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Abstract

The increasing adoption of electric vehicles (EVs) has paved the way for innovative
energy management solutions, particularly through bi-directional energy transfer systems.
Vehicle-to-Grid (V2G) and Grid-to-Vehicle (G2V) technologies enable EVs to not only
consume energy from the grid but also supply energy back to it, creating a dynamic interaction
between EVs and the power grid. This bi-directional capability holds significant potential for
enhancing grid stability, supporting renewable energy integration, and providing economic
benefits to EV owners. However, the implementation of such systems requires robust design,
efficient control strategies, and thorough analysis to ensure optimal performance and reliability.
This study addresses these challenges by proposing a bi-directional battery system for EVs,
designed and simulated using MATLAB Simulink, to evaluate its performance in both V2G
and G2V modes. The proposed system integrates a lithium-ion battery pack, a bi-directional
DC-AC converter, and a control system to manage energy transfer between the EV battery and
the power grid. The MATLAB Simulink model includes detailed components such as the
battery block with SOC estimation, the bi-directional converter, and a three-phase grid
interface. Simulation results demonstrate that the system achieves an energy transfer efficiency
of 92% in both V2G and G2V modes, effectively maintains the battery SOC within the 20%-
80% range, and ensures stable grid synchronization under varying load conditions. The
findings highlight the system's potential to support grid stability and renewable energy
integration while addressing challenges such as battery degradation and grid infrastructure

requirements.
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1. Introduction

The global transition toward sustainable energy systems has accelerated the adoption
of electric vehicles (EVs) as a viable alternative to traditional internal combustion engine
vehicles. EVs are not only environmentally friendly but also play a pivotal role in reducing
greenhouse gas emissions and dependence on fossil fuels. However, the increasing penetration
of EVs into the transportation sector has introduced new challenges for power grid
management, particularly in terms of energy demand and supply balance. To address these
challenges, the concept of bi-directional energy transfer has emerged as a transformative
solution. Vehicle-to-Grid (V2G) and Grid-to-Vehicle (G2V) technologies enable EVs to
interact dynamically with the power grid, allowing them to not only draw energy from the grid
(G2V) but also supply energy back to it (V2G). This bi-directional capability has the potential
to enhance grid stability, support the integration of renewable energy sources, and provide
economic benefits to EV owners through energy trade and grid services [1].

Despite its promising potential, the implementation of bi-directional energy transfer
systems faces several technical and operational challenges. These include the design of
efficient power electronics, the development of robust control strategies, and the management
of battery health and state-of-charge (SOC). Existing research has explored various aspects of
V2G and G2V systems, such as grid stabilization, energy management, and control algorithms.
However, there is a lack of comprehensive studies that integrate these components into a
unified system and evaluate their performance under realistic conditions. This research gap
highlights the need for a detailed analysis of bi-directional EV battery systems, particularly
using advanced simulation tools like MATLAB Simulink, which can provide insights into

system behaviour and performance [2].

The primary objective of this study is to design, simulate, and analyse a bi-directional
battery system for EVs using MATLAB Simulink. The proposed system integrates a lithium-
ion battery pack, a bi-directional DC-AC converter, and a control system to manage energy
transfer between the EV battery and the power grid. The system operates in two primary modes:
(1) G2V Mode, where the battery is charged during periods of low grid demand or high
renewable energy availability, and (2) V2G Mode, where the battery discharges to supply
energy to the grid during peak demand or emergencies. A key focus of the study is the
development of an efficient control strategy that ensures seamless switching between these
modes while maintaining the battery's SOC within safe operating limits [3].
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The contributions of this study is threefold. First, it presents a detailed MATLAB
Simulink model of a bi-directional EV battery system, including the battery, converter, and
control components. Second, it evaluates the system's performance under various load and grid
conditions, with metrics such as energy transfer efficiency, battery SOC management, and grid
synchronization. Third, it provides insights into the challenges and opportunities associated
with the implementation of bi-directional EV systems, enabling a valuable guidance for
researchers, engineers, and policymakers. By addressing these aspects, this study aims to
advance the understanding of bi-directional energy transfer systems and their role in

sustainable energy and transportation [4,5].

2. Existing Systems for Bi-Directional Energy Transfer (V2G and G2V)

Bi-directional energy transfer systems for electric vehicles (EVs) enable two-way
power flow between the vehicle and the grid, supporting both Grid-to-Vehicle
(G2V) and Vehicle-to-Grid (V2G) operations. These systems typically consist of an EV
battery, a bi-directional power converter, a control system, and a grid interface. The EV battery,
usually a lithium-ion pack, stores energy during G2V mode and supplies energy during V2G
mode. The bi-directional converter facilitates energy transfer by converting DC power from
the battery to AC power for the grid (V2G) and vice versa (G2V). The control system manages
the switching between modes and ensures safe operation within predefined state-of-charge
(SOC) limits.

One notable example of an existing system is the Nissan Leaf V2G system, which
integrates a bi-directional charger, a lithium-ion battery, and a communication module for grid
interaction. This system is designed to provide grid services such as peak shaving and
frequency regulation. Similarly, Tesla's Powerwall and Powerpack systems use bi-directional
energy transfer principles for residential and commercial energy storage, with potential
applications in V2G. These systems highlight the importance of robust power electronics and

control strategies in enabling efficient energy transfer [6,7].

Another example is the University of Delaware V2G project, which integrates EVs into
the grid for ancillary services. The system includes a bi-directional charger, a control system,
and a communication module for real-time grid interaction. It has been tested in real-world
scenarios, demonstrating its effectiveness in grid stabilization. Additionally, several
researchers have developed MATLAB Simulink-based models for bi-directional EV systems.
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These models simulate components such as the battery, bi-directional converter, and grid
interface, providing valuable insights into system performance under various operating

conditions.

Despite their potential, existing systems face challenges such as battery degradation,
grid infrastructure limitations, and regulatory barriers. Frequent charging and discharging can
reduce battery lifespan, while existing grid infrastructure may not support large-scale V2G
integration. Regulatory frameworks for V2G and G2V operations are also lacking. Addressing
these challenges is essential for the widespread adoption of bi-directional energy transfer
systems. The proposed study aims to contribute to this field by designing and analyzing a bi-
directional EV battery system using MATLAB Simulink [8-10].

3. Proposed System for Bi-Directional Energy Transfer (V2G and G2V)

The proposed system is designed to enable efficient bi-directional energy transfer
between an electric vehicle (EV) battery and the power grid, supporting both Vehicle-to-Grid
(V2G) and Grid-to-Vehicle (G2V) operations. The system architecture includes an EV battery,
a bi-directional DC-AC converter, a control system, and a grid interface. The EV battery,
typically a lithium-ion pack, stores energy during G2V mode and supplies energy during V2G
mode. The bi-directional converter facilitates energy transfer by converting DC power from
the battery to AC power for the grid (V2G) and vice versa (G2V). The control system manages
the switching between modes and ensures safe operation within predefined state-of-charge
(SOC) limits.

In V2G mode, the system supplies energy from the EV battery to the grid during peak
demand or emergencies. The control system initiates battery discharge, and the bi-directional
converter converts DC power to AC power, which is synchronized with the grid's voltage and
frequency. The grid interface ensures stable energy transfer, while the control system monitors
the battery's SOC to prevent over-discharging. In G2V mode, the system charges the EV battery
from the grid during periods of low demand or high renewable energy generation. The bi-
directional converter converts AC power from the grid to DC power for charging the battery,

with the control system ensuring safe and efficient charging.
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Figure 1. Simulation Architecture for a Proposed System for V2G/G2V Mode
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The proposed system in Figure 1, represents a model developed and simulated
using MATLAB Simulink, which includes components such as the battery block, bi-directional
converter block, grid block, and control block. The simulation evaluates system performance
in both V2G and G2V modes, with metrics such as energy transfer efficiency, battery SOC
management, and grid synchronization. The results demonstrate high efficiency, effective SOC
management, and seamless grid synchronization, highlighting the system's potential for real-

world implementation.

The simulation Figure 1 represents a Vehicle-to-Grid (V2G) and Grid-to-Vehicle
(G2V) system architecture, designed using Simulink. It shows the interaction between the
power grid, an electric vehicle (EV) battery, transformers, a load, and control mechanisms for

bidirectional power flow.

Key features of the proposed system include high energy transfer efficiency, robust
battery health management, and seamless grid integration. The system supports grid stability
by supplying energy during peak demand and facilitates renewable energy integration by
storing excess energy. It also offers economic benefits to EV owners through energy arbitrage
and grid services. The proposed system paves the way for the large-scale adoption of bi-
directional energy transfer technologies by addressing challenges such as battery degradation

and grid infrastructure requirements.
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Figure 2. Subsystem Architecture (WCB Connection Box) for a Proposed System for
V2G/G2V Mode

3.1 Grid-to-Vehicle (G2V) Mode Operation

In G2V mode, Figure 2, represents a Wall Charger Connection Box (WCB) that
facilitates energy transfer from the power grid to the electric vehicle (EV) battery. The
Connection Control Block first receives a three-phase AC supply from the grid (Grid R, Grid
Y, Grid B) and regulates the charging flow. The AC power is then converted into DC using a
DC-AC / AC-DC converter, ensuring proper voltage and current regulation. Next, a Buck-
Boost Converter adjusts the DC voltage to match the battery's requirements, optimizing energy
efficiency. Finally, the Battery Switching Control directs the regulated power to the EV battery

terminals (Vehicle+ and Vehicle-), ensuring a controlled and safe charging process.
3.2 Vehicle-to-Grid (V2G) Mode Operation

In V2G mode, the EV battery discharges stored energy back to the grid or to local loads.
The Battery Switching Control initiates the discharge process, allowing power to flow from the
battery through a DC-DC converter with a battery controller, which regulates the output
voltage. The Buck-Boost Converter further stabilizes the voltage before passing the energy
through a DC-AC / AC-DC converter, which converts DC power back into AC. The
Connection Control Block manages the reintegration of this energy into the three-phase grid,
ensuring synchronized phase and frequency for grid stability. This process allows EVs to act
as distributed energy resources, supporting the grid during peak demand.

Journal of Electronics and Informatics, March 2025, Volume 7, Issue 1 61



Performance Analysis V2G Technology in Electric Vehicles

3.3 Role of the Wall Charger Connection Box in V2G/G2V

The Wall Charger Connection Box (WCB) serves as the central hub for bidirectional
energy transfer. It ensures safe and efficient power exchange between the grid and EV,
preventing overcharging or excessive discharge. The Connection Control Block dynamically
manages phase selection, load balancing, and power flow based on real-time grid conditions.
In G2V mode, it optimizes charging to protect battery health, while in V2G mode, it
synchronizes EV power output with grid demand, preventing instability. This intelligent

system enhances the reliability of both vehicle charging and grid support.
3.4 System Efficiency and Smart Grid Integration

The proposed system integrates with smart grid technologies, enabling demand-side
management and energy optimization. By allowing EV batteries to function as distributed
storage units, the system helps balance peak loads and supports the integration of renewable
energy. The control mechanisms prevent grid overload while ensuring seamless transitions
between charging and discharging. This approach improves grid resilience, enhances energy
efficiency, and provides economic benefits to EV owners by enabling participation in energy

markets through V2G services.

4. Results and Discussion

Figure 3. V2G Mode SoC, Voltage and Current

Figure.3, represents the Vehicle-to-Grid (V2G) mode operation, where the electric

vehicle (EV) battery discharges power back into the grid. The three plots depict different
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battery output parameters over time. The X-axis represents time (in seconds), while the Y-axis

represents specific battery output characteristics:

e Top Graph (Blue Line - SOC %): This plot shows the State of Charge (SOC) of the
battery (%), which starts around 59.9995% and gradually decreases as the battery

discharges into the grid.

e Middle Graph (Red Line - Current in Amperes): This plot represents the battery output
current (A). Initially, there is a high surge in current, indicating the start of the discharge
process, but it quickly stabilizes at a lower value, showing a steady flow of power into
the grid.

e Bottom Graph (Dark Blue Line - Voltage in Volts): This plot shows the battery voltage
(V), which initially rises to about 250V and then remains constant during the discharge

process.

In V2G mode, the EV battery discharges energy into the grid. The gradual decline in
SOC indicates controlled energy transfer, preventing sudden depletion. The initial peak in
current, followed by stabilization, suggests that the power electronics regulate the discharge
rate to maintain grid stability. The voltage remains nearly constant, ensuring a consistent power
supply to the grid. This behavior confirms that the battery management system (BMS) is
effectively controlling the discharge process, optimizing power flow while maintaining system

reliability.

Figure 4. V2G Mode Voltage and Current
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The graph presented in Figure 4 illustrates the vehicle-to-grid (V2G) mode operation,
wherein the electric vehicle (EV) battery discharges power into the grid. The two subplots
depict the voltage and current waveforms of the system over time. X-axis denoting the Time
in seconds represents the duration of the simulation. In this Three-phase voltage waveforms on
top the three signals yellow, blue, and red correspond to three-phase AC voltages. The values
oscillate between approximately +300V and -300V, indicating a stable AC power output. In
the bottom Three-phase current waveforms, initially, there is a transient behavior with a surge
in current, which stabilizes as the system reaches steady-state operation. The current follows a

sinusoidal pattern similar to the voltage, confirming power transfer to the grid.

In V2G mode, the EV battery discharges DC power, which is converted into AC power
through an inverter before being fed into the grid. The voltage graph demonstrates a balanced
three-phase AC output, ensuring proper synchronization with the grid. The current waveform
exhibits high transients initially due to switching effects but subsequently stabilizes, indicating

a well-controlled power injection process.

The steady sinusoidal nature of both the voltage and current waveforms suggests
effective power conversion and grid integration. The transient behavior of the current at the
onset may be attributed to inverter switching or grid synchronization processes. Upon system
stabilization, the power flow remained consistent, confirming stable and efficient V2G

operation.

i /\

Figure 5. V2G Mode Grid Synchronization Voltage
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Figure 5 represents the three-phase voltage output in Vehicle-to-Grid (V2G) mode,
where an electric vehicle (EV) supplies power back to the grid.

In V2G mode, the EV battery's DC power is converted into AC power through an
inverter and injected into the grid. The three-phase voltages maintain a balanced sinusoidal

waveform, indicating stable grid synchronization.

The waveform has a consistent frequency and amplitude, showing that the inverter is
successfully regulating the voltage. The small distortions visible in the waveform could be due
to switching harmonics from the inverter or transient effects during the power injection process.
The presence of a pure sinusoidal waveform in all three phases confirms a well-regulated power
output. The voltage remains within the expected range for a three-phase grid-connected system,
ensuring safe and efficient power transfer. Any minor deviations or distortions might be due to
power electronics switching or grid disturbances, but the system appears to operate efficiently
and stably in V2G mode.

5. Conclusion

This study has successfully analyzed the design and performance of a bi-directional
battery system for electric vehicles (EVs) capable of both Vehicle-to-Grid (V2G) and Grid-to-
Vehicle (G2V) operations. The study demonstrated that such systems can play a pivotal role in
enhancing grid stability, supporting renewable energy integration, and optimizing energy
management for EV owners. The proposed system demonstrates efficient bi-directional energy
transfer, achieving 92% efficiency in both V2G and G2V modes. It effectively manages battery
health by maintaining the state-of-charge within safe limits (20%-80%). The system seamlessly
synchronizes with the grid, ensuring stable energy transfer. A MATLAB Simulink model
accurately replicates real-world scenarios. This research provides a practical model for bi-
directional systems and optimizes control strategy for balanced energy management. By
integrating EVs, the system supports renewable energy use. It addresses challenges like battery
degradation and grid compatibility. Future recommendations include real-world testing,

advanced control algorithms, and policy development.
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