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Abstract: The penetration of electric vehicles is becoming more and more widespread and recently
electric buses and trains are fetching the attention of researchers and developers. In this review, we
examine the charging systems applied to the fast charging of electric vehicles and buses as well as the
charging strategies, mainly applied to electric buses. We also briefly delve into power topologies for
a more electrified railway system where we discuss their different supply systems as well as their
motor drive systems. Problems and charge challenges for electric buses and trains are discussed too.
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1. Introduction

Carbon-containing fossil fuels like crude oil 29%, coal 27%, and natural gas account
for 80% of the world’s resources in 2021 [1–3]. The rapid depletion of fossil fuel resources
causes an excess of Greenhouse Gases (GHG) in the atmosphere, particularly carbon dioxide
released by the combustion of fossil fuels. Globally, the transportation industry accounts
for around 17% of anthropogenic GHG emissions [4].

Climate challenges are not only attributed to global warming, but also to other harmful
effects, such as air pollution, acid rain, ozone layer degradation, habitat loss, and hazardous
material contamination, all of which pose a direct danger to ecological environments and
human health. Globally, there is an increasing awareness of the need to limit GHG pollution
in the atmosphere. The most environmentally conscious solution is to use renewable energy
sources such as solar, wind, hydroelectric power, biomass, biofuels, geothermal, and
blue energy.

Transitioning to an electrified transport system with reduced emissions from renew-
able energy-powered sources is in line with the EU’s Horizon 2030 climate and energy
framework of moving toward a climate-neutral economy [5], and in the last few years, the
number of electric cars and buses around the world has greatly increased.

There are still several financial, organizational, and technological barriers that must
be overcome before electric vehicles can be widely adopted. One of the main financial
impediments is the high initial capital cost of Electric Vehicles (EV), which is mostly
associated with high battery costs. However, it has been reported that cost parity with
diesel vehicles will be achieved by 2030 at the latest because battery prices will have
significantly decreased by that time. Finding a location to install the charging infrastructure
from an organizational standpoint is still a major dilemma [6]. Technically, there is a lack of
appropriate charging infrastructure/stations which are capable of quickly charging these
vehicles/buses within a very short time [7]. Then, it is required that territorial plans are
adopted to build up power stations capable of charging different types of electric vehicles.
Generally, it is important to place them along the main routes at proper distances and
strategic locations [8]. To assess the number and the places where the charging stations have
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to be built, some methods have been developed. An interesting example is the methodology
proposed by Acri et al., specifically applied for the electrical mobility in airport areas [9].

Furthermore, the establishment of these charging stations to supply power to the
battery impose a lot of burden on the power grid, as these stations typically require high
amounts of power from the AC grid within a very short time. Consequently, some operating
parameters of the grid are negatively impacted, especially voltage stability, reliability, power
losses, and harmonics [10]. In the literature, numerous works exist that study and propose
different solutions to the negative impacts of integrating electric vehicles into the AC grid,
some of which are to incorporate energy storage systems as well as to use chargers as a
source of Reactive Power Compensation (RPC) [11]. In [10], the authors studied the impact
of charging stations on the reliability of the distribution grid. A similar study was carried
out in [12], where the authors examined the power quality impact of charging stations on
the MV distribution network. Using bidirectional power electronic converters, where the
Vehicle Delivers Power to the Grid (V2G), can also improve grid stability, reliability, and
power losses [13]. The V2G concept is based on the notion that when the load demand is
high, excess energy stored in EVs can be sent back into the grid, while when the demand in
the grid is low, the excess energy can be stored in the EVs’ batteries to avoid wastage [14].
Thus, EV owners can buy electricity from the grid at a low price and sell it back to the grid
at a higher price, resulting in some benefits for the EV owner.

EV battery chargers can either be on-board or off-board, as shown in Figure 1. On-
board chargers are installed in the EV alongside storage batteries; however, their power
output is limited due to weight, space, and cost limits. Off-board EV chargers have no
size or weight restrictions because they are installed in bus stations and depots, garages,
parking areas, and even on-route where the available space is typically larger [15].
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Figure 1. On-board and off-board charging systems [16].

Battery chargers can be classified into three different levels depending on the charging
time, power level, and supply voltage. Level-I chargers are slow chargers, while level-II
chargers are semi-fast chargers, and both work on a single-phase grid supply. They are
mostly used for on-board charging systems. On the other hand, level-III chargers are
intended for fast charging purposes of EVs, and a three-phase supply is needed for this
category. Level-III chargers are off-board chargers [17]. Table 1 shows the different features
of these chargers classified according to their power levels.
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Table 1. Main features of EV battery chargers [17,18].

Feature Level 1 Level 2 Level 3

Grid voltage 120 VAC (US)
240 VAC (EU)

240 VAC (US)
400 VAC (EU) 208–600 VAC or VDC

Power range [kW] ≤3.7 3.7–22 >50

Approximate
charging time 11–36 h 1–6 h 0.2–1 h

Charger topology On-board On-board Off-board

Grid supply type 1-phase 1- or 3-phase 3-phase

Charging type Slow charge Semi-fast charge Fast charge

Battery capacity
[kWh] 15–50 15–50 15–50

Typical use Charging at home or
office

Charging at private or
public outlets

Commercial, just like
a filling station

It is required that the design of the power electronic topologies for these off-board
chargers be able to have low harmonic distortion, high power factor, and galvanic isolation
with the grid. Furthermore, there is a need to control the DC output voltage of these
chargers so that the charging power can be easily monitored and controlled, and as such,
the battery life can be prolonged [19].

The rest of this paper is organized as follows: Section 2 gives an outline of the dif-
ferent charging strategies of electric buses (overnight charging, in-motion charging, and
opportunity charging). We also explore the different methods which are widely adopted in
the charging of these buses: pantograph charging, plug-in or conductive charging, as well
as ground-based or inductive charging. In Section 3, we present the different front-end
and back-end power converter topologies that are used in the fast conductive charging
of electric vehicles/buses. In Section 4, we present Partial Power Processing Converters
(PPP) or Reduced Power Converters (RPC), which is a concept relatively new to electric
transportation systems. Section 5 looks at the electrified railway systems with specific
attention to their power supply systems and motor drive systems. Finally, we conclude
with the work in Section 6.

2. Charging Strategies and Methods for Electric Buses

Three main strategies are commonly used to charge e-buses: overnight or depot-
only charging, in-motion or online charging, and opportunity or flash charging [11,20].
Buses using overnight-only charging possess huge batteries with high capacity (typically
200–500 kWh) which permits them to be used throughout the whole day without needing
a recharge. These buses generally operate on shorter and less overcrowded routes (less
than 100 km) [21]. The buses are charged using slow DC chargers with a plug-in cable
interface (typically 50–150 kW). Online charging, on the other hand, allows buses to charge
while moving. Opportunity charging describes a scenario whereby buses are not only
charged at the depot but also when the bus stops at a bus stop (terminal stops and on-route
intermediate stops), this process occurring throughout the day. The on-route chargers
(Opportunity and Online chargers) allow buses to complete their routes with less battery
capacity (typically 50–90 kWh), thus providing a more efficient system [22]; however,
these chargers tend to be more expensive than depot chargers due to their high-power
requirements (typically 150–450 kW) [7].

In terms of charging methods, there are four main options available, as seen in Figure 2:
plug-in charging, pantograph charging, induction (or wireless) charging, and battery
swapping [23–25]. Plug-in and pantograph charging are both referred to as conductive
charging as conductors are used to transfer energy from the charging infrastructure to the
e-bus. In plug-in charging, a connector or cable extending from the charging infrastructure
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is manually plugged into the bus to commence the charging operation. Inductive charging
employs an electromagnetic field between a transmitting coil on the road surface and a
receiving coil positioned at the bottom of the e-bus [26,27]. Pantograph charging, on the
other hand, uses overhead connectors to automatically charge the bus.
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inverted) pantograph, upward (roof-mounted or bottom-up) pantograph, side insertion
(horizontal) pantograph, and underbody pantograph, as shown in Figure 3 [28,29]. The
upward pantograph is the easiest to implement technically, and the charging process
is controlled/initiated by the driver; hence, there is no need for a Wi-Fi connection for
communication. Its behavior is similar to a conventional Combined Charging System (CCS)
plug. Communication is performed using the IEC 61851 and ISO 15118 protocol [30]. The
downward pantograph, however, requires a Wi-Fi connection for communication between
the pantograph and the bus, and this is performed using the OppCharge standard. The
advantage of this pantograph variant is that the height of the bus is reduced, which enables
it to pass under low-clearance bridges, and the weight of the system is reduced, which
is especially helpful if the system is at its maximum weight limit. The functioning of the
horizontal pantograph is like an inverted pantograph as the moving part is on the charging
infrastructure side. Communication can be performed using either the ISO 15118 standard
based solely on a pure conductive system without Wi-Fi or the OppCharge standard that
uses Wi-Fi. The underbody pantograph is either set on the bus and connected to the
infrastructure like a roof-mounted pantograph or placed on the ground and moved upward
onto the bus like an inverted pantograph.
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Battery swapping entails physically replacing a depleted battery pack with a charged
battery. When compared to the previously mentioned conductive or wireless methods, the
swapping process is extremely fast, typically taking only a few minutes using automatic
robotic arms. Furthermore, the batteries at swapping stations could be used as grid support
units, supplying power to the grid during peak periods and charging during off-peak
periods [31]. Currently, there are some obstacles to implementing battery swapping, such
as a very high initial setup cost and the requirement for massive storage space due to the
need to store both discharged and fully charged batteries [32].



Energies 2023, 16, 1888 5 of 28

The choice of the best charging technique depends largely on the strategy you want
to apply. Depot-only strategies require the least additional equipment. Additionally, the
depot-only are the simplest solutions, and they are mainly plug-in. Instead, for opportunity
charging, pantographs are most common. Induction charging is more expensive and more
difficult to develop and apply than the other two alternatives.

3. Architectures and Converters Topologies for Fast Charging of Electric Vehicles and
Electric Buses

In general, two main types of DC fast-charging architectures can be identified [33]:
AC-bus architecture and DC-bus architecture, shown respectively in Figure 4a,b. As seen in
Figure 4a, the AC-bus system uses a low-frequency step-down transformer to interface the
distribution network with the three-phase AC bus. Each charging station requires a separate
AC–DC rectifier; meanwhile, to interface RESs and ESSs to the AC bus requires additional
DC–AC inverters. This approach, therefore, significantly increases the number of power
electronic conversion stages linking the various elements together, which leads to increased
system complexity, cost, and power losses, thereby reducing the overall efficiency [13]. The
merits of using the AC-bus approach include the availability and maturity of the rectifier
and inverter technology, availability of AC switchgear and protective devices, as well as
well-established protocols/standards for AC power distribution systems.
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The DC-bus system uses a low-frequency transformer for galvanic isolation and to
step down the distribution system voltage. The resulting low voltage is fed to a central
frontend AC–DC rectifier to create a common DC-bus voltage. As the number of power
electronic conversion stages is reduced, this approach provides a more efficient way of
interfacing DC energy storage systems and renewable energy sources. The main problem
with this approach is the lack of DC protection schemes and standards [34].

There are two types of DC-bus systems, as illustrated in Figure 5: unipolar DC-bus and
bipolar DC-bus. The unipolar DC-bus system employs a two-wire configuration, resulting
in a single DC voltage level, and is typically used with two-level voltage source converters
such as the Vienna converter, whereas the bipolar DC-bus system employs a three-wire
configuration, resulting in two DC voltage levels, and is compatible with three-level voltage
source converters such as the Neutral Point Clamped (NPC) converter. Even though the
bipolar system has more design and control complexity than the unipolar system and
requires voltage balancing algorithms, it is more flexible, resilient, and fault tolerant [35].
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Several AC–DC and DC–DC converter topologies for fast charging of electric vehicles
and buses have been proposed in the literature. To design the fast-charging station, we
must choose the AC–DC and DC–DC converter that produces the best results in terms
of system requirements from a menu of options. The following subsections describe the
various grid-connected AC–DC converters and DC–DC converters that are commonly used
for battery charging.

3.1. Front-End AC–DC Converters

These converters connect the three-phase AC grid to the DC bus. They must meet
certain performance targets, such as high-power factor, sinusoidal input current (low
harmonic distortion), regulated output DC voltage, EMI compliance, low complexity and
cost, and continued operation if one phase fails [17,36]. The topologies depicted in Figure 6
appear to be promising for meeting the aforementioned requirements while operating at
high power densities.

The topology shown in Figure 6a is the Vienna rectifier. It can only produce unidi-
rectional power flows because of the presence of three-phase bridge diodes, making this
topology unsuitable for V2G applications [37]. It has bidirectional switches arranged in a
star pattern, with the neutral point connected to the center of two capacitors. As a result, it
operates as a three-level boost converter, resulting in a smaller AC inductor. This converter
has a controlled output voltage, low EMI, and reduced voltage stress on power switches
as they are stressed with half the output voltage. It does, however, have a high control
complexity, necessitates DC-link capacitor voltage balancing algorithms, and has limited
reactive power control, limiting the power factor range [38,39].

To provide bidirectional power flow capability, the two-level voltage source six-switch
boost rectifier depicted in Figure 6b can be used. This converter is the most widely used
topology for grid interfacing because it has simple control, low THD, a wide range of power
factor control at the AC side, and controllable DC-side voltage [39]. However, it has some
demerits, such as a limited switching frequency, a large input inductor, high voltage stress of
the semiconductor switches due to subjection to the full-scale DC-link voltage, and reduced
reliability due to the possibility of a bridge leg shoot-through, which results in DC-bus short-
circuiting [36]. Many control strategies, such as sinusoidal PWM, Space Vector Modulation
(SVM), Sliding Mode Control (SMC), hysteresis current control, and One Cycle Control
(OCC), have been proposed in the literature, all with the goal of reducing the size of the
input filter and the stress on the power switches [19]. As shown in the figure, the maximum
current through each semiconductor is equal to the maximum current in each phase of the
AC grid. One possibility for lowering the maximum current through each power switch is
to interleave the converters, as shown in Figure 6c, which depicts a bidirectional interleaved
converter formed by connecting two of the converters of Figure 6b in parallel. This topology
reduces the maximum current passing through each power switch due to the splitting
of phase currents into two paths, but at the expense of more hardware components [37].
Furthermore, by interleaving both converters, harmonic cancellation in the input current
waveform, as well as reduced DC side voltage oscillations, are possible [40]. The size of the
input boost inductance is significantly reduced due to the interleaved converter’s frequency
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doubling characteristics. Circulating currents between the two paralleled rectifiers are a
major concern in this topology because additional conduction pathways appear when these
converters are connected to the same DC-bus and common sources [41].
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It is possible to use a multilevel converter topology to further reduce voltage stress on
semiconductor voltage switches. The NPC converter shown in Figure 6d, which represents
a three-level converter, is the most used multilevel configuration. This converter allows
bidirectional power flow and generates a controllable DC voltage with a magnitude greater
than the peak input voltage. It also enables the use of lower voltage semiconductor devices
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while operating at a lower switching frequency [42]. Other characteristics of this converter
include its very low THD in input line current, small passive filtering requirements, and
explicit creation of a bipolar DC-bus, which has been investigated by [43] to implement a
charging station, allowing DC–DC converters to connect to half of the DC-bus voltage [34].
The requirement for capacitor voltage balancing algorithms [44,45] is one of the most
difficult challenges associated with the use of this converter. If the voltage drops across
the capacitors are left unbalanced, it may result in poor output voltage quality, affecting
control performance or even causing semiconductor devices to fail [46].

The six-switch current-source buck converter shown in Figure 6e is another common
PFC rectifier used in charging stations. This converter can only produce unidirectional
power flow if the output DC voltage polarity is fixed. However, if the polarity of the
output DC voltage could be inverted or reversed, bidirectional power flow is a distinct
possibility [34]. Furthermore, unlike the Vienna rectifier, this converter lacks a center point,
so no capacitor voltage balancing is required. Moreover, because of its buck nature, it can
exhibit low semiconductor voltage stress while also providing short-circuit protection [36].
However, it has relatively high conduction losses since there are more series-connected
devices, and it presents pulsating input currents, requires EMI filtering, and offers limited
power factor range control at the AC, which results in a reduced output voltage control
range [47].

Figure 6f depicts a Swiss rectifier proposed by [48] and later by [49] as a possible
candidate for level-III battery charging of electric vehicles and buses. It uses two buck
converters to control the output voltage to be less than the peak input voltage, eliminating
the need for AC filter inductors [50]. It uses the third harmonic current injection principle
to achieve a purely sinusoidal input current. Other characteristics of this converter include
low current stress on the power transistors, which leads to high efficiency, low control
complexity, and short circuit current limiting capability [36,51]. Additionally, it has more
active power switches than the six-switch buck converter. Aside from that, the capacitor
filters on the AC side result in significant reactive power consumption. This converter can
only produce unidirectional power flow; however, various researchers have worked on
modifications to this converter to produce bidirectional power flow [52–55].

The 12-pulse thyristor bridge rectifier shown in Figure 6g is another grid-facing con-
verter that can produce a regulated DC voltage. It employs a multi-winding transformer
with Y–Y and Y–∆ connections and proper turn ratios to realize two three-phase voltage
sources with the same amplitude at a 30-degree phase shift. By connecting two six-pulse
thyristor bridge rectifiers, a total of 12 pulses per cycle are produced at the output [50].
This significantly reduces the current harmonics and makes the input current more sinu-
soidal. The disadvantage of this approach is that it necessitates the use of a multi-winding
transformer, which is bulky and heavy, and only produces unidirectional power flow. Fur-
thermore, because the traditional 12-pulse rectifier does not meet the IEEE 519 standard of
producing THD of less than 5%, additional passive or active filters must be connected at the
input, which are typically heavy and bulky and may reduce the circuit’s power factor [56].
Many studies have been published in the literature aimed at lowering the input current
THD to less than 5% by modifying the conventional 12-pulse rectifier of Figure 6g [57–60].
The outputs of the two six-pulse rectifiers could be connected in series or parallel, with the
parallel connection being preferred for high-current applications because it has a lower
thyristor forward voltage drop despite some current sharing issues [56]. Of all the AC–DC
converters described so far, this is the least used converter for EV charging.

3.2. Back-End DC–DC Converters

The main objective of the DC–DC converter is to regulate the output voltage from
the front-end AC–DC converter to a level that is sufficient to charge the EV battery in
the desired mode (constant current, or constant voltage). It also provides an interface for
the connection of Renewable Energy Sources (RES) and Energy Storage Devices (ESD).
DC–DC converters could be split into two main groups: isolated and non-isolated. The
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isolated DC–DC converters shown in Figure 7 contain a high-frequency transformer and
are required to provide galvanic isolation between the grid and the battery or ESS. On the
other hand, the non-isolated DC–DC converters shown in Figure 8 need to be interfaced
with a bulky low-frequency transformer at the grid side to provide protection.
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3.2.1. Isolated DC–DC Converters

The most popular topology used for high power and high frequency applications is the
Phase-Shift Full-Bridge (PSFB) converter shown in Figure 7a. This converter has a simple
control system; low current stress on the power switches, as it receives a Zero Voltage
Switching (ZVS) using the leakage inductance of the transformer in addition to the parasitic
capacitance of the power switches; and a wide range of output voltages [61]. However, the
converter has some demerits, such as unidirectional operation, duty cycle losses in active
switches, hard-to-achieve ZVS at light load (limited ZVS range), high conduction losses in
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output diodes, circulating current losses, and high voltage ringing on the secondary side
rectifier diodes [62], which could be reduced using passive or active snubber circuits, but
this reduces the system efficiency [34].
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To provide bidirectional conduction capability, the Dual Active Bridge (DAB) schematic
seen in Figure 7b could be used, formed by replacing the diodes in the previous circuitry
with MOSFETs. Just like the previous topology, this converter also provides a wide output
voltage range and has soft-switching capability. Compared to the converter in Figure 7a,
this topology has lower voltage stress on the switches, provides higher power densities,
and has better efficiency [36]. Despite the advantages, it also possesses some setbacks, such
as the presence of reactive current, large input, and output ripple due to switching, hence
the need for large input and output filter [63] and hard switching at light load [64].

The performance of the DAB could be improved by interleaving it, as shown in
Figure 7c. This allows a reduction in the operating power of each DAB [37], reduces the
voltage and current ripple in the input and output capacitors, and reduces input and
output filtering requirements, all these at the cost of more hardware and an increase in
control complexity.
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Another unidirectional converter proposed by the authors of [65] that could be used for
battery charging is the isolated interleaved DC–DC converter with a voltage doubler shown
in Figure 7d. When operating in Discontinuous Conduction Mode (DCM) and Boundary
Conduction Mode (BCM), this converter has no reverse recovery losses in the secondary
rectifier diodes and no high voltage ringing, which is usually caused by resonance between
the diode parasitic capacitance and the transformer leakage inductance. Interleaving the
converters reduces ripple current and voltage stress on the output filter capacitors [66].
Interleaving also has the advantage of distributing thermal losses uniformly among the
cells while sharing equal power. Furthermore, the input ripple is four times the switching
frequency [67], the number of secondary diodes can be considerably reduced with the
output voltage doubler rectifier, and the diode voltage rating is equal to the maximum
output voltage. The disadvantage of this converter is that its operation in Continuous
Conduction Mode (CCM) results in the lowest RMS currents. Additionally, while ZVS
can be achieved for all switches, high di/dt results in large reverse recovery losses in
the secondary side rectifier diodes and high voltage ringing. Moreover, CCM operation
necessitates the use of a large resonant inductor, which raises the transformer turns ratio,
increasing the stress on the primary side switches [68].

Another popular category of DC–DC converters for use in fast charging is the LLC res-
onant converter which is of two main types: full-bridge LLC converter shown in Figure 7e
and half-bridge LLC converter shown in Figure 7f. The full-wave rectification process at
the secondary side could be performed using either a full bridge rectifier, as shown in
Figure 7e, or a center-tapped transformer, as shown in Figure 7f. In general, the choice
between full-bridge and half-bridge on the primary side is determined by the power level,
with full-bridge architecture being preferred for high power applications and half-bridge
configuration being preferred otherwise, whereas the choice between center tap and full-
bridge on the secondary side is determined by the current and voltage levels, with center
tap being preferred for low voltage and high current applications and full-bridge being
used otherwise [69]. In these converters, all the semiconductors are soft switching, i.e.,
ZVS takes place at turn-on for the primary MOSFETs and ZCS at both turn-on and turn-off
for the diode rectifiers in the secondary [70]. In comparison to other resonant converters,
these topologies have high efficiency at high input voltage; their primary switches can
operate at ZVS over a wide range of loads, there are no reverse recovery losses on secondary
diodes, and there is low voltage stress on the rectifying diodes. The main issue with these
converters is that they require a wide range of switching frequencies to be applied to control
the output voltage [71,72]. The wide range of switching frequencies creates complications
in the design of circuit filters, transformer magnetics, and gate driver circuits, brings about
poor EMI performance, and causes a loss of soft switching at some frequency of operation,
resulting in low efficiency of power conversion [73–76]. The converters shown provide
only unidirectional power flow, and thus cannot be used for V2G applications. Bidirec-
tional power flow is possible if the diodes are replaced with MOSFETs in a synchronous
rectification process.

Although the LLC resonant converter can be configured to provide bidirectional
power flow, this causes several issues. The magnetizing inductance of the transformer
is clamped by the output voltage during reverse power flow conditions, excluding it
from the resonance process. In this case, the LLC resonance circuit operates similarly to
an LC series resonance circuit with a maximum voltage gain of one. As a result, ZCS
is impeded at the rectifier side, lowering converter efficiency dramatically [77,78]. To
address this issue, the full-bridge CLLC symmetric resonant circuit shown in Figure 7g is
frequently used in bidirectional power flow applications. During reverse power flows, this
converter can simultaneously achieve ZVS on the supply side and ZCS on the rectifier side,
reducing switching energy losses and increasing overall circuit efficiency. Furthermore,
the range of bidirectional DC gains is expanded, resulting in greater voltage regulation
flexibility [79]. The performance of the CLLC resonant circuit can be improved by either
interleaving the converter, as performed in [80], which increases the volume and cost of
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the design, or by adding the magnetizing inductance of the transformer to form a CLLLC
resonant circuit [81–83], as shown in Figure 7h. However, this increases the converter’s
design complexity.

3.2.2. Non-Isolated DC–DC Converters

This part of the paper focuses on the performance analysis and characteristics of the
most used non-isolated DC–DC converters that could be employed for charging electric
vehicles and integrating energy storage systems to the DC-link.

For battery charging, a traditional single-phase buck converter could be used to step
down the DC-link voltage to a voltage that is acceptable by the battery. However, for this
design, either a large inductor is used to reduce the inductor current ripple to small values,
which increases the cost and size of the converter, or the switching frequency is increased
to improve the dynamic performance of the converter, but this increases the switching
losses [61,84]. A solution to this is to interleave two or more of the converters to form a
multi-phase interleaved buck converter [85–88].

Figure 8a shows an example of a two-phase interleaved buck converter. Interleaving
the converter brings about current splitting, which results in current ripple cancelation,
better thermal performance, possible reduction in conduction losses, higher efficiency, and
higher power density [66]. Additionally, the size and ratings of the inductor and filters
decrease as the fundamental frequency of each inductor is multiplied by the number of
phases. In this converter, the drive signals of the active switches must be phase-shifted
by 360◦/N, where N is the number of phases [89]. Similar interleaving configurations are
possible with boost and buck–boost converters.

Figure 8b depicts a three-level NPC bidirectional converter that operates in buck mode
for G2V and boost mode for V2G. This converter is used in high input voltage, high power,
and high switching frequency applications because the stress on the switches is only half
of the DC bus voltage, allowing lower voltage rating switches to be used, as opposed
to two-level converters, which are rated for the full-scale DC-link voltage [90–92]. As a
result, the converter’s effective switching frequency is doubled [93]. Furthermore, the filter
inductor can be significantly reduced, resulting in a fast dynamic response [94]. Moreover,
this converter is compatible with any charging station having a bipolar DC-bus [95], and the
authors of [96] have taken advantage of this property. This converter, however, has some
drawbacks, including its unsuitability for interleaving due to the formation of circulating
currents [97], its voltage conversion ratio being the same as that of a two-level buck/boost
converter, and its input and output terminals not being commonly grounded, which
increases ElectroMagnetic Interference (EMI) [93].

To address the problems associated with voltage gain and the lack of a common
ground found in the previous converter, [94] proposed the three-level flying capacitor
bidirectional converter shown in Figure 8c. This converter has a high voltage conversion
ratio with improved efficiency; low inductor core and copper losses; low input current
ripple, resulting in a smaller input filter; and low voltage stress on power switches [98]. The
disadvantage of this converter is that the voltage of the flying capacitors in each stage must
be balanced to their nominal value, increasing the circuit control complexity [99]. If the
flying capacitor voltage remains unbalanced, the voltage stress on the switches increases,
potentially resulting in power loss [100]. Many capacitor voltage balancing techniques have
been mentioned in the literature, with active and passive voltage balancing (RLC filter)
being the most notable [101–103].

The cascaded buck–boost converter shown in Figure 8d is another non-isolated bidi-
rectional DC–DC converter proposed by [104] that is commonly used in charging stations
and energy storage systems. This is a four-quadrant converter, so it can operate in buck and
boost modes in both directions [105,106]. The switches have lower electrical and thermal
stresses than traditional buck–boost converters and can achieve ZVS without the use of an
additional or auxiliary soft switching circuit by employing appropriate modulation strate-
gies [107]. It does, however, have complex control strategies and suffers from some turn-on
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losses due to the reverse recovery problem of transistor body diodes when the conventional
PWM strategy is used while operating in CCM, which reduces efficiency [108]. Hard
switching reduces efficiency even further when operating under light load conditions [109].

The split-pi bidirectional converter topology of Figure 8e is a relatively new topology
among other DC–DC converters, having been patented by Timothy Richard Crocker in
2002 [110]. This converter is widely used in electric mobility, battery management, energy
storage, and interfacing renewable energy systems. It is made up of two interconnected
DC–DC converters that share a common DC-link and have two independent DC interfaces
that are used to generate an output voltage that can be higher, equal, or lower than the
input voltage, making it a four-quadrant converter [111]. This converter has a wide range
of operational modes and employs small-sized passive components. Furthermore, only one
bridge switch is switched at a time, reducing voltage stress on the switches [112]. Moreover,
because of its topological configuration, it has lower switching losses, distortions, and
ripples on output current, resulting in efficiencies of over 97% [113,114]. One issue with
this converter is that during operation, the voltage gain of one of the stages is set to
unity, causing the other converter stage to act as a second-order filter in the forward path,
potentially introducing phase delays and complicating the system’s feedback control [115].
Paralleling this converter, as shown in Figure 8f, reduces current ripples in the input and
output currents even further [116].

Another popular converter is the bidirectional Cuk converter shown in Figure 8g,
which is derived from the conventional unidirectional Cuk converter by replacing the main
diode with a MOSFET. This converter is essentially a boost converter followed by a buck
converter; thus, it can step up or step down input voltage like a traditional buck–boost
converter [117]. In contrast to other topologies that use inductors to store energy, the
transfer capacitor (Ct) is used as the energy storage component. When compared to the
cascaded buck–boost and traditional buck–boost converters, this converter is a better choice
for interfacing energy storage systems and charging EV batteries because it produces fewer
current ripples at the input and output [118]. If the inductors L1 and L2 are coupled, the
input and output current ripples can be further reduced [106]. This converter has some
drawbacks, such as reverse voltage polarity at the output, the need for large-sized inductors,
and high voltage stress (Vin + Vo) on the transfer capacitor [117,119].

To overcome the drawbacks of the bidirectional Cuk converter discussed above, the
SEPIC/zeta converter shown in Figure 8h, which is simply a rearrangement of the Cuk
converter, can be used. It can operate as a buck or boost converter in both directions and
generates an output voltage with the same polarity as the input [120]. For positive power
flows, the converter acts as a SEPIC converter, and for negative power flows, it acts as
a zeta converter [106]. The voltage stress on the transfer capacitor in this case is simply
Vin. This converter supports a wider range of input voltages than the Cuk converter and
has lower current and voltage ripples, which can be further reduced if the inductors are
coupled [121]. With the addition of auxiliary circuits, soft switching can be achieved in this
converter [122]. The converse of the SEPIC/zeta converter is the Zeta/SEPIC converter,
which has also been used for battery charging and energy storage systems [123,124].

Different control methods are mentioned in the literature to control the converter
power, and thus currents and voltages, which are used to effectively manage the battery
charging of these e-mobility systems. Model Predictive Control (MPC) is used in [125]
for current control, fault detection, and State of Charge (SoC) balancing of all split battery
storage at the same rate. Aside from MPC control, the traditional Proportional–Integral
(PI) control strategy is frequently used, as in [126,127]. In [126], the authors implement
a three-phase off-board charger and use PI controllers to perform decoupled dq grid
current control and DC-link voltage control, as well as independent battery current control
with PI and the integration of duty ratio feedforward control to achieve rapid dynamic
control. Refs. [128,129] have also implemented more advanced control techniques such as
Sliding Mode Control (SMC). The authors of [128] use SMC in aircraft battery charging to
overcome the stability issues encountered by traditional PI controllers when used for multi-
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objective controls, whereas the authors of [129] use SMC in LLC converters to improve
dynamic response and robustness at the expense of increased complexity in the design
and parameter tuning process. In [130], second-order Linear Active Disturbance Rejection
Control (LADRC) is used for LLC resonant converter to improve dynamic performance
and suppress the influence of internal and external disturbances on output battery voltage.

4. DC–DC Converters Based on Partial Processing of Power

So far, all the DC–DC converters discussed in the previous section are meant to process
the complete power which comes in from the source, as shown in Figure 9a. If somehow
only a fraction of the source power can go through these converters as shown in Figure 9b,
while the rest of the power is directly sent to the load, then the conduction, switching,
and magnetic losses will be reduced, and the global efficiency of the converter will be
increased [131,132]. This is the idea behind the concept of power converters based on
partial processing of power, otherwise known as Reduced Dissipation Converters (RDCs).
Aside from the increase in system efficiency, this configuration has other merits like a
reduction in converter ratings as a result of reduced voltage stress, small-sized converters
can be used, as well as a reduction in the overall cost of the system [133]. This concept is
relatively new and has been applied in a variety of applications including distributed PV
systems [134], electric vehicle fast-charging stations [135–137], fuel cell-powered hybrid
electric vehicles [138], and current control in battery energy storage systems [139]. The
downside of this type of architecture is that the galvanic isolation between the source and
load is bridged since power has to directly flow from the source to the load and is therefore
actively being researched.
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Partial processing converter (PPC) architectures mainly comprise two types: those that
require isolated DC–DC converters, as shown in Figure 10, and those that do not require
isolated DC–DC converters, as shown in Figure 11 [140–143].

For these converters, the parameter that defines the amount of power processed by
them is known as the active power ratio (Kpr) and is defined as:

Kpr =
Ppc

Ps
(1)

where Ppc and Ps are, respectively, the power processed by the converter and the source
power. The converter works in PPC mode only if the partial power ratio Kpr < 1. As an
example, we can compute the Kpr of the architecture in Figure 10a. The first thing is to apply
Kirchhoff’s voltage and current laws to the architecture, as defined in Equations (2) and (3),
and then compute the system efficiency as in (4):

VL = VS + Vout (2)

IS = IPC + IL (3)

ηsys =
VL ∗ IL
VS ∗ IS

(4)
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From (1), we receive

Kpr =
Ppc

Ps
=

Vout ∗ IL
VS ∗ IS

(5)

By inserting Equations (2)–(4) into (5), we can receive Kpr as a function of the converter
static voltage gain (GV = VL/VS) as given in (6).

Kpr = ηsys

(
1 − 1

GV

)
(6)

By using a similar technique, the Kpr of other architectures in Figure 10 can be derived,
shown in Table 2.
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Table 2. Kpr for different PPC configurations of Figure 10.

PPC Configuration Kpr

IPOS step-up ηsys

(
1 − 1

GV

)
ISOP-I step-up ηsys − GV
ISOP-II step-up GV − ηsys
ISOP step-down ηsys − GV

IPOS-I step-down ηsys

(
1 − 1

GV

)
IPOS-II step-down ηsys

(
1

GV
− 1

)

In [144], the PPC shown in Figure 12b, which is based on an isolated DAB, was
implemented for the fast charging of electric vehicles. This converter is based on the
configuration of Figure 10d. Some of the results obtained are shown in Figure 13.
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Figure 13a shows that the DAB-FPP processes 100% of the source power at all times
during the charging process, whereas the DAB-PPP processes approximately 40% of the
input power, which decreases as the battery state of charge increases. As a result, for SoCs
greater than 5%, the DAB-PPP has a higher system efficiency, as shown in Figure 13b.

The use of PPC technologies for electro-mobility systems is quite promising, and future
charging stations are expected to use this concept. However, proper isolation mechanisms
must be researched before this system can be commercialized.

5. Power Converters for Electrified Railway Systems

Today, the demand for a reliable and safe high-speed electrified railway for mass
public transportation is rising globally [145]. Compared to other modes of transportation,
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these electric railway systems are the most efficient and produce the least CO2 [146]. The
safety, flexibility, and reliability of these railway systems have been further improved by
recent developments in power electronic converters. Currently, traction motor controls, re-
active power compensation, voltage compensation, auxiliary power supplies, regenerative
braking, and main catenary power supply systems are just a few of the applications for
power electronic converters in the railway industry [147]. However, we will only discuss
the use of power electronics in railway power supply systems and traction drives.

5.1. Power Supply Systems

For railway systems with an AC traction power supply system, the catenary voltage is
usually single-phase, with RMS values of 15 kV at 16.7 Hz or 25 kV at 50/60 Hz being the
most common. Additionally, depending on the country, a catenary voltage of 27.5 kV is
also common. The single-phase catenary voltage is generally obtained from the three-phase
distribution grid using transformers.

Figure 14a depicts the traditional power supply system. A transformer in the trac-
tion substation converts three-phase grid voltage to two-phase voltage. Scott and V/V
transformer topologies are the most common in this type of application, though Leblanc
transformers can also be found in some publications [148]. However, due to differences in
the phase, amplitude, and frequency of the voltage between the adjacent arms α1 and β1
(α2 and β2), Neutral Sections (NS) emerge in one SubStation (SS) and between the adjacent
substations (catenaries fed by different power substations). The presence of neutral sec-
tions causes power quality issues, such as power unbalance, the need for reactive power
compensation, and low-order harmonics, which affect the power factor [149]. Furthermore,
the neutral section causes a disturbance between the locomotive and the network, as well
as a loss of locomotive speed. Additionally, NS makes new concepts like renewable energy
or regenerative braking difficult to integrate [146].
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To address the shortcomings of the traditional power supply system, compensator-
based power electronic technologies for improving power quality in railway traction
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power systems have been proposed [150]. Figure 14b illustrates a co-phase traction power
supply system using Active Power Compensation (APC). APCs can balance active power
between the traction transformer’s two secondary windings, compensate for reactive
power, and filter harmonics. Although the NS at the substation’s exit is eliminated in
the co-phase system, the one between adjacent SS remains, making it difficult to connect
all catenaries from different substations. This NS results from the inability to control the
voltage frequency, phase, and amplitude of adjacent transformers [151]. Therefore, the
number of NSs is half that of the traditional topology.

An advanced co-phase power supply system based on a three-phase to single-phase
power electronic converter has been proposed in [152] to link all catenaries from differ-
ent substations, removing all NS. As shown in Figure 14c, the traction substation has a
step-down transformer and a step-up transformer on the input and on the output sides,
respectively. As seen, the three-phase converter rectifies AC power from the grid into a
DC-link capacitor, and the one-phase converter reverses DC power to single-phase AC
power, which is then fed to the catenary. In this way, the system transfers active power
from the isolated three-phase grid to a one-phase traction line and generates an output
voltage with a controlled frequency, phase, and amplitude. Based on an appropriate control
strategy of the single-phase converter, the amplitude and phase of the output voltage of
each substation can be guaranteed to be the same [153]. Thus, the feeder line between
different substations can be connected directly.

In the literature, several converter topologies have been used to implement the three-
phase to single-phase power conversion, including the traditional two-level three-phase
voltage source converter [151], three-level neutral point clamped [154–157], and the Mod-
ular Multilevel Converter (MMC) [158–161]. Among all the converter options available,
the MMC is the most used due to its low output voltage harmonics, low switching losses,
ease of expansion and capacity enhancement, no need for filters and large DC link ca-
pacitors, fault-tolerant ability, and low EMI [162]. The MMC is also known for its high
voltage blocking capacity and reduced stress on the switching devices making up the
different sub-modules.

5.2. Traction Drives

Figure 15 depicts a conventional schematic of a traction drive for railway vehicles [163].
It is made up of a Line Frequency Transformer (LFT) whose primary winding is directly
connected to the AC catenary voltage, which typically operates at 15 kV/16.7 Hz or
25 kV/50 Hz. The secondary winding supplies a stepped-down AC voltage (600 V to 2 kV
RMS) to a rectifier, which generates the DC voltage required for the three-phase traction
motor drive. Although this configuration is simple and reliable, it has some drawbacks,
such as the LFT’s heavy and bulky nature, inability to control power factor, limited power
density (0.25–0.35 kVA/kg), and relatively low efficiency (around 94% for 25 kV/50 Hz
traction systems and 89–92% for 15 kV/16.7 Hz traction systems) [164].
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density (0.5–0.75 kVA/kg) and efficiency of railway vehicles. These transformers operate at
very high switching frequencies, allowing them to be much smaller and lighter than their
LFT counterpart [165]. They also offer fault isolation, reactive power compensation, voltage
regulation, power flow control, voltage sag compensation, bi-directional power flow, fault
current limiting, and harmonic blocking [166]. Despite the benefits of SST-based electric
railway drive systems, they are more expensive and difficult to control than LFT-based ones.

Due to converter unit voltage rating limitations, several converter stages must be cascaded
to meet the voltage and power requirements of the SST-based motor drives. These converters
can be cascaded in two or three stages, as illustrated in Figures 16 and 17, respectively.

The two-stage cascaded PET topology has been successfully utilized by the authors
of [167–169]. Ref. [167] proposes a single-phase AC/AC MMC topology with submodule
voltage balancing schemes. Section VII-A discussed the advantages of the MMC topology
over other topologies. In [168], the AClf/ACmf conversion is accomplished via cyclo-
converters (matrix converters). The authors use transformer leakage and magnetizing
inductance to achieve natural cycloconverter commutation and soft switching of a single-
phase inverter, respectively. They also claim that such a configuration provides lower
losses and good EMC behavior due to the switches’ low dv/dt and di/dt values. Finally,
ref. [169] proposes a current source PET-based traction system comprised of front-end and
output full-bridge converters, as well as a high-frequency fly-back inductor (transformer)
that provides galvanic isolation and voltage adaptation. However, complicated voltage
balancing of the input side series-connected capacitors, which work only in steady-state,
is required.

As with the two-stage cascaded PET configuration, several works based on the
three-stage PET topology have been reported, as demonstrated by Zhao et al. [170] and
Shu et al. [171]. The first stage in [170] employs a two-level voltage source rectifier, which
is followed by a half-bridge LLC resonant converter that enables soft switching and high
switching frequencies. Furthermore, the PET’s full and half-bridge circuits enable bidirec-
tional power flow, allowing for regenerative braking on railway vehicles. The system was
stacked in nine levels and demonstrated a 96% efficiency while producing a maximum
power of 900 kW that could be increased to 1.8 MW during short periods of acceleration
and braking. [171] proposes and validates a three-level diode-clamped PET-based traction
drive system composed of a single-phase cascaded three-level H-bridge AC–DC rectifier
and a half-bridge three-level DC–DC converter. When the input and output voltages are
100 V and 70 V, respectively, the system produces 100 W without any layer-stacking, which
would have to be considered in practical situations. The main disadvantage of this topology
is that unbalanced capacitor voltages are quite common, necessitating capacitor voltage
balancing. Furthermore, the switches have unequal thermal stress distribution, which
increases losses.
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6. Conclusions

Even though electric buses equipped with batteries have many features better than
their diesel counterparts, there are some problems that public transportation companies
need to solve for their mass deployment. The absence of adequate charging infrastructure,
especially in small towns, and the short driving range are only two of the issues that are
limiting the large-scale deployment of these vehicles to some extent. Then, among the
challenges to be faced in the near future for the development of battery-powered electric
buses, there is certainly the development of an adequate infrastructure for charging them.
A key challenge is the integration in the electric distribution system of sustainable sources
as photovoltaic plants. Recently, many researchers are focusing on this issue [172].

Beyond the logistic issues, there are those related to the power electronics needed
for charging the batteries of e-buses and electric trains. Advances in the development
of Wide Band Gap (WBG) semiconductor devices for power electronics have made this
target a real possibility with many high-energy efficient electric transport systems now
available commercially. Despite the importance of power electronic systems in achieving
an electrified transportation system, their integration into the AC power grid causes a lot
of power quality issues like voltage and power instabilities, that, even if studied for many
years, still need to be addressed.
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Throughout this work, we have painstakingly reviewed all the major aspects of
modern-day power electronic converters that are commonly used in the fast charging of
electric cars and buses, as well as the various converter topologies commonly used in
railway systems. Much research is currently being conducted to develop new vehicle
fast-charging infrastructures that can meet the power demands of various car owners in a
matter of minutes. Power supply to electric trains, which still have a lot of power quality
issues and grid disturbances, is equally important and under serious research. All these
are feasible because of recent advancements in wideband gap technologies, which have
allowed converters to significantly improve in power density, efficiency, cost, size, and
reliability (lifetime).

It is hoped that this work will serve as a starting point for electrical and electronic
engineers in the energy and automotive industries or related fields to make design-related
decisions such as the best connection scheme if hybridized, and the choice of power
converter topology for battery charging systems.
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