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Abstract: Concerns about greenhouse gas emissions are a key topic addressed by modern societies
worldwide. As a contribution to mitigate such effects caused by the transportation sector, the full
adoption of electric mobility is increasingly being seen as the main alternative to conventional
internal combustion engine (ICE) vehicles, which is supported by positive industry indicators,
despite some identified hurdles. For such objective, power electronics technologies play an essential
role and can be contextualized in different purposes to support the full adoption of electric mobility,
including on-board and off-board battery charging systems, inductive wireless charging systems,
unified traction and charging systems, new topologies with innovative operation modes for
supporting the electrical power grid, and innovative solutions for electrified railways. Embracing
all of these aspects, this paper presents a review on power electronics technologies for electric
mobility where some of the main technologies and power electronics topologies are presented and
explained. In order to address a broad scope of technologies, this paper covers road vehicles,
lightweight vehicles and railway vehicles, among other electric vehicles.

Keywords: power electronics; electric mobility; electrical power grid; battery charging systems;
unified traction and battery charging systems; inductive wireless power transfer; railway systems;
smart grids

1. Introduction

Throughout the 20th century, scientific development radically altered societies in different
sectors. In particular, the expansion of vehicle traffic has been intense, generating serious
environmental concerns, such as the increase in greenhouse gas emissions, urban air pollution and
dependence on fossil fuels [1]. Worldwide, 29% of final energy consumption is due to the transport
sector, representing 23% of the carbon dioxide (CO2) emissions [2]. Specifically, in the European
Union, 33% of the final energy consumption is due to the transportation sector, where 82% are
associated with road transport [3].

To overcome this concern, electric mobility is pointed out as a prominent answer to diminish
CO: emissions, as well as to contribute to the sustainability of the transportation sector [4]. A global
review focused on electric mobility in a smart grid environment is presented in [5], where future
perspectives regarding industrial information technologies are also established. A broad
investigation concerning the electrification of the transportation sector is presented in [6], where key
topics are addressed, namely electric machines, powertrain architectures, power electronics
technologies, and energy storage systems. A comprehensive overview of the status and issues of
electric mobility is presented in [7,8], highlighting and exploring its challenges and opportunities.
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Despite the positive industry indicators, the full adoption of electric mobility is facing some hurdles,
as investigated in [9]. Indeed, the shifting to electric mobility is already underway, with several
electric vehicle (EV) models commercially available worldwide, embedding diverse scientific and
technological developments, as presented in [10-12]. Moreover, electric mobility is also underway
for military use, either in standalone applications [13] or in association with military-based microgrid
systems, as discussed in [14].

The paradigm of electric mobility is only feasible due to advances in different technologies,
mainly regarding energy storage systems and electric machines. As examples, an investigation about
how lithium transformed electric mobility is presented in [15], the future of batteries in an electrified
fleet is explored in [16], the present state and forthcoming aims in propulsion technologies for electric
mobility is investigated in [17], and a survey regarding electric machines contextualized with electric
mobility is presented in [18].

Despite all the advantages, a key point to assure the sustainability of electric mobility is the
source of the electrical energy, which should preferably come from renewable resources, such as
wind, solar, and hydro. These renewable energy sources, together with environmentally friendly
energy storage technologies, are the pillars of a profound and exciting revolution toward smart grids,
contributing to reducing costs and greenhouse gas emissions, as well as to achieving power
optimization [19]. Based on these technologies, the role of electric mobility in smart grids in
scrutinized in [20], opportunities and challenges for smart grids are studied in [21,22], demand-side
power management strategies are presented in [23], an integrated solution for electric mobility and
renewables is proposed in [24], the electric mobility integration with energy storage systems and
power grids is investigated in [25], a broad methodology for exploiting the flexibility and benefits
offered by electric mobility is presented in [26], and the key challenges and advancements regarding
electric mobility are discussed in [27].

As the power grids were not planned to deal with a large-scale introduction of electric mobility,
aspects of power quality cannot be ignored. The integration and consequent impact of electric
mobility on the power grid is addressed in several works in the literature, as well as the incorporation
in different and specific parts of the world, as demonstrated in [28-32]. From this point of view,
electric mobility can be seen as a problem for the power grid, however, by adopting convenient
storage policies, it is possible to establish smart charging strategies [33]. This represents an important
added value, since most private vehicles are parked during the major part of their useful lifetime [34].
Therefore, by using bidirectional EV battery-charging systems (EVBC), it is possible to obtain a
bidirectional power flow, between the EV and the power grid, allowing the grid-to-vehicle (G2V)
mode and also to return part of the energy stored back to the power grid, i.e., the vehicle-to-grid
(V2G) mode. In fact, the V2G operation mode is an important contribution in order to balance power
demand in the power grid, as demonstrated in [35,36], however, it can also contribute to degrading
the EV battery. This operation mode requires communication with the regulator of the power grid
and will have a predominant role in smart grids. Moreover, electric mobility can also be fundamental
to provide ancillary services, both from the smart grid and smart home perspectives, as
experimentally validated in [37] with different and cooperative operation modes. Specifically, the
possibility of using electric mobility to provide power quality services is validated in [38], while the
possibility of providing uninterruptible power supply (UPS) functionalities is validated in [39].

By analyzing all these aspects in a broad perspective, power electronics systems are recognized
as a common denominator [40], providing new challenges between sustainable development and
scientific development [41]. Several review papers can be found in the literature, but focusing only
on specific topics of power electronics for electric mobility, e.g., in [42] are presented advancements
and challenges for electric mobility, addressing the battery chargers, wireless solutions and with a
special focus on energy storage technologies; in [43,44] are presented extended reviews about the
state-of-the-art of battery technologies and respective management systems; in [45] is presented a
review of on-board EVBC, but only in the perspective of integrated systems; and in [46] is also
presented a review focusing only on EVBC. In [47] are presented global trends of EVBCs, but only
focusing on the fast battery charging; in [48,49] are presented reviews of technologies for electric
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mobility, but only focusing on wireless battery charging systems; and in [50] is presented a review
exclusively about electric motor drivelines in commercial EVs. Throughout the paper, when relevant,
other references for review papers are also introduced. By contrast with the other review papers, this
paper aims to provide an overview of the variety of technologies, covering: (i) the aggregation and
accurate explanation, in a single paper, of the main technologies and opportunities of electric
mobility; (ii) a broad review of power electronics topologies and architectures for electric mobility
(including on-board and off-board EVBC, stationary and dynamic inductive wireless EVBC, unified
traction and EVBC, operation modes for supporting the power grid, and innovative solutions for
electrified railway systems); (iii) the framework of power electronics systems with future perspectives
in the scope of electric mobility.

The following sections of this paper are organized as follows. Section 2 introduces road vehicles,
where an overview of EVBC (on-board and off-board), inductive wireless charging systems, and
unified systems is presented. Section 3 presents a review regarding power electronics for railway
systems, specifically highlighting power quality compensators, power management converters, and
converters for machine drives and for regenerative braking. Section 4 introduces a review of power
electronics for other EVs, such as ships, aircraft, trucks, buses, forklifts, motorcycles and bicycles.
Section 5 finalizes the paper with the main conclusions.

2. Power Electronics for Road Electric Vehicles

This section presents a review regarding the different technologies of road EVs (i.e., vehicles
equipped with an electric power-train, which are normally used to transport people or goods by
road). In such road EVs, power electronics systems are used to drive the electric machine and charge
the battery. In this manner, reviews are presented regarding technology and power electronics
structures for EVBC (including the auxiliary battery), traction systems, inductive wireless charging
systems, and unified traction and EVBC.

2.1. Power Electronics for Battery Charging Systems

EV battery chargers (EVBC) are classified into two main groups in relation to their position to
the EV, namely on-board or off-board, i.e., inside or outside the EV. By comparing both approaches,
it is possible to identify advantages and disadvantages of each charging architecture. For instance, an
on-board EVBC offers more flexibility in terms of the possibility of charging the battery at different
places, but currently has its charging power limited to a few kW, besides representing an additional
weight to the EV. On the other hand, an off-board EVBC is installed in a specific place (public or
private) and the EV must travel there to perform the battery charging, but the charging power can be
higher, up to dozens or hundreds of kW. Both on-board and off-board EVBCs are constituted by
power electronics stages in order to guarantee a proper interface between the power grid and the EV
battery. Therefore, and considering the wide variety of power electronics converters, several
perspectives can be adopted. The most common structures are based on alternating current-direct
current (ac-dc) converters guaranteeing a sinusoidal grid current (i.e., preserving power quality on
the power grid side) and a dc—dc converter guaranteeing controlled current and voltage on the EV
battery (i.e., preserving the battery lifetime), in both on-board and off-board cases [51-53]. However,
other structures can be adopted, including the possibility of single power stage structures. A
classification of the different structures, based on single or double power stages, is presented in
Figure 1. As emphasized, this classification considers the on-board and off-board possibilities. As an
illustrative example, Figure 2 shows an EV considering both on-board and off-board EVBCs and the
respective interface with the power grid. As shown, the on-board EVBC is connected to the power
grid through a single-phase interface with the possibility of a bidirectional power flow, while the
off-board EVBC is connected to the power grid through a three-phase interface, also considering the
possibility of a bidirectional power flow, allowing both G2V and V2G operation modes. This is an
increasingly more important feature for smart grids and smart homes, although it normally implies
in a more complex implementation of the power stages.
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When looking to the internal constitution of the power converters, it is possible to recognize that
several topologies can be adopted, including multilevel and interleaved topologies [54-59]. It is also
possible to have topologies with or without galvanic isolation [60-62]. An ample comparison among
off-board EVBCs based on current-source and voltage-source structures is presented in [63], showing
details of the operation principle for both structures, as well as a comparison in terms of the total
harmonic distortion of the power grid currents, estimated losses distribution, and estimated
efficiency for a maximum operating power of 50 kW. New architectures of on-board EVBCs can be
found in [64,65]. The topology proposed in [64] has a reduced number of components, four metal
oxide semiconductor field effect transistor (MOSFETs) and four diodes, for operating with a
multilevel feature (five voltage levels) and sinusoidal current; however, it only allows unidirectional
operation, which is its main disadvantage. The topology proposed in [65] allows bidirectional power
operation (i.e., G2V and V2G modes), where the bridgeless structure and the possibility to operate in
interleaved mode are its main advantages; however, the maximum voltage applied to each
semiconductor is double when compared with bridge topologies. A power electronics topology based
on a single-switch is proposed in [66], allowing the operation with three voltage levels. The topology
is controlled with a model predictive control strategy model, guaranteeing a sinusoidal current and
unitary power factor, but only permitting unidirectional power flow, representing the main
limitation for modern EVBCs. A high-density, high-efficiency, isolated on-board EVBC is presented
in [67], where the introduction of silicon carbide (SiC) devices is its main contribution, since the
topology is based on two power stages constituted by traditional power converters. The topology
guarantees sinusoidal current, but only permits unidirectional power flow. A new SiC integrated
power module for EV applications is proposed in [68], where the possibility to integrate multiple
functional elements, as dc link capacitors or gate-drivers, is highlighted as a key contribution. A
comprehensive review regarding the state-of-the-art and the future trends for high-power on-board
EVBCs is presented in [47], considering both unidirectional and bidirectional power flow, and both
integrated and non-integrated structures. A global perspective, considering state-of-the-art and
future trends and challenges, of power and industrial electronics for EVs is investigated in [69], where
different possibilities for the EVBC structures are presented. Taking into account the need to perform
the EVBC as fast as possible, more specific requirements are necessary regarding power electronics.
A technology overview of fast battery charging for EVs is presented in [70], where are discussed
design considerations of fast EV battery charging stations and the most conventional power
electronics topologies.
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Figure 1. Classification of different structures for on-board and off-board electric vehicle (EV) battery
chargers based on single or double power electronics stages.
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Figure 2. EV considering both on-board and off-board battery chargers and the respective interface
with the electrical power grid, allowing bidirectional power flow and communication.

2.1.1. On-Board Battery Charging Systems

Regarding on-board EVBCs, more specifically, for power electronics converters for the front-end
stage, when focusing on unidirectional converters, the main topology is based on the diode ac-dc
converter followed by the boost-type dc-dc converter (i.e., the unidirectional power factor
correction). This topology has the main advantage of using only one switching device, still
guaranteeing the operation with sinusoidal current and unitary power factor. This topology is shown
in Figure 3a. On the other hand, in a future perspective of electric mobility as a support for the smart
grid, a bidirectional operation is essential, in which the four-quadrant ac-dc converter is used as the
main topology (i.e., a bidirectional full-bridge). This converter, shown in Figure 3b, allows
bidirectional operation (G2V and V2G modes) without neglecting the sinusoidal current and the
unitary power factor. These two topologies are more commonly used. However, when the main
objective is to reduce the need for passive filters coupled to the power grid and the maximum current
in each semiconductor, to maintain the characteristic of bidirectional operation, the main choice lies
in interleaved type topologies. Figure 3¢ shows the most common bidirectional interleaved full-
bridge ac-dc topology, consisting of two four-quadrant ac-dc converters (i.e., dual-phase interleaved
topology). When the main objective is to reduce the maximum voltage applied to each
semiconductor, as well as to reduce the requirements of passive filters coupled to the power grid, the
main choice lies in multilevel topologies. Figure 3d shows one of the most common multilevel
bidirectional ac-dc topology (i.e., a topology of five voltage levels).
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Figure 3. Main single-phase power electronics converters used as front-end power stage of on-board
electric vehicle battery-charging system (EVBC): (a) unidirectional power factor correction; (b)
bidirectional full-bridge; (c) bidirectional interleaved full-bridge; (d) bidirectional multilevel.

When focusing on unidirectional converters for the back-end stage, the main topology is based
on the buck-type dc—dc converter. This converter, shown in Figure 4a, is easily controllable, as it only
has one switching device, and allows the fundamental requirements of battery charging to be met,
i.e., charging with constant current (CC) and constant voltage (CV) stages. Additionally, when the
objective is to guarantee operation in bidirectional power mode, the main topology that can be used
is the half-bridge dc—dc converter. This converter is shown in Figure 4b. This topology operates in
buck mode when it is necessary to charge the batteries (i.e., G2V mode), and operates in boost mode
when it is necessary to discharge the batteries (i.e., V2G mode). This topology has as an added value
the possibility of guaranteeing the battery charging in CC-CV mode, as well as controlling the battery
discharge, which can use CC control algorithms or constant power discharge algorithms. As is easy
to observe, only one switching device is controlled in each operating mode (i.e., one in buck mode
and another in boost mode), providing added value for the optimization of the converter efficiency.
However, this converter is non-isolated. Focusing on this last point, when it is necessary to guarantee
galvanic isolation, the main topology that can be used is shown in Figure 4c. This topology is simple
to control, but only allows unidirectional operation. With this topology, it is possible to control the
battery charging process, mainly ensuring controllability in CV mode. On the other hand, when it is
pertinent to guarantee the operation in bidirectional mode, the logical option is to use the topology
presented in Figure 4d, which is similar to that of Figure 4c, but in which the converters are fully
controlled on both dc sides, being called a dual active bridge. With this last topology, it is possible to
either charge (i.e,, G2V mode) or discharge (i.e., V2G mode) the battery in a similar way to the
topology shown in Figure 4b.

DA T 5 Vdc2

(a)

'k D; AD;

k D, A,

Figure 4. Main power electronics converters used as back-end power stage of on-board EVBC: (a)
unidirectional buck-type; (b) bidirectional half-bridge; (¢) unidirectional isolated; (d) bidirectional
isolated (dual active bridge).

Figure 5a presents an example of a developed on-board EVBC. In this system, the topology
shown in Figure 3d was used as the front-end converter and the topology shown in Figure 4b was
used as the back-end converter. This figure also shows some results obtained during the experimental
validation of this on-board EVBC [37]. These results are merely illustrative of the operation principle,
having been obtained for the front-end converter. The result of Figure 5b shows the current on the
power grid side, allowing to verify that it has a sinusoidal waveform and it is in phase with the power
grid voltage. This result is related to the G2V operation mode. The result in Figure 5c also shows the
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current and the voltage on the power grid side, but, in this case, during the V2G operation mode (i.e.,
the current and the voltage are in phase opposition).

-300m0

(a) ' (b) ' ©

Figure 5. On-board EVBC: (a) example of a developed laboratory prototype; (b) experimental results
during the grid-to-vehicle (G2V) mode (vg: 100 V/div/ig: 10 A/div | 5 ms/div); (c) Experimental results
during the vehicle-to-grid (V2G) mode (vg: 100 V/div/ig: 10 A/div | 5 ms/div).

2.1.2. Off-Board Battery Charging Systems

Regarding off-board EVBC, as for the on-board counterpart, there are several options, where the
most common are based on a double-stage structure. For the front-end, as these are fast EVBC, the
topologies that interface with the power grid are of the three-phase type. Common unidirectional
topologies are based on VIENNA-type structures, as the example shown in Figure 6a. This topology
consists of a three-phase diode ac-dc converter and an arrangement of switching devices
(bidirectional and bipolar cell) connected between each phase of the power grid and the common
point at the midpoint of the dc link. This topology only allows unidirectional operation, which may
be a disadvantage for off-board charging systems in the future. On the other hand, the three-phase
topology that guarantees bidirectional operation and sinusoidal currents on the power grid side, in
both G2V and V2G modes, is the full-bridge topology, as shown in Figure 6b. This topology is
composed of three legs. The dc link is divided, where the midpoint is connected to the power grid
neutral. The maximum voltage applied to each semiconductor is half the voltage of the dc link and
the maximum current in each semiconductor corresponds to the maximum current in each phase of
the power grid. In this context, when it is desired to minimize the maximum current to which each
semiconductor is subjected, one possible solution is to use interleaved topologies. Figure 6¢ presents
a three-phase topology of the interleaved type (double-phase). This topology consists of using, in
parallel, two topologies equal to that shown in Figure 6b. Thus, the current of each phase of the power
grid is divided by the two legs of each phase, allowing, at the expense of more hardware, the
maximum current to be decreased in each switching device. In addition, by applying an adequate
modulation strategy (with two carriers with a phase-shift of 180°), it is possible to significantly reduce
the ripple of the resulting current in each phase of the power grid. This characteristic is very
important, since it can also be useful to reduce the need for passive filters in the coupling to the power
grid. As mentioned, with the interleaved topology, the maximum current applied to each
semiconductor is reduced, however, the maximum voltage applied to each semiconductor remains
half the voltage of the dc link. In this sense, when the objective is to decrease the maximum voltage
applied to each switching device, the logical solution consists of using multilevel topologies. Figure
6d shows the most frequently used multilevel three-phase topology. As with the three-phase
topologies previously presented, this one also has a split dc link. This topology allows the generation
of more voltage levels, and so it is possible to reduce the requirements of the passive filters coupled
with the power grid.
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Figure 6. Main three-phase power electronics converters used as front-end power stage of off-board
EVBC: (a) unidirectional VIENNA-type topology; (b) bidirectional full-bridge; (c) bidirectional
interleaved full-bridge; (d) bidirectional multilevel.
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On the other hand, in relation to power electronics converters for the back-end stage of off-board
EVBC, the unidirectional topology based on an interleaved structure is the one that allows the
performance of the off-board EVBC to be optimized, because the currents are high. Multi-phase
interleaved topologies can be employed, however, the simplest is the double-phase, as shown in
Figure 7a. As mentioned, this topology allows the operation in interleaved mode, which is a very
important feature. In addition to this topology, Figure 7b shows a multilevel topology that also allows
the operation in a very similar way to a double-phase interleaved converter. This converter has as its
main differentiating factor the possibility of operation with different voltage levels, i.e., the voltage
produced by the converter is dependent on the voltage at each dc interface. This converter allows
operation in bidirectional mode and, as shown, it consists of four semiconductors, with only two
semiconductors being used in each operation mode (i.e., two in buck mode for G2V and two in boost
mode for V2G). When galvanic isolation is required, the most common base topologies used are those
shown in Figure 4c,d. The latter, however, is designed for higher-order powers. In addition to these
possibilities, it is also possible to use three-phase topologies, as shown in Figure 7c. The principle of
operation of this topology is very similar to the isolated topologies previously presented, but as an
added value, the operating current is divided by the three-phases, each of them feeding a separated
isolation transformer, that handles one third of the total operating power. Another possibility of
isolated topology that also allows dividing the operating power is shown in Figure 7d. This topology
is constituted by the parallel association of several topologies. In addition to allowing to divide the
operating power, this topology can also be readjusted for other configurations, e.g., keeping one of
the dcinterfaces common to all converters (i.e., with a parallel arrangement) and the other dc interface
with a serial arrangement of all converters.
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unidirectional interleaved buck-type; (b) bidirectional multilevel; (c) bidirectional three-phase
isolated; (d) bidirectional multiple dual active bridge.

Figure 8a presents an illustrative example of a developed off-board EVBC and Figure 8b shows
a detail of the power electronics converter. In this system, the topology shown in Figure 6c was used
as the front-end converter and the topology shown in Figure 7b was used as the back-end converter.
Figure 8b presents some results obtained during the experimental validation of this off-board EVBC
[52]. As for the on-board EVBC, these results are also merely illustrative of the operation principle,
having been obtained for the front-end converter. The result of Figure 8c shows the three currents on
the power grid side, allowing to verify that they have a sinusoidal waveform and that they are in
phase with the voltages.

Figure 8. Off-board EVBC: (a) example of a developed laboratory prototype; (b) detail of the power

electronics converters; (c) experimental results showing the voltages (vgq, Ugh, vge: 100 V/div |5 ms/div)
and the currents (ig, ig, ige: 10 A/div |5 ms/div) on the power grid side.

2.1.3. Auxiliary Battery Charging Systems

Besides the aforementioned EVBC, the EV must also be equipped with a charging system for the
auxiliary battery. In the same way as a conventional vehicle, the internal electronic loads of an EV
must be powered by an auxiliary battery (i.e., a low power battery). In such electronic loads are
included systems that guarantee driving safety (e.g., lights, windshield wipers, and horn), comfort
(e.g., air conditioning and media systems), and driving support (e.g., sensors and global positioning
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system) [71]. Conventionally, in an internal combustion engine (ICE) vehicle, the auxiliary battery is
charged via an electric generator, named as alternator, which is coupled to the ICE. In contrast, in
electric and hybrid vehicles, this charging operation takes place through a dc—dc converter which is
connected, on the higher voltage side, to the traction battery. For this task, isolated dc—dc converters
must be used because, according to the IEC 61851-1 standard, it is mandatory that the traction
batteries are isolated from the vehicle chassis. In [72] is presented a power electronics solution based
on an integrated converter to enable the energy exchange between two batteries with different
voltage levels. A three-port converter topology based on the triple active bridge converter is
addressed in [73], a system that allows auxiliary battery charging from the traction battery with
galvanic isolation ensured by a three winding high-frequency transformer. In [74], a method for
controlling the auxiliary battery charging via the traction battery is patented, where the auxiliary
battery charging is carried out, whenever possible, during the standby of the EV, and according to
the state of charge of both auxiliary and traction batteries. In [75], an integrated solution based on
power electronics is presented for charging the auxiliary battery from the traction battery, identified
as traction-to-auxiliary mode. In the presented on-board solution, shown in Figure 9, a unified
converter topology, the EVBC can be configured in an isolated full-bridge dc-dc converter the
auxiliary battery charging, thus making the traction-to-auxiliary mode possible. In [76], a topology
based on the combination of a boost-type dc—dc converter and a flyback converter is presented for
auxiliary battery charging, where the primary side of the transformer of the flyback converter is used
as the input inductor of a boost-type dc-dc converter where the EV battery is connected to. In [77], it
is presented a strategy without auxiliary battery, where the loads are supplied by the EV battery. An
intermediate 48 V dc link was considered and implemented by means of a buck-type de—dc converter,
to which the EV battery is connected on the higher voltage side. In this situation, a transformer is
used to ensure galvanic isolation. In the created 48 V dc link, several dc-dc converters are placed,
also based on the buck-type dc-dc converter, which result in voltages of 12 V to supply the various
auxiliary loads. The availability of a 48 V dc link is considered to be more efficient when compared
to the traditional 12 V dc link, since, for the same power, a higher voltage allows the use of electrical
cables of smaller section that are, consequently, lighter [76].
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Figure 9. Unified converter topology for charging the EV battery and the auxiliary battery.

2.2. Inductive Wireless Battery Charging

Cored inductive power transfer is a popular technology that has been extensively used since the
electric transformers have been invented [78], and it is based on the magnetic induction effect
observed and explored by Michael Faraday in 1831 [79,80]. When two coils are wound around a body
of magnetic material (the “core”), their electrical behaviors are mutually interdependent. This
happens in such a way that energy can be exchanged between the coils and, ultimately, between the
circuits they are connected to, by means of a commonly shared magnetic field. This is not itself an
invention, but rather, a natural phenomenon that is easier to observe when the core material has a
high magnetic permeability, but that also occurs even if the core is constituted by air or, simply, by
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vacuum. In these latter cases, where there is no solid material to serve as a path for the magnetic field
all the way between the two coils, the pair of coils form an “air-gapped” magnetic coupling, and the
phenomenon is often referred to as “wireless” power transfer (WPT) or, more precisely, inductive
wireless power transfer (IWPT).

Soon it was realized that, in IWPT, the transmission of energy was not efficient to 100%. The
energy losses were later explained by: (i) the energy dissipated in the electrical resistance of the
conductors of both coils; (ii) the energy dissipated in the core material (if not air-gapped), that can be
due to either induced parasitic (eddy) currents or magnetic reluctance; (iii) the energy that is
irradiated to free-space by the coils. All these losses vary with the working frequency. Noticeably,
the frequency dependency of conductive losses in (i) is due to skin and proximity effects [81], which
results from the interaction of the conductor with the magnetic fields respectively generated by the
current passing on that same conductor and other nearby conductors, making the current distribution
uneven along the conduct cross-sections, and thus, increasing the apparent resistance of the coil
windings.

2.2.1. Principles of Inductive Wireless Power Transfer

In both “cored” or “wireless” versions, when submitted to sinusoidal oscillations of sufficiently
low frequencies (negligible irradiated power), the magnetic coupling voltages and currents can be
modeled in terms of phasors by ideal linear circuit components, as shown in Figure 10.
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Figure 10. Magnet coupling model with negligible irradiated power: (a) two non-irradiating
magnetically coupled coils; (b) simplified circuit model of the coupled coils.

In this model, w = 2nf,, and M is the mutual inductance between the coils. R; and R,
depend on both skin and proximity effects. For any fixed frequency operation fj, the skin losses can
be taken into account by recalculating these R; for that frequency, and the model will still conserve
its linearity. In this manner, with no irradiation assumed for the magnetic coupling, the power
transferred from Coil 1 to Coil 2 is given by the phasor S, (1):

Siz = Vufi = Vu,(-5) = joME L, = -joMI I, 1)
and the average real power P;, transferred is then given by:

P, =wM Irmsllrmsz sin(@; — @2), ()

where ¢; — ¢, is the phase angle between the current in Coil 1 (primary coil) to Coil 2 (secondary
coil). If P;, < 0, the power is actually transferred backwards, that is, from Coil 2 to Coil 1.

In order to increase P;;, Iyns, and I, have to be increased while keeping the phase delay of
I, with respect to I, as close as possible to /2. This is achieved by introducing compensation
networks in primary and secondary circuits. The simplest and first engineered compensation
network is constituted by a single capacitor in series with the load, as shown in Figure 11b, a
configuration already used by Nikola Tesla in the late 19th century [82], which is called “series
compensation”. In this configuration, the reactive component of the equivalent impedance Z,, as
seen by E,, is canceled at w = 2nfy, when L,C, = 1/(2nf,)?.
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Figure 11. Impedance compensation networks in: (a) primary circuit; (b) secondary circuit.

Conditioned to the choice of the phase difference ¢, — ¢, = ©/2, the use of a similar serial
compensation network in the primary side, as shown in Figure 11, can on the other hand maximize
the current I.,;, and, consequently, maximize the power dissipated on E;, which is in fact
transferred to the secondary and delivered to the load via R, by E,. Having the capacitor C; as the
free variable, |Z 1| is minimized, and I, is maximized (resonant condition on the primary circuit),
when L,C, = 1/(2nf,)2.

The serial compensation, when used in both the primary and secondary circuits, originates what
is called the serial-serial (SS) compensation topology, one the most widely used configurations for
IWPT. It has been shown [83,84], that in a passive two-port network, such as an SS-compensated
magnetic coupling, when both primary and secondary circuits “tuned” to f,, the maximum
achievable electrical efficiency 7, . in the power transference from Coil 1 to Coil 2 at f, can be
calculated as:

~ k20,0,
Mmax = > 2 (3)
(1+1+k20:0,)
where the Q; are the quality factors (or “Q-factors”) of the coils L;, defined by:
L:
Q = —w;, -, i€{1,2} @)

and this happens when the load resistor R; assumes the value:

quax = R2\/1+k2Q1Q2 )

For values of Qr =k /Q; @, much greater than 1, 7, canbe approximated by:

2 2

1-——=1- = 6
k\/Q1Q; Qr ©)

~

nmax -

Tmax =

The behavior of 7, . as function of the magnetic coupling quality factor, Qr = k /Q1Q>, is
shown in Figure 12a, revealing for instance that in order for a magnetic coupling to allow electric
efficiencies over 85% it necessary that Qp > 12.3.

Typical behavior patterns of the efficiency as a function of the normalized R, to R, ratio are
shown in Figure 12b, where the color of the plotted curves, ranging from red (lower curve) to blue,
correspond respectively to Qr values ranging from 1 to 100 in the set {1,2,5,10,20,50,100}.
Noticeably, the maximum efficiency for each curve in Figure 12b is always achieved when condition

(5) is met, that is, when R, /R, = k /Q10Q,.
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Figure 12. Efficiency in a serial-serial (SS)-compensated inductive wireless power transfer (IWPT): (a)
maximum achievable efficiency with optimal load, as a function of k /Q, Q; (b) efficiency as a
function of the normalized load.

Once established, the IWPT overall efficiency and the required efficiency for the magnetic
coupling, the desired power level can set by adjusting the voltage source V. If this cannot be directly
accomplished because the power source is fixed, a voltage transformation should be used in either
the primary or secondary circuit. If the load R, requires dc current instead, it will be usually
connected to the secondary circuit through a rectifier and a dc filter. In this case, a dc—dc converter
can be used to match the load for optimal efficiency. However, as a rectifier is a non-linear element,
the characteristic output response curve will be not linear as well, and a new optimum R;, R2¢

Tmax’
will arise, which is potentially different from R, (5), as observed in [85].

The task of building a magnetic coupling with a reasonably high efficiency translates into the
problem of building resonant coil-capacitor pairs with high-quality factors Q;, as high as necessary
to compensate for the low magnetic coupling coefficient k between these coils.

2.2.2. Frequency Splitting in Serial-Serial (SS)-Compensation Topology

It is long known that, in a double-tuned coupled circuit, when the mutual inductive coupling
coefficient is increased above a critical value, two resonance peaks in frequency may appear instead
of one, when R, is lowered (highly loaded secondary). This phenomenon, early observed and used
in the design of communication circuits, was called frequency splitting [86].

These frequencies are often referred to in the literature as f,44, Which is lower than the
resonance frequency fo, and f,ye,, which is higher, and can be approximated by:

f :—1 f 7
even = 1_k0' ()

z—l 8
Joaa = gt ®

as long as k > k;, where k; is a critical value that is a function of the loaded quality factor of the
secondary of the magnetic coupling [87].

This behavior and its simplified formulation, as given by (7) and (8), have been characterized by
many other authors since Terman [81], and also need to be considered in IWPT design, either to avoid
the frequency splitting operation [88,89] or to exploit it, and tune circuits to the most adequate
operating frequency [90]. Frequency splitting, however, is not unique to SS-compensated circuits.
This phenomenon can occur, and be exploited, in other circuit topologies, due to the presence of
multiple poles in the circuit transfer function and the joint dependence of their location on the
coupling coefficient and the load. For all basic IWPT configurations, as displayed in Figure 13, it has
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been shown that frequency splitting is prone to be observed whenever the loaded quality factor of
the primary is lower than the loaded quality factor of the secondary [91].

Figure 13. Summary of basic circuit compensation topologies used in IWPT configurations: (a) serial-
serial (SS); (b) serial-parallel (SP); (c) parallel-series (PS); (d) parallel-parallel (PP).

2.2.3. Other Circuit Compensation Topologies

Another similar compensation topology, which is also of simple construct and often used in
IWPT applications, is the serial-parallel (SP) compensation [92], where on the secondary side there is
a capacitor in parallel with the load. Different compensation topologies yield different characteristics
that will influence the choice of the compensation type to use in a design. Formulations found in the
literature can help the design in the simpler cases [93], as exemplified in this work for the
SS-compensation circuit, with coils of high-quality factors that are not heavily loaded. However, in
general, exact algebraic analysis is impractical, and numerical simulation is the prevalent tool for
both IWPT evaluation and design.

The SS- and SP-compensated topologies are possibly the most popular so far observed in
academic studies and most real-world implementations. Excited by an ac voltage source in the
primary side, they are simpler to implement, easier to analyze than the more complex topologies, and
still can successfully handle a large number of applications. For wireless vehicular battery charging,
with power ranging from a few kilowatts to a few tens of kilowatts, a number of laboratory
implementations report the use the SS- and SP-compensation schemata, such as [94], with some
authors having identified efficiency advantages of the SS over the SP-compensated circuits for this
type of application [95]. This advantage can be relativized by the fact that the parallel compensation
may be the preferable topology to be used if high currents and power levels are to be achieved, and
either the input or output voltage is restricted not to be very high. This will often be the case in
circumstances where the mutual inductance between the coils is low. Concerning efficiency, it will
improve if the passive components of the compensation circuits and the magnetic coupling exhibit
losses altogether, for the same output power handled. This is more related to the quality factor of the
components themselves and the choice of the more favorable operation point, which may be different
for each topology, similarly to what happens with the output power itself. This is exemplified by a
case study [96] where the SP efficiency is reported to be better than that of the SS-compensation when
lower magnetic coupling coefficients, resulting from asymmetry in the coils, are observed, but worse
otherwise.

Similar to the SS- and SP-compensated circuits, parallel-parallel (PP) and parallel-series (PS)
compensation circuits are defined, by alternatively using a capacitor in parallel in the primary as a
compensation device, a configuration that requires, instead, excitation from an ac current source. The
SS, SP, PP and PS topologies are summarized in Figure 13, where, for simplicity, the resistors
corresponding to the losses in the coil windings have been omitted from the models.

Other topologies using arbitrarily more complex passive circuits can also be used to match the
load to the power source through a magnetic coupling. There have been many authors investigating
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this topic and extensive reviews on compensation topologies and their main properties can be found
for instance in [97,98] for a general design orientation.

2.2.4. Power Electronics Topologies for Inductive Wireless Power Transfer (IWPT)

IWPT operation can be either unidirectional or bidirectional. In unidirectional operation mode,
an active power electronics topology should be used in the primary-side and a passive power
electronics topology could be used in the secondary-side, while in bidirectional operation mode, it is
indispensable to consider active power electronics topologies in both the primary side and secondary
sides. Another important specification is related to the interface with the power grid, since both
single-phase and three-phase interfaces are valid. The same power electronics converter topology can
be used in both the primary side or secondary side, or a mixture of circuit topologies can be used for
the same IWPT application (i.e., distinct topologies on both sides).

A comprehensive and broad review of ac-dc power electronics converters, both unidirectional
and bidirectional topologies, as well as power control theories, is presented in [99], showing good
candidates for IWPT applications. Specific reviews of ac-dc power electronics converters with
galvanic isolation are presented in [100,101]. The covered topologies are relevant to prevent power
quality issues on the power grid side and due to the galvanic isolation, however, the complexity is a
discouraging factor for INPT applications. Analyzing in more detail the most convenient power
electronics topologies, the main option is the full-bridge, shown in Figure 14a. This topology is
constituted by two legs, where each one is constituted by two power devices. This topology is very
relevant since it can operate in four-quadrants and with three voltage levels, depending on the control
strategy, which is an important characteristic when it is necessary to diminish the necessities of the
coupling passive filters. Aligned with the full-bridge power electronics topology, the half-bridge,
shown in Figure 14b, is also pertinent for INPT applications. As is possible to verify, it is constituted
by a single leg (i.e., half of the power devices and half of the associated hardware), but it requires a
split dc link. Due to this fact, the maximum voltage of the dc link is double when compared with the
full-bridge, as well as the voltage applied to the power devices. Moreover, this topology only operates
with two voltage levels, demanding more in terms of coupling passive filters.
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Figure 14. Main power electronics topologies used in IWPT, both in primary side and secondary side:

(a) full-bridge converter; (b) half-bridge converter; (c) multilevel topology.
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Besides the aforementioned power electronics topologies, multilevel converters (i.e., more than
the three of the full-bridge) are also relevant for INPT applications, since it is conceivable to obtain a
voltage waveform with improved quality, allowing the requirements of the coupling passive filters
to be reduced. However, the hardware and software necessities are more relevant (e.g., more power
switching devices, drivers, and more sensors). In counterpart, the maximum voltage applied to each
power device is reduced in proportion to the voltage levels obtained with the multilevel topology.
Moreover, besides reducing the necessities of the coupling passive filters, this is also important to
improve the efficiency. Specifically, in [102,103] are presented extensive reviews regarding power
electronics topologies with multilevel characteristics. In this context, Figure 14c presents a multilevel
topology capable of producing five voltage levels [104], and suitable for IWPT applications. As
shown, this topology is composed of a traditional full-bridge converter and by a specific bidirectional
and bipolar structure between the neutral wire and the middle point of the split dc link. This
converter also allows four-quadrant operation. The cascade h-bridge [105] is also an interesting
power electronics topology to guarantee a multilevel characteristic, however, it can be applied only
for specific IWNPT applications, since it requires independent dc links. Depending on the voltage of
the dc links, two distinct structures of the cascade h-bridge can be used: symmetric and asymmetric
[106]. It is important to note that by using an asymmetric structure, it is possible to obtain more
voltage levels without changing the hardware. Also within multilevel structures, the neutral point
clamped and the flying capacitor are traditional solutions [107,108] both with potential for IWPT
applications.

Additional to the aforementioned topologies, other specific topologies can be considered for
IWPT. For instance, a cascaded dc—dc converter based on a boost-buck structure is proposed in [109]
for the dc-side of a unidirectional IWPT, allowing to control both the input as well as the output
current. A new pulse-density modulated for the full-bridge converter operation with zero-voltage
switching is presented in [110] for IWPT, which is proposed as an advanced technique for improving
the efficiency. An ac-dc converter based on a single-stage three-level structure is proposed in [110]
for unidirectional IWPT, operating with fixed switching frequency and incorporating, as an
innovative feature, power-factor-correction features for the power grid side. A single-phase ac-dc
converter based on a matrix structure is proposed in [111] for the primary-side of a bidirectional
IWPT, operating as a single power stage and designed for electric mobility applications. A single-
stage resonant converter based on a bridgeless boost-type structure is proposed in [112] for
unidirectional IWPT, allowing combining in a single equipment the necessary functionalities for the
power transfer, as well as for the power grid side with a sinusoidal current and unitary power factor.
A novel control strategy for bidirectional INWPT in proposed in [113], which is specially dedicated to
controlling structures based on the full-bridge dc-ac and ac-dc converters. A bidirectional IWPT
using self-resonant PWM for applications in electric mobility is proposed in [114], permitting to
obtain constant frequency accomplished with a big air-gap and without the required supplementary
circuit. A three-phase single-stage ac-dc converter for unidirectional IWPT is proposed in [115],
allowing it to operate as a power factor correction topology for the power grid interface. A direct ac—
ac converter for unidirectional IWPT is proposed in [116], permitting to obtain a single-stage structure
with an active source current control. A Z-source resonant converter is proposed in [117] for
unidirectional IWPT, guaranteeing both the functionalities of power transfer and power quality on
the power grid side.

2.2.5. Stationary Battery Charging of Electric Vehicles with IWPT

Because of the large number of possible design solutions involving coil geometry and circuit
implementations, and in pursuit of interoperability, SAE International (previously known as the
Society of Automotive Engineers) sponsored a workgroup that produced a report establishing some
common guidelines for INPT design of vehicular wireless battery charging systems, the SAE
Recommended Practice J2954 [118]. The SAE solution is basically an under-the-vehicle installation,
as shown in Figure 15.
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Figure 15. Typical Society of Automotive Engineers (SAE)-compatible IWPT configuration for
vehicular battery recharging, with the magnetic coupling positioned underneath the vehicle.

As defined in SAE ]2954, the secondary coil is included in a structure denominated “Vehicle
Assembly” (VA), and the primary coil in the “Ground Assembly” (GA), as marked in Figure 15.
Without determining specific electronic implementation, the SAE J2954 establishes power transfer
classes, and fixes minimum performance parameters regarding the geometry and alignment
tolerances between primary and secondary coils. It also provides examples of viable circuit
implementations. Tables 1 and 2 provide a summary of SAE proposed classes of INPT power and
clearance distances from VA to ground.

Table 1. SAE ]J2954 recommended power levels, efficiency and frequency band.

SAE J2954 Recommendations IWPT Power Classes

(as of November 2017) WPT1 WPT2 WPT3
Maximum Input Power 37kW 77kW 11kW
Frequency Band 81.38 kHz to 90 kHz

Maximum Transfer Efficiency >85% @ full alignment

Table 2. SAE J2954 ground clearance ranges as per defined Z-Classes.

SAE J2954 Z-Class Ground Clearance Range (mm)

71 100-150
Z2 140-210
Z3 170-250

In SAE ]J2954, the efficiency is required to be greater than 85% in the best possible alignment
condition (“full alignment”). The base IWPT frequency can be adjusted within the established band
from 81.38 kHz to 90 kHz. The feedback for this adjustment can come from several different sources,
from direct impedance and power signal measurements, at the primary side, to explicit message
passing through a wireless communication link established in between the primary and secondary
control circuits, as proposed in SAE Recommended Practice, SAE ]J2847-6 [119], that establishes
requirements and specifications for communication messages between wirelessly charged EVs and
the wireless battery charger. This is a complex and relatively new technology that has been recently
proposed, but implementations using it are already reported [120].

Although not enforcing any particular circuit implementation, SAE 2954] suggests some viable
circuit topologies. In particular, it exemplifies and provides actual circuit parameters for
PP-compensation and for the so-called LCC-compensation [121], that can be used either on primary
or secondary sides, or on both [122], as shown in Figure 16. The LCC term comes from
“inductor-capacitor-capacitor”, which is exactly the sequential order of the passive components that
are introduced in between the power source (or the load) and the magnetic coupling. LCC exemplary
circuits are provided in SAE 2954] with specific component values assigned, to facilitate an
implementation where the required performance levels are assured to be met.
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Figure 16. One of the suggested circuit topologies (double-sided LCC (inductor-capacitor-capacitor))
to meet the performance parameters proposed in SAE 2954].

The circuit used to implement the rectifier can be made, by design, the same as that used in the
inverter, such as the full-bridge converter/rectifier, case when only the control of the gates of the
converters will differ, from primary to secondary. This facilitates the implementation of bidirectional
IWPT [123-125] which may be very useful in V2G or vehicle-to-home (V2H) applications [126,127].
As vehicular bidirectional battery charging itself generates more possibilities for applications, even
in conductive charging, it can be expected that bidirectional IWPT also becomes popular. Honda and
WiTricity particularly have already demonstrated the feasibility of a SAE J2954-compatible wireless
bidirectional battery charger [128].

2.2.6. Limiting Human Exposure to Electromagnetic Fields (EMF) in IWPT Systems

The concern about human health in the design of electric apparatuses is not unique to IWPT
devices. However, due to the very nature of near field energy transmission in IWPT, the frequency
and intensity of electromagnetic fields (EMF) in the vicinity of the coils can be very high, above what
is currently considered safe for human exposure. The International Commission on Non-Ionizing
Radiation Protection (ICNIRP), considering the knowledge available on the subject, periodically
reviews and updates some guidelines for limiting exposure to time-varying electric and magnetic
fields. In the frequency band recommend by SAE ]J2954 for wireless charging, the limit rms electric
field and magnetic flux density are respectively 83 V/m and 27 uT [129].

SAE ]2954 requirements, however, are stricter than the general ICNIRP recommended safety
margins: in some positions of the space, inside and around the car, due to the consideration that some
humans exposed to the automotive application may have an implanted medical device (IMD), such
as cardiac pacemakers, the AAMI/ISO 14117-2012 standard should also be applied. Because of that,
inside the cabin, and at any point in space outside the vehicle that is located higher than 70 cm above
ground, the required maximum rms values of the magnetic field strength is further limited to 15 uT,
with the peak magnetic field limited to 21.2 puT. SAE J2954 admits that conformity may still be
observed if this additional requirement is not met in these critical spaces, but in this case, steps should
be taken to warn pacemaker wearers to avoid this region, that is, to stay away from the car. In
practice, in order not to restrict in any manner the use of cars by passengers with IMD, this additional
requirement has to be observed [127].

2.2.7. Dynamic Inductive Wireless Power Transfer

In addition to wirelessly charging the batteries of vehicles that are stationary over a charging
pod by means of IWPT, there is an increasingly active research line worldwide to implement dynamic
inductive wireless power transfer (DIWPT) [130], that is, to transfer power to the vehicles while they
are moving along the road. This allows the battery size capacity and cost to be reduced, or even the
battery suppression in some specific applications. This idea was described in a 1891 patent from
Maurice Hutin and Maurice Leblanc [131], only about 10 years after the introduction of the first
electric cars running on tracks, in 1881 [132,133] although it is not known to have been actually
implemented at that time. Pursuing the same ideals of Hutin and Leblanc, George Ilyich Babat
designed, prototyped and, in June of 1943, successfully demonstrated what he called the “High-
frequency Transport” [134,135] which was the first DIWPT system currently reported to have been
publicly demonstrated. It included all the electronics for powering modular inductive lanes, as well
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as harvesting and rectifying the electric current on board of a vehicle. However, Babat’s prototype
operated at very low efficiency levels, due to technological limitations of that time. Possibly because
of this, the DIWPT applications remained forgotten for decades. In 1974, the idea was rediscovered
and a system was proposed by John Bolger [136,137]. Following Bolger’s work, several other
pioneering designs and projects with the same goal were established: the roadway powered electric
vehicle (RPEV) [138,139] from 1979 to 1986; the developments at the University of Auckland [140,141]
in the 1990s, the on-line electric vehicle (OLEV) at the Korea Advanced Institute of Science and
Technology (KAIST), since 2009 [142-145].

In the OLEYV, for instance, the system architecture was developed in sequential generations, the
first in 2009. The system uses ferrite-cored oblong primary coils buried beneath ground level. These
coils are energized with ac currents of about 200 A at 20 kHz, in the first development phases, then
60 kHz was used. The SS-compensation topology was adopted [146], in the same manner as it would
be in a standard stationary IWPT. The long primary coils create a planar symmetry that keeps the
coupling characteristics independent of the particular position of the vehicle along these coils, except
if the vehicle is very close to the coil extremities. The coupling coefficient may vary as the vehicle
drifts transversally to the lane, but since the magnetic coupling is not high, the resonance frequency
is kept approximately constant, thus facilitating the IWPT implementation [147]. Common to all other
DIWPT designs where the vehicle can freely move on the plane of displacement, the lateral
misalignment is one of the most critical parameters to be controlled. If it is too large, an excessive
reduction of the magnetic coupling coefficient occurs, causing the efficiency to drop and, ultimately,
the transmitter power as well.

Despite all these technical difficulties, DIWPT was soon recognized as a promising research
effort, attracting the contribution of many groups around the world, among them [148-152]. More
recent projects, involving both scientific and industrial partners, such as the FABRIC European
project [153-156] have further advanced the technology. However, the proposed solutions are
complex, and so are their cost, which is still being fully assessed, and represents a major challenge
for the widespread adoption of the technology.

Because of that, new enterprises are trying to develop DIWPT systems that are more accessible,
but at the same time, up-scalable. One of them, Electreon Wireless, from Israel, is deploying and
evaluating, along 2020, the first DIWPT pilot project over one kilometer, in the Isle of Gotland,
Sweden [157]. The system is built around a 20 kW IWPT module that is reported to achieve 88% to
90% efficiency and works with a large air-gap, of about 24 cm to 27 cm, allowing the primary coils to
rest 8 cm beneath the ground surface, a characteristic that shall increase safety and durability [130].

Most of the research and development efforts in DIWPT are directed to standard size road
vehicles, targeting the electrification of the urban fleet with minimum impact to the composition of
the service matrix delivered by the currently in use ICE vehicles. However, the application of DIWPT
to soft mobility transportation is also being investigated.

A DIWPT lane module for e-bikes and similar low-cost lightweight EVs, as shown in Figure 17,
has been developed using a PS-compensated IWPT architecture. The primary, on the lane side, is
driven by a resonant inverter and wirelessly energizes the power train of an electrically assisted
bicycle adapted with a pick-up coil around the rear wheel [158]. The activation of the module power
is triggered by the detection and positive identification of a radio frequency identification (RFID) tag
placed at the pick-up coil [159,160]. The excess energy transferred during the transit over the lane
modules is stored on-board, and it is enough to keep the vehicle running on electricity also over the
non-electrified inter-module gaps, provided that consecutive modules are not too far apart from each
other.
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Figure 17. Dynamic inductive wireless power transfer (DIWPT) for e-bike: (a) prototype jointly

developed by the University of Minho and the University of Vigo, during tests on workbench; (b)
experimental curves of input power (blue) and net transferred power to powertrain (red) vs. lateral
misalignment.

Overall, the DIWPT can be considered a promising technology, still in its early stages, and the
identification of all its possible applications to transports is yet to be unveiled. The stationary wireless
battery charging with IWPT, on the other hand, was commercially introduced only about three years
ago [161], but can already be regarded as a newly consolidated technology, with a growing market,
that is predicted to expand at a compound annual growth rate estimated between 36% [162] and 60%
[163] during the next years, reaching a total market share on the order of USD 200 million by 2025.

2.3. Power Electronics for Traction Systems

Over the past few years, the technological advances in the field of power electronics have created
new opportunities for the use of various types of electric machine for automotive applications, where
characteristics such as high starting torque, high power density and high efficiency have always been
regarded as fundamental. The dc machine was, at the beginning of the 20th century, the most used
electric machine for applications related to traction systems due to its ability to produce high starting
torque and ease of speed or torque control [164]. However, the presence of brushes and mechanical
commutators requires recurrent maintenance and consequently increases the costs of this solution.
As an alternative to these machines, brushless dc (BLDC) machines appeared, which are
characterized by their high starting torque, high efficiency and absence of mechanical commutators
[165]. In addition to these characteristics, they are especially suitable for applications that require
high power density and, therefore, are recommended for electric mobility applications [166,167].
Regarding BLDC machine types, these can be divided into two categories [168,169]: out-runner type
electric BLDC machine and in-runner type BLDC machine. An example of an EV that uses a BLDC
machine is the Honda-e [170].

Similar to the BLDC machines, permanent magnet synchronous machines (PMSMs) have been
around for several decades for numerous applications, as presented in [171-178]. These types of
machine, also known in the literature as brushless ac and permanent magnet ac motors, uses
permanently magnetized magnets to create the magnetic flux, thus avoiding the need for a dc source,
as well as the respective slip rings and brushes. This increases the reliability as well as the power
density of the electric machine, making viable its application in EVs [165,179]. Although they have
existed for several decades, PMSMs started to gain more popularity during the last decade due to the
emergence of new metals used in the manufacture of permanent magnets, as well as due to the
innovative construction alternatives for manufacturing this machine as demonstrated in [180-187].
Despite the aforementioned advantages, PMSMs have a high acquisition cost due to the rare metals
used in permanent magnets. Many vehicle manufacturers use PMSMs in their EVs, e.g., Toyota Prius,
Ford Focus Electric, Nissan Leaf, BMW i3, Chevrolet Bolt EV [164,188,189].

Another type of electric machine that has been gaining popularity in recent years in EV
applications is the three-phase induction machine. Compared to the previously presented electric
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machines, the three-phase induction machine, in particular the induction machine with a
squirrel-cage rotor, has the advantage of not having to provide energy for rotating parts. In addition,
they do not have permanent magnets such as PMSM and BLDC machines, which means that they are
more affordable. However, the implementation of permanent magnets in the induction machine is
also possible, as investigated in [190-192], to improve some characteristics such as power factor,
efficiency and torque. Nevertheless, the induction machine has the disadvantage of not
differentiating the magnetization of the winding power supply itself, which, in EV applications,
translates into a greater amount of energy required from the batteries [165,179,193]. Despite this
disadvantage, its high-performance capability is already proven through some models already
available on the market, such as Tesla’s EVs Roadster, Model S and Model X, Mahindra Reva e2o,
Honda Fit EV, which use this type of machine for their propulsion [164].

More recently, boosted by the advances in power electronics and digital control systems,
reluctance machines have emerged, presenting as main feature a robust and simpler construction,
when compared with the electric machines previously discussed [194]. The rotor of these electric
machines consists of a piece of rolled steel with no windings or permanent magnets. This
characteristic makes it possible to reduce the rotor’s inertia and, consequently, increase its
acceleration, contributing to applications where high speeds of rotation are required. In addition, as
the heat produced is mainly confined to the stator, it becomes easier to cool this type of electric
machine. These machines combine the efficiency of synchronous machines, since they have no slip,
with the absence of permanent magnets as seen in induction machines. Regarding reluctance, they
can branch out into stepper motors, synchronous reluctance machines and switched reluctance
machines [195,196]. There are also hybrid reluctance permanent magnet machines, which combines
the performance of PMSM and reluctance machines, allowing an additional degree of freedom for
the control [197-200]. These electric machines are a recent, but promising technology in the field of
electric mobility [201-210].

In [211] an analysis and a comparison among PMSMs, switched reluctance machines, and
induction machines are presented, focusing on EV applications, as well as other types of applications,
such as aircraft, ships, and trains.

The selection of an electric machine for the traction system of an EV falls not only on the
quality/price criterion but also, and increasingly, on an acceptable mechanical and electromagnetic
performance [212,213]. Any EV makes use of an electric machine that needs to be controlled according
to the driver’s preference. The control of an electric machine can be either applied to the rotational
speed or to the torque, in either case with the reference variable being controlled by the driver. The
speed control is related to cruise control systems, where the driver defines the reference speed of the
EV that will result in a given rotational speed for the electric machine. On the other hand, the torque
control consists of the most common approach in vehicles in general, with the accelerator pedal of
the vehicle being used to establish a reference torque for the electric machine. Nonetheless, in both
cases, the electric machine needs to be controlled, where it is of utmost importance to measure and
control the voltage, current, and frequency variables. Therefore, power electronics converters are
indispensable for driving the electric machines, since they are able to produce the required voltage,
current, and frequency in each instant, guaranteeing the proper operation of the electric machine.

The power electronics converters for EV traction systems, as well as for other applications, can
be classified in accordance with the passive elements present in the dc link. These can be classified as
voltage source converters, where the energy storage element in the dc link is a capacitor, storing
energy in the form of an electric field, or current source inverters, where the energy storage element
in the dc link is an inductor, storing energy in the form of a magnetic field. The topologies of power
electronics converters are also related to the type of electric machine that needs to be driven (for
instance, switched reluctance machines use a different power converter topology than those of
PMSMs or induction machines).

The majority of applications in the field of power electronics is supplied with voltage sources.
This type of converter is generally more efficient than its current source counterpart. Additionally, it
has capacitors in the dc link, which are less bulky and heavy than inductors for similar power levels.
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The capacitance value of these capacitors must be high enough to smooth the ripple currents
generated by the switching of the power semiconductors, and the root mean square (rms) value of
the dc link current can vary between 50% and 80% with respect to the electric machine nominal
current [212].

In order to drive dc electric machines, generally, it is used the power converter present in Figure
18a. This converter allows the operation of the electric machine in four quadrants, i.e., allowing the
rotation of the machine in both directions with the possibility of performing regenerative braking
also in both directions. The power converter comprises four fully-controlled power semiconductors
and a capacitor bank in the dc link. Besides adjusting the polarity of the voltage, and consequently
the direction of the current applied to the electric machine stator winding, this converter also allows
the controllability of both variables.
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Figure 18. Voltage source power converter for the control of: (a) dc electric machines; (b) three-phase

ac electric machines.

The three-phase voltage source converter shown in Figure 18b comprises six semiconductors
and a capacitor bank in the dc link. Being a three-phase voltage source converter, it allows the
production of three phase-to-phase voltages, where their amplitude, frequency and phase can be
controlled. Hence, this converter is used in the vast majority of drive systems for three-phase ac
electric machines.

It should be noted that, despite being also used in an ac electric machine, the power electronics
converters that drive the switched reluctance machines are different from the previously presented
converter, mainly due to the fact that the torque produced by this type of electric machine is
independent of the current direction. The topology presented in Figure 19 is the most flexible for the
four-quadrant operation of the switched reluctance machine. The main benefit of this converter is the
independent control of each phase. On the other hand, it presents the disadvantage of using two
switching devices and two diodes in each phase of the machine. The power electronics converter
presented in Figure 20 is denominated by a split-capacitor converter. This converter needs only one
switching device and one diode per phase, however, it requires a split dc link voltage. This implies
that the maximum voltage that can be applied to the electric machine stator windings is only half of
the total dc link voltage. Furthermore, this converter is only applicable to switched reluctance
machines with an even number of phases [214].
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Figure 19. Classical power converter for switched reluctance machines.
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Figure 20. Split-capacitor power converter for switched reluctance machines.
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Inlow-speed applications, where a proper current control is desirable for all the operating power
range of the electric machine, the classical power converter used for switched reluctance electric
machines can be simplified, obtaining the power converter presented in Figure 21. This power
converter is known as a Miller converter due to its creator and it is also named as a c-dump converter
[214]. The main advantage of this converter is the use of n + 1 switching devices and # + 1 diode for n
phases of the electric machine, contrarily to the previous converter, which uses 2n switching devices
and 2n diodes per phase. On the other hand, the main drawback of this topology is related to
high-speed operation, since it only uses one switching devices to control the common point of the

ook d g

electric machine phases [215].
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Figure 21. Miller power converter for switched reluctance machines.
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As previously referred to, current source converters use an inductor in the dc link instead of a
capacitor for storing energy, making the converter operating as a current source. In Figure 22 is
shown a three-phase current source converter. The main advantages of this type of power converters,
when used in EVs, are: (i) inherent short-circuit protection; (ii) the produced ac currents have lower
high-frequency ripple; (iii) it is not necessary to connect antiparallel diodes to the fully-controlled
switching devices; (iv) it is possible to obtain higher output ac voltages than the input dc voltage.
However, this type of power converter also presents disadvantages compared to voltage source
converters: higher volume and weight; higher risk of over-voltages and voltage spikes, as well as the
necessity of using switching devices capable of blocking bipolar voltages—the reverse-blocking
insulated gate bipolar transistor (RB-IGBT) is an example of such power semiconductor, which has
the disadvantage of having higher conduction and switching losses than regular IGBTSs, besides being
more expensive. Alternatively to the use of RB-IGBTs, a diode can be placed in series with each IGBT,
which also increases the overall losses and cost of the power converter [212,216,217].
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Figure 22. Current source power converter for the control of three-phase ac electric machines.

As mentioned, EVs are related to a new and revolutionary type of vehicles, however, the
conversion of conventional vehicles, based on ICEs, into EVs can be an attractive and low-cost
solution for a transitory period. This process is a challenge that has become popular in the last few
years. Some universities and research centers have been developing conversions of ICE vehicles to
EVs. Examples of these conversions include an Opel Kadett by the University of Zagreb [218], a VW
Lupo by the Eindhoven University of Technology [219], a Honda Civic by CREATE Lab of the
University of Carnegie Mellon [220], a Porsche 914 by Massachusetts Institute of Technology [221], a
Volvo 460 GLE by the Polytechnic Institute of Viseu [222], and a Jaguar E-Type by Jaguar itself [223].
The group of energy and power electronics (GEPE) of the University of Minho has developed a
prototype of a plug-in EV that is called CEPIUM (Carro Elétrico Plug-In da Universidade do Minho),
which can be seen in Figure 23. CEPIUM is a vehicle where the ICE was replaced by an electric
machine. An axial flux PMSM is used due to technological advantages, namely high efficiency, low
maintenance costs, and reduced size for the same power when compared with other types of electric
machine. Everything necessary for the conversion was developed by the research group, including
the power electronics circuits for the traction system and for the EVBC with G2V and V2G features
[224,225].

Figure 23. Developed prototype of a plug-in EV (CEPIUM — Carro Elétrico Plug-In da Universidade do

Minho): (a) EV prototype; (b) powertrain; (c) power converter detail.

Recently, several companies around the world have been specializing in the conversion of ICE
vehicles to EVs. These companies have focused on the development of conversion kits for specific
vehicle models and universal conversion kits that can be applied to any vehicle model. Examples of
these companies include: ZEEV, from Portugal; Retrofuture, from France; EV Europe, from the
Netherlands; EV West, from the United States of America; and Freedom Won, from South Africa.
Moreover, this approach allows for a more sustainable transition from ICE vehicles to EVs, since it is
based on the partial reutilization of parts, instead of the total replacement of conventional ICE
vehicles, contributing to reduce the ecological footprint. The conversion of ICE vehicles to EVs gained
some attention of the market and may represent a feasible solution in that transition.

2.4. Unified Systems for Traction and Battery Charging

Typically, an EV comprises two main power systems, one regarding the traction system and the
other regarding the EVBC. By analyzing both systems, considerable similarities can be found in both
power electronics topologies, specifically, in the converter that drives the electric machine responsible
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for the EV traction and in the converter responsible for the EVBC. Additionally, it should be noted
that these two systems never operate simultaneously, thereby many topologies and control
algorithms that aim to unify both power converters into a single one have been investigated targeting
to reduce the volume, weight, and total cost of the system.

The first unified power converter was proposed by a partnership between the USA Department
of Energy and NASA [226,227], followed by the patented proposals from Rippel and Cocconi in 1992
[228]. Since then, numerous topologies have been studied and proposed, where some exemplificative
cases can be found in [229-231]. The diversity of topologies is large, including solutions based on
split-phase winding machines [232,233], power converters based on voltage source [234] and current
source structures [235], and with or without galvanic isolation [236-239].

A simple topology that allows the unification of both power converters is shown in Figure 24.
The main feature of this topology is the possibility to be applied to any type of three-phase ac electric
machine, with or without access to all winding terminals, since the electric machine is disconnected
from the power converter during the battery charging operation. In order to prevent harmonic
current injection into the power grid and operate with a unitary power factor, it is necessary to add
filters in series. These filters comprise three inductors with a high current rating, therefore being
heavy and bulky, which is very disadvantageous considering their application in EVs [234,240].
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Figure 24. Unified power converter topology based on the disconnection of the three-phase ac electric
machine.

Dusmez and Khaligh [241] proposed a topology similar to that previously presented, with the
main difference being the fact that only two high current rating inductors are used instead of three.
In this topology, the third inductor is attained with the series connection of two windings of the
electric machine. As with the previous topology, this one allows fast battery charging operation
through a three-phase power grid. Since the power converters are bidirectional, this topology allows
the operation with extra functionalities, such as returning back to the power grid part of the energy
stored in the EV battery.

In [237] is presented a topology of a unified system for fast battery charging using a transformer
that is external to the EV, i.e,, it is located in the charging station. This topology is similar to the two
presented above, where the electric machine is disconnected from the power converter through a
contactor. The transformer is located between the power converter and the power grid. This topology
allows for galvanic isolation and the adjustment of the dc link voltage. Accordingly, the EV can only
be charging in a specific location [237].

In 1994, AC Propulsion Inc. patented the topology which is in use in BMW Mini E electric car
[234,241,242]. This topology allows bidirectional power flow, thus allowing additional operation
modes, such as V2G and V2H. However, it does not allow fast battery charging to be performed,
since it is not possible to establish a connection with a three-phase power grid. Moreover, it allows
fast battery charging to be performed, since it is possible to establish connection with a three-phase
power grid.
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Figure 25 shows a three-phase topology using the electric machine windings as coupling
inductors with the power grid [243]. It should be referred that a special type of ac electric machine
must be used in order to accomplish this topology, i.e., an open-end winding electric machine, since
it is necessary to have access to the six terminals of the stator windings. This topology presents a
limitation in the battery charging mode. More specifically, if an asynchronous machine is used, the
connection of the stator windings to the power grid will create a rotating magnetic field, which in
turn will result in a torque that will force the electric machine to rotate.
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Figure 25. Unified power converter topology based on open-end winding ac electric machines (with

access to all winding’s terminals).

Rambabu Surada et al. [244] proposed the topology that can be used with any type of three-phase
ac electric machine for the traction system. This topology can operate in five operation modes: (i)
boost-type converter, adjusting the dc link voltage from the battery voltage; (ii) buck-type dc-dc
converter, charging the battery during regenerative braking operation; (iii) plug-in system, charging
the EV battery from the power grid; (iv) independent single-phase power converter, in case of power
grid fault; and (v) connection to the power grid, delivering back to the power grid some part of the
energy stored in the EV battery. This topology does not allow fast battery charging.

In [239] is presented a topology that uses the midpoints of the machine stator windings to
connect with the power grid. It has the advantage of being used as a fast battery charger. However,
depending on the type of electric machine, the rotor can still rotate, making it necessary to implement
a braking system for the electric machine when the battery charging operation is in process. The need
to access the midpoints of the electric machine windings is a disadvantage of this topology, since it
increases the complexity of the electric machine [229,239,245-247].

Figure 26 presents a topology of a unified system based on the connection of the power grid in
the intermediate points of the split-phase stator windings [229,239,245-246]. Once again, the stator
windings of the ac electric machine are used as coupling filters. The topology is based on two
three-phase power converters that are connected to the winding terminals of each phase of the electric
machine, making it possible to increase the voltage applied to the electric machine in traction mode
[239]. The main advantage of this topology is the fact that it discards a contactor for interfacing the
power grid. As in the previous topology, it is required the access to the intermediate points of the
split-phase stator windings. There are other types of electric machine that can be used in this
configuration, such as ac electric machines with two stators [232,239,248].
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Figure 26. Unified power converter topology based on an open-end winding permanent magnet
synchronous machine with split windings and two power converters.

In [249] is presented a topology that uses the neutral point of the ac electric machine in order to
connect to the power grid. It is not necessary to implement a braking system for the electric machine
during the battery charging operation because the power flow is unidirectional and it does not
produce torque [249]. Omar Hegazy et al. proposed a bidirectional single-phase unified topology in
[238]. This power converter presents four operation modes: (i) electric machine driving, transferring
energy from the dc link to the electric machine; (ii) three-phase active rectifier, transferring energy
from the electric machine to the dc link; (iii) battery charging from a single-phase power grid; (iv)
returning back to a single-phase power grid part of the energy stored in the batteries. Ivan Subotic et
al. [230] proposed a topology that uses a five-phase ac electric machine. A five-phase traction system
presents a good compromise between two requirements that are usually opposed, namely fault
tolerance and system complexity. This topology needs a bidirectional dc-dc converter to interface the
battery and the dc link. Saeid Haghbin et al. presented a topology based on a split-phase PMSM with
two power converters, namely one per each set of windings. The EVBC is bidirectional and non-
isolated, and it does not allow fast battery charging operation [233].

In [231] is presented a unified system for a switched reluctance machine. The power converter
and the winding inductances of the electric machine combined behave as an interleaved boost-type
dc—dc converter. Other proposals regarding unified systems for this type of electric machine can be
found in [250-254].

Figure 27 shows the topology of a unified system based on a current source converter. This
topology allows charging the battery from regenerative braking without the need for inverting the
dc link current [235]. In this solution, either the ac electric machine (traction mode) or the power grid
(battery charging mode) is connected to the power converter at each time, depending on the KM1
position. The dc link inductor is interfaced with the EV battery through an asymmetrical h-bridge
converter, allowing the dc link current to be adjusted.
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Figure 27. Unified power converter topology based on current source converter.
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2.5. Summary

Regarding EV battery charging systems (EVBC), Table 3 presents a comparison based on the
topologies presented in item 2.1, namely, on-board and off-board EVBC. With the objective of
establishing a comparison in terms of main features, it was considered the multilevel characteristic
(i.e., establishing that the topology is considered as multilevel when the voltage levels are higher than
3), the interleaved characteristic (i.e., with more than two parallel paths for current), isolation (i.e.,
mainly considering the dc—dc power converters, since it is not usual to have isolation on the ac-dc
power converters), and bidirectional power flow (i.e., the possibility of the EVBC to operate in
G2V/V2G mode).

Table 3. Comparison of the main features of the power electronics converters for on-board and
off-board EV battery charging systems (EVBC).

Multilevel Interleaved Galvanic Bidirectional
Topology Topology Isolation Operation
Figure 3a No No No No
Figure 3b No No No Yes
ac—dc
= Figure 3c No Yes No Yes
§ Figure 3d Yes No No Yes
S
g Figure 4a No No No No
Figure 4b No No No Yes
dc-dc
Figure 4c No No Yes No
Figure 4d No No Yes Yes
Figure 6a No No No No
Figure 6b No No No Yes
ac—dc -
_E Figure 6c No Yes No Yes
g Figure 6d No No No Yes
<)
% Figure 7a No Yes No No
Figure 7b Yes Yes No Yes
dc-dc
Figure 7c No No Yes Yes
Figure 7d No No Yes Yes

Table 4 shows a comparison among the unified systems for traction and battery charging
topologies presented in item 2.4. The comparison takes in consideration metrics such as the ability to
perform fast battery charging, capability of bidirectional power flow, galvanic isolation, the necessity
for external inductors, and the need for special electric machines with access to additional winding
terminals. It is considered that all the presented topologies allow slow battery charging. Moreover,
the analyzed three-phase topologies also allow a single-phase connection.

Table 4. Comparison of unified systems for traction and battery-charging topologies.

Fast Battery Bidirectional Galvanic External Special
Charging  Operation  Isolation Inductors Machine

S. Haghbin, 2013 [234] Yes Yes No Yes No
S. Dusmez, 2012 [241] Yes Yes No Yes No
S. Haghbin, 2013 [237] Yes Yes Yes No No
A. G. Cocconi, 1994 [242] Yes Yes No Yes Yes
M. Zaja, 2014 [243] Yes Yes No No Yes

R. Surada, 2010 [244] No Yes No Yes No

L. D. Sousa, 2010 [239] Yes Yes No No Yes




Energies 2020, 13, 6343 29 of 63

S. Lacroix, 2010 [229] Yes Yes No No Yes
L. Wang, 2012 [249] No No No No Yes
O. Hegazy, 2011 [238] No Yes No Yes No
1. Subotic, 2016 [230] Yes Yes No No Yes
S. Haghbin, 2012 [233] No Yes No No Yes
H. C. Chang, 2009 [231] No Yes No No Yes
G.J. Su, 2011 [235] Yes Yes No No No

3. Power Electronics for Railway Systems

This item presents a review of power electronics for railway systems, showing the importance
of power electronics converters in the area of electrified railways, in which these converters can be
installed outside the train for the purpose of power quality improvement, or to interface between the
high voltage three-phase power grid and the medium voltage single-phase traction power grid. On
the other hand, power electronics converters can also be installed inside the train for traction and
regenerative braking applications. Additionally, special power electronics applications in railway
systems are also presented in this item. Taking into consideration the existing opportunities in the
railway industry, not only in the development of the electric train itself, but also on the
aforementioned topics, there is a strong investment in technological development for electrified
railway systems. Subsequently, various solutions based on power electronics converters are also
presented in this item.

3.1. Power Quality Compensators

Power quality deterioration has direct adverse impacts either on the power grid, including the
electric locomotive itself, or on the signaling and communication system between trains. Power
quality deterioration will result in higher operating costs of electrified trains, as well as in polluting
the three-phase ac power grids with high total harmonic distortion and negative sequence
components [255]. In order to overcome the power quality deterioration, power compensators based
on passive components is a technology used in the last decades, and even nowadays. However, these
passive compensators are not able to follow the fast-dynamic changes of non-linear loads, which is
the case of the traction load (electric locomotive). Therefore, there is a need for dynamic compensators
that follow the non-linear dynamic changes, and power electronics compensators serve this purpose
[256-259]. In this context, a possible solution is the use of a static synchronous compensator
(STATCOM), which consists of a three-phase voltage source converter, coupling power transformer
and filter inductors installed on the three-phase ac power grid. This type of solution allows reactive
power exchange between the STATCOM and the three-phase ac power grid. For example, in Japan,
five sets of 34 MVA to 60 MVA STATCOM devices are available in the Tokaido Shinkansen
high-speed railway, which links Tokyo and Shin-Osaka stations [260].

Figure 28a depicts the STATCOM device connected in parallel with the three-phase ac power
grid. This parallel connection signifies that the STATCOM can be connected or disconnected without
disturbing the operation of the traction substation. Consequently, the robustness and readiness of the
railway substation will not be affected by the STATCOM operation [261]. Moreover, this device does
not require an internal power supply, meaning that the STATCOM has a neutral contribution in terms
of active power. That is, except by the negligible STATCOM internal power losses, STATCOM will
not consume or provide active power to the three-phase ac power grid, and its main objective is solely
to exchange reactive power with the three-phase ac power grid in order to improve power quality.
Consequently, the STATCOM exchanges the instantaneous reactive power among the phases of the
three-phase ac power grid, thus acting as a source of reactive power [262].
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Figure 28. Power electronics compensators in ac railway electrification: (a) static synchronous
compensator (STATCOM); (b) rail power conditioner (RPC).

Another possibility is to consider a power converter connected to the single-phase traction
power system (TPS), where the rail power conditioner (RPC) is used for the purpose of power quality
improvement in the ac electrified railways. The RPC structure contains two single-phase back-to-
back converters with a single dc link in between and two coupling transformers, as shown in Figure
28b [263]. The STATCOM device is a three-phase converter, whereas the RPC is composed of two
back-to-back single-phase converters. Each converter is connected to a load section through a
buck-type coupling transformer. The first proposal of a 60 kV, 20 MV A RPC for Tohoku Shinkansen
railway in Japan was implemented in 2004 [264]. The implemented RPC at that time was based on
multilevel converters and a Scott power transformer. Another project was implemented in March
2009, where RPC systems with gate commutated thyristors were installed in four substations of the
Tokaido Shinkansen in Japan: Shimizu substation, Shin Kikugawa substation, Shin Biwajima
substation, and Ritto substation. Detailed information on that project can be found in [265].

New power electronics compensators have the advantage of scalability and modularity in which
modular multilevel converter (MMC) is adopted to replace the conventional two-level converter. The
MMC advantages are quite numerous, such as the scalability to different power and voltage levels,
reliability to guarantee continuous operation even if few submodules stop working, and reduced
grid-connected filter size, due to the good quality of the synthesized waveforms [266]. Figure 29
shows the RPC based on the MMC system. When compared to the conventional RPC system
presented in Figure 28b, buck-type coupling transformers used to interface between the RPC and the
single-phase TPS can be dispensed with [267].
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Figure 29. Rail power conditioner (RPC) based on modular multilevel converter (MMC).
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3.2. Power Management Converters

Power electronics converters in electrified railways are not only related to the application of
power quality improvement, but also to power management applications between traction
substations, or between the three-phase ac power grid and the single-phase TPS. In that regard, this
item presents two relevant power electronics solutions. The first is an interface converter between the
three-phase ac power grid and the single-phase TPS, as shown in Figure 30 [256]. This interface is
useful to perform frequency conversion when the single-phase TPS frequency is different from the
three-phase ac power grid frequency. For instance, this interface converter can be an appropriate
solution to link the 50 Hz three-phase ac power grid with the 16.7 Hz single-phase TPS [258]. On the
other hand, this power converter presents the single-phase traction load as a balanced three-phase
load to the power grid. Moreover, all the reactive power required by the traction load can be provided
by the interface converter, which is essential to obtain a unitary power factor for the three-phase ac
power grid. Moreover, the energy resulting from regenerative braking can be stored in batteries. This
interface converter prevents harmonic content generated by the locomotives passing from the
single-phase TPS to the three-phase ac power grid. The main disadvantage of this converter is that it
should be rated to endure the full load power. In some references, this solution is called a static
frequency converter [256,258].
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Figure 30. Interface converter between the high-voltage three-phase power grid and the
medium-voltage single-phase traction power system (TPS).

Another interface converter between two traction substations is presented in Figure 31. This
converter is used to interface between two phases (with different out-of-phase angles) for the purpose
of power transmit from two substations instead of only one substation [263]. In other terms, it is
possible to shift the active power from one substation to another. Additionally, reactive power can
be provided by the interface converter. This is useful to extract a higher amount of power during the
peak load demand, avoiding overloading conditions of traction substations and allowing a greater
flow of locomotives by increasing the power capacity of the overhead catenary. An interface
converter located between two traction substations, which is commercialized by Hitachi, Japan, is
presented in [268]. The system started the operation in 2015 and is designed to shift active power
from one substation to another, including the energy resulting from the regenerative braking of the
trains. It is worth mentioning that this interface converter between two traction substations is only
able to transmit power between traction substations and has no ability to accomplish power quality
improvement [263].
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Figure 31. Interface converter between two traction substations.

3.3. Traction and Regenerative Braking Converters

Power electronics converters are essential to drive traction machines for the rail transport
system, including the high-speed ac electrified railways and the light rail powered by dc overhead
catenary line. The configurations of the TPS with regenerative braking are shown in Figures 32 and
33 for the ac and the dc overhead catenary lines, respectively. In the primary converters ac-dc and
dc-ac it is important to have three-phase ac currents, thus powering the traction machines. The
primary converters are important to perform the power conversion and to use the power resulting
from the regenerative braking of the three-phase traction electric machines. In light railway
applications, such as suburban and regional trains, the dc link voltage is selected in the range of 1500
V dc, whereas in high-speed ac railway the dc link voltage is selected in a range between 1500 V and

3600 V [263].

TPS Single-phase ac (25 kV, 50 Hz)

Pantograph
< = T AN 3~ac Traction
T.|= motors
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Figure 32. Traction power supply system configuration with regenerative braking: Ac overhead

catenary line.
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Figure 33. Traction power supply system configuration with regenerative braking: dc overhead

catenary line.



Energies 2020, 13, 6343 33 of 63

The auxiliary converters are used to supply the train auxiliary loads. There is a dc-ac auxiliary
converter that is linked to the main dc link voltage, and its output is connected to the main
transformer for auxiliary loads. The output of the dc-ac auxiliary converter is a three-phase 380 V
supply, which is used to feed, for instance, the on-board fluorescent lights, cooling fans, electric
outlets, and air conditioning [269]. The traction system is configured with external batteries
connected to an auxiliary dc-ac power converter. When the train is passing through a neutral section,
conventional ac trains may suffer shutdowns due to instantaneous catenary line power interruptions.
The solution proposed in [269] can use the energy stored in batteries to avoid shutdowns of the
auxiliary power supply. The batteries are charged by the regenerative braking power or by the power
from the catenary line. When the batteries are installed directly near the main dc link, they can be
used to power the train when passing through a neutral section.

Table 4 presents the power electronics technologies used in the propulsion system of electric
locomotives. Usually, a propulsion system for dc traction power supply is simpler and slightly
cheaper than the one for an ac traction power supply, since the costs of power transformers in the dc
traction power supply can be saved. On the other hand, only one stage of power conversion is
required in the dc traction power with dc electric machines (dc—dc converter), e.g., tram lines, which
makes this solution the cheapest among the other propulsion systems [270].

As shown in Table 5, power electronics converters are essential to perform power conversion
with different frequencies and amplitudes. For instance, when dc traction machines are utilized, dc-
dc converters are crucial to adjust the dc voltage values. On the other side, dc-ac converters are
indispensable to drive the ac electric machines by changing the voltage frequency and amplitude,
known as variable voltage variable frequency drive [270,271]. Future converter technologies are likely
to utilize SiC devices for more efficient traction systems, besides the benefits of higher temperature
operation capability and the possibility of manufacturing smaller and lighter power converters
without transformers. However, there are still issues to be solved in terms of both costs and
technology, provided that SiC devices still have poor global ease of procurement and high costs [271].

Table 5. Power electronics for traction machine applications in railway systems.

Three-Phase ac Electric Machines dc Electric Machines
Transformer dc Transformer de
ac - J_ Ny| ac ac - J_ «—--| dc
S ESE RO N e
(15 kV or 25 kV ac)
ac-dc—dc-ac converter ac-dc—dc-ac converter

Medium Voltage (MV)/Low Voltage (LV) power transformer is essential

Pantograph Pantograph

dc - ji Nyl ac de ——=| dc
Traction power | T [— —
1 1

(750 V=3000 V dc)

dc—dc—dc-ac converter dc—dc converter
No need for MV/LV power transformer

3.4. Special Power Electronics Applications in Electrified Railways

Power electronics converters for special applications in electrified railways are quite numerous.
Most of the new railway lines are equipped with energy storage systems, such as batteries, which are
essential for continuous electrical power feeding when passing through non-electrified sections. On
the other hand, energy storage systems are important for enabling the recovery of energy from
regenerative braking [272]. To achieve the highest profits, power electronics converters enable
on-board or even off-board storage applications. In both cases, the power converter has to draw the
maximum possible power over time from renewable energy sources. In this context, energy storage
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system applications for railway transportation have been presented in [273]. Moreover, the possibility
of a photovoltaic power supply path from the station roof to the train has been presented in [274].

In the last few decades, magnetic levitation technology has universally emerged as a sustainable
and viable alternative to conventional on-wheel rail technologies. However, the development of this
technology has been related wholly to that of power electronics since they have an integrated
levitation and propulsion system. In this type of application, power electronics converters are used
to regulate the magnet current, known as suspension choppers [275]. Hyperloop and Maglev
technologies are both based on the train’s levitation. A detailed explanation of these two technologies
is introduced in [276].

Despite its lower electrical efficiency and other technical difficulties, IWPT technology (Section
2.2) has also been explored in the electrification of railways [277], as a possible alternative for
contactless catenary-free systems [278]. Power rectifiers, resonant inverters and efficient magnetic
coupling systems are required for the transmission of power using high-frequency currents. In that
regard, a high-speed prototype that was developed in South Korea, with 1 MW WPT, is presented in
[279].

3.5. Summary

The railway market requires traction power systems that are more energy-efficient and respond
to diverse customer needs. In this section, some of the power electronics converters that can be used
for railway applications were shown. These power converters contribute to solving some power
quality phenomena in the three-phase power grid. In that regard, RPC and STATCOM solutions were
presented to overcome three-phase current imbalances, reactive power, and harmonic contents. On
the other hand, power management converters could help to increase the loading capacity of traction
substations. Additionally, power electronics solutions for regenerative braking and traction machine
drive in ac and dc traction machines were also presented. Applications of power electronics
converters for fixed applications (power electronics converters installed in the traction substations)
and moving applications (power electronics converters installed in the electric locomotives) were
presented, considering future trends for superior performance and increased resilience of railway
systems. Table 6 summarizes the main capabilities of the power electronics converters presented in
this section for the purpose of railway fixed applications.

Table 6. Capabilities of power electronics converters used in railway fixed applications (in

substations).
. Power
Frequency Harmonics Reactive Power Overloading between
. . . Power Factor .
Conversion Filtering . . Capability Two
Compensation  Correction .
Substations
STATCOM No Yes Yes Yes Yes No
(Figure 28a)
RPC
(Figure 28b) No Yes Yes Yes Yes No
Between
Power Yes Yes
Grids Yes (inherent) (inherent) Yes No Yes
Interface (Figure 30)
Converter Between
Tractl'on No No No No No Yes
Substations
(Figure 31)

4. Power Electronics for Other Types of Electric Vehicle

Besides its terrestrial variant, the transportation sector includes also other types of travelling,
such as maritime and aerial. In fact, the electrification process that is being carried out in road vehicles
is also noticeable in other transportation sectors, mainly due to the same factors that motivate the
electrification of road vehicles, i.e., regarding both environmental and economic concerns. Therefore,
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this section introduces a review of power electronics for other types of EV, not only including
maritime and aerial means of transportation, but also considering other types of terrestrial vehicle
besides the vastly used automobile. Accordingly, this section includes ships, aircraft, trucks, buses,
pallet trucks and forklifts, scooters, bikes, and small EVs. It should be noted that the power electronics
structure used in the traction system of these types of EVs is very similar to that of road vehicles, i.e.,
the same topologies of power converters are used, differing essentially in the power rating, which
can be higher, for instance, in the case of electric ships and trucks, or lower, such as the case of electric
bicycles and scooters.

4.1. Electric Ships

Besides terrestrial locomotion, maritime transportation is also undergoing an electrification
process. In fact, since the 19th century electric power systems have been installed on ships [280].
Concerning the powertrain level, the utilization of electrical propulsion systems on ships offer several
advantages over diesel propulsion engines and gas turbines, such as superior dynamics, i.e., start,
stop and speed variations, less fuel consumption, less mechanical vibration (and, therefore, a higher
comfort for the passengers) and a higher flexibility for adding electric machines to the powertrain
[281]. Moreover, an electric ship can be seen as an islanded microgrid [282,283]. In [284], the
utilization of fuel cells is investigated in the electric propulsion of ships, aiming to reduce the
emission of greenhouse gases, volatile organic compounds and particulate matter, which are highly
related to the exhaust of non-electric ships. In [285] is studied a design of electrical distribution
systems for ships and oil platforms, taking into consideration control systems and protections and a
zonal distribution to improve modularity, being considered both ac and dc systems. In [286] is
proposed a hybrid energy storage system based on a battery and a superconducting magnetic energy
storage element in order to improve the stability of dc power systems of fully electric ships, being
used a two quadrant buck-boost dc—dc converter for the battery and an asymmetrical h-bridge dc—-dc
converter for the superconducting magnetic energy storage element. In [287] is presented a
conventional structure of an on-board ship power system (Figure 34), having been studied the power
flow in the electric power system with energy storage and energy management systems, comprising
ac, dc and hybrid ac-dc power grid architectures.
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Figure 34. Typical structure of an electric ship power system based on two induction machines.

4.2. Electric Aircraft

Aerial transportation has also been a target of research towards electrification, not only in terms
of powertrains but also in subsystems that traditionally use hydraulic, mechanical and pneumatic
power, aiming to reduce emissions, fuel consumption and operating and maintenance costs. This
paradigm has been referred to as the “more electric aircraft” [288,289]. In [290] is presented a starter
generator system for electric aircraft based on a three-phase three-level neutral point clamped dc-ac
converter, with a higher power density being achieved compared to conventional starter generator
systems without using power electronics converters. In [291] is presented the design of an integrated
modular machine drive for electric aircraft based on a five-phase PMSM machine and a SiC-based
five-phase five-leg dc-ac traction converter (Figure 35), and [292] studied a design method for a
cooling system to be used on electric aircraft powertrains. In [293] is analyzed the regenerative
braking operation of an electric taxiing system, i.e., when an aircraft moves by its own on the ground
instead of in the air to move, for instance, between the runway and the hangar. In [294] is studied a
fault management design for electric aircraft, while in [295] are analyzed the effects of fault currents
in aircraft electric power systems both at the electrical and thermal levels. An optical sensing method
for detecting partial discharges in higher voltage (above 1 kV) electric aircraft is proposed in [296],
and [297] investigated the conduction of electromagnetic interference in more electric aircraft
microgrids.
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Figure 35. Typical structure of an electric aircraft power system based on two five-phase permanent
magnet synchronous machines (PMSMs).

4.3. Electric Trucks

Electric trucks consist of a terrestrial means of transportation, despite not having the same well-
defined and planned routes as other means of transportation such as buses, depending on the type
of truck. For freight transportation road trucks, whose routes can be planned, Siemens has developed
a solution based on pantographs and hybrid trucks, which is called eHighway [298]. Pilot projects
have already been implemented on public highways in Sweden and Germany, with Siemens referring
to this technology as the most cost-effective solution regarding electric trucks despite the required
investment. In [299] is proposed a conceptual model for enhancing the eHighway system, aiming to
endow it with autonomous driving. In [300] is proposed an energy management strategy for hybrid
trucks, aiming to maximize the batteries lifetime while also reducing emissions. Besides freight
trucks, the electrification of trucks is also researched regarding mining applications. In [301] is
presented a model of a trolley assist system for mining trucks, which allows the machines of the
trucks to be supplied by engaging them on the trolley lines. This system is based on three-phase
three-leg active front end ac-dc converters and helps to increase the drive speed on uphill trajectories
while economizing fuel, besides allowing to perform regenerative braking on downbhill trajectories.
In [302] is studied the stress of mechanical and electrical components in electric mining trucks, both
for uphill and downbhill operations. In [303] is proposed an energy-saving control strategy regarding
the repetitive start-up operation of mining trucks, since their normal operation consists of short
distance travels and continuous start and stop, which is highly energy consuming. At the powertrain
level, in [304] is proposed a modular three-port traction converter based on four winding switched
reluctance machines for plug-in hybrid electric trucks. This converter is based on two h-bridges
connected in a cascaded way, i.e., connected to each other by the ac side, and the dc negative rail is
common to both h-bridges. The traction converter can be connected to a battery, a generator and also
to the power grid, i.e., the proposed system is a unified system. Moreover, the operation of the
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converter allows the machine stator windings to be connected either in series or parallel. Figure 36
presents a traction system for an electric truck based on two three-phase ac electric machines.
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Figure 36. Traction system for an electric truck based on two three-phase ac electric machines.

4.4. Electric Buses

The electrification of buses is one of the most promising migrations towards electric mobility,
since buses represent a type of public transportation with well-defined and planned routes, easing
the battery charging necessity and scheduling. Electric buses are already being used in cities
worldwide and their adoption is continuously growing [305,306], with many scheduling approaches
and models being proposed in the literature in order to maximize energy efficiency [307-309]. A case
study regarding the electrification of a bus depot in London is presented in [310], with reported
savings in both financial (£1.7 million over a 14 year lifetime) and environmental (48,200 tons of CO:
between 2019 and 2050) aspects, when compared to traditional diesel buses. In [311] is presented a
scheduling approach for a single depot comprising a mixture of electric and diesel buses, aiming to
minimize the operating cost and carbon emissions using constraints of time between travels and
driving range of the electric buses. At the powertrain level, in [312] is studied the design of an energy
management system for a hybrid electric bus and in [313] is studied the energy management system
of a dual-machine fully electric bus. Due to their fixed routes, electric buses are especially
predisposed to the implementation of IWPT functionalities. As mentioned previously in this paper
(Section 2.2.7), a system termed OLEV was proposed by KAIST in South Korea, which consists of an
electric bus that is supplied wirelessly through a coil embedded in the road [314]. This reduces the
need for using large battery banks, which is advantageous since batteries are one of the most
expensive parts of EVs and the main reason for them to have a lower driving range compared to ICE
vehicles. In [315] is presented an electric powertrain for electric buses based on a hybrid energy
storage system. Besides the battery bank, the proposed solution also includes a super capacitor bank
to store the energy collected upon the regenerative braking system (Figure 37).
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Figure 37. Traction system for an electric bus based on two three-phase ac electric machines and super

capacitors for energy recovery.

4.5. Electric Pallet Trucks and Forklifts

EVs can also be used for industrial applications. For instance, in [316] are proposed two unified
systems for industrial EVs, namely a pallet truck and a forklift, both encompassing galvanic isolation
between the power grid and the battery (Figure 38). The pallet truck is powered by a 1.5 kW dcelectric
machine, using an isolated cuk dc-dc converter, while the forklift is powered by a 6 kW wound rotor
induction machine, with the rotor windings being connected to the power grid and the stator
windings connected to the traction/charging front-end power converter. Also, regarding forklifts, in
[317,318] is studied the design and implementation of switched reluctance machines for their traction
system. The energy efficiency of electric forklifts is studied in [319] for induction machines and in
[320] for PMSM, with the energy efficiency of both types of electric machines being compared in [321].
At the energy storage level, in [322] is presented the design and control of a phase-shift full-bridge
isolated dc—dc converter for the on-board EVBC of an electric forklift. Hybrid energy storage systems
for electric forklifts are presented in [323] based on batteries and ultracapacitors, in [324] based on
batteries and fuel cells, and in [325] based on fuel cells and ultracapacitors, using no standard
batteries. An electric energy recovery system for an electro-hydraulic forklift is studied in [326].
Besides full-electric forklifts, in the literature can also be found research regarding hybrid forklifts,
with the hybridization of diesel forklifts being studied in [327] and simulation and experimental
validation of a hybrid forklift being presented in [328].
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Figure 38. Unified system for traction and battery charging of an electric forklift.

4.6. Electric Motorcycles/Scooters

In developing countries, one of the most used means of transportation is the motorcycle, not
only because it has affordable purchase cost but because it allows for more flexible mobility, with the
electric approach being a promising solution [329,330]. The replacement of ICE motorcycles by
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electric motorcycles and consequent environmental and energy savings, in different and specific
parts of the world, is referred to in several works in the literature, as demonstrated in [331-334]. The
impact of electric motorcycles and scooters in the distribution network is addressed in [330]. In [335],
a prototype of a motorcycle with electric propulsion is designed and developed, where a 7.4 kW
BLDC machine is driven by a three-phase voltage source inverter. In [336] is presented a
comprehensive design of a controller for a BLDC machine, providing an electromagnetic brake and
kinetic energy recovery. In [337] is presented a solution for measuring the rotor position of the BLDC
machine in order to enable the implementation of vector control algorithms such as field-oriented
control. In [338,339], technologies for electric motorcycle traction systems are proposed, where the
BLDC machine type is used. In [340], a 2003 Honda CBR600RR motorcycle was converted to electric,
where a battery bank of 155 V at 40 Ah has been designed and is used an ac electric machine that
allows a prototype with an estimated maximum power of 60 HP. In [341], an electric superbike race
demonstrates that electric motorcycles can race at high speeds on demanding tracks.

One means of transportation that has also been gaining interest in urban areas is the electric
scooter, which is framed in the group of light EVs. This has been implemented in several countries
as a vehicle-sharing system, aiming to alleviate the traffic mostly caused by cars [342]. The majority
of these electric scooters are not human-assisted, i.e., the power applied to perform the motion comes
entirely from the electric machine. In [343] is proposed a kick assisted electric scooter, which is a type
of electric human-powered hybrid vehicle. The main difference between an assisted and a
non-assisted electric scooter is very similar to the difference between electric motorcycles and
bicycles. In [344] is proposed an electric scooter with G2V, V2G, V2H and energy-harvesting
functionalities (Figure 39), and in [345] is proposed a hybrid energy storage system for an electric
scooter based on ultracapacitors and IWPT, reaching an overall efficiency of 86.4%.

Li D xwm

Figure 39. Unified converter topology for an electric scooter with G2V, vehicle-to-home (V2H), V2G
and energy-harvesting functionalities.

4.7. Electric Bicycles

The bicycle plays an important role in today’s society. It is an environmentally friendly vehicle
that is economically accessible to a wider range of the population, representing a good means of
transportation for short distances, such as in urban areas. Bicycles contribute to reducing energy
consumption, air pollution, city traffic and, in addition, their regular use improves the health of the
cyclist. On the other hand, it does not undergo taxes, parking costs, driving license or high
maintenance service costs in comparison with ICE vehicles.

However, on long journeys, the bicycle has disadvantages in terms of exhaustion of the cyclist.
In [346,347] is presented an effort control system for cycling, which contributes to promote the user’s
mobility and physical health. In view of the disadvantages of traditional bicycles, the development
of electric bicycles has begun, generally known as e-bicycles or e-bikes. In some designs the bicycle
can be propelled solely by its electric powertrain, in others, electric assistance is added to pedaling,
making it possible for less-fit individuals to ride on steep terrains and for longer distances, thus
extending the usefulness of the bicycle [348,349].

The first electric bicycle was patented in 1895 by Ogden Bolton Jr. It used a six-pole dc hub
machine mounted in the rear wheel and had no gears, consuming up to 100 A from a 10 V battery
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[350]. Over the years, new designs for electric bicycles have emerged. However, the greatest evolution
occurred in the 1990s, due to the technological progress of electric machines, power electronics
controllers and sensors, as well as batteries. The evolution of battery technologies allowed for greater
energy storage capacity, reliability and robustness, enormously contributing to the popularization of
the electric bicycles [351].

Nowadays, electric bicycles are equipped with BLDC machines (Figure 40), but there are also
electric bicycles with brushed dc electric machines and switched reluctance machines [352-354].
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Figure 40. Traction system for an electric bicycle based on a brushless direct current (BLDC) machine.

Normally, the machines for electric bicycles are named according to the place where they are
connected: hub-drive or mid-drive machines. The hub-drive machine is placed in the front or rear
wheel, more specifically on the wheel hub. The mid-drive machine is placed directly between the
pedals, what ensures a low and mid-placed center of gravity [355,356].

Recently, control systems were developed to adjust automatically the effort control of the cyclist,
based on the use of an electric bicycle and a smartphone. In accordance with the Directive 2002/24/EC
of the European Parliament and of the council of 18 March 2002 relating to the type-approval of two
or three-wheel electric machine vehicles, bicycles with pedal assistance are equipped with an
auxiliary electric machine whose maximum continuous power is 0.25 kW. The controller will reduce
progressively the power and cut it off if the speed reaches 25 km/h, or if the cyclist stops pedaling
[356]. These systems allow people with different physical conditioning to ride together in the same
track, where each member can choose the adequate electric machine assistance level [357-359].

In the current market, the diversity for electric bicycles is enormous, existing mountain bicycles,
folding bicycles, cargo bicycles and urban bicycles, where the cyclist has a great choice for buying. In
mountain bicycles, a large number of companies already produce electric bicycles. The RENOWATT
4.1 model of Coluer company is an example of a mountain bicycle. It has full suspension and uses an
electric machine to provide assistance to the cyclist when he rides up to a speed of 25 km/h. This
electric machine has a nominal power of 250 W, a maximum torque of 70 Nm and a nominal voltage
of 36 V, adding 2.88 kg to the weight of the bicycle. It is powered with a lithium-ion battery with a
nominal capacity of 504 Wh (36 V, 14 Ah) [360].

However, many people prefer to ride around the city or just as a mode of transport to reach
work. In this case, the type of bicycle mentioned above is not the most suitable for this type of cyclist.
The urban bicycle type is more adequate, with one example being the ELOPS 900 E. It has a BLDC
machine in the rear wheel with a power of 250 W and a maximum torque of 30 Nm to assist the
cyclist. The electric machine is powered by a battery with a capacity of 418 Wh (36 V, 11.6 Ah) and a
range of 40 km to 70 km, depending on variables such as the weight of the cyclist, the selected
assistance mode, and the slope of the terrain.
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4.8. Other Small Electric Vehicles

Besides the previously mentioned types of EV, there are also some smaller EVs, i.e., with lower
operating power. In the literature can be found power electronics solutions regarding the energy
storage systems of small EVs, such as a system based on batteries and ultracapacitors [361], a two-
stage battery charger with a power decoupling cell [362], based on a modified bridgeless boost-type
front-end power factor correction converter and a phase-shift full-bridge isolated dc—dc converter,
and a multi-input single-output dc-dc converter for small aerial vehicles [363], capable of interfacing
batteries, ultracapacitors and fuel cells. The types of small EVs analyzed in this section are golf carts,
Segways, Tuk-Tuks, step scooters and wheelchairs.

Similar to road vehicles, the first golf carts to appear were electric, with gasoline-powered golf
carts appearing later. However, contrary to what happened with road vehicles, the electric variant
has always been more popular due to gasoline rationalization in the 1950s in consequence of World
War II, when golf carts were experiencing their early growth, besides offering more safety due to
slower speeds than the gasoline-powered golf carts and also due to lower noise and no emission of
pollutants. In [364-367] are presented implementations of solar-powered electric golf carts, which,
besides the battery, are comprised by photovoltaic solar panels in their rooftop, with a buck-type dc-
dc converter being used to interface the photovoltaic solar panels with the battery. In [368] is studied
a hybrid energy storage system for a golf cart, being composed by batteries, fuel cells and
ultracapacitors, with only one dc-dc converter being used, namely a simple boost-type topology. In
[369] is presented the design of an induction machine especially conceived for use in the traction
system of a golf cart.

The Segway is a type of EV designed for a single person, being a self-balancing low-power two-
wheel EV. It was invented in 2001 by Dean Kamen [370]. In this type of EV, the employed electric
machines are based on in-wheel machines, since the vehicle itself is only physically composed of two
wheels intermediated by a platform, as well as a shaft in order for the user to travel safely. In [371] is
presented the design of a Segway from the point of view of mechanics, fabrication, powertrain and
electronics, and [372] analyzes in detail the mathematical model and control system of this type of
EV. The design and development of Segway prototypes can be studied in [373-375].

The TukTuk is a three-wheeled motorized transport with a cabin, dedicated to the transport of
passengers or goods, widely used in developing countries. In view of environmental concerns,
maintenance and cost of use, this means of transport has an electrical homolog which can be found
in the literature by e-Tuk-Tuk, Easy Bike, bicitaxis, rickshaws, among others [376-378]. Usually, these
EVs contain a BLDC machine with a power rate of around 1.1 kW [379]. In [380] a 1 kW battery
charger is proposed to charge the electric Tuk-Tuk batteries from the power grid.

The electric wheelchair is also a type of small EV, and it can be indispensable equipment for
senior and disabled people. A review in terms of speed, traction, suspension and stability control for
electric wheelchairs is reported in [381]. In [382] is presented the conversion of a mechanical
wheelchair to an electric one, and in [383] is presented an all-terrain wheelchair, which is capable of
navigating through obstacles, such as stairs and ramps. An electric power assisted wheelchair is
presented in [384] with the purpose of reducing battery utilization. At the traction level, a torque
distribution algorithm for the two wheels of an electric wheelchair is presented in [385], a differential
drive based on BLDC machines is presented in [386], as shown in Figure 41, and the design and
implementation of a spherical induction machine for electric wheelchairs is presented in [387]. The
regenerative braking operation concerning electric wheelchairs is studied in [388,389], based on
boost-type and buck-boost unidirectional dc-dc converters, respectively. The design and
implementation of a solar power integration in an electric wheelchair, with a solar photovoltaic panel
acting as a roof for the wheelchair, is presented in [390], and the battery charging operation via IWPT
for electric wheelchairs is studied in [391], with the primary circuitry being based on a full-bridge
inverter and the secondary based on a diode full-bridge ac-dc converter and a buck-type dc—dc
converter.
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Figure 41. Traction system for an electric wheelchair based on two BLDC machines.

5. Conclusions

Around the world, environmental issues are perceived as a priority topic, with the transport
sector going through a technological revolution towards sustainability. Specifically, electric mobility
is globally identified as the main alternative to transport based on non-renewable polluting fuels, and
it is being increasingly supported by the various models of electric vehicles (EVs) currently produced
by the automotive industry. Regardless of the vehicle model or type, the common basis to support
electric mobility is power electronics. Throughout this article, several power electronics technologies
for electric mobility are presented.

Regarding EV battery chargers (EVBC), both wired and wireless power transfer technologies are
addressed. A review of power electronics converters that can be used for on-board and off-board
EVBC is presented, covering the main topologies that can be used in the front-end and back-end
power stages. Some developed laboratory prototypes are also presented, including on-board and
off-board EVBC, along with illustrative experimental results obtained for the main operation modes.
As demonstrated, both on-board and off-board EVBC are fundamental in supporting the integration
of EVs into the power grid, presenting innovative features far beyond the simple charging process,
e.g., bidirectional systems allow the exchange of active power with the grid, and also other features,
such as the operation in isolated mode or the possibility of contributing to improving the electrical
power grid quality. In this context, for selecting the more interesting power electronics topologies for
on-board or off-board EVBC, the key features that should be considered are: the multilevel and
interleaved characteristic for reducing the coupling passive filters; The galvanic isolation between the
EV battery and the power grid, guaranteed by the dc—dc back-end converter; The four-quadrant
operation to ensure that the bidirectional power flow is possible (allowing operation in G2V, V2G,
V2H, and other modes). Still regarding EVBC, some solutions based on dc—dc converters to provide
power to the auxiliary battery from the EV battery are also presented. Regarding traction systems, a
brief presentation of electric machines used for the EV propulsion, as well as the electric machines
that equip commercially available EVs, was made. From these electric machines, permanent magnet
synchronous machines (PMSMs) and three-phase induction machines dominate the applications in
EVs, while other electric machine technologies are emerging alternatives (e.g., reluctance machines
and hybrid reluctance permanent magnet machines). Depending on the electric machine used,
different drives and controllers may be necessary. Drive systems consist of solutions based on power
electronics that are capable of acting on the voltage, current, and frequency supplied to the electric
machine windings. The unification of both the power converters of the traction system and the EVBC
is also presented. This unification is possible because, except in the case of dynamic inductive wireless
power transfer, these two systems are not required to operate simultaneously. The unified system
allows a reduction in volume, weight and total costs when compared with the traditional solutions
(traction and battery charging as separated systems), also allowing additional operation modes that
comply with the paradigm of smart grids. Regarding the power level of unified systems for EVs,
increasing the number of phases or the number of windings of electric machines (i.e., the use of open-
end split winding electric machines) leads to an increase in the number of power semiconductor legs
employed in the power converters, permitting an operation similar to an interleaved configuration,
which is one of the main solutions to reduce the current stress and increase the power level of a power
electronics system.
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Additionally, other types of vehicle, such as railway vehicles, ships, aircraft, trucks, buses,
forklifts, scooters and bicycles are also targets for electrification, and were also addressed in this
paper. For instance, power electronics converters in electric railways are indispensable, and comprise
a significant part of the railway electrification system, with the objective of improving power quality,
efficiency and resilience, both for fixed applications (in traction substations) and for moving scenarios
(in electric locomotives). These converters can be installed at the medium-voltage level, outside or
inside the locomotive, for different applications. In that regard, power quality compensators, power
management converters and power converters for traction and regenerative braking have been
addressed in this paper. Public electric transportation, such as electric buses and railway vehicles,
together with electric trucks, are reported in the literature to be more economical and to reduce
environmental damage, when compared to their traditional internal combustion engine counterparts.
Lightweight personal EVs, such as electric bicycles and scooters, on the other hand, are becoming
increasingly popular for individual use in short-distance traveling, and being envisioned as a viable
sustainable complementary model in urban areas. Besides terrestrial transportation, high-power
vehicles such as aircraft and ships, traditionally non-electric, are now being also electrified. These
EVs, in addition to the expected contribution in the overall reduction in polluting fuel consumption,
usually exhibit superior dynamic performance than their fueled counterparts, i.e., faster start, stop
and speed variation, sharing the same technical principles with the lighter EVs.

Following this observed tendency of mass electrification of all sorts of vehicle, power electronics
is an indispensable common support technology, and an essential constituent of all electrification
systems and infrastructures. This is even more relevant considering emerging technologies of
semiconductors, new magnetic materials, multipurpose control platforms, and others, which
improve the performance of the power electronics systems, and make possible new scenarios for
power electronics applications, such as the autonomous vehicles. It is probably too early to predict
how far this all-electric mobility revolution will take us, but the crucial role of power electronics
advances in this transformation is fully ensured and underway.
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Abbreviations and Acronyms

BLDC Brushless dc

CC-CV Constant Current— Constant Voltage

CO: Carbon Dioxide

DIWPT Dynamic Inductive Wireless Power Transfer
EV Electric Vehicle

EVBC EV Battery Charger

G2v Grid-to-Vehicle

GA Ground Assembly

ICE Internal Combustion Engine

ICNIRP International Commission on Non-lonizing Radiation Protection
IGBT Insulated Gate Bipolar Transistor

IMD Implanted Medical Device

IWPT Inductive Wireless Power Transfer

LV Low-Voltage
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MOSFET Metal Oxide Semiconductor Field Effect Transistor

MMC Modular Multilevel Converter
MV Medium-Voltage
OLEV On-Line Electric Vehicle
PMSM Permanent Magnet Synchronous Machines
PP Parallel-Parallel
PS Parallel-Series
PWM Pulse-Width Modulation
RB-IGBT Reverse-Blocking Insulated Gate Bipolar Transistor
RPC Rail Power Conditioner
SAE Society of Automotive Engineers
SiC Silicon Carbide
SP Series-Parallel
SS Series-Serial
STATCOM  Static Synchronous Compensator
TPS Traction Power System
UPS Uninterruptible Power Supply
V2H Vehicle-to-Home
V2G Vehicle-to-Grid
VA Vehicle Assembly
WPT Wireless Power Transfer
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