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Abstract: Rising greenhouse gas emissions stemming from fossil fuel-driven vehicles are causing
damage to the environment. To counteract this, one solution is the adoption of electric vehicles (EV)
for transportation requirements. In this regard, one category of EVs that requires special attention is
light electric vehicle (LEV), mainly because of their wide potential in public transportation—especially
in developing countries. To realise widespread adoption of LEVs for this purpose, it is imperative
to make their charging systems more robust. Consequently, the subject of LEV charging has gained
considerable traction, and numerous research works have been reported on this subject in recent
years. Hence, this paper aims to chronicle recent research developments on LEV charging techniques,
by placing special attention on DC-DC converter topologies used in both on-board and off-board
chargers. This review explores recent LEV charger DC-DC converters in literature by segregating
them into isolated and non-isolated topologies. Lastly, this work explores challenges and emerging
trends in LEV charging, which can potentially be explored by researchers in the future.

Keywords: light electric vehicle; DC-DC converter; on-board charger; off-board charger;
isolated converter; non-isolated converter

1. Introduction

Due to concerns stemming from the ill effects of fossil fuel usage on the environment,
the world is gradually transitioning towards green technology. One promising aspect of
green technology is the use of electric vehicles (EVs). As per [1], an estimated 16.5 million
EVs—plug-in hybrid electric vehicle (PHEV) and battery electric vehicle (BEV)—were
present on the world’s roads by the end of 2021. This number will rise further, with the
expected global EV stock reaching almost 200 million by 2030 as per the Stated Policies
scenario [1]. Specifically, two and three-wheeler light electric vehicles (LEVs) are seeing an
increase, as evidenced in Figure 1. This is because of their compact size and their viability
for public transport in countries seeking to reduce their carbon footprint [2]. Another
advantage of such vehicles is their simple charging requirements: they may be charged
via a simple AC mains outlet. Some well-known examples of LEV usage include three-
wheeler e-rickshaws in India [3], and e-bikes in the Netherlands [4]. In India especially,
three-wheelers have immense scope for electrification due to their low speed, low distance
per day covered and high volume [3]. Consequently, three-wheeler e-rickshaws are seeing
a rise in urban areas which are normally dominated by Compressed Natural Gas (CNG)-
based auto-rickshaws. LEV sales share across various regions is shown in Figure 1 [1]. It is
evident from this trend that a huge share of two and three-wheeler LEVs has been sold in
countries such as China and Indjia.
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Figure 1. Electric vehicle sales trend in various regions. (a) Growth from 2019 to 2021 (b) Projected
sales by 2030 [1].

To cope with the increasing number of LEVs, it is imperative to make their charging
system more robust and widespread. A partial list of commercially available LEVs is given
in Table 1 [5-10]. It can be seen from this table that most LEVs have battery ratings in
the range of 48 to 72 V and have capacities ranging up to 180 Ah. Hence, LEV charging
requirements are simple compared to other EVs, with most requiring a simple connection
to residential AC supply. Hence, LEV charging requirements are simple compared to
other EVs. Another key takeaway from this table is that the average normal charging time
of the given vehicles is in the range of 3-5 h, with only a few supporting fast charging.
Hence, availability of fast charging should be a point of priority for two/three-wheeler
EV manufacturers.
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Table 1. Some commercially available LEVs and their battery/charging specifications.

Type Model Battery Type Voltage Rating Capacity Charging Time  Fast Charging

Hero Electric Optima CX Li-ion 51.2V 30 Ah 4-5h N/A
Two-wheeler Okinawa PraisePro Li-ion 72V 2 kWh 2-3h N/A
Ather 450 Plus Li-ion 511V 3.7 kWh 5h 40 min 1-2h
Mahindra Treo Li-ion 48V 7.37 KkWh 3 h 50 min N/A

Piaggio Ape E City/Fixed . .
Three-wheeler Battery Li-ion 48V 7.5 kWh 3 h 45 min N/A
Terra Motors Y4A Lead Acid 48V 140 Ah 6-8h N/A

While recent literature has tangentially reviewed LEV charging aspects [3,11], there is
still a deficiency of review papers that are dedicated to LEV charging. Whereas DC-DC con-
verter topologies for EV charging have been covered in depth elsewhere in literature [12,13],
works detailing a summary of DC-DC converters are lacking for LEVs.

This paper aims to fill this deficiency by reviewing recent trends in DC-DC converters
used for LEV charging—highlighting salient features and areas of improvement of each.
Furthermore, this paper addresses recent issues with respect to LEV charging and possible
future research directions. The main contributions of this paper are summed up as shown:

e  This paper fills the gap in research by reviewing recent works on DC-DC converter
topologies used for LEV charging—critiquing each implementation. Finally, areas of
improvement and future research objectives are suggested in this regard.

e  Furthermore, this paper also describes recent issues and potential future areas of
research in LEV charging. This intends to encourage researchers to take up research
which will aim to address these issues and open up research avenues.

Such a review is necessary as it provides perspective on the current standing of research
on power electronics for LEV charging applications. Understanding this perspective is
necessary to identify gaps and issues that can provide hindrance to the expansion of LEV
usage. Considering that LEVs are an attractive, cost-effective choice for public mobility,
such hindrances must be well-understood and be kept at a minimum.

The subsequent paper is set up in the following manner: Section 2 deals with basic
concepts in LEV charging. Section 3 lays out the methodology of review. Section 4 details
and reviews recent on-board and off-board LEV charger DC-DC converters, with Section 5
highlighting the findings of the review. Section 6 discusses challenges and research trends
in LEV charging. Finally, Section 7 closes with a summary of the paper and suggests future
work with respect to LEV charging research.

2. LEV Charging Infrastructure Overview

Existing LEV charging infrastructure is categorized into the following: conductive/plug-
in charging, and wireless/inductive charging. Conductive charging uses a physical con-
nection between the charger and the battery for charging. It is to be noted that conductive
charging is the most developed and commonplace mode of charging vehicles. In terms
of plug-in/conductive charging, on-board charging and off-board charging are the two
prominent charging methods.

Figure 2 shows the block diagram for on-board charging. As evidenced, most on-board
LEV chargers involve the following two stages:

e AC-DC and power factor correction (PFC): This comprises rectification followed by
a PFC stage—normally a DC-DC converter—for maintaining supply current Total
Harmonic Distortion (THD) as per IEEE-519 and IEC 61000-3-2 standards [14,15].

e DC-DC stage: This DC-DC conversion stage is responsible for controlling the LEV
battery charging process. The switch duty cycle is controlled by the battery voltage
status/required charging current.
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Figure 2. Block diagram schematic for on-board charging.

However, on-board charging tends to have an impact on the AC grid, due to the power
electronic interface. Charging many LEVs from residential connections can have a negative
impact on the voltage and current quality of grid.

Hence, researchers are exploring the possibility of DC charging of LEVs in a similar
vein to DC fast charging as seen in conventional EVs [12]. As shown in Figure 3, these
chargers are normally housed off-board and may not include a dedicated PFC stage. Hence,
this may help improve the efficiency of the charging system. This mode of charging is ideal
for integration into a DC micro-grid ecosystem [16], thus removing any dependence on the
AC grid.

L |
I
| ELECTRIC VEHICLE :
I
I
I
o AC-DC A DC-DC l :
CONVERSION | CONVERSION | :
I

Figure 3. Block diagram schematic for off-board charging.

Moreover, owing to safety concerns arising from the physical condition of the con-
nector, recent years have seen researchers also explore LEV charging through wireless
power transfer (WPT). In this process, LEV is charged with the help of energy transfer
between transmitter coil (usually located at charging location) and receiver coil (usually
fitted underneath the vehicle body). This mode of charging does not involve any physical
connection between the vehicle and charger.

3. Review Methodology

The articles for this review study were gathered through content analysis, and a
certain set of criteria were followed in this process: (a) articles within a five-year period
of 2017 to 2022 were collected for this study (b) these articles were sourced from Web
of Science indexed journals and (c) additional articles were also sourced from IEEE and
Scopus indexed conference proceedings.

These articles were collected using Mendeley search tool and Google Scholar, and
were searched using keywords such as: “light electric vehicles”, “e-bike”, “e-rickshaw”, “two
wheeler”, “three wheeler”, “charging” and “charger”. Subsequently, these articles were
further filtered by studying their titles and abstracts. Using the listed criteria, a total of
45 articles were collected. Finally, the review study of these articles was conducted by
using the segregation shown in Figure 4. As per this classification, the selected papers
were first divided into on-board and off-board charger topologies, and these were then
subdivided into isolated and non-isolated converter topologies. The schematic diagram of

the review methodology is also shown in Figure 4.
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To review recent issues and future trends in research on DC-DC converters for LEV
charging, articles from Web of Science indexed journals and IEEE and Scopus indexed
proceedings are once again considered.

4. DC-DC Converter Topologies for LEV Charging

Design and analysis of power electronic converters is an integral aspect of LEV charg-
ers. In this respect, researchers have proposed novel DC-DC converter topologies with
optimized active and passive component count [17-20]. Furthermore, researchers have
also leveraged soft-switching (zero voltage and/or current switching) of power electronic
switches in recent works to reduce switching losses [21-24]. These converters may be used
as part of two-stage or single-stage on-board/off-board chargers.

Irrespective of whether they are on-board, off-board or wireless, LEV chargers have
evolved from fundamental DC-DC converter topologies. These include buck, boost, buck-
boost, Single-ended primary inductor (SEPIC), Cuk and Zeta converters [25]. Super-lift
Luo converters are also an option for when a high-current output is required [26,27].

Isolated DC-DC converters are preferred for chargers with higher power ratings. They
provide galvanic isolation between the input and output stage by using a high frequency
transformer. Isolated DC-DC converters can include single switch topologies (Flyback and
forward converters) and multiple switch topologies (Push-pull, half-bridge, full, bridge,
multilevel) [25]. Single switch topologies have the same characteristics as buck-boost
converter [28]. In multiple switch topologies, bidirectional excitation of transformer is
achieved by alternate operation of switches [29]. However, they have limitations such
as transformer core saturation [30], and current stresses on primary-side switches due
to discontinuous mode operation. Furthermore, half-bridge converters may be forced to
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operate at low switching frequencies at low input voltage conditions, leading to increased
current ripples [31]. Multilevel converters are also a multi-switch option for high-gain
applications. They also ensure reduced electromagnetic interference (EMI) due to reduced
voltage jump [32]. Recently, researchers have proposed modified topologies such as bridge-
less and interleaved topologies to achieve one or more of the following: improved charging
efficiency, reduced voltage/current ripples, reduced size of passive components, and re-
duced component count. Furthermore, efficiency of charging may be enhanced by the
introduction of soft-switching mechanisms using resonant converter topologies. Such
topologies employ resonant capacitors in addition to the transformer leakage inductance to
create resonance condition for switching. This can help in the reduction in switching losses
at high frequency operation.

However, the most important evaluation for LEV charger design is its efficiency and
charging time. Most LEVs take approximately 3—4 h to achieve full charge [4]. Since
LEVs have immense potential in public transportation, improving charging time is of
immense importance.

4.1. On-Board Charging

On-board charging remains the most widespread charging method for LEVs, mainly
in part due to its simplicity in size and source availability. In a conventional AC-based LEV
charging system, there are two stages: AC-DC rectification, followed by a DC-DC PFC stage
to ensure smooth input current waveform, and another DC-DC converter to control the
battery charging process. However, apart from two-stage LEV chargers, researchers have
also reported on single-stage LEV chargers, where a single DC-DC converter is responsible
for PFC and control of battery charging [33,34].

On-board chargers can exist on the vehicle itself or may be formed as part of the
charging cable. Hence, a design objective of on-board chargers is to make it more compact,
and hence increase its power density. This ensures that the charger module occupies
minimum space on-board the vehicle. Other desirable operational characteristics of on-
board LEV chargers are high charging efficiency, high power density and an acceptable
input power factor.

4.1.1. Isolated DC-DC Converter Topologies

In LEV chargers, isolation can be achieved either by use of a transformer at the supply
end or within the converter itself. The supply side transformer option is not feasible,
as it requires the installation of a line frequency transformer, which has a bulky design.
Hence, in subsequent topologies, researchers have employed high frequency transformers
in charging converter design owing to their compact size. The provision of isolation in
converters is advantageous in the following ways:

e  There is the obvious advantage of galvanic isolation between the battery circuit and
supply, thus ensuring user safety.

e  The turns ratio of the high frequency transformer may be leveraged to achieve a
wider voltage gain range, thus making the converter suitable for usage with a wider
load range.

The conventional on-board LEV charger topology with front-end diode bridge rectifier
(DBR) remains popular among researchers. For example, Singh et al. [35] presented a
topology which used an interleaved canonical switching cell (CSC) at the front-end in
conjunction with diode bridge rectifier for AC-DC conversion and power factor correction.
This is further cascaded with an isolated Cuk converter at the back-end. This configuration
exhibits simple control and is capable of charging batteries with voltages ranging from 24 V
to 72 V. The circuit diagram for this circuit is shown in Figure 5. The CSC-based PFC ensures
high power factor. The CSC is interleaved to reduce the size of filters and current ripples,
and operates in discontinuous mode, which reduces the volume of magnetic components
in the circuit, thus making it more compact. The back end Cuk converter operates in
continuous mode, which reduces charging current ripples. The Cuk converter also allows
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for wide voltage gain variation and demonstrates robust performance in the event of supply
voltage disturbances and varying battery voltages. However, the efficiency data in this
work are missing.

Interleaved CSC-PFC Stage Isolated Cuk Converter
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Figure 5. Isolated Cuk converter with canonical switching cell PFC [35].

In yet another example, [36] presented an LEV charger which used a simple diode
bridge rectifier in the front-end and an isolated SEPIC converter in the back-end. The
charger schematic for this design is shown in Figure 6. The SEPIC converter has multiple
benefits over the previously described Cuk converter, such as less susceptibility to EMI
and inherent current limiting capability at the time of overload/startup. To reduce the size
of magnetic components, this charger operates in discontinuous mode. Furthermore, the
converter demonstrated satisfactory dynamic performance and posed minimum impact on
supply power quality even during varying supply voltages, in compliance with guidelines
set in the IEC 61000-3-2 standard. A charging current of approximately 20 A is observed
and converter efficiency is approximately 80%. Furthermore, the input inductor of the
SEPIC stage aided in power factor correction.

Diode Bridge Rectifier Isolated SEPIC converter
Y YN { |_ N
N AN
= —t
N = ]',‘:J %g - =
K A

Figure 6. Isolated SEPIC converter with DBR back end [36].

The authors of [37] proposed a two-stage converter which uses a combination of Zeta-
SEPIC converter as the PFC stage, followed by a flyback converter stage, which controls the
battery charging process. Furthermore, the Zeta and SEPIC converter combination controls
the voltage of input DC link voltage of the flyback converter. The circuit diagram of this
converter is shown in Figure 7. The Zeta and SEPIC converters operate independently in the
positive and negative half cycle of the input AC voltage, and both operate in discontinuous
conduction mode. The Zeta and SEPIC converters are chosen for this topology due to
their comparatively better ripple current suppression capability. Furthermore, there is
also a reduced number of active components, which helps in the reduction in conduction
losses. However, the use of DC link capacitor with a voltage of 300 V may make the circuit



Appl. Sci. 2023,13, 1676

8 of 35

bulkier. Additionally, the leakage inductance of the transformer may necessitate the use of
an appropriate clamping circuit across the switch. A similar topology was presented in [38],
which used a bridgeless modified Landsman converter instead of the Zeta-SEPIC stage.
Yet another variant of [38]—described in [39]—used an interleaved Landsman converter,
which resulted in a lower input current ripple.

ZETA + SEPIC PFC stage Flyback stage

|1 NI NI
11 % 1=} 2t

) — | | g — =

Figure 7. Flyback converter with Zeta-SEPIC PFC stage [37].

To reduce the number of semiconductor devices in charger topologies, researchers
have looked to bridgeless converter topologies [17,18]. For example, the authors in [18]
presented a single stage bridgeless isolated positive output Luo converter for LEV charging.
This charger works for an AC input range of 85-265 V and ensures front-end high-power
factor through use of Luo converter-based AC-DC converter topology. Eliminating the
front-end diode bridge rectifier stage helps reduce component count and simplify design.
Furthermore, the Luo converter-based topology achieves positive output polarity, which
is contrary to prior implementations, which retained the negative output polarity. The
significance of this feature is that this helps simplify output sensor design. Furthermore,
the circuit operates in discontinuous mode to reduce magnetic component volume. This
also reduces the switching /conduction losses of the switches in the circuit. The converter
topology is shown in Figure 8. The authors of [19] use a bridgeless isolated Zeta converter
shown in Figure 9, which also operates as a PFC converter, to charge LEVs. This on-board
charger is further supplemented by a Cuk converter, which feeds solar photovoltaic (PV)
power. This Cuk converter is controlled using the PV’s maximum power point algorithm.
The high frequency transformer ensures a high voltage conversion ratio. Furthermore, the
isolation design choice in this case is desirable to reduce ripples. However, while this design
uses a smaller number of switches, its drawback is that the Cuk converter control does
not depend on the battery status. Furthermore, the behavior of switches during switching
operation is not elaborated in this work.
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Figure 8. Bridgeless positive output Luo converter [18].
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All the bridgeless converter topologies described above [17-20,37] also ensure im-
proved power quality by reducing the THD of the supply current. This is done by the use
of input inductance, which helps smooth the input current profile. Likewise, an output
inductance is also incorporated in both circuits to reduce output current ripples. It is
found through experimental results that the input current THD in these demonstrations
is compliant with the IEEE-519 specified threshold of 5%. Furthermore, these bridgeless
topologies have the advantage of reducing conductions losses (due to reduction in the
number of semiconductor devices in the current path). Bridgeless converter topologies also
exhibit poor performance related to EMI, as they have the tendency to introduce common
mode noise on account of the presence of high frequency switch mode voltage [40]. This
can result in degradation of supply current due to high ripples. Furthermore, because of the
reduced switch count, the remaining switches of the bridgeless stage are subjected to high
current stresses. For these reasons, research on two-stage converter topologies continues,
owing to their improved EMI performance and manageable stresses on devices.

However, lack of soft-switching techniques in the topologies described above is a
limitation. This may limit its operation at higher frequencies due to higher switching
losses. To overcome this limitation, resonant converter topologies have been incorporated
by researchers into on-board chargers [21-24,41-43]. This technique has been employed
for numerous on-board chargers in conventional EVs [42]. For example, authors in [21,43]
presented a two-stage e-bike charger; this charger uses a Cuk converter as the PFC stage,
which is followed by a half bridge LLC (inductor-inductor-capacitor) series resonant con-
verter, which controls the battery charging process. This charger ensures a wide output
voltage range through variable DC link voltage control. The Cuk converter is chosen for the
PEC stage due to its inherent input ripple current rejection capability. The circuit diagram
for this configuration is shown in Figure 10. While the use of a half-bridge LLC converter
helps in reducing the switching losses through zero voltage switching (ZVS), there is a
drawback of increased component count in this circuit. Another recent implementation of
a soft switched LEV charger is described in [22]. In this work, an LLC resonant full bridge
converter is used, as shown in Figure 11. This configuration uses the resonant inductance
of the transformer as a resonance circuit element, and the switching frequency is kept
close to the resonant frequency, thus ensuring ZVS of the semiconductor devices. While a
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satisfactory efficiency of 96.4% is achieved, the component count of this configuration is
on the higher side. A similar efficiency of 96% is achieved in [23], which uses a two-stage
converter; the first stage is an interleaved buck-boost stage and the second is an isolated
half-bridge LLC stage with synchronous rectification. The resonant capacitor size is reduced
by using a split capacitor structure. The interleaved stage achieves natural PFC through
operation in discontinuous mode, and the LLC stage helps achieve soft switching. The LLC
stage is unregulated, thus reducing control complexity.

Cuk converter Half-bridge LLC converter

e

N4

P 3 3lE— T

) Loy

Figure 10. Two-stage charger with Cuk converter front-end and half-bridge LLC back-end [21].
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Figure 11. Full bridge LLC converter [22].

Another popular technique of modifying basic DC-DC converter-based LEV chargers
comes in the form of interleaving. Interleaving—or multi-phasing—is a technique where
multiple converter circuits are connected in parallel and turning on/off their respective
switches after a phase delay as shown in (1) [44].

¢ =180/n 1)

Here, ¢ denotes the phase delay (in degrees) and 7 is the number of phases connected
in parallel. This process also tends to reduce the output current ripples. Another advantage
of interleaving is that it increases the power handling capacity of the converter, thus lending
itself to high current applications.

Authors in [45] demonstrate an interleaved isolated Luo converter, which is also
capable of bidirectional power transfer. The front-end comprises a voltage source converter,
which interfaces with the AC grid via an LCL filter. The back end comprises the proposed
interleaved isolated Luo DC-DC converter, which operates with high efficiency at light
load. The schematic for this charger is shown in Figure 12a. The system control design is
performed so that there is a provision for fast charging, slow charging, and discharging
(bidirectional) operations. A 40 A/20 A charging current is ensured for fast/slow charging
of the LEV. Discharging mode is enabled depending on utility requirement (normally during
idle hours). While this charger has minimum impact on grid power quality (minimum
THD), exhibits unity power factor operation and seamless bidirectional operation, this
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paper lacks data on charging efficiency and charging time. Furthermore, this topology has
a comparatively higher switch count.
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Figure 12. (a) Interleaved isolated Luo converter-based topology [45] (b) Interleaved isolated SEPIC
converter-based topology [46].

In [46], the authors present a topology identical to [45], only replacing the interleaved
isolated Luo converter with interleaved isolated SEPIC converter, as shown in Figure 12b.
The charger front-end comprises a full bridge voltage-source converter and the proposed
isolated interleaved SEPIC converter makes up the charger back-end. As can be observed,
inductors on the input and output side help in suppressing current ripples, especially since
this converter operates in discontinuous mode. Just like Singh et al. [45], this converter
employs multistep charging for fast and slow charging. Depending on the supply side
condition, this charger has vehicle-to-grid (V2G) capability. While this charger can work
with minimal impact on supply side power quality, just like [39] this paper lacks data on
charging efficiency and charging time. It also has a high component. A similar topology
is used in [47], the only difference being that the authors use an isolated interleaved Zeta
converter. The Zeta topology, owing to its output inductance, helps achieve continuous
output currents, while interleaving further reduces current ripples. Furthermore, this
converter topology also supports bidirectional operation. However, a significant drawback
of this topology is the high component count of active devices, which may lead to higher
switching losses at high frequency operation.

However, a significant concern with respect to interleaved converters is that the
designer must pay attention to the current sharing between each parallel converter. This is
imperative to ensure even distribution of the current carrying stress on each of the switches.
Furthermore, another significant drawback of isolated converters in general stems from
the leakage inductance of transformers. This leakage inductance does not allow current to
change instantaneously, and during switching operation, this causes a voltage spike across
the switch, thus potentially damaging it [48]. To counteract this effect, active or passive



Appl. Sci. 2023,13, 1676

12 of 35

clamping circuits should be added with the switch, thus clamping its voltage to a fixed
value [48]. However, this may come at the cost of increased component count.

4.1.2. Non-Isolated Converters

Owing to the comparatively low charging power required for LEV batteries, re-
searchers have found it feasible to implement non-isolated converter-based charging topolo-
gies. One of the key advantages of non-isolated converter-based chargers is that due to
the absence of isolation transformer, there is a big reduction in charger module volume.
Furthermore, there is an improvement in efficiency and power density [49]. However, a
general drawback of non-isolated converters is their low voltage gain range. This issue
may be addressed by using switched capacitor or coupled inductor topologies [48,50,51].
Another drawback of non-isolated converters is the lack of galvanic isolation between the
battery circuit and supply, which is disadvantageous from a safety standpoint.

In this regard, the authors of [25] have comprehensively reviewed on-board unidi-
rectional chargers, albeit for both short- and long-distance EVs. The authors segregated
these chargers into fundamental converter topologies (buck, boost, buck-boost, Cuk, Zeta,
SEPIC [52], Luo) and modified converter topologies, in which the aspects of fundamental
converters are tweaked to enhance one or more features. Modification techniques for
fundamental converters often include interleaving, bridgeless topologies, or both. The
consequent effects of these modifications may include, but may not be limited to, reduced
ripples in input and output current and improved efficiency.

In non-isolated converters for LEV charging, recent publications have utilized switched
inductors to enhance the voltage gain. For example, [53] describes one of the more recent
implementations of non-isolated bridgeless LEV chargers. In this work, the authors have
presented a single stage bridgeless on-board SEPIC converter-based charger, which uses a
switched inductor structure. This charger configuration is shown in Figure 13. As evidenced
in the circuit diagram, the identical switched inductors are charged and discharged in series
and parallel, respectively—thus helping increase the overall gain of the charger. This
converter achieves compact design and reduced component count, owing to absence of
transformers. These switches also operate in discontinuous mode, which reduces the
switched inductor size. Since a SEPIC topology is used in this work, there is an added
advantage of simplified sensing of output voltage since the SEPIC converter delivers a
non-inverted output voltage.

| 2

S

Figure 13. Bridgeless switched inductor SEPIC converter-based topology [53].

The authors of [54] present another charger based on bridgeless non-isolated DC-
DC converter with switched inductors. In this work, the authors present a bridgeless
Cuk DC-DC converter-based single stage charger, and as in [46], utilize a switch inductor
configuration. The only difference is that the switched inductor and diode’s placements
are interchanged (much like the fundamental SEPIC and Cuk converter). The converter’s
switched inductors are also charged and discharged in series and parallel, respectively.
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Discontinuous conduction is observed in switches, thus reducing the output inductor size.
The component count is also identical to that of [53].

The proposed converters demonstrated satisfactory conversion efficiencies—92.5%
for [54] and 93.3% for [53]. This is partly owed to the fact that these two topologies are
single stage, thus greatly reducing conduction losses. Furthermore, due to the presence of
switched inductors, the single-stage converter helps achieve wider gain range. Additionally,
these implementations exhibit minimal impact on the supply current THD, as per IEEE-519
and IEC 61000-3-2 standards. However, there might still be sufficient conduction losses due
to a maximum of three diodes providing a conducting path in each positive or negative
cycle. Furthermore, due to the use of switched inductors in this circuit, there is also a
potential for voltage spikes across switches [55]. This may necessitate the use of voltage
clamp circuits alongside the switches.

Sharma et al. [56] present a two-stage non-isolated bidirectional onboard charger LEV.
The front-end includes a voltage source converter which converts the AC supply to DC,
and controls grid current power quality. The following stage is an interleaved buck-boost
converter, which regulates the battery charging current. The bidirectional nature of the
given topology makes it suitable for vehicle to grid (V2G) operation. However, this circuit
suffers from a high switch count.

Another recent development in non-isolated topologies is the development of quadratic
topologies. These topologies have the advantage of achieving high currents at the battery
end. Kumar et al. [57] developed a quadratic buck boost converter for LEV charging. This
has the advantage of operation at discontinuous conduction, helping to further reduce
component size. However, the number of passive components is comparatively high.
Additionally, there may be scope for reduction in supply current THD due to DBR front
end. This topology is shown in Figure 14.

Y Y Yy Y Y Y

Figure 14. Quadratic buck-boost converter [57].

Finally, [58] presents a detailed review of on-board bidirectional DC-DC converters for
EV charging, which also include Level 1 (up to 3.7 kW) and Level 2 (3.7-7 kW) chargers. This
work investigates two-stage and single-stage charger topologies in detail—standards, major
components and some converters for PFC and DC-DC stage. The authors emphasize some
of the challenges pertaining to single stage on-board chargers: complex control strategy,
large output current ripple and sophisticated design. Furthermore, some future trends are
highlighted such as advances in topology (use of interleaved converters), semiconductor
electronics (wide bandgap devices) and thermal design, to name a few.

A comparison of all the isolated and non-isolated on-board chargers is shown in Table 2.
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Table 2. Summary of on-board charger DC-DC converters.

Isolated Topologies
Component Count !
Ref. Topology Salient Features Areas of Improvement
L C S D Tr.

Isolated Cuk converter +
interleaved canonical

Unity power

No efficiency data

[35] Tlea factor operation Charging current ripples increase
sw1tc?1ngt celld(CSC) Low switch count with battery voltage
ront-en
Positive output polarity . .
Isolated SEPIC converter + Unity power E:rbfetz? Eal Clzargmg
[36] diode bridge rectifier factor operation No out urt)Ii)nductance
front-end 81% efficiency Effici P bei d
Simple design iciency may be improve
. 92% efficiency Conduction losses may
] Flyback converter with Unity power be optimized
[37] interleaved Zeta + SEPIC factor operation The DC link voltage and
converter front-end Low current ripple capacitance may be optimized
Unity power
. factor operation.
Flybac'k' convgrter with Less components Negative output polarity.
[38] modified Bridgeless conduct during The DC link voltage and
Landsman converter switching interval capacitance may be optimized
front-end Low current ripple
Near 90% efficiency
Simple design
Positive output polarity.
(18] Bridgeless Isolated Positive Near unity power Snubbgrs to ensure voltage spike
Output Luo converter factor operation reduction may be used
Low switch count
92% efficiency
. . Near-unity power
Bridgeless 1sglated Zeta factor operation No efficiency data.
[19] converter with PV fed Low switch and High component count
Cuk converter component count
. Soft switching
Half-bridge LL_C resonant Near-unity power High component count
[21] converter with Cuk factor operation Charging time can be improved
converter PFC 94% efficiency
Full-bridee LLC Soft switchin .
(22] resonant cgnverter 96.4% efficier?cy High component count
Near-unity power . .
Half bridge LLC converter factor operation E:ngllagcngnkbceagsgét?g: Switch
[23] with interleaved buck-boost Soft switching voltage s ik}e, reduction
front-end Over 90% ensured at age sp
converter fron wider load range High component count
Multistage charging
Interleaved isolated Luo ?idirgctiolr'}al High switch count
45 converter with voltage unctionality ici
el source converter front—gend Near-unity power No efficiency data
factor operation
Multistage charging
Bidirectional
. functionality
Interleaved 1sqlated SEPIC Near-unity power High switch count
[46] converter with voltage factor operation No efficiency data
source converter front-end DC isolation between
input and output
Positive output polarity
Multistage charging
Bidirectional
Interleaved isolated Zeta functionality High switch count
[47] converter with voltage Near-unity power No efficiency data

source converter front-end

factor operation
DC isolation between
input and output
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Table 2. Cont.

Non-Isolated Topologies

Component Count !

Ref. Topology L C S b P Salient Features Areas of Improvement
T.
S(I)I;\%:rgic(’)vr\:esia e Increased conduction losses due
Bridgeless switched inductor : 8 to more diodes in conduction path
[53] 8 3 2 2 4 NA Near-unity power " i
SEPIC converter : Charging current ripples may be
factor operation optimized further
Close to 95% efficiency P
. Increased conduction losses due
i i i Single power more diodes in conduction path
[54] Bridgeless switched inductor 3 2 5 4 NA conversion stage phore cloces Inconcuctl b};
Cuk converter Close to 92% efficiency Pt PP y
optimized further
Low current ripple
Interleaved buck-boost Low individual High switch count.
[56] converter with voltage 2 2 4 0 NA current stress. The DC link voltage/capacitance
source converter front-end Near-unity power may be optimized
factor operation
. High step No efficiency data
Quadratic buck boost up/down gain Supply THD may be
[57] converter with DBR 2 3 2 2 NA

front end

Low current ripple
Low switch count

optimized further
Passive component count

relatively high

1 Only DC-DC stages are considered; L—inductor; C—Capacitor; S—Active switch; D—Diode; Tr—Transformer.

4.2. Off-Board Charging

Considering the potential impact of on-board LEV chargers on supply power quality
and the drive to make LEVs more efficient, researchers are looking towards off-board
and DC-based LEV charging. This mode of charging has a comparatively lower number
of conversion stages, thus leading to more efficient charging. Furthermore, there are
limited concerns with respect to supply power quality, owing to the DC power supply.
DC-based charging eliminates the front-end AC/DC and PFC stage altogether, thus leaving
only a DC-DC stage which controls battery charging. Normally, DC chargers exist as
off-board chargers [3], and it is a relatively nascent concept in in LEVs. Thus, it has not
seen widespread commercial use yet. Notable commercial uses of DC fast charging are
highlighted in [5,59].

Another interesting aspect of off-board DC chargers is the potential for solar PV
integration at the supply end. Certain works report a dual input EV charger [60], which
features a three-port charger powered through a 3-phase AC grid and a standalone PV
system. In the event of low solar irradiation, the EV charger operates in grid-connected
mode. One of the key advantages of this setup is the ease of burden on the AC grid due to
the use of solar PV power. Furthermore, this type of charger is also capable of operating
in V2G mode, during times when the connected EV is idle for long hours. The PV source
is connected via a unidirectional DC-DC converter, which is responsible for maximum
power point tracking. A bidirectional AC/DC converter ensures charging from the grid
and allows a possibility for V2G. Finally, the unidirectional DC-DC converter interfaced
with the EV ensures charging control.

Nevertheless, the same segregation applies here as in the case of on-board chargers:
(i) isolated, and (ii) non-isolated chargers. There may be a valid argument for use of isolated
converters if the voltage level is sufficient. However, for low power levels, it is feasible to
pursue non-isolated topologies.

4.2.1. Isolated Converter

Off-board chargers with isolated configuration have been presented in recent literature,
owing to their superior voltage gain range and potential for providing soft-switching
capability. Authors of [16] presented an LEV charger which derives input power from a
DC microgrid. This gives credence to the concurrent research on EV charging and DC
microgrid. This LEV charger employs an LLC structure for soft switching of semiconductor
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Input
side

devices. This implementation also ensures wide output voltage capability through the use
of variable winding sets on the secondary side of the transformer, as shown in Figure 15.
For larger loads, an auxiliary switch operation ensures a greater turns ratio. Furthermore,
a cascade switch structure is used on the primary side to reduce voltage stresses, thus
allowing usage of switches with lower rating. Furthermore, two capacitors are used on the
primary side to provide resonant condition for soft switching, and to provide split input
voltage balance. Zero voltage turn-on and zero current switching turn-off is ensured for
active switches and fast recovery diodes, respectively. This is due to the variable frequency
switching scheme—pulse frequency modulation (PFM)—employed, in contrast to the
conventional pulse width modulation (PWM). While this converter exhibits satisfactory
performance for variable load, there are no data on efficiency reported. Furthermore, there
is still scope for reduction in switch count, and the use of an additional switch for wide load
operation may increase control complexity. Optimization of efficiency for the LLC-based
charger is also a research avenue that can be taken up in subsequent studies [61].

Auxiliary switch

S
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Figure 15. LLC converter for LEV charging [16].

Another suitable candidate for isolated LEV charging is the dual active bridge con-
verter [62-65]. In [63], the authors presented a multi-module dual active bridge converter
with input-series output-parallel topology starting from the transformer secondary end, as
shown in Figure 16. On the primary side, a single full bridge converter is used. The modu-
larity of the system ensures scalability according to the load connected at any given time
and ensures redundancy. Furthermore, the converter also maintains output current sharing
and input voltage sharing through appropriate control scheme. Through experimental
results, this converter topology achieves a high overall charging current of 94 A, which
is fed in positive and negative pulses. While this ensures fast charging, this work lacks
data on charging efficiency and charging time. Furthermore, the given topology has high
component count and there may be issues related to high frequency transformer leakage
inductance, such as switching transients and duty loss.
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Figure 16. Modular dual active bridge-based charger [63].

Moreover, one limitation related to dual active bridge converters is the EMI issue that
may result from large deviations in input or output voltage, or light loads [66]. To increase
compactness, the dv/dt limit may be pushed, and issues such as current ringing may occur.

One more potential candidate for implementing isolated LEV chargers is the flyback
converter. The use of flyback converter for LEV charging is exemplified by works [4],
and [60]. In [60], a quasi-resonant flyback converter is presented for charging purpose,
which is also interleaved to reduce component size. This interleaved converter forms part
of a 10 kW three-port charger, which is interfaced with a solar PV power supply and grid
power supply. In this three-port charger, there exists a common DC-link, which facilitates
exchange of power between the three sub-converters, and the given interleaved flyback con-
verter forms the interface between the EV and the common DC link. The interleaved flyback
converter also facilitates bidirectional operation, like the dual active bridge converter—thus
achieving V2G capability. The presented converter is operated in quasi-resonant mode
in both charging and V2G mode, which has numerous advantages, such as reduction in
switching losses due to zero or low voltage switching (ZVS/LVS), reduction in turn off
losses from the use of resonant capacitors, as they absorb excess energy during turn-off
operation, and the reduction in RMS current due to boundary conduction operation of
the converter. Ultimately, the presented interleaved flyback converter displayed a good
peak efficiency of 98.8%. However, the component count is equal to the dual active bridge
converter, and there is a scope of reduction in the same for use at lower power levels. The
configuration of the given converter is shown in Figure 17.
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Figure 17. Quasi-resonant interleaved flyback converter [60].

A similar topology for DC charging of LEVs is shown in [4], which uses the same
quasi-resonant interleaved flyback structure, albeit for a lower power level. This converter
was implemented as part of an on-campus charging station for e-bikes, e-scooters, and
e-carts. A significant aspect of this charger was that it was primarily fed from a 48 V
DC nano-grid, which constitutes a standalone PV power supply, a backup battery, and a
grid connection. In times of lower solar irradiance, power is fed from the backup battery,
otherwise it is fed from the grid. Since the charging power is much less compared to [60] at
2.6 kW, a dual interleaved flyback converter is used for this application. The primary and
secondary currents of the flyback converter are controlled through current mode control,
and quasi-resonant switching is imposed on the switches. While the circuit design is much
simpler compared to [60], this work lacks data on charging efficiency, and the charging
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times of the listed LEVs—which range from 3 to 5 h—may be further optimized through
increase in charging current.

4.2.2. Non-Isolated Converter

Considering the low charging power requirement for LEVs, non-isolated converter
topologies remain popular among researchers. In the case of DC charging, reported non-
isolated converters are mostly based upon conventional DC-DC converter topologies such
as buck-boost, Cuk, and SEPIC, as seen in the case of on-board non-isolated chargers.

One significant trend observed in recent implementations of non-isolated LEV chargers
is the use of solar PV power supply as one of the inputs, or as the sole input. Design of
such a system is described in [67], which takes into consideration the solar irradiation
in a particular location. One prominent example of implementation of such a charger is
described in [68]. In this work, a SEPIC converter is described by employing a solar PV
input, thus resulting in a self-reliant off-board charging system. The converter operates in
continuous mode to minimize voltage and current stresses on circuit elements, while also
reducing current ripples. To further reduce charging current ripples, a small inductance is
placed near the battery. Furthermore, this SEPIC converter, which normally controls battery
charging process, also controls the MPPT of the solar PV input, thus addressing the issue
of multiple conversion stages in standalone PV-based charging systems. This system is
tested under variable solar irradiation and temperature variations, and it shows satisfactory
performance in terms of MPPT tracking and charging efficiency. However, there is no
clarity in the charging efficiency data reported in this work. Furthermore, standalone PV
systems require an auxiliary battery storage to maintain power continuity in times of low
solar irradiation. This aspect is not explored in this work.

Authors of [69,70] have also presented non-isolated charger topologies integrated with
standalone solar PV power supply. The work in [69] presented a comprehensive design
and analysis of an EV charger with standalone PV power supply. For the charging process,
a first quadrant DC-DC buck converter is used. The auxiliary battery charging/discharging
is controlled by the two-quadrant bidirectional DC-DC converter. This work also considers
the sizing of PV power supply and auxiliary battery energy storage, based on typical
variations of solar irradiation. This system is then tested under dynamic conditions—
variable solar irradiation and a disconnection of PV supply—where it shows satisfactory
performance. However, the charging efficiency data are missing in this work. Furthermore,
an extra DC-DC boost stage is used in this work for PV MPPT control which may have an
impact on the charging efficiency.

Similarly, in [70], the authors presented a standalone PV-based non-isolated EV charger
system, which also employed an auxiliary battery energy storage system. The power flow
between the PV supply, EV battery and the auxiliary battery is coordinated by the use of
three auxiliary switches. Operation of these switches depends on solar irradiation level. A
schematic of this charging configuration is shown in Figure 18. As can be seen from this
figure, the standalone PV supply uses the SEPIC converter to charge the EV battery and the
auxiliary battery is charged/discharged through the interleaved bidirectional converter.
Furthermore, to improve efficiency, the interleaved bidirectional converter is operated in
discontinuous mode. The system is then tested under dynamic conditions—namely three
different cases of varying solar irradiation. In all these cases, the charging efficiency is
observed to be approximately 96%, which is satisfactory. Despite these promising results,
the given topology has a relatively high switch count on account of the use of auxiliary
switches, which may lead to increased control complexity.
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Figure 18. SEPIC and bidirectional interleaved converter-based charger with standalone PV
power supply [70].

Another development in non-isolated topologies comes in the form of transformerless
LLC converters. In this regard, the authors of [71] presented a transformer-less multilevel
LLC DC-DC converter. This topology overcomes the limitation of conventional half-bridge
and full-bridge LLC topologies, i.e., degraded performance at high frequencies. The
transformerless nature of this converter also reduces the converter size and cost. The
LLC stage also ensures ZVS operation near the resonant frequency. Lastly, the observed
efficiency is approximately 97%. However, this topology suffers from drawbacks such
as high switch count and high frequency selectivity for ZVS. The schematic is shown
in Figure 19.
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Figure 19. Five-level LLC converter [71].

A summary of discussed off-board topologies is described in Table 3.
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Table 3. Summary of off-board charger DC-DC converters.

Isolated Topologies

Component Count !

Ref. Topology L c S b - Salient Features Areas of Improvement
r.
. Soft switching .
e Suitable with wide Do efficiency data
[16] LLC resonant converter 2 9 5 4 1 load range coun{)o timization
. Cascade switch structure Pd 1 lexi
ensures low voltage stresses Increased control complexity
. Bidirectional capability
' ] Convert?r operates in critical Soft switching is ensured
Quasi-resonant conduction mode, thus through low voltage
[60] interleaved 0 242 12 0 33 ;ecflucing IEMS current switd%ing during cgharging
flyback converter ° oft switching ot
Y . Resonant converters absorb and not at the zero point
excess energy during turn off
. Suitable for wide load range Switch count ma
. Output current sharing is be optimized y
. ensured through output P
163] Modular dual active 6 1 16 0 3 parallel structure Transformer leakage .
- bridge converter . Input voltage sharing mductancg may result in
ensured through input voltage Sp.lkﬁs
series structure across switches
Non-Isolated Topologies
Component count *
Ref. Topology L c S b - Salient Features Areas of improvement
I
. Positive output polarity.
. Simple design
. PV MPPT and charging
control applied .
[68] PV-fed SEPIC converter 3 3 1 1 NA simultaneously Increased control complexity
. Satisfactory dynamic
performance under varying
PV irradiation
. Simple design
. Satisfactory performance
Py—fed SEPIC converter under dynamic
[70] with backup battery-fed 7 102 10 1 NA irradiation conditions Increased control complexity
interleaved . 96% charging efficiency
bidirectional converter observed in all modes
of operation
. Transformerless design
reduces cost
. High frequency operation ioh switch
. Soft switching High switch count
[71] Multilevel LLC converter 2 4 8 4 NA . Efficiency of Increased frequency
approximately 97% selectivity for soft switching
. Two different DC
input supplies.

1 Only DC-DC stages are considered; L—inductor; C—Capacitor; S—Active switch; D—Diode 2 Includes capaci-

tance across switch. ® Three-winding transformer.

5. Summary, Gaps, and Improvement Measures in Reviewed Literature

Figure 20 shows the distribution of collected articles—by type and year—for this
review study. One key takeaway from this plot is the increase in published research articles
over the five-year timeframe considered. Furthermore, the research output has increased
considerably since around 2020.
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Figure 20. Distribution of reviewed papers by type and year.

From the reviewed literature, it is evident that on-board charging continues to remain
a highly researched topic. This is a testament to the level of maturity this technology has
gained over recent years. It is also seen that within on-board charging, isolated topologies
are widely preferred. This is because of the safety aspect stemming from galvanic isolation
between supply and vehicle, and the inherent capability for soft switching. However,
non-isolated topologies are a viable solution as it helps increase power density. This makes
the charger circuit more compact and cost-effective. One gap that needs to be addressed in
on-board chargers is to find an optimal balance between component count and converter
performance. This is evident in flyback converter-based topologies. In these, transformer
leakage inductance causes voltage spikes which requires the use of snubber circuits, thus
increasing component count.

On the other hand, research on off-board charging—while not as mature as off-board
technology—has been gradually gathering pace in recent years. Like on-board, the aim
must be to strike a balance between component count and converter performance. LLC con-
verters, for example, can achieve soft switching but at the cost of high switch/component
count. Furthermore, the issue of control complexity also needs to be addressed, since there
is a reduction in power conversion stages.

One important takeaway from reviewing non-isolated off-board technology is the inte-
gration of solar PV power supply in the charging system. However, application of off-board
chargers with standalone PV supply and DC distribution systems is an encouraging trend.
To fully unlock the potential of this method, future works can focus on topologies with sim-
ple design and controls—managing both PV maximum power point tracking and charging
control. Furthermore, the sizing of backup battery bank is another significant research area,
which has implications on the viability of a standalone PV-based charging station.

Furthermore, efforts must be made to unlock the vehicle to grid (V2G) potential of LEV
chargers. One way to do this is by eliminating the DBR stage and using a bidirectional con-
verter. Apart from the obvious advantage of V2G potential, they are also characterised by
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low component count and increased power density, as compared to multistage converters
which use a DBR stage. Bidirectional functionality is especially beneficial for non-isolated
topologies, as evident in works such as [72,73] which also demonstrate high step-down
gain. As an example, Hosseini et al. [73] presented an extendable quadratic converter,
which was suitable for both grid-to-vehicle (G2V) and V2G capability. This converter was
characterised with simple operation, low component count, and also a common ground
between supply and battery.

Based on the articles reviewed, a qualitative comparison of on-board and off-board
DC-DC converter topologies are presented in Figure 21. This comparison includes charac-
teristics such as impact on supply THD, control and circuit complexity, technology maturity
and suitability for PV integration.

Qualitative Comparison (On-Board)

Impact on THD Control Circuit Maturity Suitability with Impact on Control Circuit Maturity Suitability
Complexity Complexity Renewable THD Complexity  Complexity with
Energy Sources Renewable
(Solar) Energy Sources
——On-Board Isolated —e—On-Board Non-Isolated —Off-Board Isolated  —o—Off-Board Non-Isolated (5012t}

Qualitative Comparison (Off-Board)

(a) (b)

Figure 21. Qualitative comparison of (a) On-Board and (b) Off-Board DC-DC converters. On a scale
of 1to 5,1 =lowest and 5 = highest.

6. Challenges and Future Trends in LEV Charging
6.1. Wireless Charging

While conductive modes of charging—both on-board and off-board—remain popular
for LEV charging due to their relative simplicity of implementation, there remain certain
issues with respect to its usage. Physical connectors may suffer wear and tear due to
regular usage and environmental factors. This may result in safety issues for the vehicle
and the user. To address these issues, researchers are gradually exploring techniques such
as wireless power transfer. Figure 22 shows the schematic block diagram for wireless
charging, showing components such as transmitting and receiving coils, and compensators.
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Figure 22. Schematic block diagram of wireless charging.
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Ever since the breakthrough in wireless power transfer by authors of [74]—who
demonstrated a system which could transfer 60 W over a 2 m distance—several advance-
ments have taken place in wireless power transfer, with improvement in transfer efficiency
and transfer distance [75-79]. Works such as [80,81] have explored concepts and trends
relating to the adoption of wireless charging in electric vehicles. In [80], different wireless
charger topologies—based on two winding model—are compared, and various compensa-
tion techniques validated for enhancement of power transfer capability. Furthermore, safety
guidelines and scope for integration with renewable energy sources are also touched upon
in this study. The authors of [81]—in their study of trends in EV charging infrastructure—
also explore concepts and trends in wireless power transfer-based chargers: near field
(inductive and capacitive) and far-field (electromagnetic). A state-of-the art on these charg-
ers is presented, and it is inferred that inductive power transfer-based chargers demonstrate
superior characteristics—power density, and efficiency—over capacitive power transfer-
based chargers. However, capacitive power transfer is superior in terms of misalignment
tolerance. Lastly, far field power transfer and wireless dynamic charging—charging of
vehicles during movement—are highlighted as means to reduce range anxiety among users.

In recent years, many wireless charger topologies have been reported by researchers
in [4,82]. In their reported integrated solar PV-based LEV charger, authors of [4] also
discuss the provision for wireless charging of e-bikes. This charger is based on the inductive
charging principle, where the transmitting coil is located under the charging tile, and the
receiver coil is integrated into the e-bike kickstand. The use of capacitors in transmitter and
receiver circuits help enhance the power transfer capability by compensating for reactive
power and enforcing a resonant frequency. The misalignment issue is also addressed in
this work by using auto-resonant frequency control, which uses an inner control loop to set
the system to its natural resonant frequency.

To enhance the capability of wireless charging, researchers have recently made a
development wherein an intermediate coil or split primary coil is employed within the
system [83-85]. Authors of [84] have presented a three-coil structure-based wireless charger
for the e-bike. The given scheme does not employ a communication link to achieve constant
current and constant voltage control. Instead, it employs a primary-side load identification
technique to control the transition between constant current and constant voltage mode.
This transition is further achieved by engaging two primary-side switches. This further
eliminates the sensing requirement on the secondary side. Likewise, authors of [83] have
presented a two/three coil hybrid topology, which uses two and three coils to achieve
constant current and constant voltage, respectively, to charge e-bikes. Furthermore, this
scheme can be used to charge multiple e-bikes at once. For compensation of reactive
power, an inductor array is attached on the primary side, which facilitates the charging of
multiple e-bikes. Both described topologies demonstrate approximately the same maximum
efficiency at 91%. However, these works do not address the issue of misalignment between
the transmitter and receiver coils.

A summary of the discussed wireless charging topologies is shown in Table 4. It is
evident that wireless charging in LEVs is a nascent research topic, and it is expected that
further improvements can be made to efficiency [86] and other aspects of these systems
in the future. For example, one of the key issues in inductive charging is the effect of
misalignment between the transmitter and receiver coils. In this regard, one solution
might be in the form of a hybrid of inductive and capacitive charging—an approach that
can lead to improved efficiency and increased misalignment tolerance [81]. Furthermore,
another avenue that can be explored by researchers in the context of LEV wireless charging
is dynamic wireless charging, which can help in reducing range anxiety among users
and lead to wider adoption of LEVs. Another key aspect that needs to be addressed by
researchers is safety relating to wireless power transfer [87]. One of the ways to address
this is by working on shielding methods in the wireless charging system [88], which can
have implications from a safety point of view.
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Table 4. Summary of some recent wireless LEV charger implementations.

Reference

Salient Features

[4]

Receiver coil is embedded into the e-bike’s kickstand.
Use of capacitors in the circuit helps in enhancing power transfer capability.
Misalignment issue is addressed through the use of auto-resonant frequency control, but
this may also increase control complexity.

° Additional DC-DC stage may affect efficiency.

Two/three coil hybrid wireless charging topology is presented.

Scheme is used to charge multiple bikes at once.

For compensation of reactive power, an inductor array is attached on the primary side.
Issue of misalignment is not addressed in this work

Charging efficiency of approximately 91% is achieved.

Three-coil structure-based wireless charger for e-bike is presented.

e A primary-side load identification technique is employed to control the transition
between constant current and constant voltage mode, thus eliminating sensing
requirement on secondary side.

e  Charging efficiency of approximately 91% is achieved.

6.2. Fast Charging and High-Current Converter Topologies

One way to achieve fast charging times is to use high current DC-DC converter
topologies. For high current applications, converters with low /high step-up/step-down
voltage gain range have been reported numerous times in recent years. One straightforward
way to achieve this goal is to use isolated topologies, which leverage the transformer
turns ratio to improve the gain range. Works such as [89-91] use similar techniques
for low voltage high current applications. The authors of [89] used a phase-shifted full
bridge converter followed by a current doubler rectifier to achieve this objective. On the
other hand, [90] demonstrated a low voltage soft-switched converter which utilized series-
connected half-bridge cells on the primary side—operated in an interleaved manner—and
parallel-connected single-diode rectifiers on the secondary side. However, one significant
limitation of such implementations is the effect of leakage inductance stemming from the
high frequency transformer. This inductance can contribute to voltage spikes across the
switches, resulting in damage. To overcome this, additional circuitry—active and passive
clamping circuits—may be used, which may increase the cost.

Owing to this glaring disadvantage of isolated converter topologies, non-isolated
DC-DC converters have also been widely reported for high-current applications [92-95].
The authors of [92] demonstrated high gain of step-down DC-DC converter for high
current applications such as voltage regulators for microprocessors, power supply for
telecommunications, etc. To achieve this high gain at moderate duty cycle, the authors
used transfer capacitors and a built-in transformer in this topology. The sizes of these
inductances are further reduced due to the use of interleaving technique for two main
switches and two synchronous switches. Furthermore, the extent of coupling of inductors
also influences the current ripples. The step-down gain of this converter is augmented on
account of the transformer turns ratio. While the peak efficiency of the proposed topology
is observed to be around 95%, there is room for improvement by reduction in freewheeling
currents, which may lead to duty loss. Fatahi et al. [94] and Amiri et al. [95] both use
the interleaving technique in their presented topologies. While [94] uses auxiliary circuits
with active switch to achieve soft switching, [95] achieves the same result without the use
of active switches. In the case of [92,95], high gain on account of turns ratio of coupled
inductors, in contrast to [94] is achieved. Other wide-gain topologies have been reported
by [96,97], which also achieve inherent current sharing among switches. Converters with
quadratic gains are also viable candidates for high current applications [73].

Another way of achieving fast charging in LEVs is through battery swapping. This
practice involves the removal of discharged battery and its replacement with a fully charged
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battery. The concept of battery swapping has gained traction for conventional EVs in recent
years, in particular because of their potential to facilitate V2G capability [98-100]. Battery
swapping stations also allow for easier integrating with renewable energy sources [101].
However, there are safety risks in battery swapping for conventional EVs [102]: sparks
during battery changing and degradation of contacts. Safety risks are relatively low for
the case of LEVs, mainly due to their lower operating voltage. However, there are still
disadvantages such as larger infrastructure requirements.

6.3. Fully Renewable-Based Charging System

Another significant development in the field of LEV charging is the incorporation of
renewable energy sources into the charging infrastructure. The main motivation behind
this is to alleviate the burden of supply from the AC grid [60]. Works such as [4,60,103-108]
have presented topologies that integrate solar PV sources into the EV charging systems.
Furthermore, a comprehensive review on this subject is presented by [109], which deals
with different aspects of a PV-based EV charger—power electronic converters, energy
storage units (ESU), energy management, to name a few. The authors of [110] have also
reviewed the performance of grid-connected and standalone PV-based EV chargers. The
authors of [4,60,103-105] have considered the charging of LEVs with roof-mounted PV
panels for their on-board charger implementation. Singh et al. [104] also considered PV
power supply as one of the inputs for the isolated SEPIC converter that they demonstrated
for their on-board charger. However, its drawback was that the battery charging process
from PV input was solely controlled using MPPT, which did not take the battery current
or voltage status into consideration. The work described in Kumar et al. [103] has the
same drawback.

However, it is also possible to integrate LEV charging systems with standalone renew-
able energy sources—particularly solar PV [111]. In this way, the charging process can be
made truly sustainable, thus removing any dependence on the AC grid. Furthermore, this
type of charging is suitable for areas with limited accessibility to the grid. Consequently,
certain research works based on this have been reported in recent years [69,70]. However,
while such works have shown satisfactory performance in terms of charging efficiency,
there are still certain aspects in system implementation that require attention:

e Integration with solar PV will result in an increased number of power conversion
stages, on account of the addition of a power converter for PV MPPT. To counteract
this, a single power conversion stage can be used, which may be responsible for both
maximum power point control and battery charging control. While such a scheme
may result in improved efficiency, the complexity of control may also increase.

e  Another key challenge in implementing such systems is the continuity of power supply.
Supply intermittency may arise from fluctuations in—or lack of—solar irradiation
during the day. For this purpose, it is imperative to provide a backup ESU [109,110].
The sizing of such an ESU must take the sizing of the PV system into consideration.
However, this may result in increased maintenance costs.

e  Furthermore, there must also be a provision for usage of surplus power in such
charging stations when there is no EV available, and the ESU is fully charged. This
issue can be partially alleviated if this charging station is to be implemented as a part
of an extended DC distribution network, as discussed by [16,112,113].

6.4. Use of Wide Band-Gap Electronics

As the concept of fast charging in LEVs grows in relevance among researchers, special
emphasis must be placed on the type of semiconductor switches used in power electronic
converters. This is to ensure safe and satisfactory performance of these switches at high
current. Currently, silicon-based MOSFETs and IGBTs are the most used switches for
EV charging applications. However, it is expected that wide band-gap semiconductor-
based switches—such as silicon carbide (SiC) and gallium nitride (GaN)—will replace their
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silicon-based counterparts eventually [114]. This is due to their capability for operation at
high frequencies and higher voltage handling capability [115].

Wide band-gap semiconductor switches are found to be suitable for operation at higher
frequencies. As a result, there is considerable reduction in the size of passive components
such as inductors. In conventional silicon semiconductors, the switching losses increase
with increasing switching frequency, thus placing a limit on minimum inductor size. On the
contrary, wide band-gap semiconductor devices reduce the possibility of this trade-off [116].

The authors of [117] carried out a comprehensive study to evaluate the advantages
of wide band-gap devices over silicon devices when used in DC-DC converters. It was
observed that DC-DC converters based on wide band-gap devices displayed improved
efficiency at higher switching frequencies. Furthermore, it is also observed that switching
losses are considerably reduced in wide band-gap device-based converters—even at high
frequency operation. In this way, the authors validated the superiority of wide band-gap
devices for EV charging applications.

Owing to their advantages, recent publications have started exploring wide band-
gap device-based chargers for conventional EVs [118,119]—with their usage of SiC-based
switches—and other applications [120]. Performance of such devices has been validated
in these works through improved power density and efficiency. Most importantly, there
is scope for use of these devices in converters for LEV chargers, especially in on-board
implementations. Works such as [89,90,121] have used GaN switches for on-board con-
verters. However, cost remains a major hurdle in the adoption of these switches. Another
point to note is that the on-state resistance of a SiC MOSFET is marginally lower than a
conventional Si MOSFET of similar rating [122,123]. Thus, there is little benefit in using
wide bandgap switches at very low power applications. However, there are other aspects
where wide bandgap switches have an edge over conventional switches, such as lower
input capacitance, resulting in lower gate drive losses [124].

6.5. Advanced Charging Techniques

In addition to the choice of power electronic converter, an appropriate charging control
technique is imperative to ensure battery and user safety. Constant current-constant voltage
(CC-CV) remains the most popular control scheme for LEV charging converters, mainly
because of its ease in implementation. In this process, a constant current is applied for a
finite time, until the battery voltage reaches at least near its nominal value. Following this,
the control transitions to constant voltage, where the charging current decays to zero, with
the voltage held constant. The variation of voltage and current according to this control
scheme is shown in Figure 23.
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Figure 23. Charging current iy, variation in (a) CC-CV charging mode and (b) Reflex charging mode.

However, the CC-CV control approach has certain limitations such as long charging
times, thermal deterioration of battery and low efficiency [63]. Hence, this approach does
not lend itself to fast charging applications, which require higher currents.
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To overcome the limitations of the CC-CV, a new charging control approach known
as reflex charging is proposed in recent publications [63,72,125,126]. This approach allows
for higher charging currents to be injected in pulses. The battery charging current profile
also contains negative pulse periods and rest periods to momentarily reverse the charging
process and neutralize the electrolyte, respectively. The negative period helps in reducing
bubbles, which would otherwise increase battery resistance [72]. Thus, reflex charging
allows for an improved thermal profile of the battery. However, one limitation of this
control technique is the reduction in average charging current due to the negative pulse
period. This can be counteracted by appropriate selection of pulse width and current
amplitude. The variation of charging current according to this control scheme is shown
in Figure 23.

Furthermore, considering the significance of battery thermal performance from a
safety standpoint, special emphasis should be placed on control techniques by considering
the temperature. In this regard, a constant temperature (CT) control, which adjusts the
charging current based on the ambient temperature, may be used. Through this process,
one can carry out the charging process within a limited temperature band. The authors
of [127] presented a charging control technique which dynamically sets the charging current
according to the battery temperature. This work achieved a 20% lower cell temperature
rise for a given total charging time, thus validating this control approach. A summary of
discussed control techniques is shown in Table 5.

Table 5. Summary of discussed control techniques.

No. Control Technique Salient Features

3 Constant temperature (CT)

Constant Current/Constant
Voltage (CC-CV)

Reflex charging

Most popular control technique for EV charging applications.

CC stage—increase in battery voltage up to certain state of charge.

CV stage—decrease in charging current.

Has limitations such as long charging time, lower efficiency, hence not suitable
for fast charging applications.

Allows for larger charging current to be injected in pulses.

Additionally involves negative pulse and rest periods to preserve battery life.
It has the limitation of lower average charging current due to negative

pulse period.

e  This can be overcome by choosing appropriate pulse widths and charging
current amplitudes.

e  Nascent charging technique, which allows charging within a limited
temperature band.
Charging current is dynamically set according to the battery temperature.

6.6. Standardization of LEV Charging

A significant challenge in the expansion of LEV charging stations is the lack of stan-
dardization. In recent years, numerous standards have been enforced for conventional
EVs [13,128] by organizations such as IEC (IEC 61851) [129] and SAE (J1772) [130], which
deal with AC and DC charging. Furthermore, standards are also in place for the type of
connectors used [81]. Although efforts have been made to standardize charging stations for
LEVs such as BEVC-AC001/DC001 [131] and Type 3 A [81] for connectors, efforts must
be made by LEV manufacturers to ensure compatibility with these standards. Battery
swapping stations must also be standardised to ensure cross-compatibility.

Another related concern is the lack of standards for LEV batteries. LEV batteries
can range anywhere from 48 V to 72 V, and furthermore, they may also lack an active
cooling mechanism [3]. This can potentially cause safety hazards. Hence, standardization
of LEV batteries and charging features is a main priority for manufacturers to increase LEV
adoption in the future.
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6.7. Electrical Insulation Considerations

Another aspect that needs special attention in conductive LEV charging systems is the
electrical insulation. Dielectric and electrical insulation considerations have been discussed
at length for smart grid systems [132], where increase in EV penetration is mentioned as a
contributing factor to changing load patterns—ultimately calling for advanced insulation
monitoring techniques. The effect of DC-based EV fast charging stations on distribution
transformers was explored in [13]. In this work, the impact of EV penetration level was
evaluated using transformer insulation life and it was found that there was an increase in
transformer ageing with increasing EV penetration.

Measures must be taken to monitor insulation conditions in LEV charger systems,
which can help evaluate subsequent equipment life. Such measures are especially beneficial
for isolated topologies. High frequency transformers in isolated topologies normally
require insulation material between the core and the conductors [133], which can potentially
become impacted due to component ageing. The same goes for insulation and dielectrics
associated with passive components, which can also be subject to thermal effects [134].
Furthermore, insulation in cables and battery-side is also prone to wear and tear due to
chafing and environmental factors, which can lead to safety concerns—thus necessitating
the use of insulation monitoring techniques. One such monitoring technique was described
in [49] for non-isolated topologies, which used a voltage divider along with detector circuits
for this purpose.

Hence, a future possible research avenue can deal with insulation ageing in charger
circuit components and monitoring methods, thus providing a perspective on remaining
lifetime and improving safety.

7. Conclusions

In this review study, recent trends in DC-DC converter implementations for LEV
charging were chronicled—ranging from on-board chargers to off-board chargers. From
these trends, we have observed that on-board charging technology has reached a high
level of maturity in recent years. Off-board chargers were also discussed in this work, as
an alternative to on-board charging. Although off-board charging has not reached same
the level of maturity as that of on-board, the technology is increasing in interest among
researchers—so much so that their suitability for renewable energy integration is being
heavily evaluated. Furthermore, the segregation of DC-DC converters into isolated and
non-isolated topologies was also discussed. It was observed that while isolated converters
can inherently support soft-switching and are beneficial from a safety point of view, they
suffer from setbacks such as voltage spikes during switching and relatively high component
count. In contrast, non-isolated converters are also an option for LEV charging due to their
relatively simple and compact design, and they can be explored further. A gap that needs
addressing is to arrive at a balance between circuit and control complexity, and converter
performance parameters. Another gap in research that needs to be investigated is the
unlocking of potential for vehicle to grid (V2G) capability.

Additionally, this review discusses issues and some emerging techniques that can be
used to augment LEV charging:

Wireless charging techniques, their optimization and safety aspects.
Fast charging through high current DC-DC converters, and battery swapping.
Integration of renewable energy sources such as solar PV into charging system, ensuing
challenges and how to overcome them.

e  Use of superior wide band-gap semiconductor switches for implementing LEV fast
chargers, and barriers in their adoption.
Advanced charging techniques such as reflex charging and constant temperature control.
Compatibility of LEVs with standardized charging stations and battery swapping stations.
Considerations with respect to electrical insulation requirements and necessity for
insulation monitoring.
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