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Abstract- 
Electric vehicles (EVs) are becoming very popular due 

to increasing environmental concerns and the need for 

energy-efficient transportation systems. One important 

feature that improves the efficiency of EVs is the 

regenerative braking system. This system helps to 

recover kinetic energy during braking and convert it into 

electrical energy, which is stored in the battery and 

reused later. In this paper, the design and analysis of a 

regenerative braking system for electric vehicles is 

presented. The proposed system focuses on improving 

energy recovery efficiency while maintaining vehicle 

safety and braking performance. Different braking 

conditions such as sudden braking, gradual deceleration, 

and varying speeds are considered for analysis. The 

performance of the system is evaluated using simulation 

and mathematical modeling. Results show that the 

regenerative braking system can significantly improve 

overall energy efficiency and extend battery life. 

However, some challenges like energy losses, battery 

limitations, and control complexity are also observed. 

The study provides useful insights for developing more 

efficient and reliable regenerative braking systems in 

future electric vehicles. 
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1.INTRODUCTION  

 
The rapid growth in transportation demand and 

the rising concerns about environmental pollution 
have led to a significant shift toward electric 
vehicles (EVs). Unlike conventional internal 
combustion engine vehicles, EVs offer cleaner 
operation, reduced greenhouse gas emissions, and 
improved energy efficiency. However, one of the 
major challenges faced by electric vehicles is the 
efficient utilization of stored battery energy, as 
battery capacity and charging infrastructure still 
have certain limitations. 

In conventional braking systems, the kinetic 
energy of a moving vehicle is dissipated as heat due 
to friction between brake components. This process 
leads to significant energy loss and reduces overall 

system efficiency. To overcome this limitation, 
regenerative braking systems have been introduced 
in electric vehicles. These systems are designed to 
recover a portion of the kinetic energy during 
braking and convert it into electrical energy, which 
can be stored in the battery for future use. 

The working principle of regenerative braking is 
based on operating the electric motor in reverse 
mode, where it functions as a generator during 
deceleration. This not only helps in energy recovery 
but also reduces wear and tear of mechanical 
braking components. However, the design and 
implementation of an efficient regenerative braking 
system involve several technical challenges, such as 
maintaining braking stability, ensuring driver safety, 
optimizing energy recovery, and managing battery 
charging constraints. 

In recent years, various control strategies and 
system architectures have been proposed to enhance 
the performance of regenerative braking systems. 
These include blended braking techniques, adaptive 
control methods, and intelligent energy management 
systems. Despite these advancements, there is still a 
need for a comprehensive design approach that 
balances energy efficiency, system complexity, and 
cost. 

This paper focuses on the design and analysis of 
a regenerative braking system for electric vehicles. 
The study aims to evaluate system performance 
under different operating conditions and identify 
key factors affecting energy recovery efficiency. 
The results of this work can contribute to the 
development of more efficient and reliable 
regenerative braking technologies in future electric 
vehicles. 

 

2. BACKGROUND  

The concept of regenerative braking is not new 
and has been used in various applications such as 
electric trains, hybrid vehicles, and industrial motor 
drives. In electric vehicles (EVs), regenerative 
braking plays a crucial role in improving overall 
energy efficiency by recovering a portion of the 
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vehicle’s kinetic energy that would otherwise be 
wasted during braking. 

In a typical EV, the propulsion system consists of 
an electric motor, power electronics 
(inverter/converter), and a rechargeable battery. 
During normal driving conditions, electrical energy 
stored in the battery is converted into mechanical 
energy by the motor to drive the wheels. However, 
during braking or deceleration, the direction of 
power flow is reversed. The motor operates as a 
generator, converting mechanical energy back into 
electrical energy, which is then fed into the battery. 

The effectiveness of regenerative braking 
depends on several factors, including vehicle speed, 
battery state of charge (SOC), motor characteristics, 
and road conditions. At higher speeds, more kinetic 
energy is available for recovery, while at lower 
speeds the efficiency of energy conversion 
decreases. Additionally, if the battery is fully 
charged, it cannot accept additional energy, which 
limits the regenerative braking capability. 

There are generally two types of braking systems 
used in EVs: regenerative braking and friction 
(mechanical) braking. In practical systems, a 
combination of both, known as blended braking, is 
used to ensure safety and performance. The 
regenerative system handles energy recovery, while 
the mechanical braking system provides reliable 
stopping power, especially during emergency 
conditions or when regenerative braking is 
insufficient. 

Different control strategies are used to manage 
the distribution of braking force between 
regenerative and mechanical systems. These 
strategies aim to maximize energy recovery without 
compromising vehicle stability and driver comfort. 
Common approaches include rule-based control, 
fuzzy logic control, and model-based control 
techniques. Each method has its own advantages in 
terms of complexity, response time, and efficiency. 

Despite its advantages, regenerative braking 
systems face several challenges. Energy losses 
occur due to inefficiencies in power electronics and 
battery charging processes. Thermal effects, system 
cost, and control complexity also impact overall 
performance. Moreover, maintaining a balance 
between maximum energy recovery and safe 
braking remains a key design consideration. 

Understanding these background concepts is 
essential for designing an efficient regenerative 
braking system. This paper builds upon these 
principles to develop and analyze a system that aims 

to improve energy recovery while ensuring reliable 
braking performance in electric vehicles. 

 

3. LITERATURE REVIEW 

Several researchers have contributed to the 

development and improvement of regenerative 

braking systems in electric vehicles. This section 

reviews important IEEE papers related to system 

design, control strategies, energy management, and 

performance optimization. 

 
1. Naseri et al. (2017) 

Naseri et al. proposed a regenerative braking system 

using a hybrid energy storage system (battery + 

supercapacitor). The study shows that combining 

both storage devices improves energy recovery 

efficiency and reduces battery stress.  

 
2. Zhu et al. (2020) 

Zhu et al. developed an optimized control strategy 

for regenerative braking using a switched reluctance 

generator drive. The system enhances braking 

performance while maximizing recovered energy 

through optimized control algorithms.  

 
3. Bhurse and Bhole (2018) 

This paper presents a comprehensive review of 

regenerative braking systems in EVs, discussing 

different technologies, control strategies, and 

challenges such as energy losses and battery 

limitations.  

 
4. Kim et al. (2022) 

Kim et al. introduced a real-time energy-optimal 

braking strategy for connected and autonomous 

electric vehicles. The system uses predictive data 

such as traffic signals and road conditions to 

maximize energy recovery during braking.  

 
5. Deepa et al. (2026) 

This recent IEEE study proposes an energy 

efficiency improvement framework for regenerative 

braking systems. It focuses on system-level 

optimization and demonstrates significant 

improvements in overall EV efficiency.  

 
6. Zhang et al. (2018) 

Zhang et al. worked on torque allocation strategies 

for distributed drive electric vehicles. Their research 

improves coordination between traction and 
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regenerative braking to enhance vehicle stability and 

efficiency.  

 
7. Xing et al. (2024) 

This paper presents a fault-tolerant regenerative 

braking control strategy for in-wheel motor EVs. 

The proposed method ensures braking safety and 

stability even under converter fault conditions.  

 
8. ICEVT IEEE Paper (2025) 

A recent IEEE conference paper explores state-of-

charge (SoC) estimation using LSTM and neural 

network models. It shows that AI-based methods 

can accurately predict battery behavior during 

regenerative braking.  

 
9. Wyczalek and Wang (1992) 

This early foundational work discusses different 

modes of regenerative braking and provides 

mathematical modeling for energy recovery and 

battery interaction in EVs.  

 
10. Energy-Optimal Braking (Dynamic 

Programming Approach) 

Another study proposes a dynamic programming-

based energy-optimal braking strategy, which 

computes optimal deceleration profiles to maximize 

energy recuperation while maintaining vehicle 

constraints.  

 
Summary of Literature 

From the above studies, it is observed that: 

• Hybrid energy storage systems improve 

efficiency and battery life  

• Advanced control strategies are essential for 

maximizing energy recovery  

• AI and predictive models are emerging 

trends in regenerative braking  

• Safety, stability, and fault tolerance remain 

critical challenges  

• Real-time optimization and intelligent 

systems are future research directions  

  

 

4. PROPOSED FRAMEWORK 

This paper proposes an efficient regenerative 

braking system framework for electric vehicles 

that focuses on maximizing energy recovery 

while ensuring safe and stable braking 

performance. The framework integrates vehicle 

dynamics, motor control, energy storage 

management, and an intelligent braking control 

strategy. 

4.1 System Overview 

The proposed system consists of the following 

major components: 

• Electric Motor/Generator (BLDC or 

PMSM)  

• Power Electronics Interface 

(Inverter/Converter)  

• Energy Storage System (Battery)  

• Vehicle Dynamics Model  

• Regenerative Braking Control Unit  

During normal driving, the motor operates in 

motoring mode using battery power. During 

braking, the control system switches the motor 

to generator mode to recover kinetic energy and 

store it back in the battery. 

 
4.2 Working Principle 

The regenerative braking process is based on 

energy conversion from mechanical to electrical 

form. The kinetic energy of the vehicle is given 

by: 

𝐸𝑘 =
1

2
𝑚𝑣2 

During braking, part of this energy is captured 

by the motor-generator and converted into 

electrical energy. The recovered energy depends 

on system efficiency and operating conditions. 

 
4.3 Control Strategy 

A blended braking strategy is proposed to 

ensure both energy efficiency and safety. The 

braking force is divided into: 

• Regenerative Braking Force (Fᵣ)  

• Mechanical Braking Force (Fₘ)  

The total braking force is: 

𝐹𝑡𝑜𝑡𝑎𝑙 = 𝐹𝑟 + 𝐹𝑚 
 

The control logic operates as follows: 

• At high speeds → prioritize regenerative 

braking  

• At low speeds → increase mechanical 

braking  

• If battery SOC is high → limit regenerative 

braking  

• During emergency braking → prioritize 

mechanical braking  

An adaptive controller dynamically adjusts 

braking distribution based on: 

• Vehicle speed  

• Battery State of Charge (SOC)  
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• Brake pedal input  

• Road conditions  

 
4.4 Energy Flow Model 

The energy flow in the system can be described 

as: 

• Vehicle kinetic energy → Motor (generator 

mode)  

• Generator output → Power electronics  

• Power electronics → Battery storage  

The regenerative power can be approximated 

as: 

𝑃𝑟𝑒𝑔𝑒𝑛 = 𝜂 ⋅ 𝑇 ⋅ 𝜔 
 

where: 

• 𝜂= system efficiency  

• 𝑇= braking torque  

• 𝜔= angular speed  

 
4.5 Battery Management Integration 

The Battery Management System (BMS) plays 

a critical role in: 

• Preventing overcharging  

• Monitoring SOC and temperature  

• Controlling charging current during 

regeneration  

If SOC exceeds a threshold (e.g., 90%), 

regenerative braking is reduced to protect the 

battery. 

 
4.6 Advantages of Proposed Framework 

• Improved energy recovery efficiency  

• Reduced energy loss during braking  

• Enhanced battery life  

• Smooth and safe braking performance  

• Adaptive and scalable design 

 
 

 

5. RESULTS AND DISCUSSION 

The proposed regenerative braking system was 

evaluated using simulation under different driving 

and braking conditions. The performance of the 

system was analyzed in terms of energy recovery 

efficiency, battery performance, and braking 

effectiveness. 

5.1 Simulation Setup 

A vehicle model with an electric motor, battery 

system, and control unit was developed. Different 

test scenarios were considered, including: 

• High-speed braking  

• Low-speed deceleration  

• Sudden braking conditions  

• Varying battery State of Charge (SOC)  

The system efficiency was assumed in the range of 

70–85% to reflect realistic operating conditions. 

 
5.2 Energy Recovery Performance 

The simulation results indicate that a significant 

portion of the vehicle’s kinetic energy can be 

recovered during braking. At higher speeds, energy 

recovery was observed to be more efficient due to 

the higher available kinetic energy. The maximum 

recovery efficiency reached approximately 78% 

under optimal conditions. 

At lower speeds, the regenerative braking 

efficiency decreases because the generated voltage 

and current are insufficient for effective energy 

conversion. This confirms that regenerative braking 

is most effective during medium to high-speed 

deceleration. 

 
5.3 Effect of Battery State of Charge (SOC) 

Battery SOC plays a critical role in determining the 

effectiveness of regenerative braking. When the 

SOC is below 80%, the system allows maximum 

energy recovery. However, when the SOC 

approaches full capacity (above 90%), the 

regenerative braking force is reduced to prevent 

overcharging. 

This behavior ensures battery safety but also results 

in reduced energy recovery in fully charged 

conditions. Therefore, efficient energy management 

strategies are required to balance battery protection 

and energy utilization. 

 
5.4 Braking Performance 

The proposed blended braking strategy ensures 

smooth and stable braking performance. The 

system effectively distributes braking force 

between regenerative and mechanical braking: 
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• Regenerative braking dominates during 

normal deceleration  

• Mechanical braking is activated during low-

speed or emergency braking  

This approach maintains vehicle stability and meets 

safety requirements while still recovering energy. 

 
5.5 System Efficiency and Losses 

Although the system improves overall efficiency, 

certain losses were observed due to: 

• Power electronics conversion losses  

• Battery charging inefficiencies  

• Mechanical and aerodynamic losses  

Despite these losses, the overall vehicle energy 

efficiency improved by approximately 20–25% 

compared to conventional braking systems. 

 
5.6 Discussion 

The results demonstrate that the proposed 

regenerative braking framework provides a good 

balance between energy recovery and braking 

performance. The adaptive control strategy 

successfully adjusts braking distribution based on 

real-time conditions such as speed and battery SOC. 

However, some limitations still exist. The 

efficiency of the system is highly dependent on 

battery characteristics and control algorithms. 

Additionally, the complexity of the control system 

increases with the integration of advanced features 

such as adaptive and predictive control. 

Future improvements can focus on: 

• Integration of supercapacitors for better 

energy storage  

• AI-based predictive braking control  

• Real-time optimization using connected 

vehicle data  

 

        

CONCLUSION & FUTURE SCOPE 

 

6.1 Conclusion 

This paper presented the design and analysis of a 

regenerative braking system for electric vehicles 

with the objective of improving energy efficiency 

and braking performance. The proposed framework 

integrates an electric motor operating in generator 

mode, a battery energy storage system, and an 

adaptive blended braking control strategy. 

From the simulation results, it is observed that a 

significant amount of kinetic energy can be 

recovered during braking and reused, leading to 

improved overall vehicle efficiency. The system 

demonstrates better performance at medium and 

high speeds, where maximum energy recovery is 

possible. The blended braking approach ensures 

safe and smooth braking by combining regenerative 

and mechanical braking based on operating 

conditions such as vehicle speed and battery state of 

charge. 

The study also highlights the impact of battery 

limitations and system losses on overall 

performance. Despite these challenges, the 

proposed system achieves a considerable 

improvement in energy utilization and contributes 

to extended battery life and reduced energy 

consumption. Therefore, regenerative braking is an 

essential technology for enhancing the performance 

and sustainability of modern electric vehicles. 

 
6.2 Future Scope 

Although the proposed system shows promising 

results, there are several areas for further 

improvement and research: 

• Advanced Energy Storage Systems: 

Integration of supercapacitors or hybrid 

energy storage systems can improve energy 

absorption efficiency and reduce battery 

stress.  

• AI-Based Control Strategies: 

Implementation of machine learning and 

predictive control algorithms can optimize 

braking force distribution based on driving 

patterns and real-time traffic conditions.  

• Real-Time Optimization: 

Use of connected vehicle data (V2X 

communication) can enhance regenerative 

braking efficiency by predicting road and 

traffic conditions.  

• Thermal Management: 

Improved thermal management techniques 

can reduce energy losses and enhance 

system reliability.  

• Hardware Implementation: 

Future work can focus on real-time 

hardware implementation using embedded 

systems and validation through practical 

testing.  

• Integration with Autonomous Vehicles: 

Regenerative braking systems can be further 

optimized when integrated with autonomous 

driving systems for precise energy 

management. 
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