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 Conventional electric motorcycles mostly depend on mechanical braking 

systems that dissipate kinetic energy as heat, resulting in significant energy 

losses, frequent battery recharging, and reduced operational efficiency. To 

address these limitations, a regenerative braking system (RBS) is designed 

and developed to recover and store kinetic energy during braking phases. 

The proposed RBS integrates a brushless DC (BLDC) motor that serves as a 

propulsion and energy regenerative unit, a lithium-ion battery for energy 

storage, and an Arduino microcontroller for real-time control and seamless 

system integration. A hybrid methodology combining MATLAB/Simulink 

simulations and hardware prototyping was adopted to evaluate system 

performance under various operating conditions. The simulation results 

demonstrated effective braking torque generation and back electromotive 

force (EMF) recovery to validate the system’s ability to convert kinetic 

energy into storable electrical energy. The proposed RBS achieved a 

theoretical energy recovery efficiency of approximately 70%, attributed to 

internal resistance and motor back EMF variations. These findings 

demonstrates the potential of regenerative braking in improving the energy 

efficiency of electric motorcycles, extending battery life, and reducing 

dependency on external charging. Furthermore, this study establishes a 

foundation for future RBS development incorporating lightweight materials, 

cost-effective components, and intelligent control strategies that can 

contribute to advancing sustainable and energy-efficient urban mobility 

solutions. 
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1. INTRODUCTION 

The increasing rate of urbanization and the combination with global efforts to reduce carbon dioxide 

emissions have positioned electric motorcycles as a viable replacement for traditional motorcycles. In 

Malaysia, the growing urban population further encourages the adoption of electric motorcycles, which are 

practical, cost-efficient, and environmentally friendly [1]. This mode of transportation is ideal for urban 

environments where traffic congestion, noise, and air pollution remain challenges. According to the Global 

EV Outlook 2025 report [2], the annual adoption of electric motorcycles is increasing, as illustrated in Figure 1. 

https://creativecommons.org/licenses/by-sa/4.0/
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The graph shows that the number of electric motorcycles increases year by year, emphasizing the importance 

of embracing sustainable mobility solutions to mitigate environmental impacts. 

In general, electric vehicles are powered by batteries and use electric propulsion systems compared 

to internal combustion engines (ICEs), they have a greater priority on electric power quality, especially 

during energy conversion operations [3]. However, many electric motorcycles are still equipped with 

traditional braking systems that dissipate kinetic energy and turn it into thermal energy. The conventional 

braking system not only wastes energy but also increases the frequency of external battery charging [4]. 

Furthermore, some challenges like limited driving range, complex battery management, and the need for 

effective regenerative braking may be addressed in electric cars and other large electric vehicles (EVs), 

which provides an opportunity to introduce similar solutions in electric motorcycles [5]. 
A regenerative braking system (RBS) is introduced in an electric motorcycle to recover energy, 

extend the riding range, reduce the need for regular charging, and improve battery durability. The RBS 

enables the electric motor to function as a generator during deceleration, converting kinetic energy into 

electrical energy that is stored in the battery. This feature is particularly advantageous in urban areas with 

frequent stop-and-go traffic, where braking occurs often, as well as in conditions such as uphill riding [6]. 

However, implementing RBS in light electric vehicles introduces unique challenges compared to high-

powered electric vehicles, due to differences in power capacity, load, and battery size. The system must be 

designed to maximize energy recovery while remaining lightweight and avoiding unnecessary complexity. 

Therefore, RBS can improve battery utilization to enhance charging efficiency, extend the overall driving 

range, and increase battery life. Beyond technical benefits, regenerative braking also supports environmental 

sustainability by reducing energy consumption. 
This paper is divided into five sections, beginning with the introduction. Section 2 presents the 

theoretical background of regenerative braking for electric motorcycles. Meanwhile, section 3 outlines the 

research methodology for both hardware and software aspects, including the components used in the 

prototype of the regenerative braking system. Section 4 discusses the findings, particularly the relationship 

between RPM and voltage, as well as the initial results of the MATLAB simulation. Finally, section 5 

concludes the paper by summarizing the outcomes and highlighting future research directions. 

 

 

 
 

Figure 1. The projected number of global electric motorcycles between 2024 and 2030 [2] 

 

 

2. REGENERATIVE BRAKING SYSTEM 

In recent years, RBS has gained attention as a sustainable transportation option for a global priority. 

Unlike conventional braking systems, which dissipate kinetic energy as heat, RBS captures and stores the 

energy for reuse by reducing energy consumption and enhancing environmental sustainability. When applied 

to electric motorcycles, RBS can extend battery life, reduce the frequency of external charging, and improve 

braking performance. 

Regenerative braking systems operate by converting kinetic energy into electrical energy during 

deceleration and storing it in the battery system. This concept is significant in removing fossil fuel 

dependency, as conventional braking dissipates energy in the form of heat [7]. In the context of electric 

motorcycles, regenerative braking presents a promising solution for extending range and improving energy 

efficiency [8]. These systems commonly use brushless DC (BLDC) or permanent magnet synchronous 

motors (PMSM) due to their favorable torque and speed characteristics [9]. Therefore, the implementation 

involves the digital processor to control the inverter switching cycle and enable effective energy recovery [10]. 
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Previous studies have shown that regenerative braking systems can operate effectively within 

battery specifications, with current increasing proportionally to speed. This technology not only reduces 

energy loss but also has the potential to extend travel range [11]. Meanwhile, regenerative braking has also 

been successfully implemented in electric cars to enhance vehicle efficiency by capturing energy that would 

otherwise be dissipated as heat in conventional braking systems [12]. Consequently, regenerative braking is 

emerging as a cutting-edge technology, increasingly adopted in various modes of transportation, including 

hybrid buses, trains, and electric cars, to improve both the sustainability and efficiency of transport. 
 

2.1.  Concept of RBS 

The concept of RBS begins with braking initiative, where the rider applies the brakes, and the 

system engages with the electric motor to act as a generator [13]. Figure 2 shows the block diagram of the 

regenerative braking system applied to an electric motorcycle. During energy conversion, the kinetic energy 

of the motorcycle is converted into electrical energy by the motor. This energy is then transferred through the 

transmission system to ensure efficient delivery to the storage unit. The generated electrical energy is stored 

in the battery for later use, thereby reducing the reliance on external charging. To ensure system 

effectiveness, efficiency monitoring tracks parameters such as recovered energy, braking performance, and 

battery charging status. Finally, the feedback loop communicates performance data back to the control 

system, enabling real-time adjustments that optimize braking response and energy recovery. 

The regenerative braking system in electric motorcycles consists of three primary components: the 

motor (or generator), the energy storage unit, and the control system unit. The motor functions as a generator 

during deceleration, then converts mechanical energy into electrical energy. The energy storage unit, such as 

a lithium-ion battery or a supercapacitor, will produce energy to store. Supercapacitors are often preferred in 

electric motorcycles due to their high charge and discharge rates, making them highly efficient for rapid 

energy recovery [14]. Finally, the control system plays a main role in managing the distribution of braking 

force between regenerative and mechanical brakes to maximize energy recovery while ensuring rider safety. 

However, advanced control strategies also regulate the battery’s SOC to extend battery life and improve 

overall system performance. Therefore, all components enhance energy density, reduce reliance on external 

charging, and establish RBS as a fundamental element in modern electric motorcycle architectures. 
 
 

 
 

Figure 2. The block diagram of a regenerative braking system for an electric motorcycle 
 

 

2.2.  Control strategies in RBS 

The RBS is also an advanced technology that enhances the energy efficiency and low-emission 

characteristics of electric vehicles. In addition, to improve driving performance, RBS requires effective 

control strategies to maximize energy recovery. Studies have shown that optimized regenerative braking can 

improve fuel economy in urban driving cycles by up to 37.8% [15]. To achieve this without compromising 

vehicle performance, various control methods such as fuzzy logic control (FLC), neural networks (NN), 

model predictive control (MPC), and adaptive controller modelling have been applied [16]-[18]. 

Furthermore, RBS can also be integrated with anti-lock braking systems (ABS) to enhance vehicle stability 

and braking safety. The combination of regenerative and friction braking, supported by a closed-loop wheel 

slip control strategy, enables maximum energy recovery while maintaining optimal wheel slip and braking 

distance, offering performance comparable to ABS-only systems [19]. 

Control techniques in RBS regulate energy recovery, braking performance, and rider safety in 

electric motorcycles. One common approach is the blended brake control strategy, which combines 

regenerative and friction braking to ensure effective deceleration during low-speed operation while 

maximizing energy capture at higher speeds. Torque control also helps to prevent wheel lock and instability 

by limiting the braking force applied by the motor. Similarly, speed-based control adjusts the level of 

regenerative braking according to the vehicle speed, prioritizing regenerative braking at higher speeds and 



                ISSN: 2088-8694 

Int J Pow Elec & Dri Syst, Vol. 17, No. 2, June 2026: 1265-1278 

1268 

mechanical braking at lower speeds for precise stopping. SOC control is also a fundamental item as it 

restricts regenerative braking when the battery is nearly full to prevent overcharging and extend battery life. 

Finally, a rider-adaptive control adjusts braking based on the rider’s input, road conditions, and load for both 

safety and comfort. These control strategies enable optimal, reliable, and safe braking performance measured 

to the dynamic operating conditions of electric motorcycles. 

Fuzzy logic control (FLC) is widely applied in RBS to regulate the distribution of braking force 

between regenerative and mechanical systems. FLC operates based on predefined parameters such as vehicle 

speed, SOC, and braking torque demand. The application of FLC enhances energy recovery while 

maintaining vehicle stability and safety [20], [21]. This makes FLC particularly suitable for electric 

motorcycles, where braking requirements can vary significantly depending on rider behavior and operating 

conditions. Meanwhile, neural networks (NN) apply machine learning techniques to manage the distribution 

of braking force in RBS. Unlike rule-based approaches such as FLC, NN-based controllers can learn from 

past data and adapt dynamically to changing conditions. This adaptability can predict the rider’s actions and 

road conditions, to improve braking performance and energy recovery rates [22], [23]. By processing real-

time inputs such as speed, SOC, and braking torque demand, NN-based controllers can optimize braking 

force distribution, making them highly effective for electric motorcycles where operating conditions and rider 

behavior can vary significantly. Another approach to optimize energy recovery in RBS is model predictive 

control (MPC). MPC offers significant advantages for managing RBS, as it operates in a real-time control 

strategy to predict future system states and adjust control actions accordingly. This predictive capability 

ensures that energy recovery is optimized while maintaining rider comfort and vehicle stability [24]. MPC is 

also suitable for electric motorcycles, where lightweight structures demand high efficiency and precise 

energy management. Unfortunately, every control strategy has its strengths and limitations as stated in Table 1. 
 

 

Table 1. Some strengths and limitations of the control strategy in the regenerative braking system [25] 
Control strategy Strengths Limitations 

Fuzzy logic control 

(FLC) 

Easy to understand and interpret for a non-expert control 

engineer 

Most cost-effective control techniques 

Fully reliant on human expertise and 

understanding 

Manual tuning is time-consuming for large-

scale 

Neural network 

(NN) 

The training method and the output data can be produced 

without proper information 
The training method learns from identical events and makes a 

decision based on them 

Need an acceptable network structure, skill, 

and trial and error 
ANN requires processors with parallel 

processing capabilities 

Model predictive 
control (MPC) 

Able to handle multiple variables of inputs and outputs with 
single-input and output ones 

Use to regulate a variety of processes, such as non-minimum 

phase, long delay, and open-loop stability 

Need a suitable model of the system 
Derivation of the control law is complex 

Sliding mode 

control (SMC) 

Suitable for a non-linear system 

A robust technique that can be used to control systems with 

uncertainties 

Limited to a single-input system 

Chattering occurrence in an undesirable 

phenomenon 
Adaptive control Easy to apply and good stability 

Can change parameters easily and respond quickly to the 

system 

The required design for employment is 

enormous 

Need an appropriate model of the system 

 

 

3. METHOD 

The propulsion efficiency can be achieved up to 90%, and round-trip regenerative braking efficiency 

can reach to 70% [26]. Therefore, this study introduces the RBS that was designed for electric motorcycles 

by combining a BLDC motor, a lithium-ion battery, and an Arduino microcontroller within an integrated 

hardware and simulation setup. Through MATLAB/Simulink analysis and experimental validation, the 

system demonstrates improved energy efficiency, extended battery life, and enhanced sustainability for urban 

electric mobility applications. 

In this project, a sub-model of RBS was developed for the electric motorcycle to recover and reuse 

the energy generated during braking. The system integrates with hardware and software to enable energy 

recovery and improve the overall energy efficiency of the electric motorcycle. The prototype used a 12-inch 

tyre driven by the BLDC motor controlled through a 40 A and powered by an 11.1 V LiPo battery. Three 

push buttons provide selectable speed levels (low, medium, and high), while an emergency stop switch 

provides operational safety. Meanwhile, braking was achieved by engaging a direct current (DC) motor, 

which functions as a generator to convert mechanical energy into electrical energy, feeding it back to the 

battery. Real-time measurements of voltage and RPM were displayed on an LED interface and logged into 

Excel using PLX-DAQ. Data acquisition and control were managed through an Arduino microcontroller, 

while MATLAB/Simulink was used to simulate the system and validate its performance. 
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The results in hardware were analyzed to assess the system’s effectiveness and verify that the 

objectives were met. Figure 3 shows the flowchart of the proposed regenerative braking system. The process 

began with a comprehensive literature review of existing studies on the RBS, in which the current approach 

was identified, as well as research gaps, especially in control strategies. The parameters related to the RBS 

were determined, including motor type, controller, battery, and braking mechanism for both hardware and 

software. Before hardware implementation, a MATLAB/Simulink simulation was developed. This step 

involved evaluating system feasibility, testing control algorithms, and predicting overall performance. Once 

the simulation stage validates the concept, hardware development proceeds by integrating the BLDC motor, 

battery, braking mechanism, and controller. In parallel, software development was performed through 

designing control algorithms by using the Arduino platform. This algorithm was designed to regulate braking 

force distribution and energy recovery. Both hardware and software were then integrated into a prototype, 

forming a complete RBS setup. Then, the prototype undergoes testing under varying operating conditions. If 

the results are satisfactory, the test data is analyzed to evaluate performance, energy recovery efficiency, 

braking stability, and optimization opportunities. Finally, the model was refined and adjusted based on the 

findings to enhance efficiency, safety, and overall system stability, with improvements made at both the 

simulation and hardware levels. 
 

3.1.  MATLAB/Simulink simulation 

In this part, the simulation was used to evaluate the performance of the back electromotive force 

(EMF) and the amount of torque produced during braking. This method helps to determine the most suitable 

parameters for the prototype by predicting braking torque response, back EMF generation, and the overall 

energy recovery capability of the RBS. Conducting simulation tests resolved potential issues in advance, 

ensuring a smoother transition during hardware implementation. which helped the process move smoothly 

during the hardware installation. To model the RBS for the electric motorcycle, the Simulink model was 

developed with the necessary components of the electrical and mechanical subsystems of the regenerative 

braking system. The main components of the system include the BLDC motor with dual function for 

propulsion during normal operation and power generation during braking, the battery for energy storage, the 

ideal torque source for providing resisting force, the inertia block to represent the mechanical load, and the 

voltage sensor for measuring energy captured, as shown in Figure 4. 
 
 

 
 

Figure 3. Proposed process flow of RBS 
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The BLDC motor was represented by an electromechanical block that converted electrical input into 

rotational motion during propulsion and generated electrical energy during braking. Meanwhile, the battery 

subsystem was modelled using a DC voltage source with an internal resistance that serves as the primary 

energy storage unit. It allows bidirectional energy flow. The power electronic converter regulates the current 

direction and voltage levels to ensure stable operation during both monitoring and regenerative modes. 

During braking, the vehicle operates in reverse as a generator, converting kinetic energy into electric energy. 

The generated voltage (V) is proportional to the motor's speed (ω) and its speed constant (Kv) as in (1). 

 

𝑉 =  
ω

𝐾𝑣
 (1) 

 

Where Kv is the speed constant of the motor in RPM. For the A2212 motor, Kv is 1000 RPM. The model also 

incorporates a LiPo 3S battery rated at 11.1 V with a capacity of 2200 mAh. 

The control logic that was implemented through switch and comparator blocks will monitor the 

braking signals and vehicle speed to determine the transition between drive and regenerative states. This 

operation allowed the kinetic energy from the motor shaft to be converted into electrical energy and directed 

back to the battery. The scope block was used to monitor the system variables such as current, voltage, and 

braking torque. From this simulation setup, it enables the analysis of back EMF, current flow during 

regenerative braking torque to validate theoretical energy recovery, which can reach to 70% under simulated 

urban braking conditions. 

However, the mechanical subsystem consists of the inertia block, representing the combined wheel 

rotational inertia and rotor inertia of the motor, while the braking was simulated through the ideal torque 

source, which applied torque to the motor, reducing its angular velocity, ω, and generating electrical energy. 

In Simulink, the interactions were captured by connecting the motor’s mechanical part to the inertia block 

and torque source, while electrical terminals were linked to the battery and voltage source. 

The simulation was carried out to analyze the RBS in both normal and braking mode. Initially, 

electrical energy from the battery was used to power the DC motor, which drove the inertial mass to simulate 

normal riding conditions. At t = 2 s, the ideal braking torque of 0.3 Nm was applied, introducing the braking 

phase. This external torque slowed the motor and switched it into generator mode. The kinetic energy was 

converted into electrical energy (back EMF). The generated back EMF, based on a motor constant, Ke = 

0.026, reflected the relationship between angular velocity and induced voltage. The voltage measured across 

the motor terminals indicated the recovered energy and demonstrated the regenerative capability of the 

system. Time-series data of motor speed, braking torque, and generated voltage were recorded for energy 

recovery performance, storage efficiency, and overall system behavior. This phase was essential in evaluating 

the energy recovery characteristics of the regenerative braking system. 

 

 

 
 

Figure 4. Simulink diagram for the RBS system 
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3.2.  Hardware and software implementation 

Figure 5 illustrates components used in the development of the regenerative braking systems for 

electric motorcycles. The braking was operated when the rider applied the brake lever, which sent a signal to 

the Arduino Uno microcontroller. The Arduino processed the signal and regulated the electric motor system, 

enabling it to operate in generator mode during braking. The motor was mechanically coupled to the pulley 

and belt drive, which transferred the braking torque to the tyre, thereby slowing down the vehicle. 

Simultaneously, the motor converted the vehicle’s kinetic energy into electrical energy, which was redirected 

to charge the battery as an input source. To ensure effective monitoring and control, a sensor unit or feedback 

system continuously measures system parameters such as speed and braking force, sending real-time data 

back to Arduino for adjustment. This closed-loop structure ensures smooth braking performance, efficient 

energy recovery, and enhanced rider safety. 

 

 

 
 

Figure 5. Block diagram of regenerative braking system components 

 

 

The Arduino Uno managed both the motor and the braking system by processing signals from 

buttons, the emergency button, the brake lever, and sensors to adjust motor speed and braking response. The 

motorcycle’s movement was driven by a BLDC motor, controlled by a 40A ESC motor speed controller that 

was connected to a 12-inch tyre through a 2GT pulley system, with speed adjustable via three buttons (low, 

medium, high). Braking was achieved through a manual lever that activates a DC motor, which pressed 

against the moving tyre to slow it down while converting kinetic energy into electricity. This energy was 

captured by a voltage sensor and displayed, with both the DC motor and lever linked to the Arduino for fast 

control. A hall effect sensor with a neodymium magnet was used to measure motor RPM, while the voltage 

sensor continuously monitors the generated power, and both parameters were displayed in real time on an 

LED screen, giving the user instant feedback. To support long-term monitoring and analysis, the PLX-DAQ 

system logged data such as motor speed and output voltage directly into an Excel spreadsheet for evaluating 

system performance. 

In the control strategy, the control logic of the RBS was implemented through the Arduino 

microcontroller that programmed the monitor vehicle speed, throttle position, and brake activation signals. 

Under normal operation, the controller maintains the BLDC motor in monitoring mode to drive the wheel. 

When braking was detected, the controller adjusted the pulse-width modulation (PWM) signals to alter the 

current and make the motor operate in generating mode. The generated back EMF induced a current that 

flows toward the lithium-ion battery through the converter circuit to charge the battery. The algorithm was 

used to make a smooth transition between monitoring and braking modes while maintaining stability and 

avoiding wheel lock. Table 2 summarizes the main hardware components utilized in the development of the 

regenerative braking system for the prototype. 
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Table 2. Components of a regenerative braking system for an electric motorcycle 
Component Specification Function 

Arduino Uno ATmega328P, 14 digital I/O pins Acts as the main controller for signal processing and system integration. 
BLDC electric motor 1000 KV, 12 V Provides propulsion and generates back EMF during braking for energy 

recovery. 

Electronic speed 
controller (ESC) 

30 A, compatible with BLDC Controls motor speed and braking response by regulating 
voltage/current. 

LiPo battery 3S, 11.1 V, 2200 mAh Stores recovered electrical energy and supplied power to the system. 

Hall effect sensor Digital, 5 V Detects wheel or motor rotational speed for braking and energy recovery 
control. 

Brake lever Mechanical with a sensor switch Triggers regenerative braking when pressed by the rider. 

Neodymium magnet N52 grade Provides a magnetic field for the hall effect sensor operation in detecting 
speed or position. 

Voltage sensor 0–25 V Measures the voltage generated during braking for monitoring and 

control. 
2GT pulley and belt 20T pulley with timing belt Transfers rotational motion from the wheel to the generator motor. 

Tire 12-inch Provides road contact and rotational input for the RBS. 

 

 

4. RESULTS AND DISCUSSION 

This section discusses the results obtained from the study, with emphasis on RBS in the electric 

motorcycle as well as the MATLAB simulation. The simulation data generated in MATLAB/Simulink during 

the earlier setup was compared with real-time experiment results to validate the model and ensure 

consistency. The purpose of this evaluation is to examine the performance of the regenerative braking system 

in terms of energy recovery, voltage output, and braking torque. Furthermore, it also presents a detailed 

description of the developed prototype, thereby providing a comprehensive understanding of the RBS’s 

functionality and effectiveness. 
 

4.1.  Prototype of regenerative braking system 

A prototype of the RBS was developed to demonstrate the working principle of a regenerative 

braking system for the electric motorcycle. Figure 6 shows the experimental setup, which consists of the 

designed RBS components, including the 12- inch wheel mounted on a horizontal shaft, data acquisition, and 

safety circuitry. The motor functions in dual modes: as the drive motor during propulsion and as the 

generator during braking. When the brake lever was activated, the motor switched to generator mode, 

converting the wheel’s kinetic energy into electrical energy. 

The generated electricity was measured using a voltage sensor and displayed on the system’s 

monitoring interface. The braking force was also applied through the motor’s electromagnetic resistance, 

which simultaneously slows down the wheel and enables energy recovery. An auxiliary, smaller wheel was 

attached on the right side to simulate load dynamics and ensure realistic testing of braking responses. The 

system was controlled using the Arduino microcontroller, which manages operations such as speed control, 

braking activation, emergency stop, and real-time data logging. Finally, the prototype was equipped with 

push-button switches to regulate wheel speed at different PWM levels and an LED dashboard interface for 

output display. Data from the Arduino board was transmitted to the PLX-DAQ software, and motor speed, 

recovered voltage, and braking torque were recorded for analysis.  
 
 

  
(a) (b) 

 

Figure 6. The prototype of the regenerative braking system: (a) side view and (b) front view 
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4.2.  Simulation and experimental results on RBS 

The Simulink model of the regenerative braking system was used to evaluate its performance during 

braking. The simulation results showed that the system was able to recover energy effectively, with the back 

EMF reaching a peak of 1.25 V. This demonstrates that part of the wheel’s kinetic energy can be converted 

into electrical energy during deceleration. The recovered energy was successfully stored in the battery, and 

the system performed consistently under various braking conditions. Figure 7 shows the graph of voltage 

obtained from a simulation based on a step input. The back EMF, regulated by a gain factor of 0.026, 

supported the energy recovery process by converting mechanical deceleration into electrical energy for 

battery charging. From t = 2 s, a braking torque of 0.3 Nm, from calculation was applied consistently, 

marking the start of the energy recovery phase. During the period, the system generated up to 1.25 V, which 

aligned with the expected performance of the model. 

Once the simulation was done using MATLAB, the result was verified by experiment. In this part, 

the efficiency of energy recovery was evaluated at low, medium, and high speeds. At low speeds, the system 

recovered only a small amount of energy, reaching a peak voltage of 0.12 V. Meanwhile, at medium speeds, 

the performance improved, with the recovered voltage increasing to 0.27 V. At high speeds, the system 

achieved a peak of 0.71 V, confirming that higher braking forces and motor speeds enhance the effectiveness 

of energy recovery. During low speed, the electric motorcycle’s kinetic energy is too small to allow 

significant regeneration due to the weaker braking force, so the low voltage output is produced, since the 

vehicle decelerates gradually. As a result, the conversion of kinetic energy into electric energy was not very 

efficient under these conditions. 

However, at medium speed, the system achieved better energy recovery. This improvement can be 

linked to the faster wheel rotation and stronger braking force, which allowed more kinetic energy to be 

converted into electric energy. Meanwhile, at a higher speed, the kinetic energy is more compared to medium 

speed. However, even though the voltage at high speed was higher, the overall recovery energy remained 

relatively small, indicating that further improvements to the system are still needed. In addition, for the 

electric motorcycle, the mode of speed can be classified based on the percentage of the maximum speed, 

Vmax. Table 3 presents the specifications used to classify the speed range into low, medium, and high modes 

according to the maximum achievable speed of the motorcycle. 

 

 

 
 

Figure 7. A voltage output from the step input is given 

 

 

Table 3. The range of speed modes 
Speed mode Range of percentages of maximum speed (%) Range of speed (km/h) 

Low 0–30 0–24  
Medium 30–60 25–48  

High 60–100 49–80  
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Figures 8 to 10 illustrate the relationship between angular speed and the voltage produced by RBS 

across different speed modes. The results show that at low speed, the recovered energy was minimal, with a 

peak voltage of only 0.12 V. At medium speed, recovery improved, reaching 0.27 V, but at the maximum 

angular speed of 840 RPM, the system achieved its highest peak voltage of 0.71 V, indicating greater energy 

recovery due to the higher motor speed. Table 4 presents the average value for both angular speed and 

voltage, as well as peak voltage. By comparing the simulation and experimental results, it was found that the 

simulation predicted a higher voltage of 1.25 V, while the experiment showed a maximum voltage achieved 

of 0.71 V. This difference can be explained by real-world factors such as frictional losses, motor 

inefficiencies, and sensor inaccuracies, which are typically not considered in simulations. Nevertheless, the 

results show that the RBS is capable of recovering energy during braking, especially at higher speeds. 
 

 

 
 

Figure 8. Relationship between speed in RPM and voltage produced at low-speed mode 
 

 

 
 

Figure 9. Relationship between speed in RPM and voltage produced at medium-speed mode 
 

 

 
 

Figure 10. Relationship between speed in RPM and voltage produced at high-speed mode 
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To further improve performance, it is important to optimize the braking control, increase motor 

efficiency, and conduct more real-world tests to enhance energy recovery and the system’s performance. 

Energy recovery in electric motorcycles significantly improves the system efficiency and extends the driving 

range. During braking or deceleration, some amount of the kinetic energy is normally lost as heat in 

conventional braking systems. However, with the regenerative braking technology, this energy can be 

captured and converted into usable electrical energy in the battery. This process not only reduces energy 

waste but also minimizes reliance on external charging to make the vehicle more energy efficient and 

environmentally friendly. Therefore, understanding and analyzing the amount of energy recovered is 

essential for evaluating system performance and optimizing the braking strategy. 

The regenerative braking performance of the proposed system was evaluated using time domain 

data of angular speed obtained during braking. The corresponding energy recovery was calculated based on 

the change in kinetic energy at each time step. Table 5 summarizes the kinetic energy variations during 

deceleration periods and the corresponding recovered electrical energy, considering a regeneration efficiency 

of 70% for three riding speed modes: low, medium, and high. The findings show that higher angular speeds 

produce greater energy recovery due to increased wheel rotation and generator response during braking. In 

low-speed mode, an average speed of 263 RPM and the vehicle speed of 4.10 m/s, the system generated 

5180.65 J of kinetic energy and successfully recovered 3626.45 J. In medium speed mode, the angular speed 

increased to 297 RPM with a corresponding speed of 4.74 m/s. Although the total kinetic energy decreased to 

4220.18 J due to variability in braking profiles, the recovered energy reached 2954.13 J. The highest recovery 

was observed in high-speed mode, where the angular speed reached 516 RPM, and the vehicle speed 

increased to 8.23 m/s. In this mode, 5667.25 J of kinetic energy was generated and extracted as 3967.07 J 

through regenerative braking. These results demonstrate that energy recovery is more effective at higher 

speeds, as greater rotational energy can be captured and converted during braking. It highlights the potential 

of regenerative braking to enhance energy efficiency in electric motorcycles. 
 
 

Table 4. Average speed, voltage, and peak voltage for each mode 
Speed mode Average angular speed (RPM) Average voltage (V) Peak voltage (V) 

Low 263.0 0.03 0.12 
Medium  297.0 0.05 0.27 

High 516.0 0.10 0.71 

 

 

Table 5. Total kinetic energy and energy recovered for each mode 
Speed mode Average angular speed (RPM) Average speed (m/s) Total kinetic energy (J) Total energy recovered 

in Joule (J) in Watt (Wh) 

Low 263.0 4.20 5180.65 3626.45 1.01 

Medium 297.0 4.74 4220.18 2954.13 0.82 
High 516.0 8.23 5667.25 3967.07 1.10 

 

 

5. CONCLUSION 

In conclusion, this study has presented the simulation and prototyping of the regenerative braking 

system for electric motorcycles that utilizes the BLDC motor for propulsion and the DC motor for energy 

recovery, the Arduino-based control interface, and the lithium-ion battery, successfully demonstrating the 

feasibility of recovering braking energy. The MATLAB/Simulink simulation predicted the energy recovery 

efficiency of up to 70 %, while the experimental test, although showing lower recovery due to real-world 

factors such as frictional losses and motor inefficiencies, validated the capability of the system to generate 

usable electrical energy, particularly at higher speeds. Overall, the results show that regenerative braking can 

enhance the energy efficiency and sustainability of electric motorcycles. Future improvements will focus on 

advanced energy storage, such as hybrid use of lithium-ion batteries, optimized control strategies using 

intelligent algorithms such as fuzzy logic or model predictive control, and refined hardware design to 

maximize recovery. In addition, reducing system weight and cost with lightweight materials, coupled with 

the internet of things (IoT) and artificial intelligence (AI). Based monitoring for predictive control will 

further improve practicality and performance. These advancements will contribute to making regenerative 

braking a more effective and scalable solution for sustainable urban transportation.  
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