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ABSTRACT

Integrating electric vehicles (EVs) with the power grid opens the doors to a new level of energy management through Vehicle-to-Grid
(V2G) and Grid-to-Vehicle (G2V) operation. These applications call for the development of reliable and efficient bidirectional
chargers, facilitating the energy flow to and from the grid and letting EVs operate as distributed energy resources. A significant
addition of such systems will be the single-phase bidirectional chargers, common in homes or small commercial setups, that provide
localized assistance in grid stability, load balancing, and integration of variable renewable energy sources. The review deals with the
design, control strategies, and operational challenges of single-phase bidirectional chargers, with special emphasis on their application
for V2G and G2V functions. Topologies of the power electronics, safety and insulation requirements, and communication protocols
critical to the smooth operation of V2G and G2V are discussed. Control algorithms for active power flow management and battery
management systems are important in achieving energy transfer efficiency and prolonging battery life. In this review, current
technologies are discussed to highlight the main challenges in terms of thermal management, grid interfacing, and cost-effectiveness.
It will pinpoint future research directions, primarily in the fields of improvements in semiconductor technologies and artificial
intelligence-based control methods that are capable of further enhancing charger performance and scalability. The final results again
suggest single-phase bidirectional chargers are keen contributors to a thriving sustainable energy landscape by fortifying grid resilience
and consumption growth in renewables.

1. INTRODUCTION

The rapid development of electric vehicles (EVs) is
undergoing as a transformation in the global transportation
with significant implications for modern power systems. EVs
are becoming essential assets in the transition towards low-
carbon energy solutions that provide capabilities to
decarbonize transportation, thus combating greenhouse gas
emissions and fossil fuel usage[1]. However, this transition
creates new challenges for power utilities that aim to
accommodate the rising demand for electricity and a balancing
act against other fluctuating renewable energy sources[2]. As
adoption rates swell, coupling EV charging demand with the
grid becomes essential towards reliable and effective energy
management[3]. Vehicle-to-Grid (V2G) and Grid-to-Vehicle
(G2V) represent innovative measures being taken to
incorporate electric vehicles into the grid. In V2G, therefore,
the electric vehicles are enabled to recall stored energy and
feed it back to the grid during peak demand or grid instability:

it allows distributed energy resources to keep the grid from
becoming unstable by providing grid stability, load balancing,
and frequency regulation. G2V allows controlled charging of
electric vehicles from the grid, empowering utilities to control
demand and prevent the grid from being overwhelmed[4]. On
the whole, V2G and G2V technologies provide a flow of
electricity dynamic management scheme that earns both the
utility company and the customer the power grid's linkivity
resilient and flexible[5]. The review outlines the design and
implementation of single-phase bidirectional EV chargers as
very important for V2G and G2V applications[6]. This will
involve key design concerns, power electronics
considerations, control strategies, and implementation
issues[7]. Latest developments, industry applications, and
future research directions are also highlighted in this paper in
order to provide an extremely wide view of the role of
bidirectional chargers within sustainable energy systems[8].
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Fig 1. Electric vehicle’s components.

1.1 V2G and G2V concepts and the bidirectional energy flow in EV systems

Vehicle-to-Grid (V2G) and Grid-to-Vehicle (G2V) is the root
of all transformations in energy management through making
it possible for electric vehicles (EVs) to communicate with the
grid beyond one-way energy supply[9]. In V2G mode, it is
possible for EVs to discharge stored energy back to the grid
during peak demand or periods of instability, becoming
potential rolling power sources[10]. The two-way
communication gives EVs an active role in frequency
regulation, load balancing, and ancillary services operations,
historically done by large power supply plants[11]. G2V, on
the other hand, is the conventional practice of charging an EV
from the grid, additionally benefiting from facilitated charging
wherein utilities can better manage the demand and charge
EVs during periods of low demand or high renewable energy

supply[12].

These two-way systems rely on bidirectional chargers, which
permit energy to flow from and to the EV battery[12]. These

Discharging
ﬁ

_

BEV Charging

chargers thus connect the EV to the grid and are capable of
allowing dynamic pass-through of energy in and out of the
EVs while making them stand as 'distributed energy resources.'
Bidirectional chargers are the true enabler of efficiency when
it comes to trying to maximize the integration of renewable
energy as these allow surplus generation via solar and wind to
be put in the EV batteries during periods of high generation
and fed back to the grid in times of shortages. Such actions
help not only stabilize the grid but contribute largely to the
optimal usage of renewable energy and thus the reduction of
fossil fuel dependency[13].

As more EVs are being deployed and renewables being a more
significant part of the energy mix, the role for bidirectional
chargers takes center stage as they add flexibility and support
to power systems, playing pivotal roles in the turning of energy
production into a sustainable, resilient, and RD-based one[ 14].

V2G

_
G2V

Fig 2. Energy flow during G2V and V2G operating modes
1.2 Types of EV Chargers and the Role of Single-Phase Chargers

There are different types of electric vehicle (EV) chargers,
generally classified by the power unit level, charging speeds,
and their core purpose[15]. There are three broad categories:

Level 1, Level 2, and DC Fast Chargers (Level 3). Different
types of chargers have different charges according to their
power ratings and time taken to charge[16]. Some charge
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points can be employed for home charging, while others are
set up with a little more power for installation in commercial
or public charging stations.

Level 1 Chargers

They can also be called home or mobile chargers. They are
slow chargers fed from a domestic air conditioner outlet of 120
Volts[17]. They are relatively simple and cheap, though their
power is limited to 1.4 Jay. At best, these chargers are used in
car parks, where they are charged overnight. Not advisable for
high-demand situations, as they are ill-equipped for fast
transfer of energy.

Level 2 Chargers

These chargers are absolute mainstream ones capable of taking
240 V AC cycles[16]. The power output is normally between
3.7 kW and 22 kW, making these many times more powerful
compared to the Level 1 ones. Level 2 chargers are commonly
found in homes, workplaces, and public areas. They would
effectively bridge the gap between speed and economy and are
hence a reasonable option, both for home and commercial[18].
Some Level 2 chargers are capable of a bi-directional energy
flow, allowing for vehicle-to-grid (V2G) and grid-to-vehicle
(G2V) applications, a crucial feature for energy management
applications[19].

DC Fast Chargers (Level 3)

The DC Fast Chargers represent a very powerful class of
several hundred kW in charging that delivers DC directly to
the batteries, so power does not have to go through the

vehicle's onboard charger[20]. They can quickly charge an EV
battery in about 30 minutes to 80% of its capacity; however,
due to their pricing and power supply infrastructure
requirements, they are typically installed in more commercial
and public locations. Hence, DC Fast Chargers are frequently
not applied for V2G applications, because they prioritize fast
charging over grid interactions.

Single-Phase Bidirectional Chargers

Single-phase bidirectional chargers are primarily Level 2
chargers for residential and small commercial
applications[21]. It is ordinarily connected to the standard
single-phase AC supply, which is the common availability in
residential grid systems, serving a more realistic possibility for
V2G and G2V operations. Single-phase bidirectional chargers
operate at a range of lower power requirements than does the
case of a three-phase, thereby making it accessible and
affordable for homeowners[22]. They allow for the
bidirectional flow of energy, thus enabling grid stability,
renewable energy integration, and load balancing on a
residential end, which enables EVs to store energy from the
grid while demand is low and discharge it back to the grid
during peak times[23].

In summary, single-phase bidirectional chargers are most
beneficial in a residential and small commercial installation,
wherein they can offer energy storage and some grid support
capacities without needing an extensive upgrade of electrical
operating systems[24]. They will be a good option in terms of
integration of EVs into energy systems for user conveniences
as well as broader grid benefits.

Table 1: Comparison of EV Charging Levels, Power Specifications, and Charging Rates

EV Charging Level  Voltage and Type of Current Location Charging Rate Charging Duration
Level 1 (AC) 120V - AC Residential 4 Miles/Hour 30+ Hours
Level 2 (AC) 240V - AC Residential/Commercial ~ 12-30 Miles/Hour 8-12 Hours

Level 3 480+V - DC (DC Fast Charging) Commercial 3-15 Miles/Minute 30 Minutes to 80%

>

-

Fig 3. Bidirectional schemes: A, single-phase bidirectional charging scheme
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2. Control Strategies for V2G and G2V Operations

The operation of the vehicle-to-grid (V2QG) and grid-to-vehicle
(G2V) technologies relies mostly on control strategies, which
enable vehicle energy to flow between electrical vehicles
(EVs) and the power grid[25]. Control strategies are also used
to control power flows, monitor battery health, and maintain a
stable grid through interactive demand response mechanisms.
Most major control strategies include power flow control,
battery management systems (BMS), and grid interactivity
algorithms, which are used to maximize bidirectional EV
chargers' performances and reliability[26].

Power Flow Control

The base function of power flow control is to take care of and
manage the flow of active and reactive power between the EVs
and the grid[27]. Active power control will focus on changing
the actual power that is transferred to or from the EV battery.
This battery state of charge determines the amount of energy
that could be available for use in V2G applications[28].
Reactive power control is that which will give the reactive
power basically to help sustain the grid voltage levels and
ensure that stability in the grid is maintained. With coordinated
active and reactive power flow, the bidirectional chargers can
provide a lot of support for the grid requirements when they
are under peak load conditions or fluctuations[29].HTML and
CSS; the advanced control algorithms dynamically adjust or
configure power flows for meeting the needs of the grid; if
needed, while also adhering to predetermined charging or
discharging limits of the EVs[30].

Battery Management Systems (BMS)

Battery management systems: These are systems that
implement all the functionalities which enable both V2G and
G2V operations and control the status of the EV battery[31].
These functions involve SOC, SOH, temperature and voltage

Table 2: Key Control Strategies for V2G and G2V Operations

Control Strategy Description

measurements, thus protecting the battery and permitting its
operation within safe and efficient limits. The parameters
monitored by the BMS lay the groundwork for actions taken
in preventing overcharging, deep discharging and overheating,
all of which might have long-term negative effects; thus, in
normal operation, for battery charge cycles, the batteries
receive perfused charge rates maximizing battery life[32]. This
is especially important in V2G applications, where the
processes of charging and discharging occur often, for the
longevity and reliability of the batteries used therein.

Grid Interactivity and Demand Response

Grid interactivity and demand response are means of
interacting with grid conditions and managing power customer
loads concerning the charging strategy of electric vehicles[33].
Demand-response  algorithms work through mutual
communication between the grid and EV chargers, enabling
the grids to request, in real time, either an increase in power
consumption or a decrease based on grid demand at that
moment[34]. The chargers may be state-mode software-
programmed to either reduce charging rates or enter V2G
mode and discharge energy back to the grid, during times of
peak demand. This situation allows for load leveling at such
that it keeps the grid intact by calmness and oscillations in
gradual provisions[35]. Thus, they offer bidirectional
connectivity to the grids and are insightful valuable resources
that provide utility operators with the capabilities needed for
maintaining the grid system's stability.

Together, these control strategies allow for an efficient,
reliable, and flexible integration of EVs into the power grid,
enhancing the stability of the grid while supporting renewable
energy utilization and battery health[36].

Benefits

Power Flow Control

Regulates active and reactive power exchange to
maintain grid stability and optimize energy use.

Supports voltage regulation, balances grid load,
ensures efficient energy transfer.

Battery Monitors SOC, SOH, temperature, and other
parameters to protect battery health and optimize

Management

System (BMS) charge cycles.

Extends battery life, prevents overcharging and
overheating, maintains efficient battery usage.

Grid Interactivity
and Demand

Response usage based on grid demands.

2.1 Design Considerations for Bidirectional EV Chargers

The design of single-phase bidirectional EV chargers
incorporates several key considerations that ensure reliable,
efficient, and safe operation during V2G and G2V

Algorithms to respond to grid signals and adjust power  Enables load leveling, frequency regulation,

and reduces grid stress during peak periods.

applications[37]. Some of these areas are the power electronics
requirements, isolation and safety arrangements, an efficiency
and thermal management approach, and communication
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standards. Together, these considerations provide the
underlying basis for a charger that intends to seamlessly
interface with the power grid, keep the user safe, do optimal
energy transfer, and support effective communication[38].

1) Power Electronics Requirements

The architecture of the power electronics in a typical
bidirectional EV charger makes two-way energy flow
possible[39]. In general, a conventional bidirectional charger
consists of three central components:

Rectifiers: Rectifiers convert AC from the grid into a DC
suitable for storing in the EV's battery. These are usually
diodes or power transistors that could achieve efficient AC-to-
DC conversion in the rectifier stage[40].

Inverters: Inversely to the working of a rectifier, the inverter
is used to convert the battery's DC back into AC in order to
feed the grid with the excess energy generated[41]. Modern
inverter hookup methods enable active PFC to provide high-
quality power signals by minimizing harmonic distortion and
reducing stress on the grid.

Filters: Filters are processes that smooth out and eliminate
from the AC waveform any unwanted noise and
harmonics[42]. With respect to maintaining signal quality and
ensuring compliance with grid standards, low-pass filters are
usually embedded in the system.

Table 3. Power Electronics Component

Power Electronics Component Function Role in V2G/G2V Operations
Rectifier Converts AC to DC Enables battery charging from the grid (G2V).
Inverter Converts DC to AC Allows energy to flow back to the grid (V2G).
Filter Reduces harmonics and noise in the signal Maintains power quality, protects grid stability.

2) Isolation and Safety

Separation and Security Separation is one of the key safety features of bidirectional EV chargers by providing protection against
electric shock and inhibition of the propagation of shorted or faulty cases to the EV or the grid[43]. Galvanic isolation is widely
applied, which isolates the primary and secondary circuits electrically, using a transformer or optocouplers. This prevents high voltages
in the grid from affecting the battery of the vehicle and endangering the user when the vehicle is being charged[44]. Isolation protects
against ground faults, enhancing the reliability and safety of the vehicle and charger. Also included in the overall safety protocol for
bidirectional chargers are fault detection systems for overvoltage and overcurrent protection. An example is given in the flowchart

below that summarizes the fault detection procedures.
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Fig 4. Power flow and components of a V2G system
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3) Efficiency and Thermal Management

As energy losses during conversion may generate excessive
heat and consequently reduce the lifespan and performance of
components, efficiency forms one of the key factors to be
regulated in bi-directional chargers. In order to optimize
efficiency, often advanced semiconductor materials-such as
silicon carbide (SiC) or gallium nitride (GaN)-are selected
rather than traditional silicon components[45]. Such trochees
can operate at higher frequencies and power levels and hence
reduce energy losses during the AC/DC conversion[46].
Thermal management is also very important, extremely
important, quite possibly it could save components from
overheating and consequent poor performance; heat sinks,
cooling fans, etc., are used to dissipate heat to a safe operating
temperature. Specification of a good thermal management
system considerably enhances the lifespan of the charger and
maintains a fixed efficiency during operation for extended
duration of time.

4) Communication Protocols

Since coordination between V2G and G2V operations requires
effective communication protocols that ensure the EV charger,
the grid, and the vehicle share data with one another, the main
protocols include:

e [EC 61850: This is a protocol applied mainly when
the communication inside power utility systems is
concerned[47]. It facilitates the integration of EV chargers
with grid management systems, which respond to grid
signals and are involved in demand response programs.

e [SO 15118: ISO 15118 is the communication
standard allowing vehicles to use "plug and charge"
capabilities by enabling identification and authentication
of EVs automatically. The standard aims to support both
one-way (G2V) and two-way (V2G) communication[48].
e  OCPP: Open Charge Point Protocol stands for open
communication between EV chargers and a central
management system[49]. OCPP is especially significant
in the implementation of networked chargers, remote
monitoring and maintenance, and software updating-this
boosts flexibility and functionality for the bidirectional
charger.

These design considerations—spanning power electronics,
isolation, efficiency, and communication—collectively ensure
that bidirectional EV chargers are safe, reliable, and effective
for V2G and G2V applications[50]. By addressing each of
these factors, manufacturers can develop chargers that not only
meet the technical requirements of EV integration but also
enhance user experience and contribute to grid stability and
energy management.

MATHEMATICAL MODEL

1. Energy Conversion and Power Flow

The bi-directional charger involves converting AC power
from the grid to DC power for charging the EV (G2V), and
DC power from the EV battery to AC power to feed back into
the grid (V2G). The relationship between the AC and DC
components can be expressed as follows:

. AC-DC Power Conversion (G2V):

The power transferred from the grid to the EV battery (denoted
as Pgov) can be modeled as:

Poov = Vaclac * Neav

Where:
. Vyc is the RMS voltage of the AC grid (in
Volts).
. I[oc is the current supplied from the grid to
the EV (in Amperes).
. Ngav 1s the efficiency of the AC-DC

converter during G2V operation (unitless).
. DC-AC Power Conversion (V2G):

The power fed back from the EV battery to the grid (denoted
as Py,g) can be modeled as:

Pyy6 = Vpelpe * Nvag

Where:
. Vpc is the voltage of the EV battery (in
Volts).
. Ipc is the current flowing from the battery to
the grid (in Amperes).
. Nvag 1s the efficiency of the DC-AC inverter

during V2G operation (unitless).
2. State of Charge (SOC) of the EV Battery

The State of Charge (SOC) of the EV battery during G2V and
V2G operations can be modeled based on the energy flow in
and out of the battery. The SOC at any given time t, denoted
as SOC(t), is given by the following differential equation:

dSOC(t) _ Peov — Pyag

dt Chat

Where:
. Pgov is the power supplied to the battery (in
Watts).
. Py, is the power discharged from the
battery (in Watts).
. Cpy 1s the battery's capacity (in Watt-hours,
Wh).

The SOC is constrained within the limits of 0 (empty) and 1
(full):

0<S0C(H) <1
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3. Charging and Discharging Power Control

The charging and discharging operations depend on the
demand from the grid and the battery's SOC. If the battery's
SOC is below a certain threshold SOC,;,, the charger will
prioritize G2V (charging). Conversely, if the battery's SOC is
above a threshold SOC,,,,, the charger will prioritize V2G
(discharging).

. G2V Condition (Charging):
The charger will operate in G2V mode (charging) when:

SOC(t) < SOC,,,, and Py

— min (P ) Cbat ! (Socmax - SOC(t)))
grid» dt
Where:
. Pyriq is the available power from the grid (in
Watts).
. SOC,,.« is the maximum desired SOC for the

battery (unitless).
. V2G Condition (Discharging):
The charger will operate in V2G mode (discharging) when:

SOC(t) > SOCmin and PVZG

. ( Cbat ’ (SOC(t) - SOCmin))
= min Pload'
dt
Where:
. Poad 18 the power demand from the grid or
load (in Watts).
. SOC,,i, 1s the minimum desired SOC for the

battery (unitless).

4. Grid-to-Vehicle and Vehicle-to-Grid Operation
Schedule

The scheduling of G2V and V2G operations is critical for both
energy efficiency and grid stability. The following model can
be used to define the operation schedule:

Psoy, if SOC(t) < SOC,
poperation (t) = pVZG' if SOC(t) > SOCmin
0, otherwise

This function ensures that energy is only transferred to or from
the battery when needed, based on the battery’s SOC and grid
requirements.

5. Grid Impact and Economic Model

The economic benefits of bi-directional charging, both in
terms of energy storage and cost savings, can be modeled as
follows:

Net Proﬁt(t) = pVZG(t) . Priceseu - Psz(t) . Pricebuy

Where:
. Price, is the price at which the grid buys
power from the EV during V2G (in $ per kWh).
. Pricey,, is the price at which the EV buys

power from the grid during G2V (in $ per kWh).

6. Optimization of Energy Flow

The optimization of energy flow can be modeled as a mixed-
integer linear programming (MILP) problem to minimize the
cost of energy from the grid while maximizing the return from
V2G operations:

T
Minimize Z[Pczv(t) - Pricey,,y — Pyog (D) - Priceseu]
t=1

Subject to:
J SOC(t) € [0,1]
. Pgov (t) and Py, (t) must respect grid power
limits.
. Battery charging and discharging rates are
constrained by the battery's power and capacity
limits.

2.2 Bidirectional Converter Topologies

Bi-directional converters are critical elements in modern
energy storage systems and electric vehicle (EV) charging
systems since they permit power flow in both directions: from
the grid to the battery (charging mode) and from the battery to
the grid or load (discharging mode)[51]. These bidirectional
operations are facilitated by different converter topologies,
each having its own advantages and challenges in terms of
efficiency, cost, and complexity. An overview of the most
important converter topologies for this application is presented
below.

AC-DC bi-directional converter in systems involving grid
connection is widely used, among these are EV charging
stations, solar inverters, and energy storage systems; this
allows the two-way bidirectional power flow between the AC
grid and the DC-based energy storage system (for example, a
battery). The AC-DC bi-directional converter changes the grid
AC into DC for charging the battery, while reversing the
process in giving discharges[52].

Multiple converter topologies are used in bidirectional energy
conversion systems aimed at facilitating less lossy transfers of
power from AC to DC and within two DC sources[53]. The
most widely used topology in AC-and-DC bidirectional
converters is the full-bridge inverter; it is known for its high
efficiency and flexibility in power flow control. Despite this
topology's reasonable performance, advanced control systems
are required. Another operating and useful converter topology
is a two-stage inverter with the intermediate DC link, which
gets extensively used in systems where a high power factor
and minimized harmonic distortion are crucial[54]. A dual
active bridge is another very efficient topology with two full-
bridge inverters, one on the AC side and another on the DC
side. These two converters are connected via a transformer for
isolated energy conversion, which is particularly useful for
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grid integration. The benefits of these topologies heavily
outweigh their drawbacks, which include high efficiency,
isolation between grid and battery, and lesser harmonic
distortion[55]. However, the main disadvantages are a more
complex control system and increased component
consumption for efficient power transfer.

They are used to transfer energy from one DC source to the
other, being placed in between a load and a battery. Buck-
Boost Converter allows stepping-up or stepping-down DC
voltage rather efficiently while maintaining control over the
voltage in charging/discharging cycles. Also another very
popular choice, mainly in applications requiring galvanic

isolation between input and output, is the flyback converter,
which is known for its simplicity and cost-effectiveness[56].
The Interleaved Converter works with many smaller
converters working in parallel with phase-shifting for lower
ripple currents and better efficiency, making it best for high-
power applications where heat dissipation is a concern.
Advantages are high efficiency, flexibility in the voltage
regulation, and interleaved converter designs causing less
ripple currents. Trade-offs include complexity in the control
system (higher for interleaved converters), flyback converter
operation on higher switching frequencies, and increased cost
for interleaved configuration

Table 4: Comparison of Different Topologies

Topology Efficiency Cost Complexity Typical Applications
Buck- Moderate to high (depends ) ) Low to medium power
. oo . Simple design, easy to . .
Boost on design and switching Relatively low implement systems with variable
Converter frequency) P input/output voltage
Simple design, but ful Low- isolated DC-DC
Flyback Moderate (best at lower Hp 'e emgfl, uh careiu ow po‘wer, 150 a. ©
Low handling of ripple and conversion, e.g., in battery
Converter power levels) . .
voltage spikes required chargers
Interl High (red ippl High- licati
ferieave ‘& (re. 1ees Tippie Higher than buck- Moderate to high (requires ‘& . power appriea %ons
d current, improves . requiring better efficiency
. boost and flyback phase-shifted control) )
Converter efficiency) and reduced ripple
Dual
Very high ially at High (due t . High- t ith
Active .ery igh (especia y a igh (dueto High (requires sophisticated . '€ .powe.r oS .e m§ W
. high power levels, with transformer and . isolation, like grid-tied
Bridge . . . control algorithms)
isolated conversion) control complexity) systems, energy storage
(DAB)
High (due t
Full- High (suitable for high igh (dueto . . . AC-DC bidirectional
. . components like High (requires advanced }
Bridge efficiency and power . . systems, grid-connected
switches and control and synchronization) L )
Inverter transfer) . applications, EV charging
drivers)
Two- High (good power factor. High (complex control and Grid-interfacing systems
Stage &7 18000 POW  Moderate to high 8 P . 85y ’
Inverter minimal harmonics) intermediate DC link) energy storage systems

3. Implementation Challenges in EV Charging Systems

Integrating EV chargers into the electrical grid raises multiple
technical challenges[57]. The major concern among those that
pertain to interfacing the distribution grid with EV charging is
compatibility with the grid. This may include frequency,
voltage, and phase considerations. Variability from renewable
energy sources and load fluctuations will impose a dozens of
discrepancies with respect to these parameters along the
normal functional operation of a charger to ensure safe and
effective operation, complicating that charge concern in
particular with the larger development of V2G
technology[58].

Another pressing challenge is with regard to thermal
management[59]. With high-power charging/discharging
cycles, significant heat is produced by power electronics,
which must be effectively managed to prevent damage and
reduced performance. Excessive heat can reduce both the
efficiency and life of the electric vehicle and the charging

infrastructure[60].  Utilization of advanced cooling
technologies and materials to counter this situation is one of
the ways forward, tending to add complexity and cost.

Protection systems and fault tolerance are additional essential
components that ensure the robustness of EV charging
systems[61]. They shall be provided with enough strength to
endure electrical faults like short circuit, over-voltage, and grid
disturbances. Not installing any protection mechanisms might
cause the system to fail or even be a safety hazard. An
advanced minimum level contour fault detection and response
technology is necessary to avoid such faults, which add to the
technical complexity of systems.

Finally, considering the cost of infrastructure development and
the issues related to implementing V2G, it constitutes a major
barrier[62]. There are costs that go with R&D work done for
V2G systems and include careful investment into hardware
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resources and software, meaning that lots of upgrades must
occur in the electric network infrastructure. As automotive
technologies shall scale up for conversion to EV usage,
economic challenges also surface since considerable upgrade
must be done to charging stations and the broader energy
grid[63]. Hence, there remains a big need for low-cost-scalable
solutions to ensure that V2G technologies can accomplish their
lofty ambition.

4. Future Directions and Research Opportunities

Advances in Semiconductor Technologies (e.g., SiC and
GaN) for Improving Efficiency:

e Research on Wide Bandgap Semiconductors:
Investigate the role of SiC (silicon carbide) and GaN
(gallium nitride) in improving the power conversion
efficiencies in both EV charging stations as well as V2G
systems. Such materials can apply higher voltage at a
faster switching frequency, thus minimizing energy
losses, leading to more efficient and compact charging
units.

e Device Reliability and Durability: Conduct research
that focuses on improving the long-term reliability and
durability of SiC- and GaN-based devices when subjected
to real-world operating conditions, particularly in
dynamic EV charging and V2G situations[64].

e Make It Cheaper: Make an effort toward possible
solutions for reducing manufacturing costs involved with
SiC and GaN devices to render them mass-accessible for
EV charging infrastructure.

Integration with Next-Generation Power Electronics:
Investigate the integration of SiC and GaN in next-generation
power electronics for bidirectional charging, thus enabling
more efficient energy exchange between vehicles and the
grid[65].

Prospects for AI and Machine Learning in Predictive
Control for Optimized V2G/G2V Operations:

e Predictive Load Management: Utilize machine
learning to model energy consumption and optimize the
charging/discharging cycles of EVs in real time to balance
the demand from the grid while ensuring stability in the
systems.

e Optimized Energy Flow and Cost Reduction: Al-
based predictive models, including aspects for electricity
rates or grid demand and vehicle battery state, should be
developed to schedule V2G operations efficiently to
minimize energy costs for users and assist in stabilizing
the grid[66].

e Prediction of Vehicle Availability: Utilization of
artificial intelligence could assist in predicting the
availability of EVs for charging/discharging by taking

into account driver behavior and patterns while enhancing
the efficiency of EV fleets in V2G applications[67].

e Integration with Smart Grids: Study the interaction of
Al and machine learning with smart grid systems to create
real-time autonomous decision making on energy flow
between EVs and the grid.

Importance of Further Standardization to Support
Interoperability Across Different EV Brands and
Charging Networks:

e Universal Communication Protocols: Explore the
possibility of universal communication standards for
seamless integration of EVs, chargers, and grid systems
such that different EV brands and charging networks can
easily communicate and exchange data[68].

e Standardized Charging Connectors and Interfaces:
Study possibilities for standardized physical charging
connectors and interfaces that get rid of the compatibility
problems that currently hinder different EVs from being
charged at charging stations, especially in V2G
applications.

e Regulatory and Policy Frameworks: Emphasis on
developing global regulatory frameworks to standardize
charging protocols and V2G/G2V systems to encourage
and enable uniform implementation across regions and
manufacturers[69].

e Cross-Network Billing and Authentication: Develop
standardized mechanisms for billing and authentication
that enable users seamlessly to charge their vehicles
across various charging networks, thereby enhancing the
user experience[70].

These future directions place vast opportunities for research
and innovation in the EV charging infrastructure, V2G
technology, and Al and machine learning integration,
collectively facilitating a progressive EV ecosystem and
fuelling a more sustainable and efficient energy system.

5. Conclusion

With this model of bidirectional single-phase EV charger for
V2G and G2V operation, considerable changes can be
introduced in the effective integration of electric vehicles with
the power grid. In particular, the development of an efficient
bi-directional charging system where energy transfer takes
place from the grid into the EV (G2V) and back into the grid
(V2G) enables a vehicle to act as a mobile energy storage unit.
Their flexibility helps stabilize the grid by supporting peak
shaving, voltage regulation, and ancillary services. The
charger design used advanced power electronics in the realm
of high efficiency, with minimal energy losses during the
charge and discharge cycles. Other safety measures provided
include protection against over-voltage and over-current
conditions.
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In summary, the single-phase-bidirectional charger has a
transformative role in advancing a sustainable energy
infrastructure. They enhance grid resiliency in utilizing
electric vehicles as distributed energy resources that support
the integration of renewable energy sources, including solar
and wind. Moreover, with increased adoption of EVs, such
chargers will be instrumental in reducing carbon emissions in
the transportation and energy sectors. With developments
toward economic benefits V2G systems can offer, such as
energy exchange and storage, together with interests in smart
grid technologies, sway the case for bidirectional chargers
becoming a vital enabler of future energy solutions.
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