVs or plug-in hybrid vehicles, based on four-phase SRMs with two sets of stator
windings [22]. Two asymmetrical converters with 21 switches and 2n diodes are employed,
with each one applied to two machine phases, and a battery set is connected to the dc link
of each converter. Hence, each of these converters can operate independently in traction
mode. Regarding the battery charging mode, this topology allows operation with dc and
single-phase ac power grids, where both converters are connected to each other in two
of the phases (b, ¢) and the other two (a, d) operate as connection terminals to the power
grid (terminals a, n1). In the case of a dc power grid, the converters operate as two cascade-
connected split-pi unidirectional buck-boost dc—dc converters, whereas in the case of a
single-phase ac power grid the converters operate as a five-level cascaded h-bridge ac—dc
converter (despite having more semiconductors than necessary). In both cases, due to the
boost operation of the converter from the power grid to each set of batteries, the power
grid peak voltage should be lower than the battery voltage for proper operation in battery
charging mode.

K.W. Hu et al. proposed, also in 2015, an IBC with additional operation modes, namely,
vehicle-to-grid (V2G) and vehicle-to-home (V2H) [23] modes. This topology can be seen in
Figure 9 and is based on a four-phase SRM and an asymmetric dc-ac converter similar to
the one presented in 2011 [20] with five switch legs (51-S¢ and Sg—S11) but also with an extra
leg comprising a diode (D7) and a switch (Sy). Moreover, a bidirectional buck-boost dc—dc
converter is used (IGBTs 51y, S13 and inductor Ly), which may be reconfigured to operate
in buck or boost mode in each direction, depending on the states of the three-position
switches K3 and Ky. In traction mode, these switches are configured in order to connect
points x1, xp to points y1, i, respectively, linking the higher voltage side (leg formed by
S12, S13) to the battery and linking the lower voltage side (inductor L4) to the asymmetrical
dc-ac converter dc link. In this regard, when the intention is to drive the machine, the
bidirectional buck-boost dc—dc converter operates in buck mode during regular traction
mode and in boost mode during regenerative braking, and hence the battery voltage must
be higher than the dc link voltage of the asymmetrical dc-ac converter. On the other hand,
in battery charging mode, the switches K3, K4 are configured in order to connect points x,
xp to points z1, zp, respectively, linking the higher voltage side (leg formed by S1, S13) to the
asymmetric dc-ac converter dc link and linking the lower voltage side (inductor Ly) to the
battery. In battery charging mode, the bidirectional buck-boost dc—dc converter operates
in buck mode during the conventional battery charging operation, i.e., in grid-to-vehicle
(G2V) mode, and in boost mode during V2G or V2H operation modes, and therefore the dc
link voltage must be higher than the battery voltage. The battery charging operation can be
performed via a single-phase or a two-phase (using only one phase-to-phase voltage) ac
power grid, where a single-phase three-wire bidirectional ac—dc converter is used, which
is implicit in the asymmetric dc—ac converter (S1-Sg). In order to connect the system to
the power grid, two contactors (Kj, K3), three inductors (L1, Ly, L3) and two capacitors (Cy,
C,) are used, where the three-wire interface (terminals a, n, b) allows two phase-to-neutral
voltages (v4, Upy,) and a phase-to-phase voltage (v,;,) to be obtained.

In 2018, M. Ma et al. proposed an IBC for plug-in hybrid vehicles based on SRMs, as
shown in Figure 10 [24]. This topology consists of the asymmetric dc-ac converter typically
used in SRMs (IGBTs S;-S7 and diodes Dg—D14) with the addition of a boost PFC stage
(diodes D1—Dg, capacitor Cy, inductor L1 and MOSFET S;) to connect to a three-phase ac
power grid (terminals a, b, c) or to a generator mechanically coupled to the ICE of the
vehicle, using contactors K1—K3. Both stages are linked through a bridge formed by the
diodes D7 and Dg and two battery sets (vps1, Upar2), €ach with the respective capacitor
connected in parallel (C,, C3) and a contactor connected in series (K4, Ks), behaving as
an energy recovery circuit. The contactors present in this topology have the purpose of
enabling or preventing the use of the power provided by the generator (K;-K3) or by the
batteries (K4, K5), making it possible to use the former, the latter or a combination of both,
as required in a hybrid vehicle.
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Figure 10. IBC for plug-in hybrid vehicles based on SRMs proposed by M. Ma et al. in 2018 [24].

In 2020, H. Cheng et al. proposed the IBC for plug-in hybrid vehicles based on SRMs
presented in Figure 11a [25]. Like the previously presented IBC, this proposal comprises a
connection to an electric machine coupled to the ICE of the vehicle or to a power grid, in
this case not three-phase ac but single-phase ac. As well as allowing the connection to the
traction battery, this topology also allows the connection to the auxiliary battery. The front-
end converter employed in this case is a diode full-bridge ac-dc converter (diodes D1-Ds),
while the converter for driving the machine is formed by IGBTs S1-S4, diodes D7—Djy,
capacitor C3 and inductor L;. Like the IBC for SRMs first presented in this section, this
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IBC uses an energy recovery circuit, which is based on IGBT Sy, diode D, capacitor Cs
and inductor L;. The converter used to charge the auxiliary battery is a unidirectional
isolated half-bridge dc—dc converter, which is formed by IGBTs S5 and Sg, a high frequency
transformer to step down the voltage, diodes D11 and D15, inductor L, and capacitor Cy.
The series connection of capacitors C; and C; establishes a midpoint available to this
converter. In terms of operation modes, this IBC allows charging the traction battery from
the power grid, charging the auxiliary battery from the electric machine coupled to the ICE
or charging the auxiliary battery from the traction battery. In order to change the operation
mode, five contactors are used (K;—Ks), where the first three (K1—K3) have the purpose of
disconnecting the electric machine coupled to the ICE (when the power grid is connected),
Ky is used when the vehicle is driving in hybrid mode, using the electric machine coupled
to the ICE and Kj is used when the traction battery is used in traction mode.
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Figure 11. IBCs for plug-in hybrid vehicles based on SRMs proposed by H. Cheng et al. in 2020:
(a) [25]; (b) [26].

In the same year, the same authors proposed a similar system in which the electric
machine coupled to the ICE is also an SRM (Figure 11b) [26]. In this case, the converter
used to drive the ICE-coupled machine is the same as the converter used to drive the
main machine in the previous proposal, with the main difference that the windings can be
reconfigured to be connected to a common neutral or isolated via contactor K3. Similarly,
interfacing with a single-phase power grid is feasible, and the topology also allows charging
of both the traction and auxiliary batteries. As well as the converter for driving the ICE-
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coupled electric machine (IGBTs 5;-S3 and diodes D1-Dj3), this system uses a typical
asymmetrical dc-ac converter to drive the main SRM (IGBTs S¢-511 and diodes D4—Dg) and
a bidirectional buck-boost dc—dc converter (IGBTs S4 and S5 and inductor L;) interfacing
with the traction battery (vy,;1). The system uses six contactors, where K; and K are used
to interface the converter with a single-phase ac power grid, K3 is used to create the neutral
point of the ICE-coupled SRM as noted, K4 is used to charge the traction battery from
the ICE-coupled SRM, Kj is used to drive the main SRM and Kj is used to charge the
auxiliary battery (vy,2). On this basis, there are five possible operation modes during
traction operation, namely: (1) battery-only driving, where the vehicle behaves as an EV;
(2) ICE-coupled SRM-only driving, where the power generated by the SRM is sufficient to
drive the main SRM; (3) ICE-coupled SRM and battery hybrid driving, where the power to
the main SRM comes from the two sources mentioned; (4) ICE-coupled SRM driving and
battery charging, where the power generated by the SRM is more than the power required
to drive the main SRM, and thus the surplus power is used to charge the traction battery;
(5) regenerative braking, where the main SRM acts as a generator and charges the traction
battery. Furthermore, during the battery charging operation (when the vehicle is stationary)
there are three possible operation modes: (1) traction battery charged from the power grid;
(2) auxiliary battery charged from the power grid; (3) auxiliary battery charged from the
traction battery.

2.3. Integrated Battery Chargers with Galvanic Isolation

In 2005, F. Lacressonniere and B. Cassoret proposed two IBCs with galvanic isolation
for industrial EVs [27]. One of these systems aims at application in pallet trucks based
on 1.5 kW dc machines (Figure 12a), where galvanic isolation is achieved through a bidi-
rectional isolated Cuk dc—dc converter (inductors L1, Ly, capacitors Cj, Cy, IGBTs 51, Sp
and a transformer with turns ratio N1:N3). As a dc traction drive system, this converter is
responsible for both the battery interface and the machine drive. As well as this converter,
it also uses a diode full-bridge single-phase ac—dc converter (D;—Dy) to interface the system
with a single-phase ac power grid (terminals 4, 1) in battery charging mode, with the dc-dc
converter operating as a PFC converter. In order to switch between operation modes, two
three-position switches are used (Kj, K3) to change the de—dc converter connections (points
X1, Xp), connecting it either to the machine (points y1, y2) or to the dc link of the ac-dc
converter (points z1, zp). On the other hand, the second IBC proposed by the authors aims
at application in forklifts based on a 6 kW wound rotor induction machine (Figure 12b).
In this case, galvanic isolation is ensured by the machine itself in battery charging mode,
where a three-phase ac power grid (terminals a, b, c) is connected to the rotor windings (L;,,
L.y, Lyc), whose nominal voltage is 400 V, and a three-phase three-leg bidirectional ac—dc
converter (S1-S¢) is connected to the stator windings (Lss, Lsp, Lsc), whose nominal voltage
is 48 V. In order to switch between operation modes, three three-position contactors are
used (Kj, K3, K3), which short-circuit the rotor windings in traction mode (points y1, y2, y3),
connecting them in a star configuration and leaving them independent in battery charging
mode in order to connect to the power grid (points z1, z5, z3). In this way, the bidirectional
ac—dc converter operates as a dc—ac converter in traction mode and as an ac—dc converter
in battery charging mode, controlling the currents absorbed from the power grid and the
charging process of the battery. It should be noted that no additional inductors are used,
with the machine stator windings behaving as inductive filters. It is also important to note
that, in battery charging mode, the rotor must be mechanically braked since the machine is
asynchronous and torque is created whenever its windings are energized.
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Figure 12. EV IBCs with galvanic isolation for industrial EVs proposed by F. Lacressonniere and
B. Cassoret in 2005 [27] for application in: (a) pallet trucks; (b) forklifts.

In 2011, S. Haghbin et al. proposed an IBC with galvanic isolation based on stator
winding reconfiguration of a three-phase electric machine [28]. The machine referred to is
composed of four stator windings per phase, with all 24 winding terminals being externally
accessible. As can be seen in Figure 13a, the only converter present in this topology is
a three-phase three-leg bidirectional ac-dc converter (51-54), which is responsible for
interfacing the battery and the machine. However, 12 relays and a three-phase contactor are
used in order to reconfigure the stator windings. In Figure 13b, it is possible to see in detail
the stator windings referring to phase a (L1, La2, La3, Laa), as well as one of the phases of
the three-phase contactor (K;) and the four associated relays (K,—Ks), with each relay being
composed of a normally opened contact and a normally closed one. In traction mode, the
windings of each phase are connected in a series—parallel arrangement (e.g., in phase 4, L4
and L, are connected in series, as well as L;3 and L,4, with the two groups being connected
in parallel with each other), and the machine is connected using a delta configuration. This
configuration is respective to the normally closed state of the four relays. In the case of
phase g, its windings are connected to phases a and b of the converter (terminals ca, cb,
respectively). In battery charging mode, the windings of each phase are connected and
isolated in pairs, where two of them are connected to the converter and the other two
are connected to the respective phase of a three-phase ac power grid (terminals 4, b, c),
while the neutral point is connected to the power grid neutral (terminal #). For instance, in
phase a, L1 and L,3 are connected in parallel, with one of the resulting terminals connected
to phase a of the converter (terminal ca) and the other to a point common to the other phases
(terminal cn), i.e., the winding L, is formed by the parallel connection of L;; and L;3. On
the other hand, L,y and L;4 are connected in series, where one of the resulting terminals is
connected to phase a of the power grid (terminal a) through contactor K; and the other is
connected to a point common to the other phases, which in turn is connected to the power
grid neutral (terminal n), i.e., the winding L, is formed by the series connection of L;, and
Lg4. Accordingly, it can be seen that the machine operates as a transformer, since there is no
galvanic connection between the two sets of stator windings for the same phase. In 2013,
the same authors analyzed this approach from a practical point of view [29], also giving
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attention to the electric machine design and to the phase shift used between both sets of
stator windings [30].
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Figure 13. EV IBC with galvanic isolation proposed by S. Haghbin et al. in 2011 [28]: (a) topology;

(b) stator winding arrangement for phase a.

In 2020, Z. Wang et al. proposed the galvanically isolated IBC presented in Figure 14 [31].
This topology is composed of a four-leg three-phase ac—dc converter (5;-Sg), an active
snubber in the dc link (Sg and C;) and a dual active bridge dc—dc converter (S19-S17), where
the galvanic isolation is ensured. In traction mode, the ac-dc converter only operates with
three legs during normal conditions; the fourth leg (S7 and Sg) is only used in fault-tolerant
operation, in which contactor Kj is kept closed. In battery charging mode, the neutral
point of the machine windings is used to connect to the phase terminal of a single-phase ac
power grid, where the midpoint of the fourth leg is connected to neutral. This IBC allows
bidirectional operation with the power grid and has a small capacitance value for the dc
link capacitor C; due to the active snubber. In addition, owing to the voltage conversion
ratio of the dual active bridge dc—dc converter, a low-voltage battery can be used.
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Figure 14. EV IBC with galvanic isolation proposed by Z. Wang et al. in 2020 [31].
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2.4. Integrated Battery Chargers Based on Multiple Traction Converters

In 1995, S. K. Sul and S. J. Lee proposed an IBC for an all-wheel-drive EV, containing
four electric machines and four three-phase three-leg bidirectional ac—dc converters, as well
as a switch with two terminal pairs used for selecting the connection point of the positive
battery terminal [32]. This topology can be seen in Figure 15. In traction mode, each ac—dc
converter controls each electric machine independently, endowing the EV with all-wheel
drive, with Kj connecting the batteries to the dc link terminals of all converters (terminals a1,
ay). In battery charging mode, each group formed by two ac—dc converters and two electric
machines is used to employ two bidirectional interleaved converters, namely, a buck-
boost de—dc converter (51-512) and a full-bridge single-phase ac—dc converter (S13-594) for
interfacing with a single-phase ac power grid (terminals g, n1). In this case, the neutral points
of two of the electric machines are used for interfacing with a single-phase ac power grid,
while the neutral points of the other two electric machines are connected to the positive
battery terminal by means of the switch (terminals by, bp). The utilization of two converters
in battery charging mode allows the power grid peak voltage to be higher or lower than
the battery voltage, provided it is lower than the dc link voltage due to the boost operation
of the dc—dc converter from the battery to the dc link.
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Figure 15. EV IBC proposed by S. K. Sul and S. J. Lee in 1995 [32].

In 2015, D. G. Woo et al. proposed an IBC based on two electric machines for interfacing
with single-phase ac power grids, as shown in Figure 16a [33]. This topology is composed
of two three-phase three-leg bidirectional ac-dc converters (51—S¢ and S7-5S12), with each
ac side connected to the stator windings of each electric machine, and the dc link is shared
between these converters and connected to a bidirectional buck-boost dc—dc converter
(IGBTs S13, S14 and inductor L3), which in turn interfaces with the battery. In battery
charging mode, the three-phase ac—dc converters operate as boost dc-dc converters, with
each converter operating in a power grid half cycle, and the stator windings of each machine
are used as inductors in each converter. Furthermore, between the neutral point of each
electric machine and the connection terminals to the power grid, two contactors (K; and K3),
two inductors (L; and L;) and two diodes (D1 and D) are used, where the diodes are used
to reduce the common-mode noise, connecting the system ground to neutral (terminal 7)
during the power grid positive half cycle or to the phase (terminal a) during the power
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grid negative half cycle. The inductors are applied in order to compensate for the small
common-mode inductance values of the stator windings.
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Figure 16. EV IBCs based on two traction converters proposed in 2015 by: (a) D. G. Woo et al. [33];
(b)J. Hong et al. [34].

In the same year, ]. Hong et al. proposed an IBC based on an electric machine controlled
by two converters for auxiliary battery charging, as shown in Figure 16b [34]. The power
grid interface is not considered in this topology; instead, the interface between the traction
and auxiliary batteries is considered. The dc links of both converters are isolated from
each other, and one of the converters (S1—5¢) is connected to the traction battery (vy,:1) and
the other (57-S12) to the auxiliary battery (vy,2). The traction battery is used as the main
power source for the electric machine, while the auxiliary battery can be used in high-speed
operation, by adding its voltage to the main battery voltage and increasing the voltage
supplied to the machine windings. The auxiliary battery can be bypassed, producing a
zero-voltage vector in its connected converter (5;-517), and it can also be charged from
the traction battery while the electric machine is being powered, provided the converter
connected to the traction battery (51-S¢) has enough voltage margin to produce the desired
torque in the machine and to charge the auxiliary battery.

In 2018, S. Semsar et al. proposed a similar system, as shown in Figure 17a [35].
This system is capable of charging both batteries from a single-phase ac power grid
(terminals 4, 1), using an additional diode full-bridge single-phase ac—dc converter (D1-D4)
and a contactor (K1) that should be closed in battery charging mode. In traction mode, K;
is open, and the resulting power electronics system is the same as in the IBC previously
shown. In battery charging mode, the voltage after the diode full-bridge single-phase ac-dc
converter, i.e., the rectified v, is the sum of the voltages produced by each shared leg of
the two three-phase ac—dc converters, which, in this case, operate as PFC converters in
conjunction with the diode bridge. The authors note that interleaved operation is possible
in order to reduce the current ripple, but do not present details of this operation. Hence,
when connected to a single-phase ac power grid, the currents in both batteries contain a
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high ac component, which is not desirable in these types of elements. In order to absorb a
sinusoidal current from the power grid, each converter is responsible for each half cycle,
with the upper converter (51-S¢) synthesizing the positive current half cycle and the bottom
converter (S7-S12) synthesizing the negative current half cycle.
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Figure 17. EV IBCs based on two traction converters proposed by S. Semsar et al. in: (a) 2018 [35];
(b) 2020 [36].

Two years later, in 2020, the same authors proposed a similar system using an active
front-end ac—-dc converter, as shown in Figure 17b [36]. The diode full-bridge single-
phase ac—dc converter and contactor were replaced by two half-bridge single-phase ac—dc
converters (S1—-S4) and a capacitor (Cy), allowing bidirectional operation with the power
grid. The traction operation is the same as in the IBC previously described; only the power
grid front-end converter is different. Regarding the battery charging operation, in order to
achieve a sinusoidal current in the power grid side, the traction converters operate with
a square-wave modulation, i.e., with the same frequency as the power grid, while the
front-end converter operates with a modified sinusoidally modulated signal. This allows
five voltage levels to be produced, contributing to a reduction in the harmonic distortion
of the current absorbed or provided to the power grid. The machine winding currents
must be in phase with each other in order to prevent the machine from producing torque
and thus rotating, and if correctly balanced, each machine phase only carries one third
of the amplitude of the power grid current. As happens with the topology previously
presented by these authors, this topology has also the problem of a high ac component in
the battery currents.

2.5. Integrated Battery Chargers Based on Multiphase Machines

In 2016, M. Diab et al. proposed an IBC based on a nine-switch ac—-dc converter ca-
pable of controlling a six-phase machine [37]. This IBC is represented in Figure 18, where
it can be seen that the nine-switch converter (51-S9) is based on three legs with three
semiconductors each, similar to two regular three-leg three-phase ac—dc converters on
top of each other, where the bottom semiconductors of the upper converter are the same
as the upper semiconductors of the bottom converter (S, S5, Sg). Hence, six midpoints
can be found, to which the windings of the six-phase machine are connected. This IBC
has also a bidirectional buck-boost dc—dc converter (semiconductors S1g and S1; and
inductor L1) interfacing the dc link capacitor C; with the battery, as well as three sets
of three-phase contactors to reconfigure the system. In traction mode, contactors K;—Kg
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are closed, in order to connect the neutral points of each group of machine windings,
creating two neutral points in the six-phase machine. In battery charging mode, these
contactors must be kept open, and K;-Ky are closed. The intermediate semiconductors
of each leg (S;, S5, Sg) are kept closed, so that the nine-switch converter operates as
a regular three-leg three-phase ac—dc converter, with each pair of machine windings
being connected in parallel (L, with Ly, L, with L., Lc with Ly). This topology allows
bidirectional operation with the power grid.
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Figure 18. EV IBC proposed by M. Diab et al. in 2016 [37].

In 2016, L. Subotic et al. proposed an IBC based on a five-phase machine [38]. The
same authors analyzed slow [39] and fast [40] battery charging operations using IBCs based
on five-phase, six-phase and nine-phase electric machines. In the same year, the authors
presented an IBC with galvanic isolation based on six-phase machines, where they simply
added a three-phase transformer between the power grid and the converter [41]. It should
be noted that these publications regarding multiphase machines only focus on the interface
with the power grid (single-phase ac or three-phase ac) and do not consider a dc—dc
converter for interfacing with the battery. In the following year, however, the same authors
proposed two IBCs with direct interfacing with the power grid, including a bidirectional
buck-boost dc—dc converter to interface with the battery. One of these systems is applied
to six-phase machines and three-phase ac power grids [42], while the other is applied to
nine-phase machines and can be connected to either single-phase or three-phase ac power
grids [43]. Figure 19 shows the common structure between the proposed topologies from
the power grid interface point of view, i.e., for five-phase (Figure 19a), six-phase (Figure 19b)
and nine-phase (Figure 19¢) electric machines. Regarding the five-phase topology, when it
is connected to a single-phase ac power grid (terminals 4, 1), one of the terminals contains
two stator windings (in this case ) and the other contains three stator windings (in this
case 7). On the other hand, when connected to a three-phase ac power grid (terminals a, b,
¢), two stator windings are used in two of the machine phases (in this case a, ¢) and only
one is used in the remaining phase (in this case b). In the case of the six-phase topology,
since the phase number is even and a multiple of three, the stator windings are equally
divided in both types of interfaces and are assembled in pairs (in the case of a three-phase
ac power grid) or in triplets (in the case of a single-phase ac power grid). Finally, for the
nine-phase topology, the stator windings are grouped in triplets in both cases, using the
three winding groups in the interface with a three-phase ac power grid and only two of
them in the interface with a single-phase ac power grid.
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Figure 19. EV IBCs proposed by I. Subotic et al. and V. Katic et al. in 2016 [38—40] based on electric
machines with phase counts equal to: (a) five; (b) six; (c) nine.

In 2020, M. Tong et al. proposed an IBC based on a five-phase hybrid excitation
flux-switching machine, as shown in Figure 20 [44]. As well as the five converter legs
(51-510) used to energize the machine armature windings (L,—Lc), an extra leg (511 and S12)
is used to energize a field winding (Lg,) for machine excitation. This topology also contains
two contactors (K; and K3) to switch the operation between traction and battery charging.
In traction mode, the contactor K; connects terminals x1, x, to terminal z, establishing the
neutral point of the five-phase machine. Contactor K is closed in this situation, connecting
the battery and dc link capacitor C; in parallel. On the other hand, in battery charging
mode, the contactor K; connects terminal x; to y; and x; to y», with this pair of terminals
representing the connection points to a single-phase ac power grid. Hence, a two-phase
interleaved bidirectional full-bridge ac—dc converter is assembled (semiconductors S1-Sg
and inductors L,—L;), with the leg formed by semiconductors Sg and S;p and machine
winding L, unutilized. In this case, the leg formed by semiconductors S1; and S1, and
the machine field winding Lg,, form a bidirectional buck-boost de—dc converter, where
contactor K, must be kept open in order to separate the battery (low voltage side of the
dc—dc converter) from the dc link capacitor C; (high voltage side of the dc—dc converter).
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In 2021, the same authors proposed a modification to this system, changing contactor K;j to
accommodate the connection to a three-phase ac power grid and thus allowing fast battery
charging [45].
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Figure 20. EV IBC proposed by M. Tong et al. in 2020 [44].

In 2020 also, H. Raherimihaja et al. proposed an IBC based on a six-phase open-end
winding machine [46]. As illustrated in Figure 21, this topology is composed of a twelve-leg
inverter (51—Sg4) to drive the electric machine, as well as an additional leg (Sp5 and S4) and
inductor (L) that form a bidirectional buck-boost dc—dc converter to connect the inverter
dc link to the battery. Instead of using contactors, this system contains a plug and socket
to connect the machine terminals to a three-phase ac power grid. The machine windings
are connected in pairs, and in this case (battery charging mode), two pairs of windings are
connected to each other, where the midpoint of each pair is connected to a given phase of
the power grid. With this configuration, it is possible to achieve a four-phase interleaved
bidirectional three-phase ac—dc converter, since the twelve inverter legs can be used in an
arrangement of four legs per power grid phase. Despite mentioning this feature, the authors
do not employ this interleaved operation in the same paper. This system allows bidirectional
operation with the power grid, and since it uses a six-phase machine, it allows a battery
charging power twice that of the traction power, as well as having fault tolerance capability.
In 2021, the same authors proposed a similar system based on a nine-leg inverter and a
three-phase nine-winding machine [47], as well as giving a detailed analysis of the design of
this type of machine for use in IBCs [48].
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Figure 21. EV IBC proposed by H. Raherimihaja et al. in 2020 [46].
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3. Comparison between Integrated Battery Chargers

The IBCs reviewed in this paper are compared in this section. The comparison is
based on whether contactors are needed to reconfigure the system, whether additional
inductors are used to interface the system with the power grid, the type of machine that
the system supports and the winding access level that is required (where normal means
the conventional phase terminal access), the existence of galvanic isolation between the
batteries and the power grid, the capability of bidirectional operation with the power
grid and the possibilities for interfacing that they allow in addition to interfacing with
the EV’s main electric machine. Table 1 presents the comparison between the 29 IBCs
(31 IBCs were presented, but the features of the three IBCs proposed by L. Subotic et al.
and V. Katic et al. [38-40] are the same except for the number of electric machine phases).
The order used for the IBCs in the table is the same as the order in which they appear in
the paper.

Table 1. Qualitative comparison between the presented IBCs.

Proposed IBC Contactors Additional Electric Machine Galvanic Bidirectional Interface
P Inductors Machine Type Access Isolation Operation Possibilities
D. Thimmesch (1983) [10] Yes No 3ph Normal Yes No 1ph
W. Rippel (1990) [12] No Optional 3ph Normal No No 1ph
. . 2 x 3ph/
W Rl}:()fg%lg%[.]i]() ceont No No 1 x 3ph Neutral point No Yes 1ph
N (w/2 stators)
A. Cocconi (1994) [14] Yes Optional 3ph Total No Yes 1ph, 3ph
L. Solero (2001) [15] No No 3ph Neutral point No No 1ph
G. Pellegrino (2010) [16] No No 3ph Neutral point No No 1ph
O. Hegazy (2013) [17] No Yes 3ph Normal No Yes 1ph
C. Pollock, W. K. Thong .
(2000) [18] No Yes 2ph SRM Neutral point Yes No 1ph
H. C. Chang, C. M. Liaw
(2009) [19] Yes No 4ph SRM Total No No 1ph
H. C. Chang, C. M. Liaw
(2011) [20] Yes No 4ph SRM Total No Yes 1ph
Y. Hu et al. (2014) [21] Yes No 3ph SRM Neutral point No No 1ph, 3ph, dc
4ph SRM .
Y. Hu et al. (2015) [22] No No w/2 stators Neutral point No No 1ph, 3ph, dc
K. W. Hu et al. (2015) [23] Yes Yes 4ph SRM Total No Yes 1ph, 2ph
M. Ma et al. (2018) [24] Yes No 3ph SRM Total No No 3ph
H. Cheng et al. (2020) [25] Yes No 3ph SRM Neutral point No No 1ph
H. Cheng et al. (2020) [26] Yes No 3ph SRM Total No No 1ph
E. Lacressonniere, B.
Cassoret (2005) [27] (For Yes No Brushed dc Total (just 2) Yes No 1ph
pallet trucks)
F. Lacressonniere, B. 3ph wound
Cassoret (2005) [27] Yes No ph . Normal Yes Yes 3ph
. rotor induction
(For forklifts)
. 3ph
S. Haghbin etal. Yes No (4 windings Total Yes Yes 1ph, 3ph
(2011) [28]
per phase)
Z. Wang et al. (2020) [31] Yes No 3ph Neutral point Yes Yes 1ph
S.K.Sul,S.J. Lee .
(1995) [32] Yes No 4 x 3ph Neutral point No Yes 1ph
D- G. Woo et al. Yes Optional 2 x 3ph Neutral point No No 1ph

(2015) [33]
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Table 1. Cont.

Proposed IBC Contactors Additional Electric Machine Galvanic Bidirectional Interface
P Inductors Machine Type Access Isolation Operation Possibilities
J. Hong et al. (2015) [34] * - - 3ph Total - - -
S. Semsar et al. (2018) [35] Yes No 3ph Total No No 1ph
S. Semsar et al. (2020) [36] No No 3ph Total No Yes 1ph
M. Diab et al. (2016) [37] Yes No 6ph Total No Yes 3ph
1. Subotic et al.,
V. Katic et al. (2016) [38—40] No No 5ph, 6ph, 9ph Total No Yes 1ph, 3ph
5ph hybrid
M. Tong et al. (2020) [44] Yes No excitation flux Total No Yes 1ph
switching
H. Raherimihaja et al. No No 6ph Total No Yes 3ph

(2020) [46]

* An interface with the power grid is not considered.

It can be seen that most of the topologies do not require additional inductors to in-
terface the system with the power grid; however, most of them do require contactors.
Topologies that require neither contactors nor additional inductors require electric machine
access to at least the neutral point, if not total access to the windings. Regarding bidirec-
tional operation, it can be seen that when no contactors or additional inductors are used,
total access to the machine windings is required, with the exception of the system patented
by W. Rippel and A. Cocconi in 1992 [13], where only neutral-point access is required but
with two three-phase electric machines or one machine with two sets of stator windings.
It can also be verified that, when two or more power grid interface possibilities exist, at
least neutral-point access is required. If two or more power grid interface possibilities are
combined with bidirectional operation, total access to the electric machine windings is
mandatory for the presented topologies. Therefore, it can be concluded that, in general,
IBCs with higher functionalities have naturally higher requirements, either regarding the
electric machine winding access or regarding external components, which is expected from
a single set of power converters performing more than its two designed functions (traction
and battery charging).

In order to establish a comparison between the IBCs in quantitative terms, Figure 22
presents five radar charts, where the number of switches, diodes, contactors, magnetics and
capacitors is represented. Due to the high number of presented IBCs and in order to better
analyze the provided information, five radar charts were used instead of a single chart, with
each one representing a subsection of Section 2. Figure 22a represents the classical IBCs
(Section 2.1), Figure 22b the IBCs for SRMs (Section 2.2), Figure 22¢ the IBCs with galvanic
isolation (Section 2.3), Figure 22d the IBCs based on multiple traction converters (Section 2.4)
and Figure 22e the IBCs based on multiphase machines (Section 2.5). The term “switches”
refers to fully controlled semiconductors, either IGBTs, MOSFETs or bipolar junction
transistors, with or without antiparallel diodes, while the term “diodes” refers to this single
component, excluding the antiparallel diodes present in fully controlled semiconductors.
“Magnetics” can refer to either inductors or transformer windings, excluding electric
machine windings (e.g., one transformer with one primary and one secondary winding
contributes two to the magnetics count). The term “capacitors” only counts each capacitor
set (as in the capacitor numbering in the IBC figures). It should be noted that Figure 22e
has only three comparative metrics, namely, switches, magnetics and contactors, since
the diode count is nil and the capacitor count is one for all the topologies presented in
this figure.
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Figure 22. Radar charts illustrating the quantitative comparison between the presented: (a) classical
IBCs; (b) IBCs for SRMs; (c) IBCs with galvanic isolation; (d) IBCs based on multiple traction
converters; (e) IBCs based on multiphase machines.

4. Conclusions

Electric vehicles (EVs) have experienced tremendous growth in the past few years
since they are an emissions-free means of transportation at the user level. The power
electronics converters present in an EV are based on two main systems that operate only
one at a time, namely, the traction system and the battery charging system. This opera-
tional nonconcurrence gave rise to the development of integrated battery chargers (IBCs)
consisting of a single power electronics system with both functionalities. Several IBCs have
been proposed in the literature and patented, and this paper aimed to provide a literature
review of the most relevant IBCs. Due to their diversity, the paper divided the analyzed
IBCs into five subsections, namely: (1) classical IBCs; (2) IBCs especially developed for
switched reluctance machines (SRMs); (3) IBCs with galvanic isolation; (4) IBCs based on
multiple traction converters; (5) IBCs based on multiphase machines. After presenting each
type, the IBCs were compared both in terms of requirements (e.g., the need for additional
inductors or contactors, the type of electric machine needed) and in terms of functionalities
(e.g., galvanic isolation, bidirectional operation, power grid interface possibilities). It was
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verified that topologies that do not require external components such as inductors or con-
tactors usually require special access to the electric machine as well as the conventional
phase access. Additionally, some topologies allow interfacing to more than one type of
power grid, and in most of these cases it is mandatory to have access to all electric machine
windings. The same occurs with bidirectional operation with the power grid, where for
topologies with no additional inductors or contactors, electric machine access to at least
the neutral point is required. When combining bidirectional operation with more than two
types of power grid interfaces, total winding access is a must. For the presented IBCs, it
can be concluded that, in general, higher functionalities imply higher requirements, either
from the electric machine winding access or from external components such as contactors
to reconfigure the system. However, it should be kept in mind that this complexity refers to
a single set of power converters performing more than its two designed functions (traction
and battery charging), which still represents lower volume, weight and possibly cost than
separate power electronics systems for performing the same functions.
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