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Abstract— In modern electronic systems, efficient power management is essential to ensure the reliable operation of devices ranging
from portable gadgets to industrial equipment. This project presents the design and implementation of an adjustable DC to DC converter
capable of both step-up (boost) and step-down (buck) voltage regulation. A key feature of the system is the use of a Buck-Boost
converter, which combines both functionalities into a single, compact circuit known as a booster circuit. The proposed system utilizes a
PWM-controlled switching mechanism along with inductors, MOSFETS, diodes, and capacitors to achieve flexible and stable voltage
conversion. Unlike fixed power supplies, this adjustable converter offers versatility for various applications by allowing the output
voltage to be tuned according to specific requirements. The system's dual-mode functionality supports a wide range of electronics,
including battery-powered devices, laboratory power supplies, and electric vehicles. Emphasis is placed on achieving energy efficiency,
compact design, and cost-effectiveness. The project contributes toward sustainable energy goals by promoting responsible power
consumption and reducing energy loss in electronic systems.

. INTRODUCTION

Electric Vehicles (EVs) rely on bidirectional DC-DC con- verters for efficient energy transfer between the battery, auxil- iary
loads, and external sources. These converters support key functions such as regenerative braking, vehicle-to-grid (V2G) and grid-to-
vehicle (G2V) operations, and battery balancing, all of which enhance battery life and overall energy effi- ciency. However, achieving
high efficiency in these converters involves challenges like minimizing conduction and switch- ing losses, ensuring voltage stability,
and managing thermal performance. To address these challenges, advanced semicon- ductor materials such as Silicon Carbide (SiC)
and Gallium Nitride (GaN) are used to enable higher switching frequencies

Identify applicable funding agency here. If none, delete this. and lower losses[1][2]. Additionally, soft-switching techniques like
Zero Voltage Switching (ZVS) and Zero Current Switching (ZCS) help reduce switching losses, further improving effi- ciency.
Various control strategies, including Pulse Width Mod- ulation (PWM), Phase-Shift Control, Model Predictive Control (MPC), and Al-
based optimization, enhance adaptability and dynamic performance under varying operating conditions[3][4]. As EV adoption
continues to grow, research focuses on increasing power density, reducing converter size, and integrating intel- ligent control methods
to improve performance. The devel- opment of high-efficiency bidirectional DC-DC converters is crucial for optimizing battery
management systems (BMS) and ensuring sustainable and reliable EV operation[5][6].

Il. LITERATURE SURVEY

Several studies have explored the design, implementation, and optimization of bidirectional DC-DC converters for EV
applications. Research by Zhang et al. (2020) analyzed various bidirectional DC-DC converter topologies, emphasizing the
efficiency and power density trade-offs[4]. Their study found that Dual Active Bridge (DAB) converters offer high effi- ciency
in medium-to-high power applications due to their soft-switching capabilities. In terms of control strategies, Lee et al. (2019)
compared traditional PWM-based control with Model Predictive Control (MPC) and Artificial Intelligence (Al)-based
strategies[22]. Their results demonstrated that MPC provides better transient response and reduced switching losses, while Al-
based control improves adaptability under dynamic load conditions. Semiconductor advancements have also played a significant
role in improving converter per- formance. Wang et al. (2021) highlighted the advantages of using wide-bandgap semiconductors
such as Silicon Carbide (SiC) and Gallium Nitride (GaN) in bidirectional converter

These materials enable higher switching frequencies, lower losses, and better thermal performance, which are crucial for enhancing
efficiency[23]. Efficiency optimization has been another major focus in research, as discussed in a comprehensive review by Gupta
and Sharma (2022). Their study explored techniques like Zero Voltage Switching (ZVS) and Zero Cur- rent Switching (ZCS), which
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significantly reduce switching losses and enhance overall system performance[24]. Moreover, the role of bidirectional converters in
EV battery management systems (BMS) has been investigated in studies by Kim et al. (2023). Their research focused on state-
of-charge (SOC) balancing, regenerative braking energy recovery, and vehicle- to-grid (V2G) integration[25]. These functions are
essential for maximizing battery life and improving the efficiency of EV power management. The findings from these studies collec-
tively highlight the continuous advancements in bidirectional DC-DC converter technology and underscore the need for further
research in areas such as high-frequency operation, miniaturization, and intelligent control methodologies. The development of
bidirectional DC-DC converters (BDC) for electric vehicles (EVs) has gained significant attention due to the increasing demand for
efficient energy conversion and management. Various studies have explored topologies, control strategies, and efficiency optimization
techniques to enhance power conversion performance while addressing challenges such as voltage fluctuations, power losses, and
transient response. This section provides a comparative analysis of 20+ research papers, highlighting advancements in BDC design,
control, and efficiency enhancement techniques.

1. Conventional BDC Topologies: Trade-offs Between Simplicity and Efficiency

Early designs of bidirectional converters primarily relied on buck-boost converters, which offer a simple structure but suffer from limited
efficiency and high voltage stress. Om Prakash Jaga et al., in their study "Bi-directional DC/DC Converters Used in Interfacing ESSs
for RESs and EVs: A Review," explored the fundamental principles of non-isolated BDCs, emphasizing their low cost and
straightforward implementation. However, they identified significant energy losses due to hard-switching operations, particularly at
high-power levels.

To overcome these issues, Mohammad Husnain Ashfag et al., in "Control Strategies for Bidirectional DC-DC Converters: An
Overview," examined the interleaved buck-boost topology, which improves power handling and efficiency by reducing current ripple.
Their study found that interleaved designs achieved up to 95% efficiency, compared to 85-90% in conventional buck-boost circuits.
However, as noted by Zigiang Wen and Fagiang Wang, in "A Novel Wide-Range Voltage Gain Bidirectional DC-DC Converter for
Electric Vehicles," interleaved BDCs increase circuit complexity and require advanced control mechanisms to maintain stable operation
under dynamic loads.

2. Isolated BDC Architectures: Enhancing Safety and Performance

For high-power EV applications, isolated BDCs, such as dual-active bridge (DAB) converters, provide galvanic isolation, improving
safety and reliability. Mohammad Aslam Alam et al., in "Isolated Bidirectional DC-DC Converter: A Topological Review," analyzed
various transformer-based topologies, concluding that DAB converters with soft-switching techniques achieved efficiencies above 96%.
However, their study also highlighted the complexity of phase-shift modulation required to maintain optimal efficiency across varying
load conditions.

Similarly, S. Habtamu and K. Godana, in "Modeling and Controller Design of a Bidirectional DC-DC Converter for Electric VVehicles
System," explored high-frequency transformer-based converters, which provide high voltage gain and superior efficiency. However,
they noted that these designs require large magnetic components, making them bulky and expensive. Addressing these limitations, D. J.
S.and G. S. K., in "Development of Two-Directional DC/DC Converter with Dual-Battery Energy Storage for Hybrid Electric Vehicles,"
introduced a hybrid BDC architecture, combining non-isolated and isolated designs to balance efficiency and cost.

3. Advanced Control Strategies: Achieving Precision and Stability

Control strategies play a critical role in enhancing BDC efficiency, transient response, and voltage regulation. Traditional PI controllers,
though easy to implement, suffer from slow response times and poor dynamic performance. P. Sharma et al., in "Novel Current-Fed
Bidirectional DC-DC Converter for Battery Charging in Electric Vehicle Applications with Reduced Spikes," explored sliding mode
control (SMC), demonstrating its robustness against load variations and higher efficiency than Pl-based controllers. However, they
emphasized that SMC requires complex tuning, making real-world implementation challenging.

To address this, G. Teja and A. P. Nagendra Babu, in "Development of a Bidirectional DC/DC Converter with Dual Battery Energy
Storage for Hybrid Electric VVehicle System," implemented Model Predictive Control (MPC), which offered fast dynamic response and
high stability under fluctuating loads. Their findings indicated that MPC-based controllers improved efficiency by nearly 3% over
conventional techniques. Further advancements were proposed by Muhammad Arshad et al., in "Artificial Intelligence-based
Optimization for Bidirectional DC-DC Converters in Electric Vehicles," who integrated neural networks and fuzzy logic controllers to
achieve intelligent power regulation. Their Al-based system reduced power losses by up to 15%, outperforming traditional controllers.

Additionally, Y. Gopal et al., in "Adaptive Fuzzy Control for High-Efficiency DC-DC Converters," demonstrated that fuzzy logic
controllers outperformed PI controllers in variable load conditions, achieving improved voltage stability and faster response times.

4. Efficiency Optimization Techniques: Soft-Switching and Semiconductor Innovations

Efficiency in BDC design is heavily influenced by switching losses and thermal performance. Techniques such as Zero-Voltage
Switching (ZVS) and Zero-Current Switching (ZCS) have been widely studied to minimize losses.

S. K. Gupta et al., in "Implementation of ZVS and ZCS for High-Efficiency Bidirectional DC-DC Converters," validated that soft-
switching techniques enhance BDC efficiency by up to 5%, significantly reducing switching losses and EMI issues. Meanwhile, A.
Kumar and T. Mehta, in "GaN-Based Bidirectional DC-DC Converters for Electric VVehicle Power Systems," explored gallium nitride
(GaN) MOSFETs, which offer high-speed switching and lower conduction losses
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. Their study confirmed that GaN-based BDCs achieved efficiencies of 96-98%, outperforming traditional silicon-based designs.

Furthermore, hybrid energy storage solutions have been explored to optimize power management. D. Singh and P. Verma, in "Hybrid
Battery-Supercapacitor System for Improved Energy Management in EVSs," introduced a battery-supercapacitor hybrid system,
demonstrating improved charge recovery and enhanced efficiency.

5. Challenges and Future Directions

Despite advancements in BDC technology, several key challenges remain in achieving the optimal balance between efficiency, cost,
and complexity:

Controller Design Complexity: Al-driven controllers show promise, but real-time implementation remains challenging.

Cost vs. Efficiency Trade-off: Wide-bandgap semiconductors like GaN improve efficiency but increase component costs.

Reliability and Thermal Management: High-power applications require advanced cooling solutions and robust protection mechanisms.
Future research is expected to focus on:

Hybrid control strategies combining Al, MPC, and SMC.

Real-time hardware-in-the-loop (HIL) testing to validate simulation results.

Integration of bidirectional wireless charging for next-generation EVs.

The literature survey reveals that BDC advancements are largely driven by improvements in converter topologies, control techniques,
and efficiency optimization methods. While non-isolated topologies remain simple and cost-effective, they suffer from efficiency
limitations. Isolated DAB converters, on the other hand, offer higher efficiency and safety but come at the expense of complexity and
size.Among control strategies, Al-based controllers and MPC techniques show significant promise in enhancing BDC efficiency and
transient response. However, their real-time implementation complexity remains a major challenge. Soft-switching techniques such as
ZVS and ZCS, coupled with GaN-based semiconductor technology, continue to push efficiency limits beyond 96%, making them viable
solutions for next-generation EV applications.

I1l. BIDIRECTIONAL DC-DC CONVERTER TOPOLOGIES

Bidirectional DC-DC converters are classified into non- isolated and isolated topologies, each offering distinct ad- vantages in
terms of efficiency, power handling, and control complexity. The choice of topology depends on various factors such as power rating,
voltage levels, safety requirements, and system integration considerations. While non-isolated convert- ers provide a direct electrical
connection between input and output, isolated converters ensure galvanic isolation, improv- ing safety and operational flexibility in
EV applications.

1. Buck-Boost Convereter

Non-isolated bidirectional DC-DC converters, such as the Buck-Boost and Multiphase Buck-Boost converters, are widely used in
EV power systems due to their simple design, high efficiency, and compact structure[1][2]. The Buck-Boost converter enables
voltage step-up and step-down operations, making it suitable for battery voltage regulation[3]. It is particularly effective in
applications where the battery voltage varies significantly during charge and discharge cycles. However, conventional Buck-Boost
converters suffer from higher com- ponent stress and efficiency losses at high power levels[4]. To address these limitations, the
Multiphase Buck-Boost con- verter has been developed, which distributes power among multiple phases to reduce current ripple,
enhance efficiency, and improve thermal management[5][6]. Multiphase converters are highly beneficial for high-power
applications where reduced electromagnetic interference (EMI) and better heat dissipation are crucial[7]. Their modularity allows
scalability for different power levels, making them an attractive option for EV battery systems[8].

2. lsolated Converters

converters provide galvanic isolation between the input and output, improving safety and flexibility in EV applications[9][10].
These converters are particularly useful in systems where different voltage domains need to be electrically separated to prevent
ground loops and en- hance operational safety[11]. One of the most commonly used isolated topologies is the Dual Active Bridge
(DAB) converter. This topology offers high efficiency and bidi- rectional energy transfer with soft-switching capabilities, making
it ideal for medium-to-high power applications[12][13]. The DAB converter uses high-frequency transformers to achieve isolation
and improve power density. Its phase- shift control technique allows precise energy transfer, reducing switching losses and
enhancing system effi- ciency[15]. Another widely used topology is the Phase-Shift Full-Bridge converter, which minimizes
switching losses by employing zero-voltage or zero-current switching techniques[16]. This topology is well-suited for high-power
applications due to its ability to handle large voltage variations while maintaining high efficiency. For low- power applications,
Flyback and Forward converters are commonly employed due to their simple design and cost- effectiveness. Flyback converters
are used in auxiliary power supplies and battery management systems where compact size and low cost are prioritized. The
Forward converter, while similar to the Flyback topology, offers better efficiency at higher power levels by reducing transformer
stress and improving energy transfer.

IV.CONTROL STRATEGIES FOR HIGH-EFFICIENCY OPERATION
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Efficient control of BDCs is essential for minimizing losses and ensuring stable operation. Common control strategies include:

1. Phase-Shift Control: Phase-shift control is widely used in Dual Active Bridge (DAB) converters to regulate power flow
efficiently. It adjusts the phase difference between the primary and secondary bridge switching signals to control the energy
transfer between input and output. This technique enables Zero Voltage Switching (ZVS) and Zero Current Switching (ZCS),
significantly reducing switching losses and improving efficiency[1][12][14]. Phase-shift control is advantageous for its ability
to handle bidirectional power flow with minimal stress on semiconductor devices, making it ideal for EV battery management
applications. Advanced implementations include adaptive phase-shift control, which dynamically adjusts switching angles to
optimize performance under varying load conditions.

2. Current Mode Control: Current mode control enhances the dynamic response and stability of bidirectional DC-DC converters
by directly regulating inductor current rather than voltage. It offers superior transient response and overload protection, making
it well-suited for EV applications[2][6][10]. The technique involves comparing the actual current with a reference current and
adjusting the duty cycle accordingly. Different variations, such as peak current mode control, average current mode control,
and hysteresis current control, offer various trade-offs between stability and complexity. This method significantly reduces
overshoot and ensures robust operation under fluctuating load conditions.

3. Model Predictive Control (MPC): Model Predictive Control (MPC) is an advanced control strategy that optimizes converter
performance under varying load conditions by predicting future states based on a mathematical model. MPC calculates the
optimal control actions by solving a constrained optimization problem at each sampling period. This approach enhances
dynamic performance, reduces steady-state error, and enables rapid adaptation to changing operating conditions[22][25]. MPC
is particularly beneficial for EV BMS due to its ability to handle multi-objective optimization problems, including efficiency
maximization, power loss minimization, and thermal management. However, its implementation requires significant
computational resources, necessitating efficient algorithms for real-time execution.

4. Artificial Intelligence-Based Control: The integration of artificial intelligence (Al) techniques, such as machine learning and
fuzzy logic, has revolutionized the control of bidirectional DC-DC converters. Al-based controllers can learn from historical
data and adapt to real-time variations in system parameters. Fuzzy logic controllers (FLCs) are widely used for their ability to
handle nonlinearities and uncertainties without requiring an accurate mathematical model[22][24]. Neural networks and
reinforcement learning algorithms further enhance control performance by continuously optimizing switching strategies. These
intelligent control techniques enable self-tuning capabilities, reducing dependency on pre-defined parameters and improving
efficiency in EV battery management systems. Al-driven controllers are expected to play a significant role in future EV
powertrain systems, offering superior adaptability and predictive control capabilities.

The integration of real-time adaptive control strategies to dynamically optimize converter operation is explored. Case studies
comparing different control methodologies are included, demonstrating the impact of various strategies on efficiency, transient
response, and stability.

V.EFFICIENCY ENHANCEMENT TECHNIQUES

1. Soft Switching Techniques: Soft switching techniques such as Zero-Voltage Switching (ZVS) and Zero-Current Switching
(ZCS) significantly minimize switching losses by ensuring that semiconductor devices turn on and off under favorable
conditions. These techniques reduce stress on components, improve reliability, and enhance overall efficiency. They are
particularly useful in high-power applications where hard switching would result in excessive losses and thermal issues[6][24].

2. Wide-Bandgap Semiconductor Devices: The use of Silicon Carbide (SiC) and Gallium Nitride (GaN)-based MOSFETs
enhances power conversion efficiency due to their superior electrical properties. These wide-bandgap devices exhibit lower
conduction and switching losses, higher breakdown voltage, and improved thermal performance compared to traditional
silicon-based components. As a result, they enable higher switching frequencies and greater power densities, making them
ideal for advanced EV BDC designs[23][25].

3. Multi-Phase Interleaved Designs: Multi-phase interleaving reduces current ripple, improves transient response, and enhances
thermal distribution in BDCs. By using multiple parallel phases operating with phase-shifted switching signals, current stress
on individual components is minimized. This approach not only improves efficiency but also extends the lifespan of critical
power electronics components[22].

4. Advanced Thermal Management Strategies: Effective thermal management is essential for maintaining high efficiency in
BDCs. Advanced techniques such as liquid cooling systems and phase-change materials (PCMs) help dissipate heat more
effectively than traditional air cooling methods. These strategies ensure stable operation under high-load conditions, preventing
thermal runaway and enhancing system reliability[23][25].
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A comparative analysis of different loss reduction techniques is presented, along with their implementation challenges and trade-
offs.

VI1.DESIGN OPTIMIZATION FOR PRACTICAL IMPLEMENTATION

Magnetic component design plays a crucial role in optimizing the performance of bidirectional DC-DC converters. The selection of
core materials such as ferrite, powdered iron, and nanocrystalline cores helps reduce hysteresis losses and improve efficiency[1][4].
Additionally, optimizing winding techniques, including the use of litz wire, minimizes skin and proximity effects, thereby reducing
AC resistance. Consideration of core geometries and proper gap placement further enhances magnetic flux distribution, leading to
better overall performance[7].

PCB layout optimization is essential for minimizing parasitic inductance and resistance, which can impact signal integrity and
efficiency. Proper trace design, the use of ground planes, via stitching, and controlled impedance traces contribute to improved
performance in high-frequency switching applications. Careful optimization of high-frequency switching node layouts is also
necessary to reduce ringing and electromagnetic interference (EMI) issues, ensuring stable operation[18].

EMI mitigation techniques are vital for ensuring compliance with electromagnetic compatibility (EMC) standards and minimizing
noise emissions. Proper shielding and grounding help reduce both common-mode and differential-mode noise, while optimized filter
designs using common-mode chokes and capacitors further improve EMI performance[5]. Additionally, the use of spread-spectrum
modulation techniques helps in minimizing peak EMI emissions, leading to a more robust and interference-free design[9].
Reliability assessment is a key factor in ensuring the long-term durability of bidirectional converters. Conducting accelerated stress
testing, including temperature cycling and high-voltage endurance tests, allows designers to identify potential weak points[14].
Failure mode analysis (FMEA) is used to detect vulnerabilities in the design, while reliability prediction models such as MIL-HDBK-
217 help estimate the expected lifespan of components[22]. Implementing redundancy and fault-tolerant designs further enhances
system reliability, preventing failures in critical applications[25].

System integration considerations are essential for seamless implementation in electric vehicles. Ensuring compatibility with existing
EV powertrain architectures and different battery chemistries allows for greater flexibility and adoption[2]. The integration of real-
time monitoring and diagnostics enables predictive maintenance, reducing downtime and improving system longevity[10].
Additionally, compliance with automotive safety and efficiency standards such as ISO 26262 and IEC 61800-9 is crucial for meeting
regulatory requirements and ensuring safe operation in EV applications.[23].

VII. Simulation

FRF0

Fig.1 Simulation

Simulation and Analysis of a High-Efficiency Bidirectional DC-DC Converter for Electric Vehicle Battery Management

The simulation model developed in this study demonstrates the operation of a high-efficiency bidirectional DC-DC converter for
electric vehicle (EV) battery management systems. The converter facilitates bidirectional power flow by operating in both buck and
boost modes, ensuring efficient energy transfer between the battery and other vehicle power systems. The implementation of pulse-
width modulation (PWM) control optimizes the switching of semiconductor devices, reducing power losses and enhancing overall
system efficiency. A closed-loop feedback control mechanism is integrated to maintain voltage and current stability under dynamic
operating conditions, improving the system’s adaptability to load variations. Furthermore, inductors and capacitors are strategically
incorporated to minimize current and voltage ripple, contributing to enhanced power quality and reduced electromagnetic
interference.

This converter is particularly essential for EV applications, enabling effective battery charging, discharging, and regenerative braking
functionalities. In addition to electric vehicles, bidirectional DC-DC converters play a crucial role in renewable energy systems, such
as grid-connected battery storage and solar power applications, where efficient energy management is required. The ability to control
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bidirectional power flow makes them highly suitable for vehicle-to-grid (V2G) and grid-to-vehicle (G2V) technologies, allowing
EVs to function as mobile energy storage units that can stabilize the power grid. Moreover, these converters are widely utilized in
aerospace and industrial applications, including hybrid energy storage systems, uninterruptible power supplies (UPS), and DC
microgrids, where high power efficiency and reliability are critical.
The simulation results validate the performance of the proposed design, demonstrating its ability to achieve high conversion
efficiency and improved power management. These findings highlight the potential of bidirectional DC-DC converters in optimizing

EV battery performance, increasing energy efficiency, and extending the overall operational lifespan of electric vehicles and other
advanced energy systems.

VIII. RESULTS AND GRAPHS
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Fig.2 Voltage Ripple Analysis

The voltage ripple analysis and dynamic response to load change, as depicted in the simulation results, provide critical insights
into the performance of the bidirectional DC-DC converter for electric vehicle (EV) battery management systems. The voltage
ripple analysis shows a steady-state operation where the output voltage fluctuates within a narrow band around 48V, with minimal
deviation, indicating effective regulation and reduced high-frequency noise. This low voltage ripple ensures stable battery
charging and discharging, reducing stress on battery cells and enhancing longevity.
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Fig.3 Dynamic Response to Load Change

The dynamic response to a load change demonstrates the converter’s transient behavior. At approximately 0.4s, a sudden load
variation is introduced, causing the output voltage to dip to 46V before recovering to the nominal 48V within 0.6s. The rapid
recovery highlights the system’s ability to adapt to varying load conditions, showcasing the effectiveness of the control strategy in
maintaining voltage stability. This behavior is crucial in EV applications, where load dynamics can change frequently due to
acceleration, regenerative braking, and varying power demands. The results validate the efficiency of the implemented control
strategy in minimizing voltage deviations and ensuring reliable power delivery in bidirectional energy transfer applications.

IX. CONCLUSIONS
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The study presented a high-efficiency bidirectional DC-DC converter designed for electric vehicle (EV) battery management
systems, demonstrating its capability to optimize energy transfer between the battery and other vehicle power systems. Through
simulation analysis, the converter effectively operated in both buck and boost modes, ensuring seamless bidirectional power flow.
The integration of pulse-width modulation (PWM) control significantly enhanced the switching performance of semiconductor
devices, minimizing power losses and improving overall efficiency. Additionally, the incorporation of a closed-loop feedback control
mechanism contributed to maintaining stable voltage and current levels, making the system highly adaptive to dynamic load
variations. The voltage ripple analysis indicated that the converter maintains a relatively stable output voltage, while the dynamic
response analysis confirmed its ability to quickly recover from sudden load changes.

Beyond EV applications, the versatility of bidirectional DC-DC converters extends to renewable energy systems, vehicle-to-grid
(V2G) and grid-to-vehicle (G2V) operations, uninterruptible power supplies (UPS), and industrial automation, where efficient power
conversion and management are essential. The results of this study validate the feasibility of implementing such converters in real-
world applications, highlighting their role in enhancing energy efficiency, reducing power losses, and prolonging the lifespan of
energy storage systems. The findings emphasize the potential of bidirectional DC-DC converters in advancing sustainable energy
solutions, enabling smarter power management in modern electric mobility, and supporting the integration of renewable energy
sources into the electrical grid. Future work may focus on further optimizing control strategies, reducing electromagnetic interference,
and improving thermal management to enhance the converter’s overall reliability and performance in practical implementations.
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