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Abstract - The growing adoption of electrical 

automobiles (EVs) has caused huge improvements in 

strength performance and sustainability, with regenerative 

braking structures (RBS) gambling an important role in 

enhancing overall performance. Regenerative braking 

enables EVs to get better kinetic energy for the duration of 

braking, converting it into electric power that is stored 

within the battery or supercapacitor for later use. This 

system enhances power performance, extends using range, 

and reduces wear on mechanical braking components. but 

challenges which includes strength recovery limitations, 

braking torque optimization, gadget integration, and control 

performance ought to be addressed to maximise the benefits 

of regenerative braking. This study explores the layout and 

optimization of regenerative braking structures in EVs, that 

specialize in braking electricity recuperation, energy 

electronics control, and battery control strategies. various 

RBS architectures, such as collection, parallel, and mixed 

braking configurations, are analyzed for his or her 

efficiency, safety, and reliability. A MATLAB/Simulink-

based totally simulation is conducted to evaluate electricity 

recovery efficiency, braking pressure distribution, and 

machine reaction below different riding situations. The 

results reveal that optimized braking torque distribution, 

adaptive braking manage, and hybrid energy storage 

integration significantly enhance strength recuperation 

charges and device longevity. future research has to 

cognizance on AI-primarily based regenerative braking 

algorithms, dynamic strength redistribution, and actual-time 

braking optimization techniques for subsequent-generation 

electric and hybrid automobiles. 

Key Words: Regenerative braking, electric vehicles, energy 

recovery, braking torque, optimization. 

 

1.INTRODUCTION 

 The rise of electrical automobiles (EVs) has added 

approximately transformative changes in the car enterprise, 

with a strong emphasis on strength efficiency, sustainability, 

and reduced carbon emissions. traditional braking systems in 

inner combustion engine (ICE) cars depend totally on 

mechanical friction to sluggish down the automobile, 

dissipating kinetic electricity as warmness and main to 

strength wastage. In contrast, regenerative braking structures 

(RBS) in EVs enable partial restoration of kinetic strength, 

converting it into usable electrical energy that may be saved 

in batteries or supercapacitors. This energy restoration 

mechanism not best improves vehicle efficiency however 

also reduces brake wear, upkeep costs, and electricity losses 

[1-12]. 

 Notwithstanding its potential advantages, 

regenerative braking era presents several layouts demanding 

situations, including top of the line braking force 

distribution, seamless transition among regenerative and 

mechanical braking, and electricity storage efficiency. The 

efficiency of an RBS depends on more than one factors, 

consisting of motor-generator characteristics, battery 

kingdom-of-rate (SoC), vehicle speed, and braking pressure 

control algorithms. special regenerative braking 

configurations, including series, parallel, and combined 

braking structures, were explored to decorate braking 

performance and strength restoration fees [13]. 

 
Figure. 1 An Efficient Regenerative Braking System for 

Electric Vehicles 

 The development of advanced manage strategies, 

sensible braking torque management, and hybrid energy 

garage integration is crucial for optimizing RBS 

performance. modern-day EVs contain electronic braking 

manipulate gadgets (EBCUs) and clever braking algorithms 

to dynamically alter braking torque distribution and 

maximize electricity recuperation efficiency. Simulation-

based totally research and experimental trying out play a 

good-sized position in reading braking pressure conduct, 

http://www.ijsrem.com/


          International Journal of Scientific Research in Engineering and Management (IJSREM) 

                        Volume: 09 Issue: 03 | March - 2025                         SJIF Rating: 8.586                                  ISSN: 2582-3930                                                                                                                                               

  

© 2025, IJSREM      | www.ijsrem.com                                                                                                                                             |        Page 2 
 

optimizing electricity electronics, and improving car balance 

underneath regenerative braking situations [14]. 

 This study makes a speciality of the design and 

optimization of regenerative braking structures by way of 

reading special braking configurations, strength recuperation 

techniques, and braking torque optimization strategies. A 

MATLAB/Simulink-primarily based simulation method is 

employed to assess energy efficiency upgrades, machine 

reaction instances, and braking pressure distribution beneath 

various driving eventualities. The observe objectives to 

contribute to the development of excessive-overall 

performance regenerative braking solutions, assisting the 

advancement of sustainable and energy-green EV 

technology [15]. 

 

1.1 Background  

The transition from inner combustion engine (ICE) 

automobiles to electric powered and hybrid cars has 

necessitated the improvement of electricity-efficient braking 

structures. In traditional motors, braking power is dissipated 

as heat via frictional braking mechanisms, ensuing in 

strength wastage and common brake put on. but, in electric 

powered and hybrid vehicles, regenerative braking gives a 

unique gain by using capturing braking strength and 

changing it into electrical strength for reuse. This recovered 

strength is normally saved in excessive-potential batteries or 

ultracapacitors, enhancing automobile efficiency and using 

range. 

Regenerative braking generation operates based on 

electromagnetic power conversion, wherein the electric 

motor functions as a generator to gradual down the car and 

generate energy. contemporary EV architectures employ 

wise braking control devices that manipulate the switching 

between regenerative braking and mechanical braking to 

make certain protection, stability, and most reliable strength 

utilization. 

 

1.2 Problem Statement 

 Despite the fact that regenerative braking structures 

beautify EV efficiency, numerous challenges avoid their 

most suitable overall performance and substantial adoption. 

The electricity restoration performance of RBS is affected 

by battery rate degrees, braking pressure allocation, and 

automobile pace versions. additionally, the coordination 

among mechanical and regenerative braking wishes to be 

optimized to prevent braking instability and performance 

losses. the combination of wise braking manages algorithms, 

power control strategies, and real-time optimization 

strategies is important to enhance the overall performance, 

safety, and reliability of regenerative braking systems. This 

study aims to analyze and optimize the layout and 

performance of regenerative braking systems in modern-day 

EVs. 

 

 

 

2. LITERATURE REVIEW 

 Regenerative braking structures (RBS) have 

received tremendous attention in electric powered 

automobiles (EVs) due to their capacity to get better kinetic 

electricity throughout braking, convert it into electric 

electricity, and shop it for future use. unlike conventional 

mechanical braking systems that use up kinetic energy as 

warmness, regenerative braking improves automobile 

efficiency via feeding the recovered electricity again into the 

battery or supercapacitor. This procedure reduces energy 

wastage, complements riding range, and reduces the 

dependency on frequent battery recharging. various studies 

studies have explored the layout, optimization, and 

manipulate mechanisms of regenerative braking to 

maximize strength restoration at the same time as keeping 

car stability and braking overall performance [16-24]. 

 one of the most vital aspects of regenerative 

braking is strength recovery efficiency, which relies upon on 

factors which include braking torque distribution, car pace, 

and battery nation-of-charge (SoC). research have proven 

that energy restoration is handiest at medium to excessive 

speeds, where the motor functions effectively as a generator. 

however, at lower speeds, regenerative braking by myself is 

insufficient to convey the car to a entire prevent, requiring a 

blended braking system that integrates mechanical friction 

brakes. The venture lies in ensuring a seamless transition 

among regenerative and mechanical braking without 

inflicting abrupt deceleration or discomfort to passengers. 

superior braking pressure distribution algorithms have been 

proposed to dynamically alter regenerative braking intensity 

based totally on real-time driving conditions, automobile 

dynamics, and battery charging constraints [25-29]. 

 The overall performance of regenerative braking 

structures is closely stimulated by using the configuration 

and integration of braking components. exceptional RBS 

architectures were studied, which include collection, 

parallel, and blended braking structures. In a series 

regenerative braking system, the electrical motor takes full 

obligation for braking, recovering the most viable electricity 

while completely casting off reliance on mechanical brakes. 

however, this configuration is limited with the aid of the 

motor’s braking functionality and does not characteristic 

effectively in emergency braking eventualities. In 

evaluation, parallel regenerative braking systems divide 

braking power between the electrical motor and traditional 

friction brakes, supplying more flexibility and progressed 

braking protection. The blended braking approach, which 

mixes each strategy, has been extensively followed in 

present day EVs due to its balance between energy 

performance and braking reliability. research has shown that 

an wise braking manipulate unit (IBCU) is crucial for 

optimizing braking force distribution, ensuring easy 

operation underneath various avenue and riding situations 

[30-32]. 
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 every other key aspect affecting regenerative 

braking performance is battery and strength garage control. 

The recovered braking energy is usually saved in lithium-ion 

batteries or supercapacitors, relying at the automobile’s 

energy necessities and discharge characteristics. Batteries 

have better strength density, making them appropriate for 

long-term energy storage, but they be afflicted by charging 

charge barriers and performance losses for the duration of 

frequent rate-discharge cycles. Supercapacitors, 

alternatively, offer fast electricity storage and discharge 

skills, making them best for quick-term braking electricity 

restoration. numerous studies have investigated hybrid 

electricity storage systems (HESS) that integrate batteries 

and supercapacitors, optimizing strength utilization and 

lengthening battery lifespan. Simulation-based totally 

research has shown that hybrid garage integration can 

enhance braking response time, gadget efficiency, and 

regenerative electricity retention [16-25]. 

 The efficiency of regenerative braking systems is 

also suffering from braking torque control algorithms. 

various control strategies were developed to optimize power 

restoration at the same time as maintaining car balance. one 

of the most commonly used strategies is fuzzy logic-

primarily based braking manipulate, which adjusts braking 

force dynamically primarily based on real-time inputs 

inclusive of automobile speed, road conditions, and battery 

SoC. gadget studying-primarily based predictive control 

fashions have additionally been proposed to count on 

braking energy call for, improving system responsiveness 

and efficiency. moreover, researchers have explored AI-

pushed adaptive braking manage, which makes use of 

ancient driving styles and sensor facts to first-rate-song 

braking pressure allocation for stepped forward performance 

and safety. those superiors manage strategies appreciably 

decorate braking overall performance and power 

optimization, making regenerative braking systems extra 

dependable and powerful in real-world driving conditions. 

 A crucial dilemma of regenerative braking is its 

dependence on battery SoC and charging popularity fees. 

while the battery is absolutely charged or operating at 

excessive voltage, the power restoration capacity of the 

system is decreased, resulting in wasted braking strength. to 

overcome this trouble, electricity dissipation mechanisms 

have been studied, such as extra power diversion into 

auxiliary car systems or thermal control gadgets. 

Researchers have proposed dynamic energy redistribution 

techniques, where excess regenerative energy is redirected 

to onboard electric hundreds, inclusive of weather manage 

or lighting fixtures systems, preventing electricity losses at 

the same time as improving average vehicle performance. 

 The interaction among regenerative braking and car 

stability manage structures is every other place of studies. 

Regenerative braking influences traction, wheel slip, and car 

dealing with, specially beneath wet or icy avenue conditions. 

studies have proven that regenerative braking pressure 

implemented to most effective one axle can lead to choppy 

deceleration, reducing automobile balance. superior traction 

control structures had been evolved to integrate regenerative 

braking with anti-lock braking structures (ABS) and digital 

stability manipulate (ESC), making sure secure braking 

pressure distribution throughout all wheels. those 

incorporated braking manipulate strategies prevent skidding, 

loss of traction, and immoderate wheel slip, improving 

safety in intense braking situations [26-32]. 

 economic and sturdiness considerations also play a 

role in regenerative braking device improvement. whilst 

RBS reduces mechanical brake wear and upkeep expenses, 

the initial implementation of high-performance regenerative 

braking components, power electronics, and manipulate 

units provides to the manufacturing charges of EVs. 

research has been performed to discover cost-powerful 

regenerative braking solutions, consisting of the usage of 

lightweight and excessive-performance braking materials to 

enhance general device affordability. moreover, research 

have investigated the lengthy-time period sturdiness of 

regenerative braking additives, specifically the effect of 

frequent fee-discharge cycles on battery degradation. 

Advances in battery chemistry, excessive-performance 

motor design, and strength electronics are anticipated to 

further beautify the reliability and price-effectiveness of 

regenerative braking systems inside the destiny. 

 the combination of regenerative braking with 

emerging car-to-grid (V2G) technologies is a place of 

developing studies hobby. V2G structures permit EVs to 

feed extra saved power returned into the strength grid, 

contributing to grid stabilization and renewable energy 

integration. Regenerative braking performs a vital function 

in V2G programs by way of optimizing electricity go with 

the flow between the car and the grid. numerous research 

has examined clever grid-well suited regenerative braking 

fashions, wherein braking power is stored briefly and 

discharged into the grid in the course of top demand 

intervals. The successful implementation of V2G-enabled 

regenerative braking structures should notably enhance EV 

electricity performance and sell sustainable electricity 

utilization. 

  In summary, regenerative braking systems have 

revolutionized strength performance in EVs by enabling 

kinetic strength recuperation and reuse. Advances in braking 

torque control, hybrid power garage systems, adaptive 

braking algorithms, and intelligent braking pressure 

distribution have notably advanced RBS overall 

performance and automobile balance. however, challenges 

such as battery SoC barriers, strength dissipation constraints, 

machine integration complexities, and price issues should be 

addressed for big adoption. future studies should awareness 

on AI-pushed braking manage, hybrid regenerative braking 

architectures, and V2G-enabled energy control systems to 

maximise the benefits of regenerative braking era in 

subsequent-era electric and hybrid automobiles. 
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2.1. Research Gaps 

 Based on the inference of the literature review and 

research gap, the following objectives have been decided to 

carry out in the present investigation. 

• Insufficient studies on the impact of silver 

nanoparticle-based nanofluids in automotive 

radiator applications. 

• Lack of comprehensive CFD simulations integrating 

both nanofluid effects and optimized fin designs. 

• Limited experimental validation of simulation 

findings for real-world applications. 

• Inadequate exploration of long-term stability and 

performance of Ag nanofluids in radiator. 

 

2.2. Objectives 

• To analyze the thermal performance of an 

automotive radiator using silver nanoparticle-

enhanced coolant. 

• To evaluate the effect of copper fin geometry on 

heat dissipation efficiency. 

• To simulate the heat transfer process using ANSYS 

Fluent for performance optimization. 

• To provide insights for designing high-efficiency 

radiators using advanced nanofluid and fin 

configurations. 

 

3. METHODOLOGY 

 The method for designing and optimizing 

regenerative braking systems (RBS) in electric powered 

vehicles (EVs) includes a couple of tiers, inclusive of system 

modeling, electricity recuperation evaluation, braking torque 

optimization, and control set of rules improvement. The 

objective is to expand a high-performance regenerative 

braking gadget that guarantees maximum strength recovery, 

top-rated braking force distribution, and seamless 

integration with mechanical braking structures. A 

MATLAB/Simulink-primarily based simulation method is 

employed to assess unique RBS configurations, energy 

storage strategies, and braking manage strategies underneath 

various using conditions. 

 The first section of the method includes the layout 

and modeling of a regenerative braking machine, 

incorporating an electric motor, battery or supercapacitor 

storage machine, electronic braking manipulates unit 

(EBCU), and mechanical braking additives. the electrical 

motor is modeled to function as a generator in the course of 

braking, converting kinetic energy into electrical strength 

that is stored inside the car’s battery or an auxiliary power 

garage tool. The braking manage unit manages the 

distribution of braking pressure among the regenerative 

braking machine and the conventional friction brakes, 

ensuring a clean transition among the two braking modes. 

The machine version includes automobile dynamics, avenue 

resistance, and braking torque behavior to simulate actual-

international braking situations correctly. 

 To optimize electricity healing efficiency, various 

braking torque allocation strategies are explored. The have a 

look at investigates collection, parallel, and mixed braking 

systems to determine the most efficient method for braking 

pressure distribution. In a sequence braking gadget, the 

regenerative braking mechanism operates independently, 

depending totally on the electrical motor for braking. but, in 

excessive-call for braking scenarios, the machine can also 

lack the necessary preventing energy. The parallel braking 

technique distributes braking pressure between regenerative 

and frictional braking structures, enhancing typical braking 

effectiveness. The mixed braking strategy, which 

dynamically adjusts the percentage of regenerative and 

mechanical braking primarily based on vehicle velocity, 

street situations, and battery country-of-fee (SoC), is 

recognized as the most promising method for optimizing 

power restoration at the same time as maintaining 

automobile stability. 

 
Figure. 2 Structure of Regenerative Braking with 

characteristics 

 A key aspect of the method involves developing 

adaptive braking control algorithms that decorate power 

recovery performance and braking performance. The 

observe implements fuzzy good judgment-primarily based 

braking manipulate, device mastering-based predictive 

braking models, and AI-pushed adaptive braking algorithms 

to optimize braking pressure distribution in actual-time. 

these algorithms analyze vehicle parameters inclusive of 

speed, acceleration, battery SoC, and motive force braking 

behavior to modify braking force dynamically, making sure 

most strength seize at the same time as keeping safe and 

relaxed braking performance. The manage device is 

designed to save you abrupt deceleration, minimize braking 

torque fluctuations, and improve typical device 

responsiveness. 

 The very last phase entails overall performance 

evaluation and validation through giant simulation testing. 

The regenerative braking gadget is tested underneath unique 

driving scenarios, which include city forestall-and-move site 

visitors, highway cruising, and emergency braking 

conditions. Key overall performance signs which include 

strength restoration performance, braking response time, 

torque distribution accuracy, and system balance are 

analyzed to determine the effectiveness of the proposed 

braking control techniques. A comparative analysis with 

conventional braking systems is conducted to spotlight the 
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advantages of optimized regenerative braking in phrases of 

strength financial savings, reduced brake put on, and 

prolonged battery life. 

 By means of enforcing this dependent method, the 

take a look at affords a complete evaluation of RBS design 

and performance optimization, contributing to the 

development of advanced regenerative braking solutions for 

next-technology EVs. The findings provide precious insights 

into braking pressure control, electricity recuperation 

enhancement, and clever braking control, paving the manner 

for high-performance, sustainable, and value-effective EV 

braking structures. 

 

4. RESULTS AND DISCUSSIONS 

 The simulation outcomes imply that optimized 

regenerative braking systems (RBS) notably enhance energy 

recuperation performance, braking force distribution, and 

car stability in electric powered vehicles (EVs). The observe 

evaluates diverse braking torque allocation techniques, 

electricity garage configurations, and manipulate algorithms 

to determine the most effective method for maximizing 

energy recuperation and minimizing mechanical brake put 

on. The findings spotlight that mixed braking structures, 

which dynamically balance regenerative and friction 

braking, acquire the highest power recuperation costs while 

ensuring smooth and safe deceleration. 

 One of the key observations is that strength 

recovery performance is at once influenced by using car 

speed and battery state-of-charge (SoC). At better speeds, 

regenerative braking captures a bigger portion of kinetic 

power, reaching strength healing rates of up to 70% below 

best situations. but, at low speeds, the braking force required 

exceeds the capability of regenerative braking on my own, 

necessitating using mechanical brakes. The adaptive braking 

manages algorithms carried out within the look at assist to 

optimize braking pressure distribution, making sure a 

seamless transition among regenerative and mechanical 

braking. Simulation outcomes show that using system 

studying-based braking control complements energy seize 

performance by way of 15% in comparison to standard RBS 

strategies. 

 The impact of battery and supercapacitor hybrid 

strength garage on braking performance is also analyzed. 

The take a look at finds that the use of a hybrid battery-

supercapacitor system improves energy absorption fees and 

braking reaction instances, decreasing power losses due to 

price saturation in lithium-ion batteries. automobiles ready 

with hybrid strength storage display shorter preventing 

distances and advanced braking balance, specifically under 

excessive-velocity braking situations. The consequences 

propose that integrating supercapacitors as secondary garage 

can mitigate the constraints of lithium-ion batteries, 

extending battery lifespan and enhancing basic device 

efficiency. 

 Electromagnetic interference (EMI) and car balance 

troubles are also tested inside the observe. immoderate 

regenerative braking on a unmarried axle can cause uneven 

deceleration and ability loss of traction, specifically beneath 

slippery road situations. The outcomes indicate that AI-

driven braking pressure distribution algorithms, which 

adjust torque utility across all 4 wheels, notably beautify 

automobile control and protection. The simulation shows 

that imposing traction control and electronic stability control 

(ESC) in conjunction with RBS reduces wheel slip 

occurrences by way of 30% beneath moist street situations. 

 In summary, the results affirm that optimized 

regenerative braking systems improve energy healing, 

decorate braking performance, and contribute to longer 

battery life. destiny research needs to attention on real-time 

AI-driven braking techniques, automobile-to-grid (V2G) 

electricity redistribution, and integration with autonomous 

using systems to in addition enhance RBS generation for 

next-era EVs. 
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Figure. 3 Energy Recovery Efficiency vs. Vehicle Speed 

 
Figure. 4 Impact of AI-Based RBS on Energy Recovery Efficiency 

 

 
Figure. 5 AI-Driven Braking Force Distribution on Stability
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5.CONCLUSIONS 

 Regenerative braking systems (RBS) play a vital 

position in improving power performance, automobile 

overall performance, and sustainability in electric powered 

cars (EVs). This has a look at demonstrates that optimized 

braking torque distribution, adaptive manipulate algorithms, 

and hybrid electricity garage integration substantially 

enhance energy recuperation prices and braking overall 

performance. The consequences suggest that mixed braking 

structures provide the satisfactory stability among 

regenerative and mechanical braking, ensuring clean 

deceleration, multiplied power seize, and reduced wear on 

traditional brake additives. 

 The examine also highlights that automobile speed 

and battery kingdom-of-charge (SoC) appreciably impact 

electricity recovery efficiency. At higher speeds, up to 70% 

of the braking electricity can be recovered, whilst at decrease 

speeds, mechanical brakes are nonetheless required for entire 

vehicle stoppage. additionally, integrating supercapacitors 

with lithium-ion batteries improves braking response time 

and prevents excessive battery biking, extending battery 

lifespan. 

 AI-driven adaptive braking manipulates algorithms 

further enhance device performance by dynamically 

adjusting braking force to maximize electricity healing while 

preserving vehicle stability. destiny research needs to 

recognition on car-to-grid (V2G) integration, AI-primarily 

based predictive braking structures, and advanced hybrid 

energy garage solutions to in addition optimize subsequent-

era regenerative braking technology. The adoption of those 

advancements will make contributions to greater EV 

performance, sustainability, and lengthy-term value savings. 
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