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ABSTRACT The integration of renewable energy sources (RES) and electric vehicles (EVs) into microgrids
(MGs) has significant potential for enhancing energy resilience, addressing environmental concerns, and
promoting decentralized energy systems as a global shift towards sustainable energy solutions. Therefore,
this survey paper provides a comprehensive discussion on improving MG operation through EV integration.
This study evaluates the status of EV integration into MGs, focusing on technological advancements, and
emerging trends, while pinpointing key technical challenges and opportunities. Furthermore, this paper
examines the pivotal role of EVs in participating in vehicle-to-grid (V2G) services, providing ancillary
support to improve MG performance. The importance of a reliable communication infrastructure for
information exchange between EVs, EV charging stations (EVCSs), and MGs has been emphasized for the
effective implementation of V2G services. This discussion extends to the contributions of EVs to primary,
secondary, and tertiary MG controls. The paper also analyzes the integration of EVs into AC and DC
MGs and further proposes configurations for both MG cases. Finally, the paper concludes by providing
recommendations for future research to unlock the full potential of EV contributions to MG performance,
thereby contributing to the ongoing advancement of sustainable and resilient energy systems. The key
findings of this work include solutions for MG voltage and frequency regulation implemented through
EV bidirectional converter power flow control, EV charger configurations for integration into AC and DC
MGs, EV contributions in improving the MG’s operational resilience and adaptability, and the noteworthy
challenges arising from V2G implementation in such systems.

INDEX TERMS Electric vehicle charging, microgrids, renewable energy sources, vehicle-to-grid.

I. INTRODUCTION
Global energy policies and industrial intentions to advance
energy security have led to a significant increase in the
demand for sustainable energy. Power generation based on
traditional resources such as fossil fuels will not be able
to meet these requirements, as these sources are becom-
ing increasingly scarce and are highly polluting to the
environment [1]. Renewable energy sources (RES) have
seen remarkable technological improvements in recent years,
which have led to their widespread adoption. The evolution of
the global energy landscape towards RES not only offers an
alternative solution to traditional power generation resources,
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but also a sustainable way to mitigate climate change [2].
Despite the optimistic expectations in the establishment of
RES, the stochasticity and unreliability of power production
give rise to technical obstacles such as incorporating RES into
the grid system due to these intermittent attributes. To stabi-
lize and reduce power variations from RES, energy storage
systems (ESS) are utilized in these systems [3]. During low
demand periods, the ESS accumulates energy from the RES
and returns this energy during periods when demand is high.
In addition to employing an ESS, an alternative approach to
address the variability and uncertainty of RES involves the
implementation of demand-side management strategies. This
entails transitioning from the conventional notion, in which
generation follows consumption, to a paradigm in which
consumption follows generation.
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The concept of a microgrid (MG) was developed to pro-
vide a reliable and stable means of effectively integrating
distributed energy resources (DER), that is, RES, ESSs,
and loads to operate as a single unit. In addition to the
established AC topologies, DC or hybrid MGs can also be
adopted. Research on DC MGs has recently gained consid-
erable momentum. The key motives behind the transition to
DCMGs are the increasing penetration of RES and ESSs into
the energy mix, predominantly supplying DC power, and the
growing use of DC-powered equipment [4]. The DC distri-
bution has proven to be a more efficient interface between
RES and DC loads, including electric vehicle (EV) charging.
Nonetheless, the broad dissemination of DC MGs is limited
by insufficient knowledge and inadequate foundations for
standards [5]. An MG can operate as a stand-alone system
or in grid-connected mode. The capability to supply energy
in an autonomous mode, whether because there is no access
to the utility grid or its temporary unavailability, represents
one of the key advantages of MGs. Typically, an MG has
islanding capabilities, whereby it disconnects from the utility
grid in the presence of potential grid faults [6]. This critical
feature enables the continuation of MG operations, thereby
meeting the power needs from DER. Thereafter, the islanded
MG can be reconnected and synchronized to the grid after
the disturbance has been removed [7]. Grid-connected MGs
are becoming increasingly popular for business and residen-
tial applications, where they are used as prosumer systems.
As active consumers, these entities participate in electricity
market trading and receive incentives in return for their par-
ticipation [8].
The transportation division is considered the world’s

largest energy consumer, largely attributed to its high pop-
ulation and economic growth [9]. The ever-growing energy
demand has resulted in an energy crisis and extreme car-
bon dioxide emissions. Several countries have implemented
mitigation plans to minimize carbon emissions, and electri-
fying transportation has emerged as a promising solution.
Transport electrification through EVs has begun to domi-
nate the automotive industry in the past decade as part of
efforts to minimize the carbon footprint in the transporta-
tion sector [10]. The use of EVs does not only assists in
decarbonization but also helps to reduce reliance on fos-
sil fuels. Governments across the globe subsidize consumer
taxes on EVs as a way of encouraging their use and promoting
a transition towards a green economy. However, there are
some challenges hindering the EV market from realizing its
full potential including a shortage of charging infrastructure,
battery cost, load variations, and lack of charging standardiza-
tion. Research on transforming EVs from passive consumers
to controllable loads through their interaction with the grid
by the vehicle-to-grid (V2G) concept has been ongoing since
the inception of EVs. In this regard, EVs have the potential
to provide grid support by providing ancillary services [11].
Some of the services provided by EVs are active and reac-
tive power control, voltage and frequency regulation, current
harmonic filtering, and distributed storage systems. The use

of bidirectional chargers in the implementation of the V2G
mode of operation is helpful for attaining resilient MGs [12].
Incorporating various components, such as RES, passive

and active loads, and ESSs, the necessity for optimal energy
management and power flow control within the MG has
become essential, leading to the development of energy man-
agement systems (EMS). An EMS performs management on
both the demand and supply sides to satisfy MG restrictions
to achieve a reliable, sustainable, and economical MG oper-
ation [13]. The recent deployment of artificial intelligence
(AI) techniques alongside classical techniques in EMSs to
participate in EV charging scheduling and power generation
forecasting has significantly assisted the efficient utilization
of available RES power.

The reliability in the management and control of MG sys-
tems is closely tied to the used communication networks [14].
Effective communication technologies are essential for facil-
itating information sharing among the MG participants.
In the context of the V2G approach, efficient and successful
implementation of the associated V2G services requires a
connection that allows the exchange of information between
the charging infrastructure and EVs. Such ancillary services
have demanding communication requirements (high reliabil-
ity and low latency), as packet losses and communication
delays leads to poor precision and financial losses [15].
The ISO 15118/2019 standard refers to communication
in V2G networks, guaranteeing integrity, anonymity, non-
repudiation, and confidentiality as far as network security is
concerned [16].

A. OPPORTUNITIES ARISING FROM THE INTEGRATION OF
EVS INTO MGS
The integration of EVs into the MG system offers an oppor-
tunity for EVs to contribute to MG control. V2G technology
provides services including frequency control, reactive power
compensation, harmonic filtering, voltage regulation, balance
of the local distribution system, spinning reserve, and peak
power shaving [17].

1) FREQUENCY CONTROL
As the main power generators in an MG, RESs provide
fluctuating power owing to the weather-dependent output,
thus making the MG more susceptible to frequency devi-
ations [18]. By leveraging the V2G functionality, EVs can
compensate for the RES variability while maximizing the
usage of RES for charging. It was experimentally proven that
the quantity of EVs engaging in V2G influences frequency
control, and it was concluded that the MG exhibits reduced
frequency deviations with an increase in the number of par-
ticipating EVs [11].

2) VOLTAGE CONTROL AND MG ANCILLARY SERVICES
By means of their power electronics interface, EVs can
participate to a certain extent in ancillary services in the
MG, such as voltage regulation, power factor correction, and
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reactive power compensation. It is important to note that an
EV bidirectional charger can provide such services while
operating within its remaining power capacity, especially
when not transferring full active power during charging, with
a minimal impact on the battery lifespan [19]. An example of
an EV providing MG voltage support was analyzed in [20],
where voltage support was achieved by implementing a droop
control characteristic within an EV charging station (EVCS).

3) ENERGY STORAGE AND PEAK SHAVING
EVs are now integrated into MGs as mobile ESSs. Having
direct access to EV storage for charging and discharging,
enables the MG system to expand its overall storage capac-
ity [21]. EVs can remain idle in parking lots for an average
of 3 to 5 hours daily; during this period, EV batteries can
function as distributed energy storage, thus increasing MG
reliability [22]. The energy stored in EV batteries can be
utilized in valley filling and peak shaving to balance power
supply and demand [23]. This involves scheduling EVs to be
charged during low-power demand periods depending on the
charging flexibility of the EV, that is, the ratio between the
minimum charging time and parking duration. Later, when
there is a higher demand, the energy stored in the EV flows
back into the MG.

4) ECONOMIC IMPACT
V2G services offer EV owners the opportunity to gener-
ate revenue by purchasing electricity at lower prices during
off-peak periods and selling excess energy at higher prices
during on-peak periods [24], [25]. Existing power generation
units also benefit in that V2G reduces the need for expansion
or new power generation plants, thereby reducing investment
costs [26]. In the case of growing power demand, this increase
in demand will be catered for by EV battery storage. V2G
also supports the large penetration of RES into MGs, thereby
reducing the number of backup generators [27]. This is ben-
eficial, as it reduces reliance on fossil fuels and allows the
use of cost-effective RESs. As shown in [28], reduction in
costs associated with power system implementation can be
obtained by implementing V2G.

5) MITIGATING CONGESTION AND LOSSES IN
DISTRIBUTION NETWORKS
The primary findings from [29] indicate that EVs do not
necessarily need to begin charging as soon as they reach
the EVCS. Therefore, by using information about the EV’s
departure and energy prices, the EV charging periods can
be optimized, which helps to reduce peak congestion in the
distribution network. The optimization of EV charging times
also helps to minimize load variances and thus minimizing
system losses [30], [31]. EVs can inject reactive power into
the MG when they are not required to operate with a unity
power factor. This reactive power dispatch from EVs assists
in lowering the distribution energy losses in the MG without
affecting the costs of charging the EV [32], [33].

6) GRID RESILIENCE
In the event of outages and emergencies, EV bidirectional
chargers can enable backup power to ensure a continuous
supply of critical loads [34]. This mechanism helps miti-
gate the impact of outages and enhances the overall MG
resilience. To supply power to a house, bidirectional EV
chargers incorporate special components tomanage loads and
isolate the house from the MG during blackouts (islanding).
This bidirectional flow helps stabilize the MG, particularly
during periods of peak demand or unexpected disruptions.

7) RES SUPPORT AND BALANCE
In V2G technology, EV onboard ESSs can serve as a useful
and flexible resource, facilitating higher penetration of RES
within the MG. EVs can be integrated with RES within
an MG to buffer and store energy to better utilize inter-
mittent energy production from wind and PV plants [35].
The everchanging weather conditions produce strong power
imbalances. This is particularly challenging because it dis-
rupts conventional methods for planning the daily operation
of the MG, forcing the control mechanism to adapt its oper-
ating procedures [36]. In grid connected MGs, if the power
from the RES is too high, centralized power plants must
decrease production to restore power balance, or the RES
must be curtailed. In this scenario, EVs can help to align
consumption and generation by controlled charging and dis-
charging. RES curtailment serves to balance MG power by
resolving issues related toMG congestion, unmatched supply
and demand. V2G technology assists in lowering RES curtail-
ment, which is considered unfavorable because curtailment
increases the operating costs and is an ineffective way of
utilizing RES [37]. Minimizing RES curtailment also helps
investors in developing future renewable energy projects.

8) SPINNING RESERVE
Another ancillary service of interest that can be provided by
the V2G is the spinning reserve. Typically, a spinning reserve
is provided by online generators that immediately adapt their
output power in response to major power shortages [36].
However, the spinning reserve requires a generation capacity
with a quick response time, which is well suited for utilizing
EV batteries [38]. Moreover, the active power supplied must
be synchronous with the MG, which suits the EVs connected
to the bidirectional chargers. For the effective implementation
of EVs as spinning reserves, there should be enough EVs
connected to the MG with sufficient energy stored in their
batteries. In such circumstances, EV owners receive incen-
tives not only for the services they provide but also for their
abilities to supply power during contingencies [39].

B. CHALLENGES ARISING FROM THE INTEGRATION OF
EVS INTO MGS
The migration from internal combustion vehicles to EVs, like
any other new technology, has several benefits as well as
possible drawbacks. The implementation of V2G techniques
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poses additional MG challenges that are primarily associated
with MG power quality and control, battery deterioration,
high investment costs, and EV scheduling. Based on our
analysis, key points associated with the integration of EVs
in MGs were identified, as outlined in the followings.

1) POWER QUALITY ISSUES
Charging multiple EVs simultaneously leads to a change
in the overall load profile of the MG. This change has a
significant effect that results in the degradation of MG per-
formance, that is, voltage deviations, poor power quality, and
even total blackouts in some cases [40]. It is also projected
that increasing EV penetration into MG systems will affect
the voltage profile, prompting undesirable peaks in power
usage within the MG, resulting in power quality issues, such
as total harmonic distortion, voltage imbalance, and volt-
age sags [41]. Additionally, voltage imbalances may occur
because of an unregulated EV connection and disconnection
in the MG [42]. The cost of voltage correction devices in the
MG, owing to these voltage imbalances, may also increase.
EV chargers, as they are non-linear devices composed of
switching semiconductor devices, can have a negative effect
on grid power quality if they operate as passive consumers.
However, integrating grid-supporting features into EV charg-
ers presents a significant opportunity to enhance the power
quality.

2) BATTERY DEGRADATION
EV batteries are subjected to multiple charge-discharge
cycles when operated in V2G, which accelerates battery
degradation [43]. According to the experimental findings
in [44], it was concluded that V2G technology has negative
effects on Li-ion cell performance, with the potential for
lifespan reduction to less than five years. In [45], it is also
acknowledged that using V2G twice a day reduces the battery
capacity by 75% in the long run (five years). The impact of
V2G on battery lifespan and performance can be a major
concern for EV owners, which may potentially affect their
acceptance of V2G participation.

3) COMMUNICATION
Reliable real-time communication is of paramount impor-
tance for an effective MG that implements V2G technology.
Successful implementation of V2G services requires efficient
communication among EVs, the control center, and aggre-
gators [46]. Inadequate communication frequently results
in packet losses, communication delays, diminished pre-
cision, and financial losses, which affect the overall MG
performance.

4) HIGH INITIAL INVESTMENT COSTS
The hardware infrastructure (EV aggregators, efficient com-
munication systems, metering, plug-in connectors, etc.),
which is essential for implementing V2G, requires a high
investment [47]. Moreover, costs are influenced by the

increased degradation of EV batteries when providing V2G
services [48]. An extensive network of bidirectional charg-
ers is necessary for the widespread deployment of the
V2G technology, which could necessitate large infrastruc-
tural development, thereby increasing the overall MG system
investment. Another form of investment involves providing
incentives to EV owners for participating in V2G. Individuals
should have sufficient economic motivation to allow their
EVs to contribute to the MG. Without appropriate compen-
sation, EVs will be limited to providing MG support.

5) STOCHASTICITY
The uncertainty associated with factors, such as EV depar-
ture, EV arrival, daily distance coverage, and battery size,
undermines the reliability of the MG system [47]. Further-
more, the inherent stochasticity of RES adversely affects
the reliability of MGs. This is because some MGs rely on
EV batteries for storage and supply-demand balancing, and
the unpredictability in EVs arrival or departure can lead to
unexpected power shortages and inefficient power utilization.
Uncertainties in EV usage patterns and daily distance cov-
erage affect the MG load profile and present difficulties in
performing load forecasting. Therefore, MG operators may
struggle to optimize generation and storage resources, which
has the potential to result in underutilization or overloading
of these resources [49]. All these factors lead to fluctuations
in the energy demand, resulting in MG instability.

6) DISTRIBUTION EQUIPMENT, OVERLOADING AND AGEING
The increase in load demand due to EV charging results
in the overload of MG distribution infrastructure, such as
powerlines and transformers, where applicable [50], [51].
An impact assessment was conducted in [52] to evaluate the
effects of the EV penetration level (ratio between the number
of EVs and the number of households supplied by the trans-
former) on the performance of the transformer. Their findings
showed that the transformer overloading index became unsat-
isfactory when the EV penetration reached 75%, thereby
reducing its lifetime. Furthermore, overnight charging of EVs
may interfere with conventional night-time cool-down peri-
ods for transformers, likely resulting in shorter transformer
lifetimes [53]. Powerlines and transformers can also overheat
when overloaded by the increased number of EVs, causing
outages, fires, and, more commonly, accelerated component
ageing.

7) BIDIRECTIONAL POWER FLOW CONTROL
Implementing bidirectional power flow for V2G applications
introduces complexities in the control and management of
MG, especially in terms of stability and reliability. Different
topologies of bidirectional power flow converters that can be
used in V2G are presented in [54], and some of the challenges
associated with this bidirectional flow of power include DC
link voltage imbalances, increased cost, reduced reliability
due to the use of electrolytic capacitors, and limited power
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densities due to additional losses. The challenge of managing
a bidirectional power flow becomes more complex as the
number of EVs engaged in V2G services increases. This
poses significant scalability challenges in designingV2G sys-
tems that can handle vast DER efficiently while maintaining
the MG’s performance and reliability.

8) CYBERSECURITY RISKS
The EV charging framework is a complex system comprising
several entities that interact and share personal information,
rendering it susceptible to cybersecurity threats that pose
risks to the entire MG system. A number of EV charging
vulnerabilities were presented in [55], and these incidents
demonstrate the lack of experience in this area of cyberse-
curity and data protection. These threats include disruption
of the supply chain and operation of embedded hardware
devices in the MG system [56]. The communication equip-
ment (ethernet and Wi-Fi) used in V2G technologies, allows
hackers to access and affect the entire charging network
through a single charger [57]. By infiltrating the EVCS,
attackers can easily manipulate targeted critical components
of theMG,which can have significant implications, including
power disruptions and threats to public safety [58].
Given the high necessity of incorporating EVs into dis-

tribution grids at different scaling levels, while reducing the
use of conventional energy sources, there is a crucial need to
enhance research on this topic. As part of this effort, this study
provides an overview of the current solutions concerning
the integration of EVs in MGs. For this purpose, subse-
quent sections will cover the following topics: In Section II,
we describe how interactive EVs assist in the control of MGs.
In Section III, we discuss the communication between the
MGs and EVs. In Section IV, we provide in-depth details
regarding solutions for EV integration in both AC and DC
MGs. Section V presents the open research challenges for EV
integration in MGs. Finally, Section VI concludes the paper.

II. CONTROL OF MGS WITH EV SUPPORT
Progress in grid-interactive EV technologies presents a sig-
nificant opportunity to enhance MG control by integrating
EV as an active resource. The extent of the EV contribution
to MG control primarily relies on the resources accessi-
ble through the interconnection point, specifically EVCS.
V2G capabilities are constrained by several factors, such as
the power exchange capabilities of the interfacing converter
(on-board or external charger, as outlined in a subsequent
section), battery charging/discharging limits, and connection
line parameters between the EVCS and MG. Fig. 1 shows
the EV active and reactive power capabilities, accessible for
V2G operation within the apparent power limit (Smax) of
the interfacing converter, and other limits discussed subse-
quently. In quadrants I and II, the EV charges in the inductive
and capacitive modes, respectively, and the charging power is
restricted by the charging-process limit. In quadrants III and
IV, the EV discharges in the capacitive and inductive modes,
respectively, with the discharging power restricted by the EV

FIGURE 1. EV P/Q capabilities for V2G operation.

battery state of charge (SoC) limit. The amount of reactive
power injected by the EV into the MG is restrained by the
maximum voltage at the point of common coupling (PCC)
whereas the reactive power absorbed by the EV from the MG
is restrained by the minimum voltage at the PCC.

In the following subsection, a synthetic analysis of how
EVs can participate in different control levels of an MG is
provided.

A. MG CONTROL SCHEMES
Different control schemes can be used to control a complex
MG structure, depending on how the power units interact
with each other and whether there is a central controller in
the control system. These control schemes are classified as
decentralized, centralized, and distributed.

1) DECENTRALIZED CONTROL SCHEME
Each power unit independently manages its operation with-
out exchanging information with other units; therefore, it is
more versatile than other control schemes. However, the main
challenge of decentralized control is the lack of coordination
among the power units, which often leads to difficulties in
achieving an optimal solution [59].

2) CENTRALIZED CONTROL SCHEME
Each power unit sends and receives information to and from
the central controller using communication channels. Cen-
tralized control is highly effective when implemented with an
optimization method to enhance the reliability and stability
of the MG [60]. However, a centralized control scheme is
vulnerable to single-point failures (central controller), which
in turn makes it difficult to manage the vast amount of data
gathered from power units.

3) DISTRIBUTED CONTROL SCHEME
Each power unit sends and receives information to and
from other power units using communication channels. Each
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TABLE 1. Classification of hierarchical control levels.

power unit performs its own control, based on this informa-
tion exchange. This scheme is more reliable because it avoids
the coordination challenges that arise as a result of using a
single central controller [61].

B. HIERARCHICAL CONTROL IN MGS
Owing to the complexity of MG systems, intelligent control
strategies are required to address all MG abnormalities simul-
taneously. The use of a single MG control will not be able
to achieve this, hence, a hierarchical architecture is regarded
as the appropriate strategy to allow numerous variables to
be controlled independently and concurrently [62]. Three
separate control levels constitute the hierarchical architec-
ture, which is primarily related to their response speed and
communication requirements. The three distinct levels are
primary, secondary, and tertiary control [63] and are classified
in Table 1 according to their action domains and time frames
in MG control.

C. EV CONTRIBUTION TO PRIMARY CONTROL
Primary control interacts with power electronic converters
directly in either grid-forming or grid-following configu-
rations. Control signals are sent to the power electronic
interface to ensure short-term MG stability by performing
power sharing among the DER and dealing with some power
quality concerns.

EachDG in theMG is assigned a certain active and reactive
power to meet the load requirement without overloading any
of the DGs, simultaneously ensuring that the voltage and
frequency levels of the MG system do not deteriorate [64].
Droop control is the predominant control technique in

primary control owing to its decentralized nature. Therefore,
the communication requirement is minimal to non-existent.
An overview of various droop control strategies, including
conventional droop control, robust droop control, adaptive
droop control, and virtual impedance loop-based droop con-
trol, is presented in [65].

Primary frequency control based on decentralized V2G
control (DVC) is proposed in [66]. This control comprises
charging with frequency regulation (CFR) and battery SoC
holder (BSH) control strategies. The BSH is essential in
maintaining the EV battery SoC at a predefined level by
utilizing an adaptive droop to control the EV power exchange
with the MG. BSH can also include a frequency control
loop. The battery SoC obtained from the battery management
system (BMS) together with the real-time frequency obtained
from the frequency detection block provides V2G controllers
with information for performing their control functions. CFR
control ensures that the charging demand is met while partic-
ipating in the MG frequency control. In CFR control, the EV
customer provides the charging time as well as the expected
SoC.

Another study on the dynamic frequency response of EVs
considering their travelling behavior is presented in [67]. The
EV charges at maximum power if the frequency deviation is
smaller than the set frequency deviation threshold, whereas it
decreases its charging power based on a droop characteristic
as the frequency deviation increases above a set limit.

D. EV CONTRIBUTION TO SECONDARY CONTROL
Secondary control acts as a mediator between primary control
and tertiary control, rectifying the deviations between the
measured parameters at primary control and the expected
values according to tertiary control [68].
EV-assisted secondary control and power quality improve-

ment in an MG was presented in [69]. The MG has a
central controller based on two proportional and integral (PI)
controllers, one for frequency restoration and the other for
voltage restoration. The restoration signals are then trans-
mitted to the voltage-source inverter and EV controllers to
determine the references for the active and reactive powers.
Furthermore, the EV can provide power-quality support to
the MG by adjusting the reactive power references of its
converter. As discussed in [70], AC/DC converters in EV
chargers can operate in different states according to their
active and reactive power settings. This characteristic assists
the system (distribution network or MG) by increasing its
capacity, lowering reactive power losses, and improving its
voltage profile.

A secondary frequency control module for the EV charg-
ing control strategy was proposed in [71]. The module uses
two-stage control, whereby the EV responds promptly to
frequency deviations and eliminates these deviations. The
first-stage control is an open-loop control that uses the MG
distributed power parameters to determine the power cor-
rection coefficients to compensate for power shortages. The
second-stage control eliminates some frequency deviations
that result from the first-stage control.

E. EV CONTRIBUTION TO TERTIARY CONTROL
In MGs, tertiary control provides an optimal energy dis-
tribution, typically by employing an EMS. The EMS is
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responsible for performance monitoring, control, and opti-
mization of energy generation and consumption [72]. Other
roles of EMS includes forecasting of RES generation and
load consumption, analysis of meteorological conditions,
and market energy price. The EMS ensures optimal energy
consumption while simultaneously reducing the cost of elec-
tricity, especially when the MG operates in grid-connected
mode, by controlling the EV charging process to minimize
power intake from the grid and to maximize the use of
locally generated power [73], [74]. Advanced technologies
like AI and internet of things (IoT) are being used to improve
renewable energy systems to make them more robust and
responsive. The EMS relies on two main control techniques:
classical and AI-based techniques. The first category includes
well-established techniques, such as model predictive con-
trol, stochastic and robust programming, mixed-integer linear
programming, linear programming, and iterative algorithms.
AI techniques for EMS include fuzzy logic techniques, neural
network techniques, and evolutionary algorithms.

1) MODEL PREDICTIVE CONTROL
To cope with the dynamic behavior of loads and RES output,
a robust model predictive control technique for islandedMGs
was suggested in [75]. The framework incorporates a mixed
deterministic integer programming model for energy man-
agement to minimize costs and an online energy scheduling
strategy that assists the MG in adjusting accordingly with
the different unforeseen risks in energy management. This
approach improves the reliability of the operational manage-
ment of the MG and minimizes the operational costs of the
system to some extent.

2) STOCHASTIC AND ROBUST PROGRAMMING TECHNIQUE
A hybrid stochastic and robust optimization method was
proposed in [76] to reduce the electricity cost and over-
come some challenges of uncertainties in RES generation,
load demand, and grid tariffs. The technology first selects
stochastic electricity price scenarios, and then the robust opti-
mization strategy manages uncertainties in RES generation
and loads for each price scenario.

3) MIXED INTEGER LINEAR PROGRAMMING
In [77], a mixed-integer linear programming-based EMS for
ESSs in grid-connected MGs was proposed. The technology
determines the power level for charging and discharging the
ESS such that it minimizes the energy consumption costs
by considering the fluctuations in grid prices, RES power
generation, and power demand requirements. The simula-
tion findings indicated that the technique could decrease the
operating costs by 3.3% in comparison with other offline
optimization techniques.

4) LINEAR PROGRAMMING
A linear programming technique implementing a heuristic
algorithm for scheduling the charging and discharging of

EVs was developed in [78]. The algorithm also addresses the
uncertainties in EV departure and load demands and flattens
the load profiles.

5) ITERATIVE ALGORITHM
A learning-based iterative IoT algorithmwas proposed in [79]
for energy management. The algorithm ensures maximum
usage of the generated PV energy, peak load reduction, and
reduction in the cost of electricity. This is achieved through
proper scheduling of loads, EV charging cycles, and bat-
tery storage systems. This optimization technology combines
deep reinforcement learning with physics-based methods to
learn and generate suitable commands for all loads.

6) FUZZY LOGIC TECHNIQUE
A simple and low-cost EMS for an autonomous DC MG
based on a PI controller and a fuzzy logic algorithm was
presented in [80]. This control strategy uses supercapacitors
at high charge/discharge cycles, thereby reducing the stress
on the battery energy storage and resulting in a longer battery
lifetime. The EMS performs DC bus voltage recovery in sit-
uations of power imbalance between the supply and demand.

7) NEURAL NETWORK TECHNIQUE
To optimally schedule a hybrid MG while simultaneously
maximizing power generation and minimizing the cost func-
tion, a Lagrange programming neural network was employed
in [81]. To offer a cost-effective solution, the loads are
separated into four categories: thermal, price-sensitive, and
controlled and critical loads. This method works together
with a radial basis function neural network that predicts the
day-ahead load demand and uses RES power generation as
the input data to the control technique. From the simulations
obtained, the method proved its ability to determine the opti-
mal solutions for the ESS and power generation resources.

8) EVOLUTIONARY ALGORITHMS
Time of use (ToU) pricing scheme for a home EMS using
a hybrid genetic biogeography-based optimization technique
was proposed in [82]. The scheduling algorithm reduces
the peak-to-average ratio and minimizes the electricity cost.
A reduction in the peak-to-average ratio maximizes the oper-
ational stability and reliability of the MG.

A data-driven framework based on advanced machine
learning and the point estimate method (PEM) was proposed
in [83] to model the uncertainties in EV charging, RES power
generation, load demand, and market price in hybrid AC-
DC MGs. A support vector machine (SVM) was used as
an advanced machine learning technique to determine the
standard deviation of the forecast error for each parameter
based on historical data. The PEM uses the data from the
SVM to model the uncertainty impacts on the MG’s optimal
energy management. The proposed study also implemented
a modified flower pollination algorithm for optimal energy
management. The framework was simulated in three different
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TABLE 2. Analysis of EMS involving EVs based on classical and AI techniques.

case studies: in the first scenario, the EV was charging in
an uncoordinated manner, and the system ensured that the
EV was charged in a way that reduced the MG cost dur-
ing peak load hours. In the second case, the EV charges
in a coordinated manner which involves postponing the EV
charging starting time to off-peak hours, thereby reducing the
MG cost. The third scheme is dedicated to smart charging,
where the charging time considers both the load demand
and energy market price. In this setting, the model was able
to charge the EV during periods when there was sufficient
capacity in the MG, low power demand, and minimal cost of
electricity. In Table 2, the EMSs based on both classical and
AI techniques are summarized, along with their contributions
and weaknesses in MGs with EVs [75], [76], [77], [78], [79],
[80], [81], [82].

F. EV INTEGRATION IN AC AND DC MGs
AC and DC MGs are two distinct approaches that can be
used for power distribution in a localized setup. The choice
between AC and DC MGs is solely dependent on factors
such as the nature of the loads, efficiency goals, and sys-
tem requirements. Therefore, this subsection presents an
overview of the main technical differences between AC and
DC MGs, together with their implications.

1) ENERGY LOSSES
In DCMGs, the reduced number of conversion stages leads to
fewer power components, consequently increasing reliability
and minimizing the energy losses. These power conversions
in ACMGs during EV charging and discharging often lead to
total one-way energy losses of between 12% and 36% [84].

2) EFFICIENCY
DC MG systems have a higher efficiency than their AC
counterparts. As highlighted earlier, DC MGs reduce the
complexity of the power conversion stages, which also
implies that there will be fewer components prone to failure.
The cumulative effect is an improvement in the lifetime,
reliability, and efficiency of the MG. As revealed by [85],
by moving from AC infrastructure to DC infrastructure, there
is a total energy-saving opportunity of up to 15%.

3) EV CHARGING TIME
Currently, the three main types of EV chargers in the market
are Level 1, Level 2, and fast DC chargers. Level 1 and level
2 charging involves AC/DC conversion through the onboard
converter of the EV. However, the main drawback of these
two charging facilities is the power constraint imposed on
both the charger and AC utility. This is unappealing because
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TABLE 3. Communication technologies available in MGs.

it slows the charging process, for example, filling up a 130 km
battery takes 16 hours and 3.5 hours for level 1 and level 2,
respectively [86]. On the other hand, the ease of integrating
RES, ESS, and EV in DC MGs provides an opportunity for
supplying the high power required to charge the EV within
20-30 minutes [87].

4) INTEGRATION OF COMPONENTS
Most RES produce DC power, which makes their integration
into ESSs, EVs, and other DC loads easier and more efficient
in DC MGs than in AC MGs. Replacing the DC to AC
conversion stages with DC/DC converters is beneficial for
reducing primary energy consumption, given that DC/DC
converters are more compact and efficient [88].

5) CONTROLLABILITY
The control of DC MGs is easier when compared to AC
MGs. The use of DC MGs removes the power quality
issues such as phase imbalances and harmonic oscillations
which are present in AC MGs [89]. In contrary to AC sys-
tems, DC systems do not require frequency synchronization,
thereby reducing the system’s operational complexity and
stability issues [90]. Adding on, in DC MGs there is absence
of reactive power control [91].

6) PROTECTION
Despite the many benefits offered by DCMGs over ACMGs,
designing their protection remains a significant issue [92].
Circuit breakers and fuses are currently the most common
and simple overcurrent protection devices available for DC
MGs. Efforts have been made to develop solutions for the
protection of DCMGs, and different protection schemes have
been developed [93], [94], [95]. The cost and reliability of

such devices remain major limitations in the development of
DC systems.

7) STANDARDS AND REGULATIONS
Another considerable challenge in the adoption of DC MGs
is the need for voltage standards and safety regulations. The
use of different voltage levels for power generation and resi-
dential, commercial, and industrial loads makes it difficult to
obtain a voltage standard [96].

8) EXPERTISE
AC grids are currently the most popular grids for use.
AC technology is well established and certified, whereas
DC technology is still growing. This indicates a shortage
of experts who have conducted in-depth studies on DC
MGs [97].

III. EV-MG COMMUNICATION
The growing number of EV charging sites in both public
and residential areas has given rise to the need for more
efficient and secure communication between various systems
of EV charging facilities [98]. EV-MG energy management
is data-driven, which implies that the management and con-
trol processes are based on real-time data gathered from
various sources in an MG system. Open charge point pro-
tocol (OCPP), ISO 15118 and IEC 61851 are some of the
communication protocol standards used today within the EV
charging infrastructure. The physical medium of a commu-
nication system can be wired or wireless. Some examples
of wired communication include power lines, twisted pairs,
and fiber-optic. Bluetooth, ZigBee, Wi-Fi, LoRa, and cellular
technologies are some examples of wireless communication
technologies. Table 3 outlines the specifics of the various
wired and wireless communication technologies, as well as
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FIGURE 2. Communication protocols available for information exchange
between MGs and EVs.

their benefits and drawbacks, distance coverage, and areas of
application with respect to hierarchical control levels [99],
[100], [101], [102], [103], [104], [105], [106].
The OCPP is an open communication protocol between a

central management system (CMS) and a charge point (CP)
that accommodates any charging technique and is managed
by the open charge alliance (OCA) [107], [108]. It manages
EV charging processes to guarantee efficient charging and
quality of service [109]. The implementation of an OCPP
between a fast-charging station and an EV was described
in [110]. The CP initiates two-way communication over the
TCP/IP, where it sends its commands to the CMS and receives
data from the CMS. Before any transaction, the CP requests
authorization from the CMS. The CP also sends a boot
notification (specifying the car vendor, version, etc.) and a
heartbeat notification (informing the CMS that the charge
point is still alive). The CP can also acquire information
from the CMS, for example, meter values and firmware status
notification.

IEC 61850 has emerged as a promising solution in com-
munication standardization for MG automation, as it is
established on the interoperability approach [111], [112],
[113]. Information exchanges between the charging infras-
tructure, communication controller, and EV are governed
by ISO/IEC 15118, whereas the charging specifications are
detailed by the IEC 61851 standard [114].
Fig. 2 shows how OCPP can be interfaced with other com-

munication protocols (ISO 15118 or IEC 61851) to enhance
the functionality of V2G. The OCPP offers a standardized
communication protocol between theMG and the EVCS. ISO
15118 or IEC 61851 protocols work alongside the OCPP to
handle the communication between an EVCS and EV.

A. INFORMATION EXCHANGE BETWEEN EVCS AND EV
DURING V2G
Upon EVs arrival at the EVCS, the EV communicates its EV
identification (EVId) to the EVCS, and the EVCS responds
with an EVCSId to indicate acknowledgement. Thereafter,
the EVCS performs a compatibility inspection on the EV
battery, and if successful, the EV is latched onto an EVCS
connector [115]. The EV can be either grid-connected or
islanded. In grid-connected mode, the EVCS ensures charg-
ing of the EV only. The EV provides the EVCS with
information relating to the battery SoC, maximum volt-
age, minimum and maximum allowable charging currents,
EV departure time and the expected amount of energy to be
transferred to the EV. In the islandedmode, the EVCS permits

TABLE 4. Main electrical parameters accessible over OCPP.

the EV to discharge power to the MG. The EV communicates
information on the maximum energy that can be drawn from
its battery, SoC, maximum voltage, minimum and maximum
permissible discharging currents, and departure time.

Table 4 shows the main electrical parameters that can be
controlled (write) and monitored (read) when using OCPP
for communication between the MG and the EVCS. These
parameters can vary with the version of the OCPP and/or
EVCS; hence, this table provides a general overview of the
parameters that can be communicated during EV charging
and discharging [116], [117], [118].

IV. SOLUTIONS FOR EV INTEGRATION IN MGS
Based on the earlier discussed MG control requirements, this
section offers recommendations on how EVs can play a role
in enhancing the MG control processes, with a specific focus
on the two main MG types, DC and AC.

A. EV INTEGRATION IN AC MGS
An example of EV integration into an AC MG is shown in
Fig. 3, where the primary and secondary MG control levels
are implemented either on the EV onboard charger (OBC)
(Fig. 3a) or on the EVCS (Fig. 3b). In both cases, power
flow control is performed by the bidirectional OBC. The inner
loop incorporates the control of the bidirectional converter,
typically implemented as a grid-following control strategy,
which enables the OBC to operate in all four quadrants of the
PQ plane, as evidenced in Fig. 1.

As highlighted in the proposed schematics in Fig. 3, the
EV charge controller facilitates operation in either charging
or discharging mode depending on the electrical parameters
obtained from the BMS, information communicated by the
EVCS, and power setpoints provided by the frequency and
voltage controllers. The two cases have a different approach
in terms of the location of MG support controllers, namely,
either built in the EV control (Fig. 3a) or externally in the
EVCS (Fig. 3b). In the first implementation, the EV manages
all control processes, including the MG support and battery
charging. In the subsequent configuration, the MG support
functions are included in the EVCS, which communicates the
setpoints for active and reactive powers to the inner EV con-
trol. Although both implementations havemerits, we consider
that the second configuration is more accessible within the
current EV technology development.

Another implementation solution is shown in Fig. 4, where
the EV is charged in DC by an off-board charger integrated
in the EVCS. Unlike in Fig. 3, where the EVCS produces
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FIGURE 3. Primary and secondary MG control implemented on: (a) EV
OBC; (b) EVCS.

FIGURE 4. AC MG with an off-board charger enclosed in an EVCS.

an AC output that would then be converted to DC by the
OBC, the AC/DC conversion is performed directly within
the EVCS. MG support controllers are implemented in the
EVCS, similar to the configuration shown in Fig. 3b. The
charge controller requirements are sent from the EV to the
EVCS controller through communication.

B. EV INTEGRATION IN DC MGS
The case of EV integration in DC MGs is similar to that
presented in Fig. 4, with the main difference being that the
EVCS includes a DC-DC converter rather than an AC-DC
converter. Fig. 5 presents this configuration, where the EVCS
integrates MG voltage control. Droop control can be adopted
in the primacy control of DC MGs with an EV infrastructure

FIGURE 5. Primary and secondary DC MG control implemented on EVCS.

TABLE 5. Comparative analysis of EV integration configurations in AC and
DC MGs.

to maintain power balance through power sharing in the MG
system. The secondary control assists in regulating the DC
bus voltage of the MG to its nominal value.

C. COMPARATIVE ANALYSIS OF EV INTEGRATION IN AC
AND DC MGS
With the above discussion, Table 5 provides a comparative
analysis of the EV integration configurations in AC and DC
MGs. The analysis covers EV specific aspects, including
communication burden, security, maintenance requirements,
and energy efficiency. This information can be used to deter-
mine the EV connection configuration based on the system
requirements and priorities.

V. OPEN RESEARCH CHALLENGES
The integration of EVs intoMGs as active participants, in line
with the V2G concept, presents opportunities and challenges
for both MGs and EV owners. Consequently, research has
been ongoing over the past few years to address and mitigate
these challenges, with other areas still requiring attention.
It is important to note that this survey relies on the relatively
limited availability of experimental evidence in the literature
in this field of research on EV-MG integration. Another
challenge is related to the policies and regulations governing
the integration of EVs into MGs, which can vary widely
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between regions. Therefore, understanding and accurately
presenting these diversities, while maintaining coherence,
requires extensive research and expertise in relevant poli-
cies. Furthermore, research on EV integration in MGs is
complex and involves multiple disciplines, including RES,
transportation (EVs), electrical engineering, standardization,
communication, and economics. Given the broad nature of
this research, it might be difficult to comprehensively cover
and synthesize all relevant aspects of this topic, especially
for researchers who specialize in one field. Based on the
analysis provided in this paper, we suggest the following key
recommendations for future research:

1) DEVELOPMENT OF SMART CHARGERS WITH MG
OPERATION FEATURES
Each EV is integrated into anMG through its interfacing con-
verter, whether on-board or external, which adds resources
for potentially providing ancillary service support. Given the
diverse range of control strategies available for MGs today,
additional research is needed to explore optimal solutions for
the interactive operation of EVs in such systems.

2) ADVANCING THE DC MGS TECHNOLOGY
Asmentioned earlier, DCMGs offer notable technical advan-
tages over AC MGs. However, the primary challenge in
implementing DC MGs is the effective implementation of
protection systems under diverse sources and loads. Protec-
tion in DC MGs remains a challenge because of the nature
of DC fault currents and the fact that advanced DC protec-
tion technology is still in its early stages of development.
Different techniques, such as efficient fault current lim-
iters, fast fault isolating devices, and coordinated protection
equipment, have been developed to handle these protection
challenges [119]. Nonetheless, there is still a need to devise
better protection devices, and the future of DC MG protec-
tion lies in the design of novel power electronic converters
with the capability to perform current limiting and DC fault
blocking.

3) EV BATTERY DEGRADATION
As emphasized previously, V2G strategies have adverse
effects on EV battery lifetime. Therefore, addressing this
challenge is essential for prolonging battery lifespan.
Advanced EV BMS strategies can be developed to reduce the
number of charge/discharge cycles particularly deep cycles.
AI algorithms can also be used to predict and anticipate
potential issues within the battery cells.

4) CYBER SECURITY AND DATA PROTECTION
A concern for EV owners engaged in V2G technologies is
the disclosure of information regarding their charging loca-
tions, driving patterns, and other sensitive data to the MG
system. The critical challenge lies in security, as these data are
vulnerable to various threats, such as unauthorized control,
eavesdropping, spoofing, data tampering, and cyber physical

attack. Therefore, further efforts should be directed towards
improving the reliability and security of communication.

5) DEVELOPMENT OF SMART CHARGING STANDARDS
Currently, there are few standards that support smart charging
and V2G operations [120]. Despite ongoing developments in
standardization activities, additional efforts are required in
the interoperability domain to ensure that the smart-charging
infrastructure is compatible with standardized hardware and
MG equipment.

VI. CONCLUSION
Integrating EVs into MGs offers a promising path towards
sustainable energy development. This survey paper has
revealed the multifaceted details of EV-MG interactions,
addressing key aspects such as the challenges and opportuni-
ties that come with V2G; EV contribution to MG’s primary,
secondary, and tertiary control; EV-MG communication; and
the integration of EVs in AC and DC MGs. EVs have
demonstrated their potential to contribute significantly to
enhancing the overall resilience and reliability of MGs by
providing valuable services such as voltage and frequency
control and peak shaving, while the inherent flexibility of
EV batteries also enables them to be used as DER. How-
ever, the major drawbacks include EV battery degradation
and the repercussions of large-scale EV charging on MG
stability, which require careful consideration and advanced
EMSs. To fully realize the potential of V2G, effective com-
munication between EVs and MGs plays a crucial role in
coordinating EV charging and discharging.

Based on the aspects highlighted in this discussion, the
main contributions of this study are summarized as follows.

� Power flow control solutions implemented through the
EV bidirectional converter have been analyzed, enabling
the EV charger to operate in all four quadrants of the
PQ plane and ensuring voltage and frequency regulation
within the MG.

� Configurations have been proposed for EV integration in
AC andDCMGs, with a focus on primary and secondary
control implementation on the OBC of the EV and on the
EV off-board charger enclosed in the EVCS.

� The specific aspects of EV integration in both AC and
DC MGs represent key points of this work. While AC
MGs are prevalent, DC MGs present benefits, such as
lower control and hardware complexity, increased effi-
ciency, and better compatibility with EVs and RES.

In summary, the field of EV integration in MGs is dynamic
and evolving and holds significant promise for the future of
sustainable energy. Collaborative efforts by interested parties
across the energy sector are required to overcome these chal-
lenges and capitalize on the opportunities that come from the
integration of EVs in MGs. Emphasis has also been placed
on the direction for future research to further revolutionize the
way for a resilient and sustainable future, given the increasing
momentum of green energy.
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