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Electric vehicles (EVs) have become a feasible alternative to conventional vehicles
due to their technical and environmental benefits. The rapid penetration of EVsmight
cause a significant impact on the distribution system (DS) due to the adverse effects
of charging the EVs and grid integration technologies. In order to compensate for an
additional EV load to the existing load demand on the DS, the distributed generators
(DGs) are integrated into the grid system.Due to the stochastic nature of theDGs and
EV load, the integration of DGs alonewith the DS canminimize the power losses and
increase the voltage level but not to the extent that might not improve the system
stability. Here, the EV that acts as a load in the grid-to-vehicle (G2V) mode during
charging can act as an energy source with its bidirectional mode of operation as
vehicle-to-grid (V2G) while in the discharging mode. V2G is a novel resource for
energy storage and provision of high and low regulations. The article proposes a
smart charging model of EVs, estimates the off-load and peak load times over a
period of time, and allocates charging and discharging based on the constraints of
the state of charge (SoC), power, and intermittent load demand. A standardized IEEE
33-nodeDS integratedwith an EV charging station (EVCS) and DGs is used to reduce
the losses and improve the voltage profile of the proposed system. Simulation results
are carried out for various possible cases to assess the effective utilization of V2G for
stable operation of theDS. The cost–benefit analysis (CBA) is also determined for the
G2V and V2G modes of operation for a 24-h horizon.
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1 Introduction

The transportation industry in India is presently the fifth largest in the world, with
plans to make it the third largest by 2030. The traditional means of fuel-intensive transit
will not be able to meet the needs of such a large domestic market. In India, the
government is pursuing new paths to deliver efficient, clean, and cost-effective
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transportation services, reduce consumption of oil imports, and
reduce human and environmental health impacts. With the
transition to electric vehicles (EVs), India stands to benefit on
several fronts, including the abundance of renewable energy
sources (RES) and the availability of skilled workers in the
technical and industrial sectors. Per the FAME II policy, 70% of
commercial vehicles, 30% of private vehicles, 40% of buses, and
80% of two- and three-wheelers could be electrified by 2030 (Rocky
Mountain Institute and Niti Aayog, 2019). As a result, India is
actively encouraging the use of EVs throughout the country by
providing further incentives to consumers and production
companies at both the central and provincial levels. It is critical
for a nation that still relies largely on coal for producing electricity
to adopt stringent measures to meet its goals for the future.
Regardless of the EV charging method utilized, the rapid
proliferation of EVs and fast chargers will eventually result in
increased electricity consumption and system congestion.
However, the widespread development of EVs might cause grid
instability (particularly during peak demand periods) and a slew of
issues and limits (Tarroja et al., 2015). Many challenges originating
from the fast proliferation of EVs and charging stations can be
resolved using distributed generators (DGs), in which electricity
production is often generated in the same structure, close to the
load. The probabilistic and unpredictable features of EVs, such as
charging station arrival/departure timings, driving range, storage
capacities, and modes of charging/discharging, are significant
elements that influence power system stability. Furthermore, the
intermittent nature of RES is another factor that affects the system.
Many technical and economic factors must be considered while
developing dispersed power sources. In some cases, where demand
is inherently intermittent, DGs alone will not be able to meet the
need. Here, the vehicles are only utilized for around 5% of the day
on average, and they are parked in lots for the other 90%
(Mehrjerdi and Rakhshani, 2019). This massive quantity of
unused automobiles. As a result, the idea of V2G was developed
to address existing power grid challenges and concerns by
concurrently governing demand and supply. V2G is a novel
resource for power storage and provision of high and low
regulations. Additionally, it offers a means of alleviating grid
congestion and mitigating the need to upgrade grid
infrastructure, which is a solution to both issues. The
incorporation of the V2G method with the generating units is
an effective way to address potential issues connected to high EV
adoption and intermittent power supply. The aforementioned
method increases energy supply and quality, decreases
emissions from automobile engines, and promotes a cleaner
environment through the use of V2G, which is a new model for
the circular economy. The city infrastructure and way of life will be
rebuilt using EVs and V2G, resulting in a massive rise in global
development. The most significant goal of the V2G system
development is to increase grid stability by reducing peak
demand (Amamra and Marco, 2019). Interpreting the V2G
impact on the system load profile is a good technique for
assessing the V2G efficiency. The organization of this paper is
as follows: Section 2 addresses the literature review and research
gaps, Section 3 introduces aformulation of the problem, Section 4
presents the V2G smart charging framework in the radial
distribution system (DS), cost analysis of G2V and V2G and

the results are discussed in Section 5, and Section 6 concludes
the work.

2 Literature review

One of the most significant sources of energy performance
characteristics for electric cars is the amount of power used per
mile traveled (mile/kWh). This efficiency indicator might have a
significant influence on the electricity grid capacity to handle the
increased load imposed by EV demand, together with the increased
penetration of EVs. Sami et al. (2019) demonstrated a network of
charging stations used to connect a fleet of EVs to a DS for a
bidirectional V2G operation. Through active engagement in services
for frequency and voltage control, the system can schedule EV
charging and discharging a day in advance to lower the cost of EV
ownership charging. The initial state of charge (SoC) of the battery,
the EV charging time, the targeted time of EV departure, the cost of
battery deterioration, and the needs for charging the EV are all
considered in an optimization method for V2G scheduling. A
conventional IEEE 33-node DS with five EV charging stations
(EVCSs) is used to show the efficacy of the proposed system. An
effort is made to optimally plan the G2V and V2G operating modes
of EVs (Velamuri et al., 2022) to minimize losses of power in the DS
when DG is present. Dominant parameters such as the SoC, journey
circumstances, the size of the EV battery, and levels of charging/
discharging are considered while modeling EVs. The proposed
technique determines the voltage stability index, the enhanced
grasshopper optimization algorithm (EGOA), and the smart
charging technique to determine the size of DGs to be integrated
into the system. In order to decrease power loss and enhance the
voltage profile, the suggested hybrid strategy aims for EVs and DGs
should be scheduled together. Sovacool et al. (2017) demonstrated
how EVs, energy storage systems, and smart buildings (SB) may
work together to shift grid load, minimize peak demand, and reduce
annual energy use. The primary issues that are presented and
assessed are battery backup, quick charging and draining, V2G
interface, and stability. In addition, the simulation models for V2G
and G2V to illustrate key characteristics impacting the grid-interface
network are presented. The case study assessed several controller
settings that had an impact on the control, stability, and dynamics of
the grid-connected V2G and G2V systems. Vehicle grid integration
(VGI) systems that regard plug-in electric vehicles (PEVs) as a
controllable load with a unidirectional power flow consider smart or
“controlled” charging or time-of-use (ToU) pricing as examples
(Chtioui and Boukettaya, 2020). Typically, VGI includes the V2G
perspective. The PEV is considered a storage device because of its
bidirectional flow of electricity to and from the grid. For the most
part, our research shows that VGI studies to this point have often
been concerned with technical issues such as load balancing and
power cost reduction using V2G systems. Chai et al.’s (2019) main
objective was to investigate a suggested simulation environment that
simulates a microgrid with a small number of V2G connections. The
discharge mode is seldom employed in practice when there is a big
surge in demand. A model and simulation of the components that
make up this microgrid are provided, along with information on
how they function. This study examines the charging and
discharging situations in more detail and evaluates the
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management techniques utilized to control the power in this
simulation.

The charging–discharging schedule for EV owners is
optimized using the linear programming model presented by
Raveendran et al. (2017) while considering restrictions on the
amount of travel required, the cost of battery maintenance, and the
cost of battery deterioration. The suggested approach is adaptable
to accommodate different driving styles by enabling owners to
choose their preferred parking location and on-road duration
based on their travel schedule. The suggested approach is also
capable of accurately estimating the driving requirements of EV
users and allocating sufficient battery charge before each journey.
Kasturi et al. (2019) contributed to the use of EVCSs deployed at
various sites to provide V2G support and vehicle charging to assist
the grid during various needs. Vehicle charging, harmonic
removal, and reactive power compensation in the case of an
EVCS deployed in the Kochi Metro Rail System have been
modeled, with findings described through the waveform. In
order to maximize the benefits of EVs in a predetermined
timetable, Kumar M. et al. (2019) suggested a
charging–discharging method that considers the most efficient
ways to drive. The charging and discharging of EVs are permitted
at any location served by the same bus in a radial distribution
network, including the workplace and residence. For mitigation of
the negative effects of EV charging and discharging on the grid and
the costs associated with the operation for the owners of EVs and
utilities, a multi-objective multiverse optimization (MOMVO)
algorithm is employed to determine the bus where the EVs
should be connected and the optimal number of EVs to use. In
the V2G mode, EVs are able to contribute reactive electricity to the
grid and primarily discharge at peak load periods to increase
efficiency and reliability. (Jaiswal and Ballal, 2018), offer V/f
regulation, control the intermittent nature of renewable energy,
and load balancing services using demand side management
(DSM) as a set of potential ancillary services. The number of
lost life cycles and the deterioration of batteries are two issues
linked with the V2G system. Other challenges include the need for
modifications to be made in the architecture and equipment of the
grid, the loss of energy, and the enormous investment cost. This
study describes the benefits and drawbacks of the V2G technology
for EV owners and grid operators. The implementation of Plug-in
hybrid electric vehicles (PHEVs) into the current grid
infrastructure entails significant changes in terms of load
scheduling, grid stability, peak-to-average demand ratio (PAR),
and energy cost. In recent research, multi-objective optimization
approaches have been employed to address these needs. With the
use of a smart scheduling vector, the optimization approach (Javed
et al., 2020) seeks to reduce demand while increasing PHEV
charging and discharging availability and lowering energy costs.
For the utility goal of minimizing PAR, this study suggests a
distinct schedule vector for PHEV owners’ charging and
discharging to decrease total energy costs. The V2G design and
the important concerns (Mousavi-Khademi et al., 2020) related to
V2G are comprehensively examined in this study by the focused
control and management of the battery system, as well as battery
deterioration and bi-directional chargers. Furthermore, V2G
problems, benefits, and technologies are covered in addition to
the financial costs and income of the EV owners and the power

grids. For conventional test networks, the effects of V2G on the
power system are examined in this study.

Vita and Koumides (2019) provided a unique strategy based on
value-based pricing for the deployment of DGs and V2G parking
lots simultaneously. Consideration of the network’s technical
challenges, such as increasing the voltage profile and
minimizing losses, is addressed by establishing the optimal
capacity of EV parking facilities and distributed production
resources by taking into account value-based pricing to attract
network investment. Thus, the study’s key contribution is the
inclusion of value-based pricing of DGs and V2Gs during their
optimum placement and the suggested optimal search algorithm
(PSA). The results might be outstanding if EVs are integrated into
a smart grid with supporting technologies such as V2G
architecture and RES. It is possible to supply DG and energy
storage and stabilize the variable load demand using these
solutions. EVs and RES have been studied by Shariff et al.
(2019), analyzing the existing status of the V2G system
research. The methods used for power flow under the V2G
system were described by Jawale et al. (2022). Commercial V2G
adoption is also explained in detail. Vehicle-to-vehicle (V2V) and
vehicle-to-house (V2H) state-of-the-art comparisons are also
provided. With the help of a network of charging stations,
Bibak and Tekiner-Mogulkoc (2021) developed an efficient
bidirectional V2G system that connects an EV fleet to a
distributed power grid in both directions. Through frequency
and voltage control services, the system may lower EV
ownership charging costs by scheduling EV charging and
discharging for the next day. According to the suggested
method, the day-ahead energy projection is updated based on
real-time EV consumption data, allowing for further optimization
of the use of EVs to support both voltage and frequency
management. Initial battery charge, EV charging, battery
deterioration, charging costs, and regulation pricing are factors
that should be considered in a V2G scheduling strategy. The effects
of EVs and V2G on grid reliability, costs, and emissions are
examined using a precise and effective technique (Golla et al.,
2022a). The strength of this research lies in the adaptability of the
proposed technique to power grids with various patterns and
characteristics with regard to the generation of power through
RES by considering the stochastic factors forming demand and
supply trends on a daily basis. We provide two innovative indexes,
continuous and random power supply, for evaluating the
availability of RESs in power supply systems and assessing the
grid stability. To account for every scenario, a variety of cases based
on various EV and V2G penetration rates, charging methods,
locations, and schedules are defined. In every instance, the
effects of the scenarios under consideration on the grid
dependability, emissions, and cost are assessed using a Monte
Carlo simulation. Babu and Swarnasri (2020) focused on
optimizing EVCS and DG location and size simultaneously
using multi-objective optimization. Optimization of actual
power losses, AVDI, and VSI of the DS is formulated as the
objective problem. The conventional test systems for the IEEE
33-bus and IEEE 69-bus were used for simulation. Here, TLBO and
Harries Hawk optimization (HHO) algorithms were used to test
the efficacy. Bagheri Tookanlou et al. (2020) developed a
scheduling strategy that provides all V2G and G2V agent
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incentives. Using the shortest driving route and the EVCS
cost–benefit analysis, EVs plan for the charging and discharging
mode. EVCSs identify the optimal ES to buy wholesale power.
Three optimization issues consider all agent V2G and G2V
rewards. A cloud scheduling system acquires input from all
agents, solves optimization problems, and sends the findings to
relevant agents to apply the recommended strategy. Three agents
achieve optimal hourly electricity pricing. Simulations of nine
EVCSs and three ESs are used to display and evaluate the
modeled findings. Bagheri Tookanlou et al. (2020) suggested a
new multi-level V2G scheduling technique, which allows the V2G
approach to operate and regulate EV users in an efficient manner.
An innovative economic dispatch optimization model for EVs was
also proposed in this study to keep the operational costs of the
regional V2G system to a minimum. Using an IEEE 33-bus system
with 100 EVs, an analysis demonstrates that this idea is viable and
can be eliminated by properly managing the overall EV battery
capacity and ramping it up and down. Khasanov et al. (2021)
analyzed the yearly operation and advantages of EVs and V2G
technology in a microgrid setting and exhibited the various modes
of operation. Studying various EV charging scenarios and their
impact on V2G operations is one of the most significant
contributions of this study. The primary goal of the scheduling
strategy of this study is to ensure that all agents taking part in V2G
and G2V operations will get their incentives. According to the
suggested technique, EVs individually schedule their charging and
discharging based on the best driving route and the cost–benefit
ratio provided by EVCSs (Chippada and Reddy, 2022). The best
energy supplier (ES) to buy power from the wholesale market is
also found by each EVCS. The formulation of three optimization
problems accounts for the advantages of all agents in EV V2G and
G2V operation. In order to evaluate the seasonal features of V2G
operations, the study examines interactions between V2G,
intermittent renewable production, and utility-scale batteries
throughout periodic simulations. The findings of O’Neill et al.
(2022) implied that the most recent EV technological
developments increased the economic sustainability of V2G and
its potential to increase grid efficiency by offering more storage
space and peak demand control.

In terms of efficiently balancing grid power generation and
demand, providing grid-support services, reducing GHG
emissions, producing economic benefits, and meeting critical
energy needs during outages, PEVs with bidirectional V2G
capability offer utility grid operators significant techno-
economic-environmental benefits (Viswanath et al., 2022). In
order to reduce grid peak demand and environmental damage,
PEV with V2G optimization has thus become crucial for utility
grid operation. The intelligent technique for parking lot location
and pricing scheduling is a two-layer methodology proposed in
this research. Parking lots have been strategically placed in the first
layer while minimizing active power loss and adhering to voltage
profile restrictions. EV charging schedule has been carried out in
the second layer while ensuring minimal charging prices (Pal et al.,
2022). The G2V and V2G modes (Dharavat et al., 2022) were
considered while performing these procedures. In order to put EV
owners in a profitable position, soft computing techniques have
been used to determine the best spots for parking lots and calculate
the entire cost of charging. The extensive features of the EV sector

and its infrastructure for charging are covered by Dharavat et al.
(2023). Moreover, it offers a step-by-step process for putting the
V2G deployment into practice, explains how artificial intelligence
may be used to use data recorders to power an EV battery, and
analyzes the costs and benefits of using the V2G technique
effectively. The role of aggregators and customers is also
discussed, as well as the numerous facets of the EV industry.
The relationship between the transport and electricity systems is
analyzed using V2G at corresponding peak times. By incurring
extra delay expenses and changing their departure time,
commuters who choose to discharge get benefits. Drivers’
decisions about discharge and departure time are characterized
using a bottleneck model (Ding et al., 2022). We generate potential
queuing patterns and occurrence conditions. When commuters
who choose to discharge arrive at the bottleneck sooner than those
who choose not to discharge, traffic congestion is shown to be
minimized compared to the scenario without V2G. Table 1
represents the techno-economic analysis of DS with the
integration of DGs and EVs.

After reviewing the existing literature, it is evident that a
scheduling strategy that incorporates the integration of both
DGs and EVCS is necessary. The studies mentioned previously
focused on the importance of the placement of DGs. Due to the
growing demand for electrical energy, DGs have grown in
importance within DS. The power DS losses and voltages will
be impacted by the positioning and capacity of DGs. In certain
cases, when demand is naturally intermittent, DGs alone will not
be able to provide it. Power engineers have supplemented the
system with a backup unit, which is a battery energy storage
system (BESS), to alleviate the intermittency. Because of the
volatility of EV load demand, SoC has to accommodate a wide
variety of charging patterns. The identification of an off-load
and peak load during a period of time is also challenging. The
precise planning of EVs to charge and discharge with a smart
charging system based on the intermittent load demand is
important. Here, V2G plays a vital role, with proper planning
and effective utilization of V2G methodology as one of the DGs
to the grid-connected system is a major concern for the stable
and reliable operation of the grid. In most studies, the authors
focus on the system performance, such as reducing the losses and
enhancing the voltage level due to the penetration of the EVs.
Some of them addressed the end user point on measures for
reducing the charging cost, maximizing the profits with priority-
based charging without compromising on the standards of
quality in charging. The research on considering the factors
of system performance and the end user benefits is in the
development phase, which is considered in the proposed
objective.

The contribution of the article is as follows:

1) Optimal placement of EVCS in the strong bus and DGs in the
weak bus using the loss sensitivity factor approach.

2) Smart charging framework based on the off-load and peak load
for a 24-h duration, with the simultaneous placement of EVCS
and DGs along with V2G in the DS using the operational
constraints of SoC, load, and power.

3) Cost–benefit analysis with the charging and discharging patterns
of the end user.
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3 Problem formulation

The major objective of this research is to provide a smart EV
charging scheduling that considers the effective use of the V2G
model for the DG-integrated grid-connected systemwith EVCS. The
operational constraints of EV are considered for increasing the
voltage profile and minimizing network losses of power in the
DS. Customer priorities are taken for the technical and economic
validation of the V2G’s ability to deliver grid services.

First, to minimize the total real power losses, V2G acting as a
source with its bidirectional model is shown as follows:

MinPL � ∑
N

i�1I
2
i Ri, (1)

where PL is the real loss of power, I is the current, R is the
resistance, and N is the number of buses.

0.95≤Vi ≤ 1.05. (2)
The power balance equation for the EV acting as a load is shown

as follows:

PG +∑
N

i�1PDG � PD + PEVL + PL. (3)

The power balance equation for the EV acting as a source (DG)
is shown as follows:

PG +∑
N

i�1PDG + PEVDG � PD + PL, (4)

TABLE 1 Techno-economic analysis of DS with the integration of DGs and EVs.

Reference Objective Test
system

Analysis

Subbaramaiah and Sujatha
(2023)

This research focuses on a novel multi-objective whale optimization approach (MOWOA) for addressing
multi-objective problems in reducing the losses and improving the voltage profile and mitigation of
annual economic loss

IEEE 33 bus Techno-
economic

IEEE 69 bus

Kumar et al. (2019b) The multi-objective problem is addressed in this study using a unique multi-objective opposition-based
chaotic differential evolution (MOCDE) technique to prevent premature convergence

IEEE 33 bus Techno-
economic

IEEE 69 bus

Singh and Tiwari (2020) The purpose of this research is to explore cost–benefit analysis (CBA) of EV scheduling methodologies to
find the best planning approach. The active power dispatch (APD) and reactive power dispatch (RPD)
from the EVs are considered when two scheduling techniques are put into effect in this study. By using the
V2G functioning of the EVs, both solutions seek to reduce system losses to a minimum

IEEE 33 bus Techno-
economic

Ahmadi et al. (2023) In this study, a flexible multi-objective optimization strategy is suggested for assessing and implementing
grid-to-vehicle and vehicle-to-grid technologies while considering environmental, technological, and
economic aspects. It uses the heuristic-based firefly algorithm in a stochastic optimization framework to
minimize two objective functions, namely, the operating costs and emissions, while considering
renewable generation, load consumption, and the time of PEV charging and discharging as the unknown
factors

IEEE 69 bus Techno-
economic

Chippada and Reddy (2022) The strategy for minimizing losses presented in this study makes use of multiple DGs operating in G2V
and V2G modes that are placed and sized in the best possible locations. Overall, the power losses are
decreased by using this technology, which also raises network voltages. The simultaneous particle swarm
optimization (PSO) approach is employed in the implementation

IEEE 15 bus Techno

IEEE 33 bus

IEEE 69 bus

IEEE 85 bus

Mazumder and Debbarma
(2021)

An objective function that minimizes the peak-to-average ratio and the overall cost of charging
experienced by the charging stations is used to develop the problem. The water cycle method, a unique
metaheuristic optimization technique, is used to address the problem in order to reduce the detrimental
effects of EVs on the node voltage in the distribution system

IEEE 33 bus Techno-
economic

Dharavat et al. (2021) The coordinated charging technique G2V has been used in this study to reduce the congestion of the
distribution system. Two different charging methods implemented to minimize loss and voltage
deviations

IEEE 69 bus Techno

Al-Ammar et al. (2021) In order to simultaneously reduce total energy cost, total power loss, and average voltage drop, the current
study investigates the best DG size and placement in distribution networks. In order to solve the given
multi-objective problem, the artificial bee colony (ABC) method is suggested. Standard algorithms are
used to test the performance of the suggested ABC algorithm

IEEE 33 bus Techno-
economic

IEEE 69 bus

Bagherzadeh et al. (2019) Minimization of operating expenses and emission reduction make up the objective function. In order to
contend with the uncertainties of renewable resources in the model, the beta distribution and Weibull
distribution techniques are used. In order to resolve the problem, the cuckoo bird optimization algorithm
(COA) is used

IEEE 33 bus Techno-
economic

Memon et al. (2022) This study suggests a strategy for increasing the DG-distributed PEV hosting capacity without lowering
system performance. The PSO technique was first used to find the ideal location, size, and quantity of the
DG units to minimize power losses in the distribution network. Later, based on parameters such as
maximum hosting capacity and distribution network loss reduction, the optimal network bus for PEV
accommodation was chosen

IEEE 33-bus Techno
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FIGURE 1
Proposed block diagram with EVCS and DGs integrated into the distribution system.

FIGURE 2
Smart charging based on load demand, SoC, and power.
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where PG is the grid supply power, PDG is the power from DG,
PD is the existing base load, PEVL is the EV as a load, PEVDG is the EV
as a source, and PL is the power loss.

3.1 Limits on charging and discharging
for EVs

Pch,n,Δt ≤Pmaxch,n, (5)
Pdisch,n,Δt ≤Pmaxdisch,n, (6)

wherePch,n,Δt is the charging power limit of EVs at a respective time
interval,Pdisch,n,Δt is the discharging power limit of EVs at a respective
time interval, andPmaxch,n and Pmaxdisch,n are the maximum charging
and discharging power limits of EVs at the respective time interval.

Each electric vehicle battery’s state of charge (SoC) must be kept
within certain ranges as follows:

SoC min ≤ SoCn ≤ SoC max. (7)
The boundary limits of DG are as follows:

100≤PDG ≤ 1, 000. (8)
Here, the limits are in kW.

4 Methodology for scheduling of EVCS
and DGs

4.1 Optimal positioning of EVCS and DGs

The planning framework for charging stations includes
identifying the optimal position for the EVCS. Strong buses are
identified for the location of EVCS using the loss sensitivity factor
(LSF) approach. Considering the LSF and the nominal voltage
severity factor in the analysis, the weak buses are identified for
the placement of DGs.

4.2 Loss sensitivity factor

Loss sensitivity factors are determined to choose the potential
node DG placement. The search space may be decreased by
estimating these sensitive nodes. The LSF values for each line are
arranged in decreasing order so that the buses with higher values
have a better probability of being chosen as a potential site for the
placement of DGs.

The magnitudes of the normalized voltages are determined for
each of the buses from the following formula:

TABLE 2 EV load in the IEEE 33 bus system.

Number of buses Conventional load (MW) EV load (MW) Overall load (MW) Real power loss (MW)

10 0.06 0.30 0.36 0.01511401

14 0.12 0.15 0.27 0.00287517

17 0.06 0.25 0.31 0.00173105

30 0.20 0.32 0.52 0.00605749

FIGURE 3
Power loss of EVs and DGs in the radial 33 bus system.
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FIGURE 4
IEEE 33 bus system voltage profile for EVs and DGs.

FIGURE 5
Simultaneous integration of EVCS and DGs in the radial 33 bus system operating in G2V and V2G modes.
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Norm i[ ] � V i[ ]
0.95

.

Buses with normalized values below 1.01 are regarded as
potential nodes in need of compensation. The positioning of the
buses to be considered for compensation is determined by loss
sensitivity factors, and the necessity for compensation for each bus is
determined by the normalized voltage values.

To assess the impact of EVCS demand along with the existing
base load in the distribution system and to compensate for the
demand to some extent, the proposed simultaneous integration of
EVCS and DGs to the distribution system is analyzed along with
G2V and V2G methodology based on the off-load and peak load for
stable operation of the distribution system as shown in Figure 1.

4.3 V2G framework in the distribution
system

Due to the intermittent nature of DGs integrated into the grid-
connected system, in the upcoming generation, the analysis of V2G
technology plays a vital role in being one of the sources to act as an
additional DG to the existing grid-connected system. With the bi-
directional converter, the EVCS can operate in dual mode as a load
and source at times based on the shown off-load and peak load. By
the effective utilization of EVs as one of the sources based on the
intermittent load demand with smart charging, the losses will be
further reduced and enhance the voltage profile. The DGs and EV
batteries are perceived as negative loads and are thus mitigated for
the objective of minimizing losses. The optimal DG size and location
are decided by the position with the minimum losses over the
respective sizes.

The following are the possible cases for the EV battery to
operate under intermittent load demand based on the operational
constraints of SoC level, demand, and power flow shown in
Figure 2.

Case 1: When the demand is greater than the generation and the

TABLE 3 Power generation limits of DG and EVs as DG.

Bus number Range of operation (Pmin and Pmax) in kW Generation of power (kW)

5 200 and 600 400

8 200 and 500 350

11 200 and 500 300

15 100 and 400 250

18 100 and 1000 200

28 200 and 600 500

32 100 and 800 400

EV1 10 240 and 528 480

EV2 14 150 and 330 300

EV3 17 220 and 484 440

EV4 30 250 and 550 500

TABLE 4 SoC, demand, and power constraints for EVCS at 17th bus.

Time in h Demand SOC C/D p

1 0.6 0.9 1 0.484

2 0.6 0.9 1 0.484

3 0.6 0.9 1 0.484

4 0.7 0.9 1 0.484

5 0.75 0.9 1 0.484

6 0.8 0.8 3 0.44

7 0.85 0.7 3 0.44

8 0.9 0.6 3 0.44

9 0.93 0.6 1 0.44

10 0.93 0.6 1 0.44

11 0.93 0.6 1 0.44

12 0.95 0.65 1 0.44

13 0.97 0.7 1 0.44

14 0.94 0.8 2 0.484

15 0.9 0.85 2 0.484

16 0.8 0.9 2 0.484

17 0.7 0.9 2 0.484

18 0.7 0.9 1 0.484

19 0.6 0.9 1 0.44

20 0.6 0.9 1 0.44

21 0.5 0.9 1 0.44

22 0.5 0.8 3 0.44

23 0.6 0.7 3 0.44

24 0.7 0.75 3 0.44
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battery’s SoC is lower than the battery’s minimum SoC or in contrast
to demand, the generation is larger and the SoC of the battery is
greater than the SoC maximum. Under this circumstance, it is not

good to adhere to charging or discharging represented in Equations
9, 10. Therefore, the EV will be in the neutral mode, denoted with 1:

PD >PG and SoC< SoC min, (9)
PG >PD and SoC> SoC max. (10)

Case 2: If the demand is lower than the generation and the SoC
of the battery is below the SoC maximum, then the charging
operation takes place as follows, denoted with 2:

PG >PD and SoC< SoC max. (11)
Case 3: If the demand is greater than the generation and the SoC

of the battery is greater than the SoCminimum, then the discharging
operation takes place as follows, denoted with 3:

PD >PG and SoC> SoC min. (12)
The SoC at each hour based on the mode to charge and

discharge is represented by Equations 13, 14. The battery power
is given by Equation (15). The battery is charged at its rated capacity,
which is the initial difference between generation and demand
shown in Equation (16). The efficiency during charging and
discharging is assumed to be 90 percent:

SoC t( ) � SoC t − 1( ) + Pbatt t( )*Δt*ηc chargingmode, (13)
SoC t( ) � SoC t − 1( ) − Pbatt t( )*Δt*ηd dischargingmode, (14)

Pbatt t( ) � SoC t( )*E, (15)
Initial Power � Generation − Load. (16)

Here, SoC(t) is SoC in the current hour,
SoC (t-1) is SoC in the past hour,
ηc, ηd represent efficiency under the charging and discharging
modes,
E is the energy of the battery in kWh,
and Δt is the respective time interval,
The range of SoC is between 0.2 and 0.9 pu.
Benefit factor = (power/SoC) *demand
Total electricity price at each hour in cents/kWh is given by
Ep = (mean price of ES to EVCS) + (benefit factor* mean price of
ES to EVCS)
Net profit earned in cents/kWh = Ep −mean price of ES to EVCS

5 Results and discussion

In the proposed method, an IEEE 33 bus system was considered to
assess the performance of the V2G smart charging system. The
configuration of the 33 radial bus system is determined by the “total
lines in number: 32, Slack bus: 1, base case voltage: 12.66 kV, MVA:
100MVA, the total true power: 3.715MW, and reactive power:
2.295Mvar.” The base load of the conventional IEEE 33 bus system
is 3.715MW, and the true power loss without connecting the load was
0.203MW. The planning framework for charging stations includes
identifying the optimal position for the EVCS. Using the loss
sensitivity factor (LSF) approach, the strong buses are identified for
the location of EVCS. Here, the four locations of EVs are discovered for
the IEEE 33 bus system’s optimal location of EVCS (Golla et al., 2022b).
For an IEEE 33 bus system, the total load was raised to 4.735MW by
connecting the EV load to each of the four buses (10, 14, 17, and 30)

FIGURE 6
(A) SoC, demand, and power curve at the 17th bus. (B) SoC,
demand, and power curve at the 10th bus. (C) SoC, demand, and
power curve at the 14th bus. (D) SoC, demand, and power curve at the
30th bus.
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shown in Table 2, and the corresponding increases in losses reached
0.374MW, which was raised to 45.7 percent.

Here, seven DG locations are determined to be the weak buses
for the optimal positioning of DGs using the LSF approach. With the
integration of seven DGs (5, 8, 11, 15, 18, 28, and 32), the losses
decreased to 0.141 MW in the system. With the installation of EVs
and DGs on the IEEE 33 bus simultaneously, the entire increase in
load was 4.735 MW, whereas the losses were reduced to 0.163 MW
owing to the integration of DG, which dropped to 56.4%.

Figure 3 shows the variation of real power losses for the potential
EV and DG scenarios in possible cases.

Figure 4 depicts the voltage profile in the IEEE 33 bus system for
the base case, with EV load, with EV and DG placed simultaneously.
This was accomplished by placing 4 EVs and 7 DGs simultaneously.

Figure 5 shows the layout of the 33 bus system integrated with EVCS
and DGs with G2V and V2G modes.

The real power constraints of the DG placement for the
respective buses along with EVs as a source are in the range
given in Table 3.

5.1 Smart charging technique with EVCS and
DG along with V2G

The load demand is estimated per unit for a horizon of a day of
24 h to analyze the smart charging framework from the EV and DG
integration in the DS at the same time. The SoC, demand, and power
are determined at each EVCS to examine the off-load and peak load

FIGURE 7
Optimal hourly electricity price supplied by the ES to the EVCS.

FIGURE 8
Cost–benefit analysis of EVCS at the 30th bus by G2V and V2G modes.
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demand for the efficient operation of the smart charging technique.
Based on the load demand and the SoC level of the EV battery, the
charging, discharging, and neutral operation takes place in EVCS,
shown in Table 4.

Figure 6A shows the variation of SoC, demand, and power curve
with respect to time for the EVCS operating at the 17th bus. Initially,
the demand is constant, and the generation is high. Therefore, the
SoC of the battery operates in a neutral mode; at the 6th hour,

demand increases, and the SoC of the battery starts discharging.
From the 9th hour, the demand is high, and SoC is minimum,
operating in a neutral position. At the 11th hour, for a considerable
change in demand, the SoC of the battery starts charging. At the 16th
hour, the battery’s SoC rises to its highest point, and the demand is
low, so it operates in a neutral position. Finally, at the 21st hour,
demand starts increasing, and the SoC of the battery starts
discharging. The same process continues for all the remaining

TABLE 5 Net profit earned by EVCS at the 30th bus in 24-h horizon by G2V and V2G modes by smart charging.

Time
(h)

Mode of
operation

Total
electricity
price

(cents/kWh)

Net profit
per EV
(cents/
kWh)

Percentage
increase per EV

No. of EVs
connected to

EVCS

Net profit
(cents/
kWh)

Net profit
G2V mode
(cents/
kWh)

Net profit
V2G mode
(cents/
kWh)

1 3 35.125 15.05357 0.428571 6 90.32143 90.32143 0

2 3 33.96703 13.8956 0.409091 5 69.47802 69.47802 0

3 3 33.69133 13.6199 0.404255 7 95.33929 95.33929 0

4 3 32.11429 12.04286 0.375 5 60.21429 60.21429 0

5 3 31.00778 10.93636 0.352697 4 43.74542 43.74542 0

6 3 30.10714 10.03571 0.333333 6 60.21429 60.21429 0

7 3 29.13985 9.068417 0.311203 5 45.34208 45.34208 0

8 3 28.33613 8.264706 0.291667 4 33.05882 33.05882 0

14 2 29.69871 9.627284 0.324165 4 38.50914 0 38.50914

15 2 30.46134 10.38992 0.341085 3 31.16975 0 31.16975

16 2 31.37672 11.30529 0.360308 5 56.52646 0 56.52646

17 2 32.49063 12.4192 0.382239 7 86.93438 0 86.93438

18 2 33.34652 13.27509 0.398095 4 53.10036 0 53.10036

19 2 34.45155 14.38012 0.417401 6 86.28073 0 86.28073

FIGURE 9
Cost–benefit analysis of EVCS at the 30th bus by the V2G mode.
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EVCS. Figures 6B–D show the variation in demand, SoC, and power
for a 24-h horizon at remaining buses of 10, 14, and 30.

5.2 Cost analysis of G2V and V2G modes

The extreme peak load on the electric system mandates
ineffective peak power facilities, raises grid operational costs, and
brings system stability at risk. Peak shaving or minimizing the
amplitude of daily peaks may save grid operators time and
money while lowering consumer prices. The economic benefit of
the end user of an EV is considered based on the demand, SoC, and
power over a period of time. For each hour, it is expected that there
exist EVs in a certain region with known origin and destination, as
well as initial SoC. The optimal hourly electricity price supplied by
the ES to the EVCS for a 24-h horizon is given in Figure 7.

The mean of the electricity price supplied by the ES to each
EVCS is varied due to the intermittent load demand; at the 30th bus,
it is 20.07 cents/kWh.

The simulation is carried out for cost–benefit analysis on each
EVCS based on smart charging. Figure 8 shows the variation of cost
analysis for EVCS at the 30th bus on each hour, with the EVs
connected to the respective charging station by the G2V and V2G
methodology. The percentage increase in profit by G2V

methodology at first hour is 42.8% and by V2G at 19th hour is
about 41.7%. Table 5 gives the net profit earned by EVCS in the G2V
and V2G modes from smart charging methodology.

The net profit earned by the respective EVs at the 30th bus
undergoing V2G methodology during the 14th, 15th, 16th, 17th,
18th, and 19th hours is shown in Figure 9. The highest profit is seen
to be earned at the 17th hour, which is 86.93 cents/kWh. Table 6
shows the maximum percentage increase in the profit earned by the
EVCS and end user by smart charging at a particular hour of the day
for the modes of G2V and V2G.

5.3 Impact of losses and voltage in the
distribution system by V2G mode

The simultaneous deployment of four EVs and seven DGs in the
IEEE 33 bus system, also considering each among four EVCSs and
the combination of two, three, and four EVCSs acting as a DG by the
V2G method using smart charging based on the load demand and
power availability. The simulation is carried out, and it is observed
that the losses were reduced further compared with the optimal
placement of EVs and DGs represented in Table 7 and the variations
of power loss shown in Figures 10, 11 for the possible test cases.

Case 1: The base loss for the standard IEEE 33 bus test system is
0.203 MW; with the four EVCSs (10th, 14th, 17th, and 30th buses)
connected to the 33 bus system, the losses increased to 0.374 MW.

Case 2: With the simultaneous integration of four EVCSs and
seven DGs (5th, 8th, 11th, 15th, 18th, 28th, and 32nd buses)
integrated into the 33 bus system, the losses were reduced to
0.163 MW.

Case 3:With the simultaneous placement of four EVCSs, among
the EVCS connected to the 10th bus acting as DG (V2G mode) in
addition to the seven DGs integrated into the 33 bus system, the
losses were reduced to 0.0638 MW.

Case 4:With the simultaneous placement of four EVCSs, among
the EVCS connected to the 14th bus acting as DG (V2G mode) in
addition to the seven DGs integrated into the 33 bus system, the
losses were reduced to 0.0801 MW.

Case 5:With the simultaneous placement of four EVCSs, among
the EVCS connected to the 17th bus acting as DG (V2G mode) in
addition to the seven DGs integrated into the 33 bus system, the
losses were reduced to 0.0631 MW.

TABLE 6 Net percentage increase per EV in the G2V and V2G modes.

EVCS at bus number Time in h Mode Percentage increase per EV (cents/kWh)

10 5 3 68.354

14 2 34.672

14 12 3 59.759

1 2 40.299

17 8 3 39.759

14 2 36.253

30 1 3 42.857

19 2 41.74

TABLE 7 Loss comparison in the distribution system in the proposed model.

No. of possible cases Losses (MW)

With 4 EVCSs 0.374

With 4 EVCSs and 7 DGs 0.163

With 3 EVCSs and (7 + EVCS 1) DGs 0.0638

With 3 EVCSs and (7 + EVCS 2) DGs 0.0801

With 3 EVCSs and (7 + EVCS 3) DGs 0.0631

With 3 EVCSs and (7 + EVCS 4) DGs 0.0793

With 2 EVCSs and (7 + EVCSs 1 and 2) DGs 0.0401

With 1 EVCS and (7 + EVCSs 1, 2, and 3) DGs 0.0576

With (7 + EVCSs 1, 2, 3, and 4) DGs 0.062
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Case 6:With the simultaneous placement of four EVCSs, among
the EVCS connected to the 30th bus acting as DG (V2G mode) in
addition to the seven DGs integrated into the 33 bus system, the
losses were reduced to 0.0793 MW.

Case 7:With the simultaneous placement of four EVCSs, among
the EVCS connected to the 10th and 14th buses acting as DGs (V2G
mode) in addition to the seven DGs integrated into the 33 bus
system, the losses were reduced to 0.0401 MW.

Case 8:With the simultaneous placement of four EVCSs, among
the EVCS connected to the 10th, 14th, and 17th buses acting as DGs
(V2G mode) in addition to the seven DGs integrated into the 33 bus
system, the losses were reduced to 0.0576 MW.

Case 9: With the simultaneous placement of four EVCSs,
among the EVCS connected to the 10th, 14th, 17th, and 30th
buses acting as DGs (V2G mode) in addition to the seven DGs
integrated into the 33 bus system, the losses were reduced to
0.062 MW.

Simulation is carried out for the four EVs and seven DGs in the
IEEE 33 bus simultaneously, also considering each among the four
EVCSs and the combination of 2, 3, and 4 EVCSs acting as a DG by
the V2G method using smart charging, and the improvement in the
voltage profile is shown in Figure 12.

The simulation results revealed that with the efficient
exploitation of the IEEE 33 bus system, with EVs and DGs

FIGURE 10
Power loss of EVs and DGs with various cases operating in the V2G mode.

FIGURE 11
Power loss of EVs and DGs with various cases operating in the V2G mode in PU.

Frontiers in Energy Research frontiersin.org14

Golla et al. 10.3389/fenrg.2023.1221901

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1221901


along the V2G method with smart charging, the overall losses with
(7 + EV1 + EV2) DGs were reduced to 0.0401 MW (i.e., reduced to
75.4%) and improved the voltage profile, compared to the losses
with EV and DG of 0.163 MW. Due to the intermittent nature of
EVCS for load demand, the simulation results show that the smart
utilization of charging, discharging, and neutral operation over a
period of time based on the SoC of the battery and demand will
make the distribution stable and enhance the reliable operation of
the grid.

6 Conclusion and future scope

The rapid penetration of EVs in the market leads to an
increase in the distribution network capacity of EVCS for
charging purposes, resulting in network performance
degradation due to high power losses, system voltage
violations, and network asset congestion. As a result, it is
critical to effectively regulate the supply due to the increase in
the charging demand by the network. Various charging
frameworks in the literature provide controlled charging to
reduce the EV charging demand. However, with only the
EVCS connected to the 33 bus system, the losses increased to
0.374 MW. With the simultaneous placement of EVCS and DGs
for an integrated grid-connected system, the losses were reduced
to 0.163 MW, and the simulation results based on the operational
constraints of SoC, load demand, and power for the proposed
V2G smart charging framework reduced the losses to 0.0401 MW
in the network and enhanced the voltage level in various possible
cases tested for the IEEE 33 bus system. In addition, the
cost–benefit analysis was based on the 24-h horizon carried
out for the G2V and V2G methodology. Furthermore, the

research can be carried out by considering the driving
behavior of the end-user and the degradation of the EV battery.
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FIGURE 12
Voltage profile of EVs and DGs with various cases of V2G in the radial 33 bus system.
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