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ABSTRACT 

This study introduces an innovative non-isolated high-gain bidirectional DC-DC converter (BDC), specifically 

designed for integrating an energy storage system with electric vehicles (EVs). The converter achieves a substantial 

voltage gain utilizing a dual duty cycle operational strategy while minimizing the number of components required in 

its circuit architecture. By incorporating dual current path inductor structures, the converter not only reduces 

component size but also obviates the necessity for an additional clamping circuit to deliver energy to the load. 

Remarkably, this is accomplished without resorting to voltage multiplier cells (VMC) or hybrid switched-capacitor 

techniques. The functionality and performance of the proposed converter are thoroughly simulated using 

MATLAB/Simulink and OPAL-RT software within a software-in-loop (SIL) system, focusing on varying driving 

conditions. In forward motoring mode, the converter facilitates power delivery to the motor from the battery. 

Conversely, during regenerative braking, the motor transitions to a generator, channeling energy back through the 

converter to recharge the battery, thus efficiently capturing and storing the recuperated energy. This research 

underscores the converter's potential in enhancing the efficiency and sustainability of electric vehicle energy systems. 

Keywords— bidirectional DC-DC converter, high voltage gain, energy storage integration, electric vehicles, 

regenerative braking, MATLAB/Simulink simulation, software-in-loop (SIL) system 

INTRODUCTION 

In the realm of electric vehicle (EV) technology, the integration of advanced power conversion systems is pivotal for 

enhancing energy efficiency and sustainability. The development of a high-gain bidirectional DC-DC converter (BDC) 

represents a significant leap forward in this domain, specifically in the context of optimizing energy utilization and 

facilitating seamless energy storage integration. This study presents a groundbreaking non-isolated BDC, engineered 

to significantly amplify voltage gain while streamlining the complexity of its circuit design through an innovative dual 

duty cycle operational strategy. The distinctive design minimizes component count and employs dual current path 

inductor structures that reduce physical footprint and eliminate the need for supplementary clamping circuits to 

manage energy delivery to the load [3]. The converter’s architecture eschews conventional methodologies such as 

voltage multiplier cells (VMC) or hybrid switched-capacitor mechanisms, which are typically invoked to enhance 

voltage gain. Instead, it achieves substantial elevation in output voltage through a refined approach that integrates 

functionality with efficiency. This methodological innovation not only simplifies the overall system design but also 

ensures robust performance under diverse operational demands. Such capabilities are critical in the automotive sector, 

where reliability and efficiency are paramount. 

The efficacy of this newly proposed converter is rigorously evaluated through comprehensive simulations conducted 

in MATLAB/Simulink and OPAL-RT software, incorporated within a software-in-loop (SIL) system [7]. This 

simulation environment replicates various driving conditions to provide a realistic assessment of the converter’s 

performance in real-time scenarios. By simulating the converter’s operation under a range of conditions, the study 

meticulously validates its capability to manage dynamic loads and adapt to fluctuating energy demands effectively. 
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This is crucial for electric vehicles, where power supply consistency directly impacts vehicle performance and user 

experience. Furthermore, the converter’s functionality extends beyond mere power conversion; it is an integral 

component of the vehicle’s energy recovery system during braking phases. Typically, braking in electric vehicles is 

not just a matter of mechanical necessity but also an opportunity for energy recuperation. The regenerative braking 

system harnesses kinetic energy, which would otherwise be lost, converting it into electrical energy that can be fed 

back into the battery. The BDC developed in this study facilitates this process by enabling the motor, which acts as a 

generator during braking, to reverse energy flow efficiently. This energy is then channeled back to recharge the battery, 

optimizing the vehicle's energy cycle and enhancing overall efficiency [12]. 

This dual capability of powering the motor and managing energy recuperation exemplifies a significant advancement 

in BDC technology, providing a robust solution that supports the sustainability goals of modern electric vehicles. By 

improving the efficiency of the energy conversion process and maximizing the recovery of available energy, the 

converter significantly contributes to the extended range and improved performance of electric vehicles. Moreover, 

the study’s findings underscore the potential of such innovations to revolutionize energy management strategies in 

EVs, aligning with broader environmental objectives to reduce reliance on fossil fuels and decrease greenhouse gas 

emissions. In summary, the integration of this high-gain bidirectional DC-DC converter into electric vehicles 

represents a transformative development in automotive technology, promising not only enhanced vehicle efficiency 

but also improved environmental impact. The converter’s ability to efficiently manage power delivery and capture 

energy during regenerative braking without complex or bulky additions to the circuit underscores its potential as a key 

enabler of next-generation electric vehicle technologies. As the demand for more efficient and environmentally 

friendly vehicles continues to grow, innovations such as this converter will play a crucial role in meeting these needs, 

ultimately driving forward the evolution of the electric vehicle industry [15]. 

LITERATURE SURVEY 

The current literature on high-gain bidirectional DC-DC converters (BDC) extensively covers various design 

philosophies and their application in electric vehicles (EVs), particularly emphasizing enhancements in energy 

efficiency and system integration. These studies form a robust foundation for understanding the complexities involved 

in developing converters that not only meet the increasing demands for energy efficiency but also align with innovative 

automotive technologies. Amidst this academic exploration, particular attention has been paid to non-isolated 

converter designs, which are prized for their simplicity and efficiency. These converters leverage high voltage gain 

capabilities without the cumbersome inclusion of multiple transformers or extensive isolation mechanisms, thus 

offering a streamlined alternative suited for modern electric vehicles. Scholarly discourse has consistently highlighted 

the dual duty cycle operational strategy as a transformative approach in optimizing converter performance. This 

strategy enhances voltage gain while allowing for a reduction in the number of active components, which in turn 

minimizes losses and improves overall system reliability. Furthermore, the incorporation of dual current path inductor 

structures represents a significant advancement in reducing physical footprint and component complexity. This 

methodology not only ensures a compact converter design but also mitigates the need for additional clamping circuits, 

which are typically necessary to manage high voltage spikes and safeguard sensitive vehicle electronics. 

Moreover, the literature reveals a substantial focus on the elimination of conventional voltage multiplier cells (VMC) 

and hybrid switched-capacitor systems, which, while effective in increasing voltage gain, often complicate the circuit 

design and can introduce additional points of failure. Studies have explored various alternatives that maintain high 

efficiency and reliability without these components, thereby streamlining the design and potentially reducing the cost 

and maintenance requirements. Simulations play a crucial role in the validation and performance analysis of these 

converters, as evidenced by numerous studies utilizing platforms such as MATLAB/Simulink coupled with real-time 

simulation systems like OPAL-RT. These tools provide a controlled environment to emulate real-world driving 

conditions, allowing researchers to meticulously analyze converter behavior under various operational stresses. Such 

simulations are indispensable for assessing the practical viability of converter designs before they are implemented in 

actual vehicle systems. 

A significant aspect that emerges from the review is the strategic importance of regenerative braking systems in 

electric vehicles. The ability of a converter to facilitate not only the traditional role of powering the motor but also 

efficiently managing energy recovery during braking phases is a critical measure of its utility. This dual functionality 
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not only enhances the energy efficiency of the vehicle but also contributes to longer battery life and reduced 

environmental impact. Literature on this topic discusses various techniques for maximizing energy recuperation and 

optimizing the transition between motoring and generation modes, ensuring that the converter can handle rapid 

switches in operational states without compromising performance. The discussion extends to the potential implications 

of these technological advancements in fostering more sustainable transportation solutions. With global trends 

increasingly favoring electric vehicles as a means to reduce carbon emissions and reliance on fossil fuels, the 

development of more efficient power conversion systems is seen as key to accelerating the adoption of EVs. The 

integration of advanced bidirectional DC-DC converters into electric vehicle designs not only improves the practical 

appeal of these vehicles by extending their driving range and reducing energy costs but also aligns with broader 

environmental goals. In summary, the literature on high-gain bidirectional DC-DC converters for electric vehicles is 

rich and diverse, offering deep insights into both the theoretical underpinnings and practical applications of these 

critical components. It underscores the importance of innovative design and simulation techniques in pushing the 

boundaries of what these systems can achieve, paving the way for a new generation of electric vehicles that offer 

greater efficiency, reliability, and sustainability. As the technology continues to evolve, it promises to play a pivotal 

role in shaping the future of transportation, making electric vehicles a more attractive and viable option for consumers 

worldwide. 

PROPOSED SYSTEM 

This study introduces an innovative non-isolated high-gain bidirectional DC-DC converter (BDC), meticulously 

engineered to integrate seamlessly with the energy storage systems of electric vehicles (EVs). Through its pioneering 

design, the converter achieves a substantial voltage gain using a dual duty cycle operational strategy, a method that 

strategically optimizes power management while simultaneously reducing the number of components required within 

its circuit architecture. The advanced design significantly minimizes the physical footprint by incorporating dual 

current path inductor structures that negate the need for additional clamping circuits traditionally required to stabilize 

and manage the delivery of power to the load. Remarkably, this streamlined configuration achieves these efficiencies 

without relying on conventional voltage multiplier cells (VMC) or hybrid switched-capacitor techniques, which often 

complicate circuit design and can introduce unwanted inefficiencies and points of potential failure. Instead, this 

converter stands out for its simplicity and effectiveness, promising to elevate the standards of power conversion 

technology in the automotive industry. The robustness and functionality of the proposed BDC are exhaustively 

validated through sophisticated simulations conducted using MATLAB/Simulink paired with OPAL-RT software 

within a highly realistic software-in-loop (SIL) system. This simulation framework meticulously emulates a variety 

of driving conditions to assess the converter’s performance, ensuring that the system’s operational integrity and 

efficiency are maintained across a range of real-world scenarios. In its forward motoring mode, the converter adeptly 

manages the delivery of power from the battery to the motor, optimizing energy use and enhancing the vehicle's 

operational dynamics. This mode highlights the converter’s capability to handle high power demands efficiently, 

ensuring that the vehicle operates at peak performance without undue stress on the battery or motor. Conversely, 

during regenerative braking—a critical feature for modern electric vehicles—the converter’s role pivots dramatically. 

It efficiently facilitates the transition of the motor to act as a generator, a process during which kinetic energy, which 

would otherwise be lost as heat during braking, is converted into electrical energy. 
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Fig 1. Proposed High Gain Bidirectional DC -DC Converter (HGBDC) 

This energy is then seamlessly channeled back through the converter to the battery, recharging it and thus capturing 

energy that enhances the vehicle's range and efficiency. This regenerative capability not only underscores the 

converter’s versatility in managing both power output and energy recuperation but also highlights its potential to 

significantly enhance the energy sustainability of electric vehicles. By improving the rate at which energy is 

recuperated and reducing energy wastage, the converter helps to extend the vehicle’s range per charge and decrease 

the frequency and duration of charging stops required during extended use. Additionally, the elimination of 

conventional voltage multipliers and capacitors in favor of a more integrated and simplified circuit design reduces 

maintenance concerns and increases the reliability and lifespan of the power conversion system. Furthermore, this 

innovative converter design is pivotal in advancing the broader adoption and practicality of electric vehicles by 

contributing to greater energy efficiency and sustainability. Its development aligns with global environmental goals 

to reduce carbon emissions and reliance on non-renewable energy sources, marking a significant step forward in the 

evolution of electric vehicle technology. The integration of such advanced bidirectional DC-DC converters into EV 

architectures not only improves vehicle performance but also enhances user experience and satisfaction by supporting 

longer driving ranges and more efficient energy usage. 

Overall, the proposed high-gain bidirectional DC-DC converter represents a transformative development in the field 

of automotive engineering, setting new benchmarks for how energy can be more effectively managed and utilized in 

electric vehicles. Its introduction into the market could potentially revolutionize electric vehicle designs, making EVs 

more appealing to a broader segment of consumers by alleviating range anxiety and improving the overall economics 

of owning and operating electric vehicles. As such, this research not only contributes to the technical advancements 

in power electronics but also plays a crucial role in the push towards more sustainable transportation solutions globally, 

promising a future where electric vehicles are predominant on our roads and substantially less impactful on our 

environment. 

METHODOLOGY 

The methodology for analyzing the performance of a high-gain bidirectional DC-DC converter (BDC) designed for 

electric vehicles (EVs) with battery charging capabilities during braking involves a series of meticulously structured 

steps, using advanced simulation tools and strategic testing to verify the converter's functionality under various 

operational conditions. This research employs a dual duty cycle operational strategy to maximize voltage gain while 

reducing component count and size, aiming to enhance the efficiency and sustainability of the EV energy system. The 

first step in the methodology involves the theoretical design of the BDC. This phase focuses on the electrical and 

mechanical design of the converter, ensuring that all specifications meet the required parameters for high voltage gain 
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and efficiency. Key to this design is the implementation of dual current path inductor structures, which help reduce 

the overall size of the components and eliminate the need for additional clamping circuits. The design phase also 

involves choosing suitable materials and components that can withstand the electrical demands without resorting to 

complex mechanisms like voltage multiplier cells or hybrid switched-capacitor techniques, which are common in 

traditional designs but can introduce unnecessary complexity and points of failure. 

Once the design specifications are finalized, the next step involves the development of a detailed simulation model 

using MATLAB/Simulink. This model replicates the converter's circuitry based on the designed specifications and 

simulates its performance across a range of operating conditions. The simulation process is critical as it provides initial 

validation of the converter’s functionality before physical prototypes are developed. It allows for adjustments and 

optimizations to be made in a controlled environment, thereby reducing the risk and cost associated with direct 

experimental modifications. Following the simulation, the model is integrated into an OPAL-RT software-in-loop 

(SIL) system for real-time testing. This step is crucial for understanding how the converter performs in real-world 

driving scenarios. The SIL system offers a dynamic testing environment where the converter can be subjected to 

various electrical loads and stress conditions that mimic actual operational demands during both forward motoring 

and regenerative braking phases. This phase tests the converter’s ability to switch operational modes seamlessly, 

handle high power transitions, and efficiently convert and store energy without significant losses. 

The forward motoring mode simulation assesses how effectively the converter can deliver power from the battery to 

the motor, ensuring that the vehicle can operate under normal driving conditions without any issues related to power 

supply. Parameters such as output voltage stability, thermal performance, and response time to load changes are 

closely monitored to evaluate the converter’s efficiency and reliability. Conversely, the regenerative braking mode 

simulation focuses on the converter's ability to transition the motor to act as a generator and to channel the recuperated 

kinetic energy back to recharge the battery. This test evaluates the converter’s capacity to capture and convert energy 

that would otherwise be lost during braking. The efficiency of this process is critical, as it directly impacts the vehicle’s 

range and overall energy consumption. The simulation examines how quickly and effectively the converter can handle 

the sudden reverse in energy flow, the stability of the voltage during this transition, and the total amount of energy 

that is successfully captured and stored. 

Throughout both sets of simulations, data is continuously collected and analyzed to identify any potential issues or 

areas for improvement. Performance metrics such as efficiency, power output quality, thermal management, and 

durability under cyclic loads are all evaluated to ensure that the converter meets all expected standards and 

requirements. After thorough testing and validation through simulations, a prototype of the converter is then 

constructed. This prototype serves as a bridge between theoretical designs and full-scale production models. It is 

subjected to extensive field testing to validate its performance in an actual EV setup. This testing is critical to ensure 

that the converter operates effectively within the vehicle’s ecosystem and interacts as expected with other vehicular 

systems, such as the battery management system and the motor drive unit. 

Finally, the results from all testing phases are compiled and analysed to assess whether the initial design objectives 

have been met and to determine the feasibility of integrating the converter into mainstream EV production. This 

comprehensive evaluation helps in making informed decisions about any further modifications or optimizations 

needed before the converter can be approved for production and implementation in electric vehicles. This 

methodological approach ensures that the high-gain bidirectional DC-DC converter is not only capable of meeting the 

technical requirements necessary for effective performance but also aligns with the overarching goals of enhancing 

the efficiency and sustainability of electric vehicle energy systems. 

RESULTS AND DISCUSSION 

The results from the extensive simulations of the high-gain bidirectional DC-DC converter (BDC) designed for electric 

vehicles (EVs) show a remarkable enhancement in system performance across various driving conditions. 

Specifically, the converter achieved substantial voltage gains while effectively minimizing the use of complex 

components within its architecture, a testament to the dual duty cycle strategy’s effectiveness. The integration of dual 

current path inductor structures significantly reduced component size, optimizing the overall system layout. Notably, 

the simulations conducted via MATLAB/Simulink and OPAL-RT software validated the converter’s capability to 
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deliver energy efficiently to the load without the need for voltage multiplier cells or hybrid switched-capacitor systems. 

These results underscore the converter’s ability to maintain stability and high performance even under the rigorous 

demands typical of electric vehicle operations. 

During the forward motoring mode, the converter demonstrated exceptional proficiency in power delivery from the 

battery to the motor. The transition of energy was smooth and efficient, showcasing the converter’s robust design in 

handling high power demands without significant losses. This phase of testing particularly highlighted the system’s 

thermal management capabilities, ensuring that the converter operated within safe temperature ranges even under 

extended periods of high load. Furthermore, the performance analysis during regenerative braking revealed that the 

converter effectively facilitated the motor’s transition to a generator, capturing kinetic energy during braking and 

converting it into electrical energy with minimal efficiency loss. This process not only recharges the battery but also 

contributes to the overall energy efficiency of the vehicle, enhancing the range and reducing the frequency of charge 

required. 

 

Fig 2. Results screenshot 1 

 

Fig 3. Results screenshot 2 
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Simulation results for case1- Transition of the motor from forward motoring to regenerative braking: (a) speed, (b) 

armature current, (c) armature torque, (d) armature (output) voltage of the motor, (e) battery voltage and (f) battery 

SoC (g) battery current (h) battery and motor energy. 

 

Fig 3. Results screenshot 3 

Simulation results for case 2- step change in speed during forward motoring: (a) speed, (b) armature current, (c) 

armature torque, (d) armature voltage, (e) battery SoC, (f) battery voltage, (g) battery current and (h) battery and motor 

energy. 

The discussion on these findings illuminates the potential impact of incorporating such a high-gain BDC into 

mainstream electric vehicle production. The converter’s ability to manage energy transfer so effectively, combined 

with its streamlined component architecture, offers promising implications for the future of EV technologies. By 

reducing component complexity and enhancing energy efficiency, this converter aligns with current trends towards 

more sustainable automotive technologies. Moreover, the successful implementation of this system could pave the 

way for more advanced integrations of similar technologies, potentially setting new standards for performance and 

sustainability in the electric vehicle industry. This study not only highlights the technical feasibility of the converter 

but also its practical benefits in real-world applications, suggesting a significant step forward in the quest for more 

efficient, reliable, and environmentally friendly electric vehicles. 

CONCLUSION 

In conclusion, this study successfully demonstrates the efficacy of a non-isolated high-gain bidirectional DC-DC 

converter (BDC) in enhancing the operational efficiency and sustainability of electric vehicle (EV) energy systems. 

By implementing a dual duty cycle operational strategy and integrating dual current path inductor structures, the 

converter achieves substantial voltage gains while reducing the physical footprint and complexity of its circuit 
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architecture. The elimination of additional clamping circuits and avoidance of conventional voltage multiplier cells or 

hybrid switched-capacitor techniques not only streamline the design but also improve reliability and efficiency. 

Simulations conducted using MATLAB/Simulink and OPAL-RT software have rigorously validated the converter’s 

performance in both forward motoring and regenerative braking modes, highlighting its capability to efficiently 

manage power delivery and energy recuperation. This innovative approach not only augments the battery charging 

process during braking but also contributes to a reduction in energy waste, thereby supporting longer operational 

ranges and diminishing environmental impact. Overall, the research delineates significant advancements in BDC 

technology, offering promising prospects for future developments in electric vehicle technologies. 
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