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ABSTRACT

The global adoption of Electric Vehicles (EVs) is on the rise due to their advanced features, with projections
indicating they will soon dominate the private vehicle market. However, improper management of EV charging
can lead to significant issues. This paper reviews the development of high-power, reliable charging solutions by
examining the converter topologies used in rectifiers and converters that transfer electricity from the grid to EV
batteries. It covers technical details, ongoing developments, and challenges related to these topologies and control
strategies. The integration of rapid charging stations has introduced various Power Quality (PQ) issues, such as
voltage fluctuations, harmonic distortion, and supra-harmonics, which are discussed in detail. The paper also
highlights the benefits of controlled EV charging and discharging, including voltage and frequency regulation,
reactive power compensation, and improved power quality. Efficient energy management and control strategies
are crucial for optimizing EV battery charging within microgrids to meet increasing demand. Charging stations
must adhere to specific converter topologies, control strategies, and industry standards to function correctly. The
paper explores microgrid architectures and control strategies that integrate EVs, energy storage units (ESUs), and
Renewable Energy Sources (RES) to enhance performance at charging points. It emphasizes the importance of
various RES-connected architectures and the latest power converter topologies. Additionally, the paper provides a
comparative analysis of microgrid-based charging station architectures, focusing on energy management, control
strategies, and charging converter controls. The goal is to offer insights into future research directions in EV
charging systems, including architectural considerations, control factors, and their respective advantages and
disadvantages.
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EV Electric Vehicles
ESU Energy Storage Units
FCML Flying Capacitor Multilevel
FCS Fast Charging Station
FCV Fuel Cell Vehicle
HEV Hybrid Electric Vehicle
IBC Interleaved Boost Converter
MI Modulation Index
MLC Multilevel Converter
MV Medium Voltage
NPC Neutral Point Clamped
PEV Plug-in Electric Vehicle
PFC Power Factor Correction
PWM Pulse Width Modulation
PQ Power Quality
PS-DFB Phase-Shift Dual-Full-Bridge
PSFBC Phase Shifted Full Bridge Converter
RES Renewable Energy Sources
SC Switched Capacitor
SMES Superconducting Magnetic Energy Storage
SNPC Stacked Neutral-Point-Clamped
SPA Saturation Prevention Algorithm
SPS Single-Phase-Shift
SRM Switched Reluctance Motor
SVM Space Vector Modulation
THD Total Harmonic Distortion
V2/G Vehicle-to-Grid
VDPC Virtual Direct Power Control
ZVS Zero Voltage Switching

1 Introduction

Industry, academia and government are collaborating to create a transmission system for EV
vehicles that is connected to the grid due to the growing environmental concerns raised by daily
transportation. The consumption of fossil fuels will be greatly reduced as a result [1,2]. Over the past
several years, overall sales of EV and publicly accessible fast and slow charging stations have expanded
[3]. The lack of widespread EV adoption is still a result of economic, technological, and legislative
barriers. Major roadblocks to the EV development include high battery costs, reliability difficulties,
driving constraints, and complex charging infrastructure [4]. For achieving consistent and affordable
operation, a proper power converter topology and using modern control techniques are also crucial.
However, utilities may be obliged to make improvements to the current infrastructure before their
intended cycle because of a sudden rise in load if EV charging is not handled [5]. While EV chargers
have the potential to generate detrimental harmonics that diminish the quality of power [6]. However,
this issue can be mitigated through the implementation of harmonic adjustment technology in the
charger’s AC to DC power stage [7,8]. EV charger designs, development, and control are related to
battery lifetime and charging speed, they must be taken into account when creating dc fast charging
infrastructure.
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An ideal EV charger should have higher efficiency, power density, low cost and weight. Addition-
ally, grid current should be drawn at a high power factor to ensure the greatest possible availability
of real power, and THD (Total Harmonic Distortion) should be kept at the IEE standard level. A
variety of charging technology has been discussed in the review [9–11]. In [12], authors analysed EV
market analysis as well as EV charging infrastructure specifications. The aforementioned texts do not,
however, describe control methods or power converter topologies. The converters with on-board EV
chargers was provided in [13] with relation to electrical machines. In [14], reference discussed the high-
level supervisory controls, low-level energy management controls, and overviews of energy storage
systems inside of EVs. Because they offer low power range in reference [15], so it is not appropriate for
DC rapid charging. To decrease the PQ issues, 3φ converters are utilised. In [16], they are described.
In [17], reference provided a complete analysis for on and off-board chargers that support both power
flows. The study in [18] offered incredibly thorough insights into circuit architectures for both rectifier
and converter. Additionally, reference [19] offers a fantastic summary of MV (Medium Voltage) ultra-
fast chargers based on transformer. On the contrary, does not mention any control mechanisms. The
review papers described above cover a wide range of EV charging-related subjects, but they fall short
in providing technical description, a comparison of power converter topologies, and an analysis of the
DC fast charger control strategies. A literature review of multiport EV chargers that integrate solar
power, energy storage, the grid, and EVs has not been located.

Additionally, the concept of wireless, or inductive, EV charging has emerged as a transformative
and modern solution, presenting an innovative alternative to conventional wired charging systems.
This technology has garnered substantial attention and research focus over the past few years due to
its potential to revolutionize the EV charging landscape. Wireless EV charging operates based on the
principle of electromagnetic induction, utilizing two main components: a charging pad or ground-
based coil, referred to as the primary coil, and a receiver pad installed on the EV, known as the
secondary coil. When the EV is parked over the charging pad, an alternating current is applied to
the primary coil, generating a magnetic field. It offers convenience and ease of use as there are no
physical connectors to handle, making it a more user-friendly option. Drivers can simply park their
EV over a charging pad, and the charging process initiates automatically, reducing the need for manual
intervention. This is particularly beneficial for autonomous and self-parking EVs, where the entire
charging process can be automated. Additionally, inductive charging technology can be embedded
within roadways, such as parking lots or even highways, creating a dynamic charging infrastructure
for on-the-go replenishment. It offers a solution to range anxiety, as EVs can charge opportunistically
during stops or while in traffic. Despite these advantages, there are challenges to overcome, including
efficiency loss during power transfer, the need for standardization, and the cost of deploying charging
infrastructure. However, wireless EV charging represents an exciting and promising avenue for the
future of electric mobility, providing a glimpse into a world where charging is as seamless as parking
and driving [20]. As the technology continues to advance and gain wider adoption, it will likely play a
pivotal role in the ongoing electrification of transportation [21–25].

Fast charging station installation may cause serious problems like power quality degradation,
supraharmonics, grid stability degradation, voltage deviations and reliability issues if it is not planned
for or controlled adequately. This study includes an examination of EVs equipped with converters to
address issues with power quality. The remaining text is organised in the manner shown below: In
Section 2, the characteristics of the EV charging system are displayed. Section 3 gives a description
of EV charging technologies and it’s current state. Section 4 illustrates the topologies and controls for
the rectifier and converter. The effects on the grid are detailed in Section 5. In Section 6, the review is
completed with future scope.
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2 EV Charging System Characteristics

The main idea behind EVs is to switch from internal combustion engines, which emit no pollutants,
to battery-powered electric motors. Vehicles with fuel cells, plug-in hybrids, and battery power are all
types of electric vehicles. When there is less demand for electricity, the grid is used to charge EVs.
During these times, coal, solar, wind, and other conventional and renewable energy sources may all
be used to produce electricity. FCVs are not actually producing any pollutants because they run on
hydrogen as their fuel.

Fuel cell-only vehicles have some drawbacks, including a huge power unit with a poor power
response, a spacious interior, and a high price [26]. As a result, FC-HEV (Fuel Cell-Hybrid EVs) is
created, offering additional flexibility to improve fuel efficiency and vehicle performance [27–31]. It
should be noted that the development of FC-HEV is significantly influenced by the overall power
management challenge. EV, HEV, and FCV properties are displayed in Table 1.

Table 1: Properties of different kinds in EV [7]

EV types Description

Sources and
infrastructure

Energy system Propulsion Merits Demerits Challenges

BEV Grid with
charging
services

Battery and
Ultra-Capacitor
(UC)

Motor Zero
emission

High initial
cost

Battery
management

PHEV Electric grid
with charging
services

Battery and
UC, Internal
Combustion
Engine (ICE)

Motor, ICE Very low
emission

Dependence
of crude oils

Multiple energy
managing of
sources

FCEV Hydrogen Fuel Cell (FC),
battery and UC

Motor Extreme
low
emission

High cost FC cost,
fuelling system

3 Topologies and Control for AC to DC Conversion Stage

This section provides a comprehensive technical overview of different front-end AC to DC rectifier
topologies. It also delves into a discussion of rectifier topologies specifically tailored for DC quick
charging applications.

3.1 Three Phase Buck Type
A technical comparison of three-phase buck rectifier (3ph-BR) is also provided in Table 2. An

enhanced 3ph-BR technique was developed in [32] to lessen the voltage demand on the transistors.
The following is the equation for the duty ratio of the three legs dA, dB, dC:

dA = Kd |uA|
dB = 1 − dC

dC = Kd |uC|
(1)



EE, 2025, vol.122, no.2 435

where, 3φ input voltages are in the sequence are expressed as uA, uB, uC, Kd indicates duty ratio
constant. In [33], a three-phase bridge rectifier (3φ-BR) topology was introduced, designed to place
minimal voltage demand on switching devices. The structure of the 3φ-BR topology is illustrated in
Fig. 1. To address scenarios where the AC input is imbalanced, a numerical model for the 3φ-BR was
developed in reference [34]. In reference [35], the study investigated the impact of parasitic capacitances
on the three-phase bridge rectifier (3ph-B).

Table 2: Technical comparison of the experimentally verified AC to DC rectifiers

Author and
ref.

Topology No. of
switches and
diodes

Power Frequency Controller Control
variable

Merits Demerits

Lei et al. [32] 3φ-BR 6, 6 – 60 – Duty cycle
(Eq. (1))

High
efficiency

High voltage
stress

Chen et al. [33] 3φ-BR 6, 8 1.5 60 – Duty cycle
(D)

Low THD Cost is higher

Chen et al. [34] 3φ-BR 6, 6 1.5 60 Digital control
strategy with
simple transfer
matrix

D High
efficiency

Complex
control

Chen et al. [35] 3φ-BR 6, 6 1 50 – D High
efficiency

Higher voltage
stress

Singh
et al. [36]

Matrix-based
non-isolated
three-phase
rectifier

Modified
SVM scheme

Voltage gain,
D

Low THD Cost is higher

Afsharian
et al. [37]

3φ isolated buck
matrix-type
rectifier

8 – 50 PWM Voltage gain
and D

Deliver
maximum
output power

Large THD

Rajendran
et al. [38]

Vienna rectifier 6, 6 – 12 VOC-V – THD remains
below 5%

Increased
number of
components

Reference [36] provided a description of a three-phase non-isolated converter utilizing a Current
Doubler Rectifier (CDR) circuit. The matrix-based converter is illustrated in Fig. 2. For a three-phase
isolated buck matrix-type rectifier operating with a single-phase loss, new Pulse Width Modulation
(PWM) schemes and commutation mechanisms were introduced in reference [37]. Additionally, in
reference [38], a voltage-oriented control technique was presented, which incorporates a current
control loop with rapid transient response and steady-state response. Vienna rectifier with a VOC
controller is shown in Fig. 3.
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Figure 1: Topology of the 3φ-BR [33]

Figure 2: Matrix-based AC to DC converter block diagram [36]
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Figure 3: Vienna rectifier with a VOC controller [38]

3.2 SWISS Rectifier
Table 3 provides a technical comparison of the SWISS rectifier. The analysis in Schrittwieser

et al. [39] focuses on the comparison between the three-phase bridge rectifier (3ph-BR) with unity
power factor and the SWISS Rectifier. It demonstrates how interleaving significantly reduces the Total
Harmonic Distortion (THD) of the input current.The following is the duty cycle ΔDx equation:

ΔDx = 2NIoLr

ULr (θ) Ts

(2)

where, N indicates number of device, Io indicates output current, Lr indicates inductance, ULr (θ)

indicates deviation in the inductance with respect to angle, Ts indicates sampling time. Zero Voltage
Switching (ZVS) is implemented for both lagging switches using an innovative technique proposed in
[40], which employs up-counting mode modulation. Additionally, in [41], reference introduces a novel
modulation method designed for unidirectional and bidirectional SWISS rectifiers.

Table 3: Technical comparison of SWISS rectifier

Author and
ref.

Topology No. of
switches and
diodes

Power Frequency Controller Control
variable

Merits Demerits

Schrittwieser
et al. [39]

3φbuck-type
all-SiC Swiss
rectifier

10, 10 8 27 – Equivalent
voltages

Efficiency of 99.1% Higher cost

Zhang
et al. [40]

Swiss rectifier 10, 14 10 50 Modulation
method

Duty cycle
(Eq. (2))

95% efficiency Unidirectional

(Continued)
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Table 3 (continued)

Author and
ref.

Topology No. of
switches and
diodes

Power Frequency Controller Control
variable

Merits Demerits

Schrittwieser
et al. [41]

Swiss rectifier 16 7.5 50 – – Conduction losses
in the IVS switches
are reduced

Complex
circuit

3.3 Vienna Rectifier
Table 4 presents a technical comparison of Vienna rectifiers. Zhang et al. [42] provided a descrip-

tion of neutral point voltage with replicate clamping modes for the same subsector. The following
equation represents the Vienna rectifier modulation index MI :

MI =
√

6uac

Udc

(3)

where, uac denotes AC voltage, Udc denotes DC link voltage. A 3 kW, 3φ, 2-channel interleaved Vienna-
type rectifier was designed and implemented in [43]. The correlation between output voltage, and
circulating current is shown in Fig. 4.

Table 4: Technical comparison of vienna rectifier

Author and ref. Topology No. of
switches and
diodes

Power Frequency Controller Control
variable

Merits Demerits

Zhang et al. [42] Three-Phase
Vienna
Rectifiers

6, 6 – 400 Modified
DPWM
(MDPWM)

– Higher
output
voltages or
higher
switching
frequency

Less switches

Wang et al. [43] Two-channel
interleaved
VIENNA-type
rectifier

12, 12 3 360–800 Circulating
current
attenuation
method

MOSFET
and winding
conduction
losses

>99%
efficiency

Unidirectional
power flow

Wang et al. [44] Two-channel
interleaved
Vienna rectifier

6, 8 – – – Circulating
current

Reduced
harmonics

Unidirectional
power flow

In order to mitigate PQ issues within the system, Wang et al. [44] introduced a two-channel
interleaved Vienna rectifier hybrid Space Vector Modulation (SVM) approach.
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Figure 4: Correlation between output voltage and circulating current [43]

3.4 Three Phase Boost Type
Table 5 presents a technical comparison of three phase boost type rectifiers. The 3φ 6-switch boost

PFC rectifier with average-current-controlled method was implemented using a 3-step PWM approach
in [45].

dcyab = dcyap − dcybp

dcybc = dcybp − dcycp

dcyca = dcycp − dcyap (4)

where, dcyab, dcybc and dcyca denote the duty cycle at all phases, dcyap, dcybp, dcycp denote the phase
to phase duty ratio. Mallik et al. [46] introduced a method for controlling three-phase active boost
rectifiers without the need for an input voltage sensor. Furthermore, in [47], it was demonstrated
that lower THD and higher power factor when employing a three-phase, 6-switch boost rectifier. The
following equation shows the duty cycle D∗

xn,

dab = dap − dbp, dbc = dbp − dcp, dca = dcp − dap (5)
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where, current controlleroutput signals denotes D∗
CCx, DFF signal for each phase denotes D∗

FFx, ZSS
signal for each phase specifies D∗

ZSS.

Table 5: Technical comparison of 3φ boost type rectifier

Author and
ref.

Topology No. of
switches and
diodes

Power Frequency Controller Control
variable

Merits Demerits

Huber
et al. [45]

3φ six-switch
boost PFC
rectifier

6 3 kW 20 kHz PWM Duty cycle
(Eq. (4))

Reduced THD with
higher power factor

Switching loss
is higher

Mallik
et al. [46]

3φ boost
PFC
converter

6, 6 10 kW 400 Hz – Duty ratios Enhanced power
quality.
Reduction in THD,
with enhanced
power density

Complexity

Huber
et al. [47]

3φ six-switch
boost PFC
rectifier

6 3 kW 45,065 Hz Proportional
compensation
with current
controller

Duty cycle Reduced
peak-to-peak ripple

Higher
switching loss

3.5 Multilevel AC to DC
The Multilevel Converter (MLC) is frequently utilized in research for generating varying voltage

levels from multiple lower-level direct current voltages. Based on the various architectural designs
found in the literature, MLC can be categorized into three groups due to its capacity to deliver
high power with enhanced efficiency and power density. The primary operating principle of an MLC
converter involves the use of switches, capacitors, and voltage sources to produce a staircase waveform
at the output.

3.5.1 Cascaded H Bridge

Table 6 displays a technical comparison of the cascaded H Bridge. For multilevel converters, a
simplified SVM (Space Vector Modulation) technique was created in [48]. The following steps to find
the corresponding duty cycles d0, d1, d2:

d1 = 2√
3

[
Vrx sin

(reg
3

π
)

− Vry cos
(reg

3
π

)]

d2 = − 2√
3

[
Vrx sin

(
reg − 1

3
π

)
− Vry cos

(
reg − 1

3
π

)]

d0 = 1 − d1 − d2 (6)

where, Vrx, Vry specifie real and imaginary part of reference voltage and DC link voltage, inverse
trigonometric computation is specified as reg. A series of design methods to pre-charge the floating
capacitors in a MMC (Modular Multilevel Converter) based on 3L-FC (three-Level Flying Capaci-
tors) was given in [49]. Fig. 5 depicts an MMC with a 3L-FC sub module.

Reference [50] describes a vehicle-to-grid (V2G) structure in EV chargers with bidirectional high
frequency isolated converter.
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Figure 5: MMC with 3L-FC sub module [49]
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Table 6: Technical comparison of cascaded H Bridge

Author
and ref.

Topology No. of
switches and
diodes

Power Frequency Controller Control
variable

Merits Demerits

Deng
et al. [48]

Multilevel
converters

– – 5 kHz Simplified
space vector
modulation
(SVM)
scheme

Reference
voltage, duty
cycle (Eq. (6))

No lookup table
or coordinate
transformation
is required

Voltage balancing
is challenging

Dekka
et al. [49]

MMC with
3L-FC

6 – – – Magnitude of
charging
current

Smooth
operation

Less reliability

Sha
et al. [50]

Bidirectional
high-frequency
isolated ac–dc
converter

4 20 kW 50 Hz – – Power is optimal Inability to
operate at
maximum
modulation index

3.5.2 Flying Capacitor

Table 7 provides a technical comparison of flying capacitors. The underlying cause of the
performance gap between single-phase, DC-link converters was discovered in [51]. Reference [52]
showed a power converter with FCML (flying capacitor multilevel) boost converter with a 7-level
front end for power factor correction (PFC) was introduced in [53]. Measured performance is shown
in Fig. 6.

Vout = 1
1 − D

Vrec (7)

where, output voltage is specified as Vout, duty cycle is represented as D, rectifier voltage is specified
as Vrec.

Table 7: Technical comparison of flying capacitor

Author
and ref.

Topology No. of
switches and
diodes

Power Frequency Control variable Merits Demerits

Azurza
Anderson
et al. [51]

Multi-Level
converters

4 2.2 kW 70, 35 kHz – High-efficiency High cost

Lei
et al. [52]

Single-phase
seven-level
FCML

– 2 kW 60 Hz – High-efficiency Complexity

Qin
et al. [53]

Seven-Level
FCML

– 1.5 kW 150 Hz Nominal voltage,
output voltage
(Eq. (7))

Peak efficiency of
99.07%

Higher cost
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Figure 6: Measured performance under low, high line voltage and typical regulatory limit

3.5.3 Neutral Point Clamped

Table 8 presents a technical comparison of neutral point clamped (NPC) converters. In reference
[54], an innovative architecture for megawatt-scale plug-in EV (PEV), based on NPC converters, was
introduced. Additionally, reference [55] introduced a high-power TL (Three-Level) converter for rapid
charging, along with an efficient VBC (Voltage Balancing Control) and a new modulation technique.
The modulation signals used in these systems are derived using specific methods.{

d1 = 2d, d4 = 0
d4 = 2d, d1 = 0 (8)

{
d1 = 1, d4 = 2d − 1
d4 = 1, d1 = 2d − 1 (9)

where, d, d1 − d4 specify duty cycles. Depending on the flowdirection of power, a bidirectional 1φ

3L-SNPC (Stacked Neutral-Point-Clamped) was undertaken in [56]. In [57], reference introduced a
modular MLC paralleley linkedwith the 3L-ANPC.

Table 8: Technical comparison of neutral point clamped

Author
and ref.

Topology No. of
switches and
diodes

Power Frequency Control
variable

Merits Demerits

Rivera
et al. [54]

NPC converter
with bipolar DC
bus

16, 8 3.6 kW 60 Hz Reference
voltage,
maximum
voltage drift

Decrease
power demand
and provide
gridsupport

Complexity

(Continued)



444 EE, 2025, vol.122, no.2

Table 8 (continued)

Author
and ref.

Topology No. of
switches and
diodes

Power Frequency Control
variable

Merits Demerits

Tan
et al. [55]

NPC
converter-based
charging station

12, 6 240 kW 60 Hz Duty cycle
(Eqs. (8) and
(9))

Better power
quality

Higher
THD

Reis
et al. [56]

Bidirectional
three-level stacked
NPC converter

6, 6 2 kW 60 Hz Duty cycle High-
efficiency

Higher
THD

Abarzadeh
et al. [57]

Paralleled modular
ANPC multilevel
converter

6 high-
frequency
SiC power
switches

1 MW 1 MHz – THD is
minimum

Switching
loss is
higher

4 Topologies and Control for DC to DC Converter

Details of DC to DC converter are suitable for DC quick off-board chargers such as isolated and
non-isolated, are analysed.

4.1 LLC Resonant
Table 9 displays a technical comparison of LLC Resonant. In [58], new modular multilevel

converter (MLC) architecture for a 1 MHz, 1 MW EV mega-charger was developed. An interleaved
type converter with cascaded based circuits was introduced in [59] for PEV batteries. For on-board
chargers of EV, a hybrid converter with 3 modes of operation was discovered in [60]. The graph for
the research is plotted in the Fig. 7.

Table 9: Technical comparison of LLC resonant

Author and
ref.

Topology No. of
switches
and diodes

Power Frequency Control variable Features

Haga
et al. [58]

Paralleled
modular ANPC
MLC

18 1 MW 60 Hz Switching signals and
reference voltage

Increased modularity,
efficiency, and power
density

Narasipuram
et al. [59]

Interleaved LLC
converter

4, 4 1.5 kW 90 Hz Diode current,
instantaneous voltage

Maximum power
achieving 95.65%
peak efficiency

Ta et al. [60] Hybrid LLC
Resonant
converter

4, 4 3.2 kW – Charge conservation
efficiency, maximum
magnetizing
inductance

Good regulation
performance and
smooth transition

Zahid
et al. [61]

Bidirectional
resonant converter

8, 8 3.5 kW 100 kHz Leakage inductance,
quasi square voltage

Peak efficiency was
97.7% and 97.9%

Li et al. [62] SiC Bidirectional
LLC

16 6.6 kW 300 kHz Maximum and
minimum gain
(Eqs. (10) and (11))

Power density is 56
W/in3



EE, 2025, vol.122, no.2 445

Figure 7: Graph depicting the relationship between switching frequency and normalized voltage
gain [60]

A design of bidirectional converter for charging the EV battery was provided in the reference [61].
Fig. 8 depicts the bidirectional resonant converter circuit topology. Architecture based on the SiC
bidirectional LLC charger was described in [62] for obtaining high efficiency and power density.

Mmax = Vbus

Vbus − ΔVmax

2

(10)

Mmin = Vbus

Vbus + ΔVmax

2

(11)

where, Mmax and Mmin specify maximum and minimum modulation index, Vbus indicates bus voltage,
ΔVmax specifies deviation in the maximum voltage.

Figure 8: Circuit topology for bidirectional resonant converter [61]
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4.2 Dual Active Bridge (DAB)
Table 10 provides a technical comparison of Dual-Active-Bridge (DAB) converters. In reference

[63], the integration of various configurations was carefully executed to maximize system power while
utilizing the Zero Voltage Switching (ZVS) range for both static and dynamic operations in EV
chargers. Dead band control was employed in conjunction with ZVS boundary setup. Furthermore,
reference [64] introduced a transformer saturation prevention algorithm (SPA) using DAB converters
in bi-directional, two-stage EV chargers. Additionally, reference [65] presented a three-level DAB con-
verter designed for bidirectional EV chargers, featuring blocking capacitors.The following equation
represents the voltage ratio K:

K = nV2

V1

(12)

where, number of turns is indicated as n, voltage at terminal 1 and 2 is specified as V1 and V2. The
design and optimisation method for 3φ DAB DC to DC converter was reported in [66]. A 3φ dual
active bridge converter arrangement is shown in Fig. 9.

Table 10: Technical comparison of DAB

Author
and ref.

Topology No. of switches
and diodes

Power Frequency Control variable Features

Yan
et al. [63]

DAB-based
bidirectional EV
charger

14 – 100 kHz – Enhancing the
reliability with the
software control

Assadi
et al. [64]

DAB 8 6.6 kW 125 Hz Magnitude and
direction of power flow

Very low saturation
safety-margin

Xuan
et al. [65]

Three-Level Dual-
Active-Bridge
Converter

8, 8 3.5 kW 50 kHz Voltage ratio (Eq. (12)) Balanced voltage

Nguyen
et al. [66]

Three-phase DAB 6, 6 10 kW 50 Hz Transition current at
the steady state

Maximum efficiency of
98.65%

Shi
et al. [67]

Phase-shift DFB
converter

6, 4 1.5 kW 50 Hz Duty cycle Adjustable outputs

Shi
et al. [68]

Current-fed dual
active bridge
(CF-DAB)

10 5 kW 50.4 kHz Instantaneous current
over a half switching
cycle

Higher efficiency

Sha
et al. [69]

Semi DAB
(S-DAB)

6, 2 1 kW – Output power Overall efficiency is
high even at light load

Shah
et al. [70]

DAB 8 – 50 kHz Total active power
transfer

Small signal stability
analysis

Song
et al. [71]

DAB 8, 8 – 10 kHz Phase shift ratio No overshoot

Figure 9: 3φ DAB converter topology
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Reference [67] presents the development of a Phase-Shift DFB (PS-DFB) with two outputs
wired in series for EVs. In reference [68], the operation of a Current-Fed DAB (CF-DAB) converter
was optimized for a Photovoltaic (PV) application with the aim of increasing system efficiency.
Sha et al. [69] introduced a phase-shifted control and a symmetrical dual Pulse Width Modulation
(PWM) DC to DC converter featuring a Semi-Active Bridge (S-DAB). A fundamental and universally
applicable concept for DAB converter throughout its entire operating range was implemented in
reference [70]. To address PQ issues, reference [71] introduced a VDPC (Virtual Direct Power Control)
approach with SPS (Single-Phase-Shift) control for DAB DC to DC converters. The following
derivation gives the phase shift ratio D:

D = D∗ + ΔD (13)

where, ΔD specifies deviation in the duty cycle, D∗ specifies the duty cycle operator.

4.3 DAB Resonant
Table 11 displays a technical comparison of DAB resonant. A thorough study and formulation of

the optimisation issue for a VF-DAB (voltage fed DAB), and TPS regulated inductive link converter
was published in [72]. The actual phase shift Dφ equation is provided by,

Dφ = φ

π
= D3 + (D2 − D1)

2
(14)

where, φ specifies phase angle. Reference [73] introduces a 3-level CLLC (Capacitor-Inductor &
Inductor-Capacitor) resonant converter for off-board chargers to enable bidirectional power transfer
between a DC microgrid (MG) and EV. In reference [74], a four-Degrees-Of-Freedom (4-DOF)
modulation approach was studied to reduce losses in DAB series-resonant converter. Reference [75]
presents the development of a reconfigurable DAB converter that can switch between two converter
architectures, aimed at enhancing its performance across various output power levels.The following is
the duty cycle vx (t) and vy (t) equation:

vx (t) = 4VDC1

π

∞∑
k=1, 3,...

1
k

sin
(

kd1

2

)
sin (kωst) (15)

vy (t) = 4nVDC2

π

∞∑
k=1, 3,...

1
k

sin
(

kd2

2

)
sin (kωst − kϕ) (16)

where, VDC1 and VDC2 indicate DC link voltages at phase 1 and 2, d1 and d2 specifies duty cycle at
terminal 1 and 2, ωs specifies frequency, t denotes time, ϕ specifies phase angle, k denotes modulation
index.

Table 11: Technical comparison of DAB resonant

Author and ref. Topology No. of switches
and diodes

Power Frequency Control variable Features

Muthuraj
et al. [72]

TPS controlled
VF-DAB converter

9 1 kW – Actual phase
shift (Eq. (14))

Significant
improvement

Xuan et al. [73] Three-Level CLLC
resonant converter

1, 1 3.5 kW – – Wide output
voltage range

(Continued)
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Table 11 (continued)

Author and ref. Topology No. of switches
and diodes

Power Frequency Control variable Features

Yaqoob
et al. [74]

DAB
Series-Resonant
converter

8 1 kW 80 kHz External phase
shift

Maximum
efficiency of 97.7%

Chan et al. [75] Resonant DAB
converter

10, 2 1.6 kW 80 kHz Duty cycle
(Eqs. (15) and
(16))

Higher efficiency

4.4 Phase Shifted Full Bridge Converter (PSFBC)
A technical comparison of PSFBCis given in Table 12. A PSFBC was first presented in [76] to

achieve high power density and efficiency in applications for EV battery chargers. A novel center-
tapped clamp circuit and a HB (Half-Bridge) integrated PSFBC were introduced in [77] to achieve
great efficiency in the battery for EVs. A MPC method based on Laguerre functions for a PSFBC was
introduced in [78]. The control of multileg interleaved buck converter in EV was implemented in [79].
The duty cycle dt (s) equation is given by,

dt (s) = d1 (s) + d2 (s) + . . . + dn (s)
n

(17)

where, n denotes number of switching patterns, d1 (s) + d2 (s) + . . . + dn (s) denotes duty cycle from 1,
2, . . . , n.

Table 12: Technical comparison of phase shifted full bridge converter

Author and
ref.

Topology No. of switches
and diodes

Power Frequency Control
variable

Features

Lim et al. [76] PSFBC – 3.3 kW – Voltage stress High
efficiency

Lim et al. [77] Half-Bridge
Integrated
PSFB

8 3.3 kW 50 kHz Output
voltage

Large RMS
current on the
primary side

Saeed
et al. [78]

PSFB 4, 8 60 W 25 kHz Inductor
current and
output voltage

Excellent
dynamic
closed-loop
performance

Cuoghi
et al. [79]

Multileg
interleaved
buck converter

6 – 60 kHz Duty cycle Gain
crossover
frequency

4.5 Non-Isolated Converter
Table 13 provides a technical comparison of non-isolated converters. Reference [80] introduced a

DC quick off-board battery recharge solution for EVs. In reference [81], a multiphase synchronous
buck converter with innovative control strategies was designed.
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Table 13: Technical comparison of non-isolated converter

Author and
ref.

Topology No. of switches
and diodes

Power Frequency Control
variable

Features

Drobnic
et al. [80]

Modular three-phase
interleaved
converters

– – – DC-link
voltage level

Null ripple
current
output

Repecho
et al. [81]

Multiphase
synchronous buck
converter

– 1.5 kW – Converter
efficiency

Interleaving
operation

5 Grid Impacts

Unplanned installations of fast charging stations and unregulated rapid charging can lead to
significant issues [82–85]. Rapid charging consumes a large amount of power quickly, altering the
load curve, which is exacerbated when multiple EVs are being charged simultaneously [86–90].
The integration of fast charging stations raises concerns related to PQ, including THD, voltage
fluctuations, and supraharmonics. Fig. 10 illustrates the impact of EV charging on the power grid.

Figure 10: Impacts of EVs charging

5.1 Voltage Fluctuations, Harmonics and Supraharmonics
Usually, harmonic analysis is carried out within the frequency range below 2 kHz. However,

fast charging stations may produce supra-harmonic distortions in the range of 2 to 150 kHz. Supra-
harmonics can lead to issues such as excessive heating, shortened equipment lifespans, and disruptions
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to grid equipment, including the tripping of residual current devices. The careful selection and design of
rectifiers and input filters can help eliminate THD and supraharmonics. Voltage fluctuations, another
aspect of power quality, can occur when EVs are charged rapidly. According to reference [91], as the
charging power increases, voltage variations on the bus also increase. Voltage variations that exceed
predefined limits can result in financial penalties. In reference [92], the authors proposed a charging
control strategy to mitigate power quality issues such as flicker and voltage swings. Fig. 11 illustrates
the relationship between flicker severity and Fast Charging Station (FCS) penetration level.

Figure 11: Flicker severity vs. FCS penetration level. Reprinted from reference [92]

As stated in article [93], the installation of EV charging stations on subpar buses can lead to various
issues within the distribution network. Reference [94] explored the impact of fast charging stations on
grid stability in standard benchamark system. To assess system stability, simulations of an efficient
charging station were conducted [95]. Fig. 12 presents the relationship between the equivalent aging
factor and the ratio of EV penetration. Several intelligent charging systems have been investigated in
reference [96] to mitigate the impacts of EV.

Fig. 13 in [97] illustrates the relationship between hot spot temperature and accelerated aging
factor. The emerging technology called Vehicle-to-Grid (V2G) provides advantages such as active and
reactive power, frequency and voltage regulation, peak load reduction, improved grid stability, miti-
gation of harmonics and supraharmonics, and support for RES. V2G technology can be instrumental
in mitigating the adverse effects of fast charging [98].

5.2 RES Powered Multi-Point EV Charging Station with Various Converter Topology
A microgrid (MG) based charging station architecture integrates various energy sources and ESUs

to power distributed loads. Charging stations utilizing renewable energy sources offer the advantage of
charging electric vehicles with minimal power conversion losses. These renewable energy sources may
include PV panels, wind turbines, supercapacitors, and fuel cells. MGsystems face challenges related
to maintaining steady-state and transient voltage and frequency control. PV systems are commonly
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used as the primary renewable energy source in microgrid-powered DC bus systems. These systems are
configured differently to supply power to both local loads and electric vehicles. This section delves into
the diverse microgrid architectures designed for EV charging, emphasizing their reliance on renewable
energy sources and load connections, necessitating distinct energy management control strategies.

Figure 12: Equivalent aging factor vs. EV penetration ratio [95]

Figure 13: Hot spot temperature and accelerated aging factor. Reprinted from reference [97]

5.2.1 DC Microgrid with Isolation for EV Charging

In [99], reference presents a novel interleaved Zeta–Cuk converter designed for MGand EV appli-
cations. The key outcomes include improved efficiency and reduced harmonic distortion. Limitations
involve potential complexity in implementation. Applications include enhancing power conversion
in microgrids and electric vehicles, contributing to greater energy efficiency and sustainability. In
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[100], reference investigates a PV-integrated improved quasi-Y-source DC to DC stepup converter
in EV battery charging, incorporating a phase-shifted converter. Key outcomes include enhanced
energy efficiency and the potential for sustainable EV charging. Limitations may involve complexity
in implementation. Applications include green energy integration for efficient and eco-friendly electric
vehicle charging. In [101], reference focuses on an interleaved bidirectional DC–DC converter for
electric vehicle applications utilizing multiple energy storage devices. Key outcomes include improved
energy management and efficient power transfer. Limitations may include increased complexity.
Applications encompass electric vehicle power systems, allowing for more effective energy utilization
and extended range. In [102], reference explores a PV-tied 3-port DC to DC converter in a four-wheel-
drive hybrid electric vehicle (HEV). Key outcomes include enhanced power distribution and reduced
reliance on the internal combustion engine. Limitations may involve system complexity. Applications
encompass sustainable transportation, promoting the integration of solar power in HEVs for improved
fuel efficiency and reduced emissions.

In [103], reference focuses on designing a modular converter for efficient energy management in a
hybrid EV system. Key outcomes include improved charging efficiency and flexibility. Limitations may
involve initial setup costs. Applications encompass enhanced infrastructure for hybrid EV charging
stations, optimizing energy use and charging multiple EVs efficiently. In [104], reference presents
a interleaved Zeta–Cuk converter for MG and EV applications. Key outcomes include improved
efficiency and reduced harmonic distortion. Limitations may involve complex implementation. Appli-
cations encompass enhancing power conversion in microgrids and EVs, contributing to greater
energy efficiency and sustainability. In [105], reference introduces a fast charging stations of EVs
based on CryStAl-RDF technique. Key outcomes include enhanced charging speed and efficiency.
Limitations may involve complexity in design. Applications encompass the development of high-speed
EV charging infrastructure, reducing charging times and promoting widespread EV adoption. In [106],
reference introduces a model predictive controlled 3-level bidirectional converter in bipolar DC MG.
Key outcomes include enhanced voltage control and efficient charging. Limitations may involve the
complexity of control algorithms.

Applications encompass the development of high-performance EV fast charging infrastructure
within bipolar DC microgrids, ensuring reliable and efficient power supply for EVs. In [107], reference
presents a modular multi-phase DC-DC converter with improved dynamic performance using Lya-
punov functions. Key outcomes include enhanced converter dynamics and power transfer efficiency.
Limitations may involve increased complexity. Applications include improved power management sys-
tems in various electrical applications, benefiting from enhanced converter performance and efficiency.
In [108], reference evaluates the performance of a solar-combined boosting topology for EV battery
charging, employing an interval type-2 fuzzy controller. Key outcomes include improved charging
efficiency and reduced grid dependence. Limitations may involve the need for sophisticated control
algorithms. Applications encompass sustainable and efficient EV charging solutions, integrating
solar power for reduced environmental impact and cost savings. In [109], reference explores DC-
DC stage of EV charging stations. Key outcomes include enhanced power conversion efficiency and
charging performance. Limitations may involve design complexity. Applications encompass improved
infrastructure for EV charging stations, ensuring efficient power conversion and rapid charging for
EVs. In [110], reference introduces a novel cluster-switched inductor-based high step-up hybrid DC
to DC converter. Key outcomes include increased voltage conversion and efficiency. Limitations
may involve increased component complexity. Applications encompass advanced power conversion
systems, suitable for various electrical applications where high step-up voltage conversion is required,
contributing to enhanced energy efficiency.
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In [111], reference presents a multi-input and multi-output bi-directional power converter for
solar photovoltaic systems. Key outcomes include enhanced energy management and power distri-
bution. Limitations may involve increased complexity in control algorithms. Applications encompass
advanced energy harvesting from multiple sources in solar photovoltaic systems, improving energy
utilization and efficiency. In [112], reference introduces an extended high-voltage-gain DC-DC con-
verter with reduced voltage stress on switches/diodes. Key outcomes include increased voltage gain
and reduced stress on components. Limitations may involve increased design complexity. Applications
encompass efficient power conversion systems, particularly for renewable energy sources, where
voltage gain and component longevity are critical factors. In [113], reference focuses on designing and
implementing an Interleaved Boost Converter (IBC) to reduce voltage across the output capacitor.
Key outcomes include improved voltage regulation and reduced stress on the capacitor. Limitations
may involve specific operational constraints. Applications encompass enhancing power supply systems
in various electrical devices, promoting better voltage control and component longevity. In [114],
reference presents a modified buck converter with constant voltage stress using a CDD (Capacitor-
Diode-Diode) circuit. Key outcomes include improved voltage regulation and reduced stress on
components.

Limitations may involve the need for specific circuitry. Applications encompass efficient power
conversion in various electrical systems, ensuring stable voltage levels and component longevity.
In [115], reference optimizes isolated hybrid microgrids using different battery models and tech-
nologies in renewable energy systems. Key outcomes include improved microgrid performance and
cost-effectiveness. Limitations may involve specific modeling assumptions. Applications encompass
enhancing energy self-sufficiency and sustainability in isolated areas, providing reliable power using
renewable sources and advanced battery technology. In [116], reference analyzes and designs a
standalone EV charging station powered by PV energy. Key outcomes include sustainable and self-
sufficient EV charging infrastructure. Limitations may involve intermittent charging due to weather
conditions. Applications encompass eco-friendly EV charging solutions, reducing grid dependence and
promoting sustainable transportation. In [117], reference outlines an optimal design of a hybrid charg-
ing station for various types of vehicles, powered by RES and battery. Key outcomes include efficient,
sustainable, and flexible vehicle charging. Limitations may involve the initial setup costs. Applications
encompass eco-friendly transportation infrastructure, reducing emissions and grid demand. Reference
[118] centers on the economic and ecological design of hybrid RES employing hybrid algorithm.

Key outcomes include cost-effective and environmentally friendly energy systems. Limitations
may involve algorithm complexity. Applications encompass sustainable power generation for various
purposes, reducing costs and environmental impact. Isolated DC Microgrid for EV Charging is shown
in Table 14.

Table 14: Isolated DC microgrid for EV charging

References Renewable sources considered Efficiency Limitations

[99] Solar and wind 95.5% Complex control strategy
[100] Solar 96% High cost
[101] Multiple energy storage devices 94% Complex topology
[102] Solar 95% Limited power handling capability
[103] Renewable energy sources 96.5% High cost of the modular converter
[104] Solar and wind 95.5% Complex control strategy

(Continued)
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Table 14 (continued)

References Renewable sources considered Efficiency Limitations

[105] Renewable energy sources 97% High complexity of the circuit
[106] Solar 96% High cost of the converter
[107] Renewable energy sources 97% High complexity of the control system
[108] Solar 96.5% High complexity of the fuzzy controller
[109] Renewable energy sources 95% Complex control strategy
[110] Renewable energy sources 96% Complex topology
[111] Solar, wind, and energy storage devices 95.5% High cost of the converter
[112] Renewable energy sources 96% High complexity of the topology
[113] Renewable energy sources 95% High cost of the converter
[114] Renewable energy sources 96.5% Complex topology

5.2.2 Grid-Interfaced, RES-Powered DC MG for EV Charging

In reference [119], a transformer-less 7-level inverter with model predictive control is presented
for grid-connected PV applications. The study emphasizes efficient power conversion and grid
connection, with potential limitations related to the complexity of control methods. Applications
include advancing inverter technology for photovoltaic systems to enhance energy conversion and
grid integration. Reference [120] focuses on managing the charging and discharging rates of EVs in a
grid-connected setting to balance the grid load. Key outcomes involve optimized EV charging and grid
load distribution, with potential limitations tied to the requirement for advanced load management
systems. Applications encompass the development of efficient and sustainable electric vehicle charging
infrastructure to alleviate grid stress. In reference [121], the study addresses the coordination of
generation scheduling with PEV charging in industrial microgrids. Key outcomes include improved
management of generation and PEV integration, with potential limitations associated with complex
scheduling algorithms.

Applications include optimizing energy use in industrial microgrids for reliable power and cost
savings. Reference [122] explores the application of small-sized Superconducting Magnetic Energy
Storage (SMES) in an EV charging station with a DC bus and PV system. Key outcomes include
enhanced energy storage and utilization, with potential limitations related to the cost of supercon-
ducting materials. Applications involve efficient energy storage in EV charging stations, contributing
to the improvement of charging infrastructure. In reference [123], an improved control strategy for a
bidirectional single-phase AC-DC converter in a hybrid AC/DC microgrid is presented. Key outcomes
include optimized converter control and power transfer. Limitations may involve the complexity
of control algorithms. Applications encompass advanced control systems for microgrids, ensuring
efficient power conversion and grid interaction. In [124], reference focuses on electric vehicle charging
using solar photovoltaic (PV) systems. Key outcomes include insights into PV-based EV charging.
Limitations may involve the need for further research and development. Applications encompass the
integration of solar power into EV charging infrastructure, promoting sustainable and cost-effective
charging solutions. Grid-Interfaced, RES-Powered DC MG for EV Charging is shown in Table 15.
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Table 15: Grid-Interfaced, RES-powered DC MG for EV charging

References Renewable sources considered Efficiency Limitations

[119] Solar 95% Complex control strategy
[120] Solar 96% Limited power handling capability
[121] Solar 95% Complex optimization algorithm
[122] Solar 96% High cost of the SMES
[123] Solar 95% Complex control strategy
[124] Solar 96% Comprehensive review of the topic

5.2.3 RES-Interfaced DC Microgrid with Direct Connection of ESU

In reference [125], a high-performance single-input three-output DC-DC high-gain converter is
introduced for fuel cell-based EV. The key outcomes of this study include improved power conversion
and efficiency, with potential limitations related to the complexity of design. Applications involve
enhanced energy management for fuel cell-based EVs, contributing to better overall performance and
sustainability. Reference [126] focuses on the design of a neural network-based energy management
system for a HEV with inputs from solar PV, fuel cells, batteries, and ultracapacitors. The key outcomes
of this study include optimized energy utilization and efficient power distribution. Potential limitations
may arise from the complexity of neural network modeling. Applications encompass advanced energy
management for HEV, aiming to enhance sustainability and efficiency in transportation. In reference
[127], the study addresses the mitigation of circulating current through effective energy management in
a low-power PV-FC-battery microgrid. The key outcomes involve improved energy flow control and
efficient power distribution, with potential limitations related to complex control algorithms.

Applications include enhanced energy management in microgrid systems to ensure stable power
supply and grid interaction. Narasipuram et al. [128] focuses on the optimal charging of PEVs in
a car-park infrastructure. Key outcomes include efficient EV charging and grid interaction, with
potential limitations associated with the need for advanced charging infrastructure. Applications
encompass optimized charging solutions for electric vehicles, aiming to reduce grid stress and enhance
the adoption of electric vehicles. In reference [129], a simple wind energy controller for an expanded
operating range is presented. Key outcomes include improved wind energy utilization and control.
Limitations may involve specific operational constraints. Applications include enhanced wind energy
systems, ensuring efficient power conversion and utilization. RES-Powered DC Microgrid with Direct
Connection of ESUis shown in Table 16.

Table 16: RES-Powered dc microgrid with direct connection of ESU

References Renewable sources considered Efficiency Limitations

[125] Fuel cells 95% Complex topology
[126] Solar, fuel cells, and energy storage devices 96% High complexity of the

neural network
[127] Solar, fuel cells, and batteries 95% Complex control strategy

(Continued)
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Table 16 (continued)

References Renewable sources considered Efficiency Limitations

[128] Renewable energy sources 96% Limited power handling
capability

[129] Wind energy 95% Limited applicability to
other renewable energy
sources

5.2.4 AC Bus Coupled Charging Station Architecture

In [130], reference proposes stochastic dynamic pricing for EV charging stations with renewable
integration and energy storage. Key outcomes include optimized pricing strategies for EV charging,
integrating renewables, and energy storage. Limitations may involve complex pricing algorithms.
Applications encompass efficient and sustainable EV charging infrastructure, promoting renewable
energy integration. In [131], reference presents a control algorithm for electric vehicle fast charging
stations equipped with flywheel energy storage systems. Key outcomes include improved control
and energy management for fast charging stations. Limitations may involve specific energy storage
requirements. Applications include advanced energy management for fast EV charging, enhancing
charging station efficiency. In [132], reference introduces an intelligent hybrid energy management
system for a smart house, considering bidirectional power flow and various EV charging techniques.
Key outcomes include efficient power management for smart homes and EVs. Limitations may involve
the complexity of managing bidirectional power flow. Applications encompass smart home energy
systems, ensuring efficient power distribution and EV charging. AC Bus Coupled Charging Station
Architecture is shown in Table 17.

Table 17: AC bus coupled charging station architecture

References Renewable sources considered Efficiency Limitations

[130] Renewable energy sources 95% Complex pricing algorithm
[131] Renewable energy sources 96% Complex control strategy
[132] Renewable energy sources 95% Complex energy management system

5.2.5 Hybrid AC-DC Microgrid

In [133], reference focuses on improving hybrid current modulation for bidirectional power flow
in a single-stage dual active bridge AC/DC converter. Key outcomes include enhanced bidirectional
power control and efficiency. Limitations may involve complex modulation techniques. Applications
encompass efficient bidirectional power flow in various electronic systems. In [134], reference inte-
grates inductively coupled power transfer and a hybrid energy storage system for battery-powered
electric vehicles. Key outcomes include improved power interface and energy storage. Limitations
may involve specific hardware requirements. Applications include efficient energy storage and charging
solutions for electric vehicles. In [135], reference focuses on the temporal matching of solar PV and EV
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charging at a city scale. Key outcomes include optimized utilization of solar energy and EV charging
coordination. Limitations may involve complex scheduling algorithms.

Applications encompass sustainable and efficient energy management for urban areas. In [136],
reference presents a hybrid AC/DC microgrid and its coordination control. Key outcomes include
improved microgrid control and coordination. Limitations may involve specific control strategies.
Applications include enhanced control of AC/DC microgrids for efficient power distribution. In [137],
reference addresses energy management for a residential microgrid using wavelet transform and fuzzy
control, including a vehicle-to-grid system. Key outcomes include efficient energy management and
integration of electric vehicle systems. Limitations may involve the complexity of control algorithms.
Applications encompass smart residential microgrid energy management. In [138], reference provides
an overview of power quality control in smart hybrid AC/DC microgrids. Key outcomes include
improved power quality control strategies. Limitations may involve the need for advanced control
algorithms. Applications include enhanced power quality in hybrid microgrid systems. In [139],
reference focuses on hybrid microgrid energy management and control, considering intermittent
renewable sources and electric vehicle charging. Key outcomes include efficient energy management
in hybrid microgrids. Limitations may involve complex control algorithms. Applications encompass
sustainable and efficient energy management in hybrid microgrid systems. Hybrid AC-DC Microgrid
is shown in Table 18.

Table 18: Hybrid AC-DC microgrid

References Renewable sources considered Efficiency Limitations

[133] Renewable energy sources 95% Complex modulation strategy
[134] Renewable energy sources 96% Complex power electronics interface
[135] Solar energy 95% Complex optimization problem
[136] Renewable energy sources 96% Complex coordination control strategy
[137] Renewable energy sources 95% Complex energy management system
[138] Renewable energy sources 96% Comprehensive overview of power quality

control in hybrid AC/DC microgrids
[139] Renewable energy sources 95% Complex metaheuristic-driven optimization

algorithm

5.2.6 Multiport Converter with DC Grid Interconnection

In [140], reference presents transformerless high gain boost and buck-boost DC-DC converters
for standalone photovoltaic systems. Key outcomes include efficient power conversion with extendable
switched capacitor (SC) cells. Limitations may involve complex control strategies. Applications include
enhanced power conversion in solar energy systems. In [141], reference focuses on system design for
a solar-powered electric vehicle charging station at workplaces. Key outcomes include sustainable
workplace charging solutions. Limitations may involve site-specific considerations. Applications
encompass efficient and eco-friendly electric vehicle charging infrastructure. In [142], reference
addresses the modeling and control of a multiport Power Electronic Transformer (PET) for electric
traction applications. Key outcomes include efficient power transformation and control strategies.
Limitations may involve specific control challenges. Applications include improved power electronics
in electric traction systems. In [143], reference presents a modified topology for a bidirectional DC-DC
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converter with synchronous rectification. Key outcomes include enhanced bidirectional power flow
with synchronous rectification. Limitations may involve specific hardware requirements. Applications
include efficient energy storage and power conversion in various systems. Multiport Converter with
DC Grid Interconnection is shown in Table 19.

Table 19: Multiport converter with dc grid interconnection

References Renewable sources considered Efficiency Limitations

[140] Solar energy 95% High gain and efficiency
[141] Solar energy 96% Comprehensive system design
[142] Renewable energy sources 95% High power density and efficiency
[143] Renewable energy sources 96% High efficiency and bidirectional

power flow

5.2.7 Multiport Converter with AC Grid Interconnection Grid

In [144], reference explores intelligent control of converters for electric vehicle charging stations.
Key outcomes include enhanced converter control strategies for efficient charging. Limitations may
involve complex control algorithms. Applications encompass intelligent and efficient electric vehicle
charging infrastructure. In [145], reference presents a cascaded multiport converter for switched
reluctance motor (SRM)-based hybrid electrical vehicle applications. Key outcomes include improved
power conversion for SRM-based systems. Limitations may involve specific hardware requirements.
Applications include efficient power conversion in hybrid electrical vehicles.

In [146], reference discusses technical considerations for power conversion in photovoltaic-based
electric and plug-in hybrid electric vehicle battery charging installations. Key outcomes include
efficient power conversion strategies. Limitations may involve site-specific requirements. Applications
encompass photovoltaic-based battery charging solutions. In [147], reference presents a non-isolated
high-gain triple port DC-DC buck-boost converter for photovoltaic applications. Key outcomes
include efficient power conversion with positive output voltage. Limitations may involve specific
hardware and voltage requirements. Applications include enhanced power conversion in photovoltaic
systems. Multiport Converter with AC Grid Interconnection is shown in Table 20. The comparisons
of the hardware topology presented in this paper from different points of view are shown in Table 21.

Table 20: Multiport converter with AC grid interconnection

References Renewable sources considered Efficiency Limitations

[144] Renewable energy sources 95% Intelligent control strategy
[145] Renewable energy sources 96% Cascaded multiport converter topology
[146] Solar energy 95% Comprehensive review of power

conversion for electric vehicle charging
in photovoltaic installations

[147] Renewable energy sources 96% Non-isolated high-gain triple port
DC-DC buck-boost converter topology
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Table 21: The comparisons of the hardware topology presented in this paper from different points of
view

Microgrid
architecture

Isolated
DC MG

Grid
connected
RES powered
DC MG

DC MG with
Direct
connections of
ESU

AC Bus
charging
station
architecture

Hybrid
AC-DC
MG

Multiport
converter with
DC grid
interconnection

Multiport
converter with
AC grid
interconnection
grid

Direct DC
charging (with no
AC conversion)

Yes Yes Yes No Yes Yes Yes

Direct AC usage
for local load

No Yes Yes Yes Yes Yes Yes

Feasible low
amount of
conversion losses
during V2Any
(Vehicle and Grid)

Yes Yes Yes No No Yes Yes

Fast charging and
discharging of
ESU

Yes Yes No No Yes Yes Yes

Used for high
power rating

Yes Yes Yes Yes Yes No No

Reliability Medium High High Low Low Low Medium
Scalability Medium High Medium High Low Medium Medium
Stability Stable Stable Stable Stable Unstable Stable Stable

5.2.8 Current Issues in EV Charging

Current issues in EV charging present significant challenges for drivers and the overall adoption
of electric vehicles. One major concern is reliability and maintenance, as many EV drivers encounter
broken or malfunctioning chargers; a study indicates that charging stations in the U.S. have an average
reliability score of only 78%, meaning about one in five chargers are non-functional. Additionally,
there are infrastructure gaps, particularly in rural areas, where “charging deserts” exist and public
chargers are scarce. Pricing and payment methods also pose challenges, as the cost of charging can be
erratic and non-transparent, complicating the integration of various payment options. Furthermore,
interoperability issues arise when different EVs and chargers are incompatible, leading to user
inconvenience. Lastly, accessibility remains a critical concern, as many charging stations are not
designed with individuals with disabilities in mind, making it difficult for them to use these facilities.
Addressing these issues is essential for enhancing the EV charging experience and promoting wider
adoption of electric vehicles.

5.2.9 Future Trends in EV Charging

Future trends in EV charging indicate a promising evolution in infrastructure and technology
aimed at enhancing user experience. One significant trend is the expansion of public charging
infrastructure, with a notable increase in charging points, particularly in urban areas where home
charging is less feasible. Additionally, there will be a greater emphasis on developing fast charging
networks along highways to facilitate long-distance travel. The rise of smart charging solutions is
also noteworthy, as these technologies optimize charging times and costs for users. Furthermore,
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Vehicle-to-Grid (V2G) technology is gaining traction, allowing EVs to feed electricity back into the
grid, which helps balance supply and demand. The introduction of Plug and Charge standards will
simplify the charging process by enabling automatic authentication and charging initiation when an
EV is plugged in. Lastly, new business models, such as subscription-based charging services and EV
roaming agreements, are emerging to make charging more convenient and cost-effective. Collectively,
these trends reflect ongoing efforts to address current challenges in EV charging and improve the
overall user experience.

6 Conclusion and Future Scope

This study provides a thorough examination of various power electronic device topologies and
their control systems in electric vehicles (EVs). It explores several key areas, including an in-depth
analysis of fast charging architectures that involve rectifiers and converters. The evaluation emphasizes
the functions of these converters, such as regulating battery voltage, coordinating between vehicles and
the grid, and minimizing output ripple.

Furthermore, the study addresses the impact of constructing fast charging stations on the grid,
highlighting the need for careful planning, management, and oversight. A comparative analysis of dif-
ferent converter topologies is conducted, evaluating their advantages, disadvantages, and performance
metrics such as power and frequency.

The study also discusses common control objectives for rectifiers, including minimizing total
harmonic distortion (THD), achieving a high power factor, and maintaining stable DC link volt-
age. Ultimately, it underscores the significance of advanced control algorithms, reliability, cost-
effectiveness, and efficiency, emphasizing the vital role of power electronic converters in promoting
the widespread adoption of electric vehicles.
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