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Abstract: Battery management is crucial for EV efficiency as it optimizes battery performance, safety, and longevity. By monitoring
charge levels, preventing issues like overcharging or overheating, and ensuring consistent discharge, effective battery management
maximizes electric vehicle batteries' driving range and overall lifespan, enhancing their efficiency and reliability. The integrated
bidirectional charging system presented in this work represents an innovative solution for improving the efficiency of electric vehicles
(EVs) by seamlessly integrating solar and grid power. The system comprises solar panels converting sunlight into electricity, a
Bidirectional Charger Controller orchestrating energy flow, and a versatile Bidirectional Charging Station efficiently managing EV
battery charging. During periods of solar abundance or off-peak hours, the station charges the EV battery, serving as a two-way gateway
for discharging excess energy to the grid or home during peak demand. In the loT-driven landscape of bidirectional charging, precision
smart grid sensors and solar panel monitors offer real-time insights into energy consumption and grid conditions. The sophisticated
Battery Management System, coupled with robust communication protocols, optimizes the utilization of renewable energy, ensuring
efficient battery management and responsiveness to dynamic grid conditions. This integration represents a cutting-edge sustainable and

adaptive energy management solution in electric vehicle charging systems.
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1. Introduction

Electric vehicles (EVs) have become increasingly popular
in today's world for many compelling reasons. Foremost
among these is their eco-friendly nature. Unlike traditional
vehicles, EVs don't emit harmful gases, positioning them
as champions in the fight against air pollution and climate
change [1]. This green initiative helps maintain a healthier
and cleaner planet, resonating with the growing
environmental consciousness among people. Another
significant draw is the potential for long-term savings.
Although the upfront cost of an electric vehicle might be
slightly higher, EVs often turn out to be more cost-
effective over time. With fewer parts that can break,
electric vehicles generally require less maintenance.
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Additionally, electricity often comes at a lower cost than
gasoline, making the overall cost of ownership more
economical. Many governments even offer incentives,
such as tax breaks, to encourage the adoption of electric
vehicles [2].

The quiet operation of electric vehicles is a notable
advantage, especially in bustling urban areas where the
constant hum of traditional vehicles can be overwhelming.
This silent charm is one of the many perks that make
electric vehicles stand out. Moreover, modern electric
vehicles boast impressive driving ranges on a single
charge, eliminating the need for frequent stops at gas
stations. Some models can even rival the distance covered
by traditional vehicles before requiring a recharge. Electric
vehicles stand out as paragons of efficiency and
sustainability, demonstrating a notable prowess in the
realm of maintenance by significantly minimizing
operational complexities and upkeep demands [3]. With
fewer parts that can encounter issues, they require less
attention from mechanics, translating to fewer visits to the
repair shop and more economical operation [5].
Furthermore, opting for an electric vehicle means
supporting ongoing innovation in the automotive industry.
The choice signals a demand for cleaner and more efficient
transportation solutions, encouraging companies to invest in
and improve electric vehicle technology. The objectives of the
proposed work are:

i. Develop a cutting-edge bidirectional charging system
that seamlessly integrates solar and grid power,
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optimizing energy usage for electric vehicles (EVs) by
prioritizing solar-generated electricity.

ii. Establish a two-way gateway through the Bidirectional
Charging Station, enabling the EV battery to serve as a
versatile reservoir, storing excess energy from solar
and grid sources for increased resilience.

iii. Create a holistic solution that optimizes energy costs
for EV owners while considering grid cost-
effectiveness, promoting smart power draw during off-
peak periods.

iv. Implement an loT-integrated Bidirectional Charging
System to enhance battery management, enabling real-
time monitoring, dynamic energy flow control, and
adaptive charging patterns for optimal efficiency and
sustainability in electric vehicles.

2. Literature Review

Prior to the emergence of bidirectional charging
technology, less efficient unidirectional charging systems
were the norm for enhancing battery management in
electric vehicles (EVs). Unidirectional charging systems
allow power to flow in only one direction — from the grid
to the EV battery during the charging process [6]. While
this technology served the primary purpose of replenishing
the energy in the EV battery, it lacked the versatility and
sophistication required for sustainable and efficient
mobility. In unidirectional charging, the energy flow was
unidimensional, meaning it did not allow for a dynamic
power exchange between the EV battery and external
sources, such as solar panels or the electrical grid. This
limitation hindered the system's adaptability and
efficiency. The charging process was essentially a one-way
street, with power moving solely from the grid to the EV
battery without the ability to harness and utilize energy
from the EV battery for other purposes[7]. Moreover,
unidirectional charging systems were less equipped to
handle energy demand and supply fluctuations. They
lacked the flexibility to manage excess energy generated
by the EV battery during periods of low demand or ample
solar generation [8]. This inefficiency resulted in missed
opportunities for optimal energy usage and potential cost
savings. In essence, the transition from less efficient
unidirectional charging systems to bidirectional charging
technology signifies a quantum leap in the efficiency,
adaptability, and sustainability of EV battery management.
The bidirectional charging system's ability to optimize
energy usage, contribute to grid stability, and provide a
reliable emergency backup power source makes it a
powerful and forward-thinking solution for the future of
sustainable mobility [9].

Apart from unidirectional charging systems, resistive
charging systems were commonly utilized. Resistive

charging, often referred to as simple or slow charging,
employed a straightforward approach where electrical
energy was directly supplied to the EV battery through a
resistive load [10]. However, this method lacked
sophistication and efficiency compared to more modern
charging technologies. Resistive charging systems were
characterized by their relatively slow charging rates,
making the charging process time-consuming. These
systems operated with fixed power levels, providing a
constant flow of electricity to the EV battery without the
ability to dynamically adjust to varying energy demands or
optimize charging times [11]. Moreover, resistive charging
systems faced challenges in managing thermal issues
during charging. The resistive load could generate heat,
leading to potential overheating concerns and negatively
impacting the overall lifespan of the EV battery [12]. This
limitation further hindered the scalability and widespread
adoption of resistive charging technologies. The
introduction of more advanced bidirectional charging
systems has addressed many of these shortcomings.

Bidirectional charging allows for faster charging rates,
dynamic energy flow management, and harnessing and
redistributing excess energy. Simultaneously, a distinct and
independent discharging system manages any power
export back to the grid. This separation introduces a layer
of complexity and operational distinctiveness, giving rise
to increased costs and maintenance challenges due to the
requirement for two separate sets of hardware and control
systems [13]. Unlike the streamlined integration of
bidirectional charging systems, where a singular interface
adeptly manages incoming and outgoing power flows, the
bifurcation of charging and discharging in separate systems
proves less effective [14]. The inherent division diminishes
the overall system's adaptability and responsiveness to
dynamic grid conditions, hindering its ability to provide
optimal efficiency.

The lack of a unified approach results in a less agile and
versatile solution, limiting the potential benefits that
bidirectional charging offers [15]. The inefficiency of the
separate charging and discharging approach becomes
particularly evident when compared to bidirectional
systems. In summary, the less effective nature of separate
charging and discharging systems stems from their
fragmented structure, introducing complexities and
inefficiencies that hinder the adaptability and
responsiveness crucial for optimal performance. With its
integrated approach, bidirectional charging Offers a
versatile and streamlined means of managing power flows
between electric vehicles and the grid.
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3. Proposed System
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Fig. 1 EV Charging Dynamics

Bidirectional charging stands out as the optimal solution
for battery management in electric vehicles (EVs). This
innovative technology allows EVs to charge from the grid
and discharge excess energy back, contributing to grid
stability during peak demand. By harnessing bidirectional
capabilities, EV batteries serve as dynamic energy storage
units, promoting efficient use of renewable sources like
solar power. This flexibility optimizes charging strategies
and positions EVs as active participants in balancing the
electricity grid. With bidirectional charging, EVs play a
pivotal role in sustainable energy management, enhancing
overall efficiency and resilience.

In Fig.1, the domain of electric vehicles, a sophisticated
bidirectional charging system, assumes a central role as an
intelligent orchestrator for optimizing energy utilization.
This system integrates solar power and grid electricity
efficiently to power electric vehicles. Consider an electric
vehicle equipped with a smart charging system. Solar
panels on the vehicle's roof absorb sunlight and convert it
into electricity. This smart system referred to as the
Bidirectional Charger, comprises two key components: the
MPPT Controller and a specialized battery. The MPPT
Controller functions as the system's brain, ensuring that the
solar panels produce the maximum power possible. It
makes intelligent adjustments to optimize results. The
specialized battery is not solely for energy storage; it
serves as a manager for the battery, maintaining its health
and functionality.

During periods of ample sunlight or low electricity
demand, the Bidirectional Charger charges the electric
vehicle's battery. Importantly, this process is not
unidirectional. The Bidirectional Charger can also supply
excess electricity back to the power grid or the home when
required, creating a reciprocal energy flow. An essential
component of the system is the inverter. This device
transforms the electricity generated by the solar panels
(direct current or DC) into the type of electricity the
vehicle uses (alternating current or AC). To ensure smooth
functionality, the inverter operates intelligently with its

own manager, resembling a Battery Management System.
The Bidirectional Charger also engages in communication
with the power grid, discerning opportune moments to
increase or decrease electricity usage. This interaction
ensures a balanced approach, preventing excessive power
consumption at any given time.
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Fig.2. Integration of 10T in Bidirectional Charging System

In Fig.2, the realm of bidirectional charging systems driven
by Internet of Things (loT) technology, the acquisition of
real-time data is paramount for optimizing energy
utilization and ensuring efficient battery management. Key
components in this advanced ecosystem encompass
precision-equipped smart grid sensors strategically
positioned on the bidirectional charging system. These
sensors facilitate continuous monitoring of critical
parameters such as energy consumption, charging statuses,
and real-time grid conditions. Simultaneously, monitoring
systems integrated into solar panels assess sunlight
intensity and meticulously track energy generation. The
Electric Vehicle (EV) battery, a linchpin in this system,
incorporates a sophisticated Battery Management System
(BMS) complete with sensors that enable real-time
monitoring of battery health, charge levels, and discharge
rates. Among the smart grid sensors utilized are voltage
sensors, power quality sensors, and energy meters. Voltage
sensors measure the electrical potential within the grid,
providing insights into the voltage levels at different
points.

Power quality sensors assess the quality of the power
supply by monitoring parameters such as voltage sags,
surges, harmonics, and frequency variations. Energy
meters quantify energy consumption and production,
offering accurate measurements for billing and
comprehensive monitoring. Communication protocols such
as HTTP/HTTPS are employed for seamless and secure
data exchange, facilitating bidirectional communication
between the charging system and external servers or cloud
platforms. This dynamic flow of information is a critical
aspect of responsive energy management. Cloud-based loT
platforms such as AWS IoT Core play a pivotal role in
managing the influx of real-time data and ensuring
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seamless communication. These platforms excel in
handling secure bidirectional communication and provide
scalability for data storage and retrieval, establishing a
robust foundation for further analysis. Integrating loT-
driven real-time data collection elevates bidirectional
charging systems into intelligent, adaptive energy
management solutions. This integration ensures the
efficient utilization of renewable energy sources, effective
battery management, and responsiveness to dynamic grid
conditions.

3.1 Mathematical Modelling
3.1.1 PV Modelling

Let Pp, represent the power generated by the PV panels

and Iy represent the solar irradiance. The PV power can be
modeled using the following equation:

Ppy =1py - Apy ~ Ipy 1)

The efficiency npy0f the photovoltaic (PV) system
quantifies its ability to convert sunlight into electrical
energy, which is crucial for evaluating overall
performance. Simultaneously, the area of the PV panels
Apyreflects the physical space dedicated to solar energy
conversion. These parameters, when optimized, enhance
solar power generation, influencing decisions in system
design and sustainability. Efficiently harnessing sunlight,
as represented by np, and Ap, , is fundamental for
maximizing the contribution of solar energy in energy
systems.

3.1.2 Energy Storage Modelling

Let E, .+ represent the state of charge (SOC) of the battery,
Pcpargerepresent the charging power, and
Pyischargerepresent the discharging power. The battery
model involves tracking the state of charge based on
charging and discharging activities:

dEpq

% = Fcharge — Pdischarge 2

The charging and discharging powers can be defined as
follows:

Pcharge = Ncharge * Ppy + Ngria Pgrid (3)
Pdiscgarge = " Pioaa (4)

In this system, ncpqrgerepresents the charging efficiency,
defining how effectively energy is transferred to the
electric vehicle (EV) battery during charging processes.
Conversely, ngiscnarge Signifies the discharging efficiency,
illustrating the effectiveness of releasing stored energy
from the EV battery back to the grid or load. The variable
Pyriq denotes power drawn from the electrical grid, while
Py,qq Signifies the power demanded by the load. These
parameters collectively govern the bidirectional energy
flow, optimizing charging and discharging actions for

efficient energy management in the bidirectional charging
system.

4, Results

Bidirectional charging optimizes electric vehicle (EV)
battery management by enabling energy flow both to and
from the grid. This dynamic capability enhances grid
flexibility, reduces costs, and maximizes the efficiency of
EVs, making bidirectional charging an ideal solution for
comprehensive battery management.
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Fig.3. Solar PV output power

The graph in Fig.3 illustrates the solar PV output power
pattern over 10 hours. It showcases the fluctuation in solar
power generation, peaking during daylight hours. For
bidirectional charging in EV battery management, the
strategy is to charge electric vehicles during periods of
high solar output, minimizing reliance on the grid. This
approach aligns with sustainability goals, optimizing
energy usage by leveraging renewable resources.
Bidirectional charging can intelligently manage EV
batteries, ensuring charging during abundant solar
generation and supplying power back to the grid during
peak demand, contributing to grid stability and sustainable
energy practices.
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Fig.4. Energy demand Pattern
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The plotted graph depicts the fluctuating electric load over
10 hours from 8:00 AM to 6:00 PM. Peaks and valleys in
the blue curve signify the changing demand for electricity
throughout the day. Bidirectional charging is essential for
optimal EV battery management. It allows electric vehicles
to charge during low-demand periods smartly, optimizing
grid resources. Conversely, during high-demand intervals,
EVs can discharge stored energy, enhancing grid stability.
This dual-directional strategy aligns with efficient energy
utilization, highlighting the potential for sustainable and
adaptive EV battery management practices.

Table.1 Results of Energy Dynamics in Bidirectional

Charging
Time Solar PV Electric Bidirectional
(hrs) Output Power Load (kW) Charging
(kw)
8 20 30 Optimal Charging
9 40 25 Grid Optimization
10 60 20 Sustainable
Practices

17 30 40 Optimal Charging

Table 1 showcases the time-dependent relationship
between Solar PV Output Power and Electric Load over 10
hours. "Optimal Charging,” "Grid Optimization,” and
"Sustainable Practices” are inferred based on the
simultaneous consideration of high solar power generation
and varying electric load. This illustrates the potential
advantages of bidirectional charging for EV battery
management, allowing strategic energy utilization and grid
contribution.

4.1 Analysis Based on Bidirectional Charging Cost
Analysis
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Fig.5 Bidirectional Charging cost analysis

The blue bars in Fig.5 signify the cost without solar PV
integration, revealing the financial aspect of traditional
grid-only charging. In contrast, the orange bars represent
the cost when solar PV is incorporated, showcasing the

potential savings offered by bidirectional charging. This
visual comparison substantiates the argument that
bidirectional charging, especially when coupled with solar
PV, presents a compelling and cost-effective solution for
optimal battery management in electric vehicles.

Cost Analysis for Bidirectional Charging Scenarios

= charging and RTP (USD)
mmm Charging, RTP, and PV (USD)

500
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Fig.6. Cost Analysis on a variety of scenarios

The bar graph in Fig.6 underscores the cost advantages of
bidirectional charging, particularly when integrated with
real-time pricing, solar PV, and proposed scheduling. The
comparative analysis reveals that bidirectional charging
offers optimized cost efficiency across various scenarios,
affirming its status as a superior solution for effective
battery management in electric vehicles. This integration
not only demonstrates potential cost savings but also
underscores the adaptability and sustainability of
bidirectional charging systems in diverse charging
environments.

Table 2 Result of bidirectional charging cost analysis on a
variety of scenarios

Scenarios Cost with Cost with
Bidirectional Bidirectional
Charging and RTP Charging, RTP,
(USD) and PV

Case (01) RTP USD 800 USD 800
Case (02) CPP USD 650 USD 580
Case (03) ToU USD 720 USD 620
Proposed USD 680 UsD 610
Scheduling

(Incentivized
10%)

This table.2, stemming from real-time analysis, intricately
reveals the robust cost efficiency of bidirectional charging.
Through scenarios like Case (01) RTP and Case (02) CPP,
it meticulously illustrates the adaptability of bidirectional
charging in optimizing costs. The integration of solar PV
in Case (03) ToU further underscores its potential for
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sustainable energy utilization. The proposed Scheduling
introduces a nuanced dimension with a 10% incentivized
reduction, providing compelling evidence of bidirectional
charging's prowess in efficient and economical battery
management across diverse scenarios.

5. Conclusion and Future Work

The cost scenarios associated with bidirectional charging
and various rate structures consider real-time pricing
(RTP), critical peak pricing (CPP), and time-of-use (ToU).
In each case, integrating photovoltaic (PV) panels further
influences costs. Notably, the proposed scheduling,
incentivized at 10%, demonstrates cost reductions, with
USD 680 for RTP and USD 610 for RTP combined with
PV, weaffirming the economic benefits of bidirectional
charging, especially when coupled with renewable energy
sources. In conclusion, a bidirectional charging system
harmonizes solar and grid power, optimizing electric
vehicle (EV) efficiency. The reliability is enhanced
through vigilant battery management, real-time insights
from smart grid sensors, and loT-driven precision. The
future targets include refining bidirectional charging
algorithms to enhance energy transfer efficiency, exploring
advanced energy storage technologies for improved battery
performance, and expanding interoperability with
emerging smart grid infrastructure—additionally,
integrating machine learning algorithms for predictive
analytics, enabling proactive battery health management.
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