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Abstract 

Many countries are moving to electric vehicles for daily transportation due to the 
scarcity of fossil fuels and the pollution emissions from internal combustion engines. 
The most promising technique to manage environmental pollution and energy security 
is the employment of electric vehicles. The electric bicycle is gaining an abundance of 
attention due to the various advantages of electric vehicles. Recently, people started 
using electric bicycles on a regular basis, and it is a suitable option for shorter daily 
rides. The present study was conducted using the Scopus database, which included an 
analysis of all papers pertaining to the content of electric bicycles up until the year 2023. 
The literature review delves into the profound impact and numerous benefits of electric 
bicycles, highlighting their potential for revolutionizing transportation. This exploration 
is informed by advancements in design and construction, offering insights into optimal 
electric bicycle development. One promising avenue for sustainability involves integrating 
solar technology into these vehicles, reducing reliance on conventional energy sources, 
and addressing environmental concerns. Discussions encompassed diverse aspects, 
including operation principles, throttle variations, commutation systems, self-charging 
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mechanisms, health advantages, and solar-powered electric bicycles. To address this, the 
goal is to create universally acceptable electric bicycles to broaden their appeal and dispel 
misconceptions. In order to provide scientists and researchers with beneficial information 
to further optimize electric bicycles, the research fields pertaining to electric bicycles are 
reviewed in accordance with previous studies.

Keywords: electric vehicle; electric bicycles; energy security; sustainability

1. Introduction

The scarcity of fossil fuels has led to high costs and increased demand for them around the 
world. As a result, the top producers demand that fossil fuel prices be met. It impacts the 
lives of regular people. Additionally, the environment and people are impacted by the pollu-
tion from fossil fuel-powered vehicles. Vehicles with internal combustion engines also have 
an impact on the environment and its inhabitants due to noise pollution. The Indian govern-
ment unveiled a plan to regulate internal combustion engine vehicles' exhaust emissions. 
The Bharath stage is the method. There are three Bharath stages in operation, namely 3, 4, 
and 6. India is currently in Bharath Stage 6, which means that internal combustion engine 
emissions from gasoline-powered vehicles are less than those of Bharath Stage 4 emissions. 
The pollution limit of BS4 is not more than 1.5 g/kWh, and the pollution limit of BS4 is not 
more than 1.5 g/kWh. Diesel engine vehicles are not selected in BS6 norms because diesel 
engine vehicle manufacturers can’t reduce tailpipe emissions. Only the petrol engines are 
selected according to the BS6 norms. But still, we can’t reduce the tailpipe emissions to zero. 
In addition, the pollution limit for BS4 is limited to 4 g/kWh, rather than 1.5 g/kWh. Because 
diesel engine vehicle manufacturers are unable to reduce tailpipe emissions, these vehicles 
are not allowed to operate under BS6 norms. The only engines chosen to meet BS6 stand-
ards are petrol ones. However, we are still unable to completely eliminate tailpipe emissions.

This is the location where the electric car made its debut. Electric cars have no tailpipe emis-
sions, and they also don't produce any noise pollution. Electric bicycles are ideal for daily 
commutes, such as trips to nearby gyms, stores, and schools. Cycling is best suited for shorter 
commutes because we can't pedal for very long before we get tired. This is where the electric 
bicycle made its debut. By utilizing a motor, battery, and throttle type, we are able to travel 
a greater distance than with a regular, conventional, or traditional cycle.

Combine those parts to create an electric bicycle. An electric bicycle is not the same as 
a regular bicycle. Conventional bicycles can only be operated manually, but electric bicycles 
can be operated both manually and with a motor. In the paper [23] the author expressed that 
electric bicycles are becoming more popular due to their convenient mode of transportation. 
The majority of nations, including China, the United States, Switzerland, the Netherlands, 
and Japan, use electric bicycles for daily transportation. An electric bicycle promotes better 
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health. Because it is smaller, anyone can handle an electric bicycle with ease. People prefer 
to use this for their daily commutes as a result. In the paper [123] the author demonstrated 
that the greenhouse gas (GHG) emissions of electric vehicles (EVs) were significantly influ-
enced by the chosen system boundary for analysis, whether it encompassed the well-to-
wheel perspective or the entire vehicle lifecycle. They observed that GHG emissions assessed 
on a well-to-wheel basis were lower compared to those calculated over the vehicle's entire 
lifespan. The author of publications [13] conducted a model-based investigation aimed at 
projecting the potential reduction in GHG emissions from EVs in Switzerland, considering 
the influence of weather conditions such as temperature and precipitation. Their findings 
suggested that for a notable impact on GHG emissions, individuals should be willing to use 
EVs at temperatures around 10°C. In the paper [103] devised a regenerative power control 
system tailored for a pure electric bicycle (EB), employing a permanent magnet brush-
less DC motor housed within the EB wheel. The author of publications [24] demonstrated 
a model-based design and real-time simulation approach for a pure EB using RT-LAB and 
Simulink. They utilized SimPowerSystem, a Matlab/Simulink toolbox, to model and simu-
late the power components. The author of publications [37] conducted a simulation study 
employing proportional-integral (PI) and fuzzy controllers in Matlab/Simulink to develop an 
effective speed control mechanism for a brushless direct current (BLDC) hub motor situated 
within an EB wheel. As per the paper [69], electric motor-assisted bicycles in the United 
States are limited to a maximum power of 750 W, whereas in Europe, India, and Japan, the 
maximum power is capped at 250 W. Pedelecs prove particularly beneficial for individuals 
residing in hilly terrains or for riders seeking both assistance and the opportunity to enhance 
their health through exercise. The author of publications [43] conducted simulations and 
experimental investigations into the operational efficiency of an electric bicycle (EB) coupled 
with a semi-automatic transmission. This setup allowed for control of driving power through 
both pure electric and power-assisted modes. In the publication [96] also explored an EB 
configuration incorporating a blend of pure electric and power-assisted modes. In the publi-
cations [114] the researchers explored the technological advancements and market dynamics 
of LPG-fueled vehicles in this comprehensive overview.

2. Research Methodology

Various scientists and investigators expressed that in the area of research, development, and 
the practical implementation of electric bicycles, they discovered a notable lack of public 
awareness in these domains. This article provides valuable insights, especially for the new 
investigators optimizing the performance of the electric bicycle.

The article's inception involved desk research, a common starting point for academic 
inquiries. Academic research typically commences with a thorough examination of existing 
data, including previous studies, an evaluation of the current knowledge landscape, and 
a meta-analysis of relevant literature. While such extensive methods may not always be 
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deemed essential in business contexts, it's advisable to initiate research endeavours with 
at least a foundational level of inquiry. This preliminary step enables researchers to gain 
a deeper understanding of the subject matter and its surrounding context, facilitating the 
formulation of more pertinent questions and the efficient selection of research methodolo-
gies and data sources for subsequent investigations. Desk research is predominantly utilized 
in competitive analysis, serving as a swift means to derive crucial insights vital for business 
decision-making, particularly in market analysis.

The next step of the research involved determining the current state of EV technologies, 
commonly known as the "state of the art." This term encompasses the current status of 
a specific technology or the most cutting-edge advancements in a particular field of science 
or art. Within academic research, it specifically entails analyzing documents to showcase the 
latest developments in EV production and utilization. This analysis aims to compile a variety of 
sources, ideas, concepts, and opinions, which the researcher will either corroborate or refute 
based on their findings. Such information is crucial for fostering a critical understanding of 
the subject matter and for generating new knowledge to advance theoretical perspectives.

This article reviews the progression of electric bicycles over the past few years, from the 
application of hybrid machinery made of conventional batteries and engines to the final 
product's marketability and future effects. An extension study will be paid to the various 
energy-supply mechanisms and the motors that employ them to propel. Moreover, the tech-
nologies that appeal to smooth transportation and accelerate the performance of bicycles 
are examined. Furthermore, this system complies with foreseeable challenges and offers the 
best techniques for resolving them.

3. Overview of Electric Bicycle Usage in the World

3.1. Technologies in E-Bicycle

In the paper [111] examined that in electric bicycles, posture and straight-line tracking are 
used for the features of future development, and the final assembly is shown in Figure 1. 
Here, there are two strategies used to stabilize the posture of the bicycle, namely trajectory 
control and lateral velocity. Experimental investigation concluded that the steering func-
tion controller (trajectory controller) is more powerful than the lateral velocity controller 
in straight-path tracking of the bicycle.
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Fig. 1. Assembly of straight line and posture tracking e-bicycle

The author of publications [21] introduced a novel reinforcement-learning-based assisted 
power management (RLAPM) system with a focus on quality-of-riding (QoR) for human-elec-
tric hybrid bicycles (pedelecs). By dynamically adjusting the motor power based on the riding 
environment, RLAPM ensures QoR, encompassing safety and comfort while enhancing battery 
energy utilization. Simulations and experimental results highlight the RLAPM's effectiveness, 
demonstrating a 24% improvement in comfort and a notable 50% enhancement in energy 
utilization compared to other pedelec-assisted power methods in urban riding scenarios. 
In the paper [1] discussed the limitations of conventional constant assistance algorithms in 
power-assisted electric bicycles (pedelecs) and introduced a novel control strategy. Focused 
on minimizing tracking errors in varying environmental conditions, the approach integrates 
feedforward and feedback components into the electric motor torque. It evaluates the 
methodology on an innovative pedelec prototype, demonstrating enhanced riding comfort 
and energy utilization compared to traditional assistance methods. In the paper [104] intro-
duced an innovative charging management-based intelligent control strategy designed to 
maximize external charging benefits and extend the range of electric bicycles and vehicles. It 
tailors the control approach to diverse urban road characteristics, employing constant power 
control on arterial roads and power follower control on expressways. It contributes valuable 
insights into intelligent control strategies for optimizing extended-range EV performance 
and energy management. In Figure 2, the wiring diagram of the Graphic Positioning System is 
shown. The author of publications [87] expressed that the GPS is used to locate the bicycle. 
The GPS cycle computer system can also provide speed, mileage, and other parameters. 
Get the information and turn it into an ASCII code [80]. Collected the data from the CV file, 
uploaded it to the Google disk, and monitored those parameters as mentioned above. The 
GPS application calculated the travelled distance to be 11.94 km, a difference of 28 m, and an 
average speed of 63.8 km/h as at night [124, 131]. 
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Fig. 2. Wiring diagram of GPS cycle computer

In Figure 3, there is a system that can detect accidents and notify urgent care clinics [106]. 
A MARG type of sensor is used to detect the bicycle. A support vector algorithm detects 
fall accidents. 34 trails have been conducted, each of which includes cycling status and fall 
status segments.

Fig. 3. Accident detection components

In the paper [119] proposed an innovative fuzzy logic control strategy incorporating human-
bike interaction for electric bicycles, featuring a novel transmission mechanism and intelli-
gent control system. Leveraging a load cell-based mini-sensor system, the study employs 
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data-based system identification for transfer function determination. Through simulations 
and experimental validation, the proposed fuzzy PID and hybrid fuzzy control algorithms 
exhibit superior performance in terms of response time and speed control, highlighting their 
effectiveness in ensuring driving comfort and safety in electric bicycle applications.

In the paper [90] article details the design and fabrication process of an electric vehicle 
specifically catered to meet the needs of physically challenged individuals. It explores innova-
tive adaptations and features aimed at enhancing accessibility, comfort, and safety for users 
with mobility impairments. By addressing the unique requirements of this demographic, the 
research aims to promote inclusivity and independence in personal transportation.

3.2. Design and Fabrication of E-Bicycle/Development of E-Bicycle

The author of publications [26] introduced an innovative brushless DC motor driver for 
electric bicycles, outlining its hardware and software design. It successfully achieves speed 
control, over-current protection, and battery under-voltage protection, demonstrating 
effective control and suitability for electric bicycle applications. It contributes to enhancing 
the performance and safety of electric bike systems, showcasing their practicality and poten-
tial impact in the field. In Figure 4, the electric bicycle frame mechanical model is shown [125], 
designers pay more attention to the frame than any other component. The second thing is 
the battery. The main thing on the frame is to allocate the battery and proper weight distri-
bution, as well as shortlist the power supplies for the components. The configuration of an 
electric bicycle is defined by two data points: geometry data and topological data. A frame for 
the electric bicycle that distributes the weight equally has been designed.

Fig. 4. Electric bicycle frame mechanical model
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In the paper [60] introduced an innovative combination of a standard geared bicycle with an 
electric power motor cum alternator, providing riders the flexibility to choose between elec-
tric motor assistance and manual pedaling. With a focus on reducing effort during climbing 
and rough terrain, the design emphasizes eco-friendly transportation. The system's adapt-
ability for various age groups aligns with its intended use as an inter-college transporta-
tion solution, promoting the concept of "green energy" and aiming to minimize automobile 
use within the campus. In the paper [112] examined the electric vehicle industry, focusing on 
the cost-effective design and manufacturing of lightweight electric vehicle prototypes. With 
the rising demand for electric vehicles due to fossil fuel scarcity and emission regulations, 
cost-efficient solutions are crucial. The paper introduces innovative methodologies, including 
motor synchronization theorems, gear ratio optimization, and simplified suspension-steering 
kinematics, all aimed at creating a low-cost, lightweight prototype. The author of publica-
tions [16] introduced an innovative inductive lane design for wirelessly transferring power 
to electric bicycles (e-bikes), showcasing initial test results. The system employs oblong 
primary coils embedded in the ground, activated by high-frequency alternating current 
and RFID authentication. The e-bike's powertrain harvests energy from the lane through 
a secondary coil around its rear wheel. When away from the inductive lane, stored energy 
sustains on-board power. The prototype's feasibility demonstrates potential applications for 
lightweight electric vehicles, presenting a low-cost, sustainable urban mobility variant. In the 
paper [72] proposed the need for high-technology solutions to address fossil fuel shortages 
and combat climate change. The block diagram of E-cycle requirements is shown in Figure 
5. Electric bicycles (e-bikes) emerge as a promising and sustainable alternative for mobility 
and transportation, offering features like efficiency, compactness, electric power, comfort, 
and lightweight design. The focus on e-bikes as a visionary solution highlights their potential 
to create a better world for future generations, making them a versatile and advantageous 
mode of transportation.

Fig. 5. Block diagram of e- cycle
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The author of publications [66] discussed stress analysis and design optimization of a custom 
bicycle frame using Pro/ENGINEER digital solid modeling CAD software. Through wireframe 
and solid structure analysis, various bicycle frame types are examined, highlighting the supe-
rior rigidity of the diamond-type frame. Additionally, it explores the mechanical properties of 
AZ60/Al2O3p magnesium metal matrix nanocomposites, achieving levels comparable to those 
of A16061 aluminum after equal channel angular extrusion. This comprehensive investiga-
tion contributes valuable insights into enhancing bicycle frame design and material selec-
tion. In the paper [14] experimented with a finite element analysis (FEA) model for electric 
trike frames, incorporating modifications for battery packs and passenger loads. It evaluates 
various steel tube profiles, including circular, oval, and square, to optimize safety and ease of 
assembly. Through FEA simulation and validation with experimental methods, the research 
identifies the oval tube with a diagonal size of 56.6x40 mm and 1.65 mm thickness as the most 
effective, providing recommendations for the redesign of electric bicycle frames for improved 
safety and performance. In the publication [95] fabricated the electric bicycles registered 
during the Second World War because of the shortage of large motorized vehicles. Electric 
cycles began to be promoted in 1973 due to the oil crisis. In the year 1992, they used nick-
el-cadmium batteries. In the publication [55] suggested an efficient automated development 
process, developed by the Institute for Automotive Engineering at RWTH Aachen University, 
that customizes electric vehicle transmissions based on demand. This approach presents an 
opportunity to reduce overall vehicle costs by optimizing transmission design and potentially 
using smaller batteries. In the paper [117] explained the assessment of alternative battery pack 
designs for electric vehicles (EVs), with a focus on safety, energy absorption, and packaging 
efficiency. By employing the finite element method and crash simulations, the study compares 
a commercially available battery pack structure with alternative geometric concepts. Evalu-
ating geometric considerations and crashworthiness indicators, the research provides insights 
into optimizing EV performance beyond crash scenarios, offering valuable contributions to the 
evolving landscape of battery pack design for enhanced safety and efficiency. The author of 
publications [54] fabricated the best design and performance for electric bicycles and made 
their electric bicycles a front-wheel ride by using a 500W brushless DC motor (BLDC) motor, 
classifying the electric bicycles into two types: pedelec and throttle types. Pedelec types of 
bicycles have low-power electric motors, and throttle types have high-power electric motors. 
Detailed information for electric bicycle components has been provided.The author of publi-
cations [56] experimented with a systematic design process that considers material proper-
ties to minimize energy consumption, utilizing vehicle simulations to calculate consumption. 
Moreover, mathematical models of key components like the traction motor and battery are 
employed for precise estimations. In the paper [79] suggested the pressing need for affordable 
and efficient electric bikes, as shown in Figure 6. In response to the growing number of cars 
on the road worldwide and the increasing reliance on fuels derived from oil.It emphasizes the 
environmental benefits of electric bikes and aims to design a superior, cost-effective electric 
bike for everyday commuting. Through comprehensive market research and benchmarking, it 
contributes to the development of a smarter and more eco-friendly mode of transportation, 
aligning with the demand for sustainable mobility solutions.
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Fig. 6. Complete assembly of e-cycle

The author of publications [5] utilized the pressing issues of rising fuel prices and increasing 
urban pollution, prompting the exploration of alternative energy sources for vehicles. Elec-
tric bicycles offer a practical solution by integrating an electric motor with traditional bicycle 
components, providing a convenient and eco-friendly mode of transportation. The descrip-
tion of the dissertation project involving a 250 W hub motor and lead-acid batteries under-
scores the practical implementation of such solutions, contributing to the advancement of 
electric bike technology. In the paper [7] the evolution of bicycles, once regarded as traditional 
recreational items, has transformed them into essential, eco-friendly urban transport. Fueled 
by rising pollution and fuel costs, electric bicycles emerge as crucial support for sustainable 
personal mobility, integrating motors and advanced technology to ease commuting while 
addressing environmental concerns. In the publication [88] discussed that the electric bicycle 
is initially in a stationary state; if we need to move it from that state, we need to pedal or 
throttle the bicycle. An electric cycle uses electric power to move, and we can also run the 
cycle with the pedal. In electric bicycles, the major components are classified into two types 
such as frame and battery. The outcome of the paper is the working principle of the electric 
bicycle. In the paper [89] the author examined and effectively demonstrated the computa-
tional aspects and practical implementation of the MMS E-Bike, covering both electrical and 
mechanical systems. The construction process, focusing on battery, BLDC motor, and elec-
tronic commutator integration, results in a cost-effective and lightweight E-Bike capable of 
achieving speeds up to 25 mph, particularly in hilly terrain. The outcome is that the emphasis 
on rider comfort and ergonomic design enhances the E-Bike's appeal and functionality, making 
it a promising addition to the electric bike market. In the paper [98] the author explained the 
concept of an electric bicycle as an eco-friendly alternative, emphasizing its role in reducing 
fuel consumption and emissions. The focus is on delivering electromagnetic momentum to 
a traditional bicycle through a powerful motor and rechargeable battery. The motivation to 
design a battery-operated bike aligns with the broader responsibility to diminish reliance 
on fuel-consuming vehicles, promoting sustainable and efficient electric transportation.The 
author of publications [31] examined the escalating environmental impact of transportation. 
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This study proposes leveraging plug-in electric vehicles (PEVs) to reduce fossil fuel consump-
tion. Focusing on the challenge of establishing charging infrastructure, it introduces a novel 
approach utilizing excess energy from smart street lights powered by renewable solar energy. 
Through IoT monitoring and control, the paper outlines a system where PEVs are charged 
from connected street light batteries, offering a sustainable solution for electric vehicle 
charging. Simulated in MATLAB/SIMULINK, the results showcase the viability and efficiency of 
this integrated approach. In the publication [44] fabricated a cost-effective portable electric 
bicycle kit that combines pedaling and electric motor modes, aiming to reduce rider fatigue 
and extend travel range. By incorporating an external drive electric motor, it offers a solution 
to enhance the riding experience and cover longer distances on a single charge. The inte-
gration of solar power and DC-DC conversion further contributes to sustainable and ener-
gy-efficient transportation, emphasizing a shift towards preserving fossil fuels. The project 
underscores innovation in electric vehicle technology. In the paper [35] the author explained 
the outlines of a comprehensive approach to conceiving a product from inception to final 
presentation to customers. It involves market analysis, innovation assessment, component 
integration, stylistic considerations, CAD modeling, and effective communication. The meth-
odology, encompassing QFD, benchmarking, and design for X, offers a systematic and effi-
cient framework for product development, ultimately leading to prototyping and testing. In 
the publication [32] fabricated a comprehensive project on designing and analyzing a fold-
able electric bicycle chassis. It covers key project phases such as market research, literature 
review, design, analysis, and observations. Recognizing the evolving landscape of electric bicy-
cles, the study emphasizes their ecological benefits, reduced maintenance, and noise levels. 
The focus on foldability addresses the demand for compact urban transportation solutions, 
aligning with the dual advantages of the E-Bike-blending features of bicycles and motor-
cycles for efficient, pollution-free commuting. The author of publications [4] discussed the 
growing shift in the automobile sector towards electrical energy to combat environmental 
challenges. Focusing on electric bikes as a viable solution for congested megacities like Dhaka, 
the study delves into chassis design and analysis. Utilizing triangulation for optimal struc-
tural strength, the research employs the advanced FEA software ANSYS for numerical simula-
tions. The validated numerical methodology enables the prediction of dynamic performance, 
contributing to confident exploratory designs in the development of electric bikes for urban 
transportation. In the publication [84] expressed the design and simulation of bicycle frames 
in Creo Parametric and Marc Mentat software, comparing materials (steel, aluminum, and 
carbon). emphasizes how simulation results guide engineers in selecting optimal materials 
and optimizing frame geometry for desired stiffness and rider comfort. In the paper [19] the 
author discussed the multifaceted process involved in designing and fabricating an electric 
bicycle with an auto-recharging mechanism. It emphasizes crucial steps, including selecting 
an appropriate electric motor and battery system, integrating them into the bicycle frame 
through custom fabrication, and developing an auto-recharging mechanism. It underscores 
the importance of testing, fine-tuning, and implementing safety measures, offering a compre-
hensive perspective on the intricate engineering considerations for creating an innovative and 
sustainable electric bicycle.
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3.3. Solar Bicycle

The author of publications [25] discussed the growing importance of renewable energy, 
particularly in the context of the surging global population and linearly increasing energy 
demands. Focusing on the solar-powered electric bike, the study emphasizes the potential 
of this technology to save non-renewable sources and increase energy efficiency. By storing 
solar energy in batteries and utilizing a PMDC motor for propulsion, the solar-powered elec-
tric bike introduces an eco-friendly alternative, with benefits including reduced charging 
time and simplified maintenance compared to conventional AC-powered electric bikes. The 
author of publications [65] employed Solid Works to design a solar-powered electric bike 
structure, evaluating various installation methods and concluding that optimal placement 
involves front and rear frame solar panels with a solar tracking device. Integration with 
ANSYS through graphical data conversion enables finite element analysis, assessing strength 
and stiffness in static analysis, and determining vehicle body frequency via modal analysis. 
In the paper [58] the author proposed a solar panel to recharge the battery. By using solar 
panels, the battery charging cycle will be minimized. It is also called a solar-assisted bicycle. 
Fabricating a solar bicycle reduces the time of charging and improves the battery life by 
using solar panels. In the paper [78] the author fabricated the solar energy to charge the 
bicycle with solar panels. The solar charge controller is shown in Figure 7. A Hall Effect sensor 
is used to measure the speed of the bicycle, and it provides a top speed of (35–40) km/h. It 
can travel up to 40 kilometers, and the charging time of the battery and panels is between 
3 and 6 hours.

Fig. 7. Solar charge controller

In Figure 8, the block diagram of the Solar E-cycle the author [40] expresses the pivotal 
shift towards battery-powered electric bikes as a sustainable and eco-friendly mode of 
transportation, replacing polluting internal combustion engines. It addresses the challenges 
of charging infrastructure and outlines the potential for solar-powered vehicles to further 
reduce carbon emissions. The project's objective is to develop a hardware model of a solar 
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electric bicycle, emphasizing its role in promoting greener and more sustainable urban 
mobility. It highlights the ongoing efforts to tackle environmental concerns and enhance 
personal transportation options in cities.

 

Fig. 8. Block diagram of solar e-cycle

The author of publications [107] examined the upgrade of the dual charge method to charge 
an electric bicycle. So, here we get another upgrade for charging the bicycles by using solar 
panels and a dynamo to charge the bicycles. Here, we need (15–20) miles per hour of speed 
to charge a 15 V battery. In the paper [59] the author introduced two types of controllers to 
control the solar panel voltage and motor: battery, dynamo, indicator, brake, brake lights, and 
charging port. This electric bicycle is suitable for both rural and urban areas. Using different 
types of controllers increases the battery life, and we charge our mobiles by using an AC 
adapter. The outcome was quite effective for daily use and was done at a much faster rate 
with less energy utilized.

3.4. Performance/Evaluation

The author of publications [76] expressed that there are three different types of throttle 
systems in an electric bicycle. Thumb throttle, twist the throttle, and push the button. The 
motor can be fixed at the front and rear ends. An electric bicycle can climb up to a 6% slope. 
Two different types of motors are also used in electric bicycles. The result provides the study 
of electric bicycle components. In the paper [50] the author analyzed the energy usage effi-
ciency of the EVS-XL 2000 electric vehicle (EV) across various domestic and foreign driving 
cycles. Introducing novel concepts like "interval usage percentage of energy efficiency" and 
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"exertion degree of energy efficiency," it explores the impact of driving cycles on electro-
motor efficiency and the distribution of running status. The findings emphasize the signif-
icant influence of driving cycles on the exertion degree of electromotor energy efficiency, 
highlighting the variability in efficiency distributions, control system performance, and 
driving range across dissimilar driving cycles. The author of publications [3] suggested an 
optimization model employing simulated annealing to determine specifications for a hybrid 
solar-diesel-battery power generation system, aiming to strike a balance between life cycle 
cost and CO2 emissions. Applied to a residential colony in India, the optimized configuration 
involves 89% PV inclusion and 11% diesel fraction, with specific parameters yielding minimum 
life cycle cost and CO2 emissions. It contributes to optimal design for similar environmental 
conditions, and future work is suggested to explore the impact of PV array tilt angle and 
probabilistic performance analysis in conjunction with system reliability assessment. In the 
paper [71] the author introduced an innovative nonlinear control strategy for electric bicy-
cles, aiming to automatically adjust motor assistance to maintain a desired heart rate. Incor-
porating rider inputs like heart rate, torque, and cadence, the control algorithm utilizes both 
feedforward and feedback components. Environmental factors are treated as disturbances 
to be rejected. It develops and validates a nonlinear heart rate response model through test 
rides, employing a modified electric bicycle, and presenting simulation and experimental 
results to demonstrate the controller's performance across various heart rate profiles. In 
the paper [53] the author suggested that the motor is the costlier component in the electric 
bicycle. Most e-cycles have BLDC motors, and the loss comparisons of benchmark outer-
rotor BLDC motors, SRMs, and SynRM at maximum speed are shown in Figure 9. Here is 
a case study of changing the reluctance motor instead of the BLDC motor for cost reduction. 
The result of using a reluctance motor is that it needs a large dimension to produce the 
required torque, and the designed reluctance motors are heavier in weight and torque ripple.

Fig. 9. Loss comparisons of benchmark outer-rotor BLDC motor, SRMS and SynRm at maximum speed
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The author of publications [22] utilized real-time challenges in achieving optimal fuel 
consumption for hybrid electric vehicles (HEVs) by introducing a novel power-split strategy 
based on linear quadratic optimal control. To overcome the need for prior knowledge of 
driving cycles, this approach utilizes a quadratic performance index and two rules to ensure 
battery state-of-charge sustainability and fuel efficiency. Simulations in ADVISOR demon-
strate the strategy's effectiveness across diverse driving conditions, closely approaching 
the fuel economy achieved by optimal control methods based on Pontryagin's minimum 
principle while significantly reducing computational complexity. The author of publications 
[42] proposed the performance of electric bicycles, emphasizing their environmental bene-
fits. It employs simulation and experimentation, considering key parameters like the rider's 
mass, wind speed, and slope. Dynamic equations are solved using MATLAB-Simulink, guiding 
motor power selection. The experimental study, conducted with LabVIEW programming, vali-
dates simulation results, contributing to the development of efficient electric bicycles. In 
the paper [100] the author examined EVs, conducting a comprehensive investigation into 
a novel powertrain system comprising four independently driven in-wheel traction motors. It 
evaluates the energy efficiency of the system under various operational modes and driving 
cycles, employing a rule-based power management controller. The author of publications 
[41] expressed the dynamic performance and electric consumption of an electric bicycle 
through both simulation and experimental approaches. Using MATLAB-Simulink, dynamic 
and battery models are employed to analyze the impact of operating conditions such as air 
density and slope. The results reveal improved performance and reduced electric consump-
tion with lower air density and slope. Experimental findings align with simulation results, indi-
cating potential for developing a more efficient electric bicycle. Future work aims to explore 
additional input parameters for a comprehensive analysis. In the paper [109] the author 
suggested the environmental performance of plug-in hybrid electric vehicles (PHEVs) in 
reducing greenhouse gas emissions and gasoline consumption. Utilizing year-long data from 
153 PHEVs in California, the study systematically analyzes deviations in the utility factor (UF) 
from the SAE J2841 standard. Charging behavior, daily VMT distribution, efficiency in charge 
depleting mode, annual VMT, and effective CD range are identified as key factors influencing 
UF disparities, providing valuable insights into the real-world impact of driving and charging 
behaviors on PHEV performance. In the paper [64] the author explored the reliability and 
performance advantages of a liquid rocket engine employing an electric pump cycle, exem-
plified by the Rutherford engine developed by Rocket Lab. It involves a thorough analysis 
and comparison with other cycles for small-sized low-thrust rocket engines, demonstrating 
the feasibility of electric-pump cycles in achieving lower dry mass and superior performance, 
particularly evident in specific impulse and speed increments, even at low thrust levels. The 
analysis program incorporates improved mass estimation reliability, enhancing the under-
standing of this innovative propulsion technology. The author of publications [45] examined 
the crucial research aspects of modeling complete polymer electrolyte membrane fuel cell 
(PEMFC) power systems, encompassing air and hydrogen supply, fuel cell stack, electrical 
components, and a 75 kW vehicle. Utilizing MATLAB and Simulink, the dynamic model incor-
porates a brand-new electric motor's efficiency map and assesses the system's performance 
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during the New European Driving Cycle (NEDC). While revealing instabilities in the air supply 
system during transient operation, the study affirms that the obtained stack characteristics 
align with prior research, and the vehicle's energy consumption performance is noteworthy. 
In the paper [15] the author utilized the appropriate electric motor for electric vehicles as 
a pivotal challenge for manufacturers, as it profoundly impacts overall propulsion system 
performance. Utilizing Advanced Vehicle Simulator software, it compares the torque char-
acteristics of the induction motor with those of two permanent magnet motors designed 
for the same purpose. It contributes valuable insights into motor selection for light elec-
tric vehicle applications. The author of publications [127] discussed the role of the cell cycle 
Cyclin E gene (CCNE) in the ovarian development of Exopalaemon carinicauda. Through 
cloning and expression analysis, the research reveals that CCNE is highly expressed during 
various stages of ovarian development, peaking in stage III. Knocking down CCNE expression 
impacts the vitellogenin (VG) gene, indicating a positive correlation between CCNE and VG. 
The phylogenetic tree suggests a close relationship between E. carinicauda and Penaeus 
monodon. In situ hybridization highlights abundant CCNE expression in the ova, suggesting 
its regulatory role in nutrient accumulation and transport in the ovaries.The author of publi-
cations [29] expressed the production of low-carbon electrofuels using a reverse water gas 
shift and Fischer-Tropsch synthesis process, modeling jet, diesel, and naphtha. Leveraging 
nuclear energy for its consistent supply and low emissions, the process achieves high carbon 
conversion and energy efficiency. Lifecycle greenhouse gas emissions are estimated using 
the GREET model, showing promising results with steam coproduct credit. Economic anal-
ysis for different nuclear power plant capacities indicates competitive minimum fuel selling 
prices, offering insights into the viability of large-scale e-fuel production as a sustainable 
alternative to conventional petroleum fuels.

3.5. Battery and Converter

The author of publications [10] examined the critical role of power electronic circuits (PECs) 
in modern electric vehicles, focusing on DC-AC inverters and DC-DC converters. It under-
scores the evolving need for high-power bidirectional DC-DC converters in future electric 
vehicles, providing an overview of various converter topologies and their applications in 
battery electric vehicles (BEVs), hybrid electric vehicles (HEVs), and fuel cell vehicles (FCVs). 
This comprehensive review serves as a valuable resource for understanding the state-of-
the-art technology in electric vehicle power management. In the publication [62] expressed 
the potential for synthesizing nanosize carbon materials in substantial quantities over short 
durations through electric explosions in liquids. Investigations into the law of nano-carbon 
generation through repeated cycles reveal a fluctuating pattern, approaching zero, indicating 
a correlation between material mass and hydrocarbon chain atoms, energy input per pulse, 
and the number of treatment cycles. The findings underscore the viability of the electric 
explosion method for efficient nanocarbon synthesis at a macroscale. In the paper [68] the 
author proposed a smart boost converter system for electric bicycles shown in Figure 10. 
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The system retrofits a front hub motor onto a regular geared bike and uses a microcontrol-
ler-based boost converter to manage power between the battery and supercapacitor. The 
results demonstrate improved uphill acceleration and extended battery life, particularly on 
hilly terrain, though the challenge of bi-directional regenerative braking is noted.

 

Fig. 10. Boost converter with control circuit

The author of publications [6] explained a novel capacity fade model for lithium-ion 
batteries, built upon the single particle model (SP model) originally proposed by Doyle et 
al. This model effectively captures the mechanisms of active material loss in the cathode 
and the formation of the solid electrolyte interphase (SEI) in the anode, leading to capacity 
degradation and increased resistance.The author of publications [33] examined the global 
supply chain of raw materials for EV batteries, with a focus on the security and supply of 
lithium for lithium-ion battery production. State-of-the-art matrix analysis (SAM) cate-
gorizes literature into key areas, including resources, supply and demand, geopolitics, and 
recycling. It also presents a lithium supply chain model to assess technical, geopolitical, 
and economic factors impacting lithium supply across various life cycle stages. It enhances 
the understanding of EV lithium supply chain issues, aiding engineering managers in deci-
sion-making.The author of publications [74] introduced a versatile life cycle tester for 
batteries, highlighting its capability to assess cycle life with the provision for various battery 
sizes. The circuit's main limitation lies in the need for a suitable power supply and load for 
discharging, but this can be addressed for larger batteries. The tester enables faster life 
cycle testing by adjusting time and current, reducing manual supervision. Compared to 
existing models, it offers continuous current variation, digital display, electronic timers, and 
quick fault-finding, enhancing flexibility and efficiency in battery testing and evaluation. 
In the paper [36] the author explored the use of technology forecasting using data enve-
lope analysis (TFDEA) to predict future EV battery performance. The study compares these 
forecasts to the performance objectives set by the US Department of Energy (DOE) and 
concludes that existing battery technology improvements won't meet DOE's range goals. 
This highlights the need for new battery technology to align with DOE specifications for 



22 The Archives of Automotive Engineering – Archiwum Motoryzacji Vol. 105, No. 3, 2024
https://doi.org/10.14669/AM/191492

longer EV trip ranges. In the paper [63] the author explained an innovative energy manage-
ment control strategy for HEVs, combining dynamic programming with preview driving 
cycle information. Addressing the non-causal nature of dynamic programming, the study 
leverages recent driving cycle prediction algorithms to optimize energy management. The 
proposed rule-based strategy, incorporating dynamic programming calculations, demon-
strates enhanced fuel economy across various standard driving cycles. It contributes to 
the advancement of efficient and globally optimal energy management solutions for HEVs, 
integrating predictive driving cycle information for improved performance. The author 
of publications [67] suggested an innovative approach to developing an "Electric Bicycle 
System" that transforms traditional bicycles into electric ones, incorporating regenerative 
braking and BLDC motor control. It emphasizes real-time sensing and crowd-sourcing to 
enhance the cycling experience and promote urban design. While electric bikes are gaining 
popularity worldwide, they address challenges related to design, range, recharging, and 
battery management, providing insights into the potential feasibility and utility of such 
electric cycles within existing transportation systems. In the paper [93] explained the crit-
ical issue of estimating fuel consumption by employing personalized driving cycles derived 
from real-world GPS-based data. Departing from standardized driving cycles, the study 
investigates the impact of varied driving styles and vehicle types on fuel economy for 
conventional vehicles and HEVs. The results reveal substantial variations in fuel consump-
tion, highlighting the influence of driving scenarios. Additionally, the application of the 
Equivalent Consumption Minimization Strategy (ECMS) for HEVs demonstrates significant 
fuel consumption reductions in urban driving scenarios. It contributes valuable insights 
into enhancing the accuracy of fuel economy estimates based on personalized driving 
behavior and real-world driving conditions. In the paper [102] the author experimented 
with the importance of a battery management system (BMS) for electric bikes, empha-
sizing its role in preventing battery degradation. The proposed BMS effectively regulates 
and monitors battery conditions, ensuring a well-balanced battery system and protection 
against various issues. Test results demonstrate its ability to maintain accurate voltage, 
current, and temperature readings with minimal error, making it a valuable component for 
enhancing electric bike performance. In the paper [77] the author discussed the growing 
prominence of direct current (DC) systems in the internal power grid of electric vehicles 
(EVs). Focusing on a pure DC grid circuit with a battery storage system (BSS), the study 
employs a flyback DC-DC converter for efficient BSS utilization. Evaluating the dynamic and 
control performances of the combined system, including the BSS, flyback converter, and DC 
motor, it employs a small-signal-based control method. Simulations using MATLAB vali-
date the effectiveness of the proposed strategy, showcasing promising results in managing 
voltage and current signal fluctuations in the context of EV-grid circuits. In Figure 11, the 
intention to use battery swapping is shown. The paper [130] proposed a data drive about 
swapping the batteries in electric bicycles and provided the regional swapping stations for 
swapping the batteries. According to the statistics on swapping batteries, 60% of the resi-
dents are open to trying battery swapping, 35% are price-sensitive, and 5% are reluctant 
to swapping batteries.
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Fig. 11. Potential intention to use battery swapping

The author of publications [70] emphasized the pressing global need to develop technology 
in the transportation sector, particularly for electric bikes, to address the escalating concerns 
of fossil fuel overuse, pollution, and global warming. The charging and discharging process of 
a lithium-ion battery is shown in Figure 12. Analyzing global research trends reveals a signif-
icant increase in publications since 2008, with China, India, and the USA emerging as key 
contributors. Recognizing the environmental consciousness of these countries, it suggests 
that electric bikes, powered by lithium-ion batteries, present a viable and sustainable solu-
tion for transforming the transport industry, offering enhanced performance anda longer  
life cycle.

 

Fig. 12. Charging and discharging process of lithium-ion battery

In the paper [99] the author examined the integration of battery and ultracapacitor technol-
ogies in a hybrid energy storage system (HESS) to enhance the EV driving range. It provides a 
genetic algorithm to optimize EV drivetrain parameters and components. In the paper [128] the 
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author expressed the benefits of a HESS comprising a battery and supercapacitor for electric 
vehicles, emphasizing a driving condition-adaptive rule-based energy management strategy 
(EMS). Through computer simulations and semi-physical rapid control prototype tests, the 
HESS with EMS proves more effective than a single battery, stabilizing battery status during 
propulsion and regeneration modes while enhancing energy efficiency. It further incorpo-
rates a dynamic degradation model to demonstrate the economic viability of the HESS by 
prolonging battery lifetime, offering valuable insights for optimized energy storage in electric 
vehicles. The author of publications [121] utilizing the critical challenge of accurate state of 
charge (SOC) estimation in lithium-ion batteries for electric vehicles, this paper introduces 
a robust model based on an independently recurrent neural network (IndRNN). Leveraging 
experimental datasets from lithium nickel cobalt aluminum oxide cells, the proposed model 
demonstrates superior performance in capturing non-linear battery behavior compared to 
conventional techniques. Comparative analyses with gated recurrent unit (GRU) and long 
short-term memory (LSTM) architectures underscore IndRNN's higher accuracy, showcasing 
minimal root mean square error and mean absolute error across diverse temperature condi-
tions in electric vehicle drive cycles. In the paper [75] the author introduced the Unified Level 
Shifted PWM (UniLS-SPWM) for multilevel inverters, addressing issues of low-frequency 
ripples and drifts in DC-link voltages that impact load voltage harmonics. Leveraging feed-
forward terms and a variable frequency scheme, UniLS-SPWM effectively compensates for 
load current waveform distortions. MATLAB simulations and experimental results highlight 
the technique's ability to generate a pure sinusoidal load voltage, demonstrating its robust 
performance in unbalanced and hybrid operational scenarios. It contributes a promising 
modulation approach for improving loads current Total Harmonic Distortion (THD) in diverse 
practical applications.

3.6. Charging and Power Management

The author of publications [48] fabricated the dual-chargeable method; the battery gets 
charged. Using an alternator, the dual-chargeable system works, and the rest of the work is 
the same as with the other electric bicycles. The result of using a dual-chargeable system 
shows that a fully charged battery obtained (10-51) km/h. When coming down the hill, the 
charging can be achieved in 1 hour. In the publication [9] expressed the feasibility of having 
a magnetic coupler within the kickstand for wireless charging of electric bicycles, the different 
types of kickstands used for wireless charging, and which stand gives more efficiency in 
charging an electric bicycle. The study emphasizes the impact of interfering materials 
on charging efficiency and highlights the importance of achieving high transfer efficiency and 
safety while meeting weight, cost, and size requirements. The block diagram of the charging 
system is shown in Figure 13. In the paper [47] the author proposed an improved bridgeless 
boost Power Factor Correction (PFC) topology for electric vehicle charging systems, empha-
sizing high power factor and efficiency. Utilizing one-cycle control in the pre-regulator, the 
proposed approach is analyzed through simulation and experimentation. Results demon-
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strate a power factor exceeding 0.99, low total harmonic distortion, improved efficiency, and 
stabilized output voltage. The simplicity and reliability of the control circuit make it a prom-
ising solution for enhancing the performance of electric vehicle charging systems, offering 
potential advancements in DC/DC circuit design.

 

Fig. 13. Block diagram of charging system

In the paper [27] the author introduced a thing called a control algorithm that is used when 
the rider pedals the pedals. Some form of energy is generated, which is saved into the battery 
pack and used when the rider loses his energy. The experimental setup is shown in Figure 14. 
The control algorithm is charge-sustaining. The charge-sustaining system provides the effi-
ciency of urban cycling, and this approach is capable of maintaining the charge and avoiding 
depletion.

Fig. 14. Experimental setup of charge-sustaining electric bicycle
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The author of publications [110] examined the inefficiencies of Combined Cycle Gas Turbine 
(CCGT) power plants in arid climates, such as the United Arab Emirates, where rising ambient 
temperatures and supplementary firing contribute to power loss and reduced thermal 
efficiency. It advocates for solar hybridization, proposing integrated solar combined cycle 
(ISCC) plants as a promising solution to enhance overall efficiency and mitigate carbon 
emissions. Utilizing EBSILON Professional for simulation, the research demonstrates that 
ISCC plants outperform other configurations, highlighting their potential as an intermediate 
step toward optimizing renewable energy integration in power generation. In the publication 
[30] proposed a blended strategy that incorporates real-time driving pattern recognition, 
enabling adaptive control to enhance PHEV performance and maximize the utilization of 
electrical energy resources. The author of publications [108] suggested an innovative power 
management strategy for series PHEVs, addressing the critical aspects of battery state of 
charge and power requirements. This contribution adds valuable insights to the field of PHEV 
power management, aligning with the growing demand for eco-friendly transportation solu-
tions. In the paper [116] the author explored advancements in electric vehicles (EVs), focusing 
on the integration of batteries and supercapacitors to enhance power consumption and 
address electrochemical challenges. The hybrid system approach, treating the battery and 
supercapacitor as distinct units, offers improved energy cycling and capability. It synthesizes 
recent research on EV applications, emphasizing the synergy between battery and super-
capacitor technologies to optimize performance and address energy demands in electric 
vehicles. The author of publications [8] experimented with an innovative battery charging 
system for electric vehicle charging stations, leveraging pulse-voltage and pulse-current 
techniques. The design refines a non-dissipative pulse-current DC-DC stage, optimizing 
control for versatile voltage levels. The design, a novel pulse-voltage DC-DC stage, mitigates 
abrupt power fluctuations associated with the pulse-voltage method. In the paper [61] the 
author examined a three-port dual-boost DC-DC converter in a HEV with a dual-motor drive 
system to enhance fuel efficiency and minimize carbon dioxide emissions. The Dual Drive 
Hybrid Electric Vehicle (DDHEV) integrates a photovoltaic (PV) system/plug-in, a dual drive 
system, and a power management algorithm to optimize fuel efficiency. Simulation and 
experimental results in MATLAB/Simulink demonstrate the effectiveness of the proposed 
PV-DDHEV, showcasing improved stability and reduced power consumption with the dual 
motor drive system operated by the TPDB. The author of publications [49] understood the 
critical need to combat fossil fuel overuse, pollution, and global warming through innovative 
transportation technology. Electric bicycles, powered by lead-acid batteries, offer a sustain-
able solution with superior performance and longevity. The focus on enhancing battery life 
and utilizing a dynamo for power recycling presents a holistic approach to greener and more 
efficient transportation, potentially marking a significant breakthrough in the industry. In the 
paper [38] the author fabricated a self-charging method used to charge the battery while the 
cycle is moving. The block diagram of self-charging is shown in Figure 15. Using this method, 
we get additional power and use it for the cycle to ride. The diagram shows a clear definition 
of the self-charging method. This electric bicycle is more efficient to run for longer rides than 
a conventional electric bicycle.



27The Archives of Automotive Engineering – Archiwum Motoryzacji Vol. 105, No. 3, 2024
https://doi.org/10.14669/AM/191492

Fig. 15. Block diagram of self-charging

In the paper [2] the author presents a comprehensive examination of electric vehicle charging 
stations' architectures within microgrids, exploring key criteria, power converter technol-
ogies, and control strategies. By dissecting these elements, it sheds light on the intricate 
ecosystem of EV charging infrastructure within microgrid networks, essential for sustainable 
energy management. The author of publications [51] explores the development and imple-
mentation of a smart electric vehicle charging station tailored for residential complexes. 
It investigates the integration of advanced technologies to optimize charging efficiency, user 
convenience, and grid interaction, addressing the specific needs and challenges of residen-
tial settings. By examining the design, functionality, and benefits of such systems, it aims 
to facilitate the adoption of electric vehicles in residential communities.

3.7. Commutation of E-Bicycle

In the paper [94] the author explained different electric vehicles, such as electric cars, 
motorcycles, and bicycles, used for commutes and transportation that are dominated by 
China. The health consequences are an important concern among e-bike riders. In Canada, 
the 2000 projects were examined. 83% of people felt safer on an e-bike than on a conven-
tional bicycle. The author of publications [101] delves into Edward Thomas's "In Pursuit of 
Spring (1914)" as a bicycle travelogue, positioning it as a precursor to the modern sociolog-
ical perspective. Emphasizing the significance of bicycle mobility in shaping the sociolog-
ical gaze, it contrasts it with urban flanerie and pedestrian travel. Thomas's exploration of 
Southern England reflects a contemporary take on modernity, drawing parallels to earlier 
journeys while utilizing the unique human-powered mobility of the bicycle for introspec-
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tion and addressing existential questions, echoing influences on later writers like Robert 
Frost, Samuel Beckett, and Flann O'Brien. In the publication [81] expressed that electric 
bicycle sales soared from 30 000 to 30 million in China. In Holland, sales grew up to 30% 
in 2015. Pedelec-type electric bicycles are a broader category. Using the pedal type gives a 
good physical and health benefit to the rider. In the paper [120] the author discussed how 
electric bicycles are performed in Belgium with older adults (>65 years). Here we get the 
conclusion from older adults in an interview process. The older adults give their experience 
with electric bicycles and the benefits of the electric cycle; older women are scared of riding 
injuries, and older men feel safer on electric bicycles. In the paper [97] the author utilized 
the urban freight delivery challenges by comparing cost trade-offs between Electric Assist 
(EA) cargo bicycles and traditional box delivery trucks. The box-type cargo bicycle is shown 
in Figure 16. Through data collection and a literature review, it models delivery routes in 
Seattle, considering variables such as distance, stops, and parcel volumes. The findings 
highlight conditions favoring EA cargo bikes, demonstrating their cost-effectiveness for 
short distances, high residential density, and low delivery volumes per stop, providing valu-
able insights for sustainable urban logistics solutions.

Fig. 16. Box type cargo bicycle

The author of publications [73] examined the unique travel dynamics of electric-assist 
bicycles (e-bikes) compared to conventional bicycles, focusing on speed and road-grade 
dynamics. Analyzing data from 1451 utilitarian bicycle trips in Vancouver, the research 
reveals that, beyond higher average speeds, e-bike trips exhibit significantly greater speed 
dynamics. This nuanced understanding of microscopic cycling behavior has implications 
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for vehicle and facility design, as well as health evaluations, highlighting the distinctive 
features of e-bike travel dynamics. In the paper [92] the author explained the rise of e-cy-
cles in European countries and the prediction of how many electric cycles will tend to be 
sold in the years 2018 to 2030. In 2006, electric cycles represented only 1% of Switzerland. 
But in 2019, it had increased to 36%. The Netherlands is the country that has the highest 
model share of cycling. In the paper [28] the author examined the crucial aspect of e-bike 
adoption by examining the influence of weather conditions on daily commuting choices in 
an e-cycling incentive program in the Netherlands. Reveals how weather conditions affect 
the use of e-bikes. This research highlights the significance of weather-related challenges 
in promoting e-bikes for daily commuting, particularly for individuals with limited alter-
native transportation options during inclement weather. The author of publications [113] 
discussed the cargo-type electric cycles used in the United States and California. These 
types of cycles play a vital role among parents and caretakers. Parents used electric cargo 
bikes over cars to commute their children to school. These types of electric cargo cycles can 
easily commute on hills. In the paper [86] the author experimented in Curitiba, Brazil, sheds 
light on the challenges faced by urban managers in reconciling micro-mobility and urban 
tourism within cycle-inclusive policies. These include the underutilization of cycling infra-
structure, heightened traffic risks for cyclists, and a predominant focus on technical bicycle 
projects over safety measures. The author of publications [129] discussed the impact of 
factors on the stressful work pressure and crash involvement of delivery e-bike riders in 
China. Utilizing a bivariate ordered probit (BOP) model, it explores the simultaneous influ-
ence of working conditions and crash incidents. Results reveal associations with variables 
such as the number of orders, delivery time, rider age, risky riding behaviors, punishment 
severity for traffic violations, and familiarity with traffic regulations. It establishes a posi-
tive correlation between stressful working conditions and crash involvement, contributing 
valuable insights to enhance safety and working conditions in the delivery industry. The 
author of publications [18] Limited research exists on developing driving cycles for e-rick-
shaws, particularly in rural and urban settings combined. This study addresses this gap 
by collecting real-world driving data for 100 trips using a high-end GPS data logger. Two 
methodologies, random selection and k-means clustering, are compared for creating an 
e-rickshaw driving cycle (ERDC). The findings highlight the superiority of k-means clus-
tering in systematically representing traffic conditions and offer valuable insights for 
modeling e-rickshaw performance in terms of energy consumption and driving charac-
teristics, crucial for comparisons with conventional fossil-fuel vehicles. In the paper [52] 
the "E-Cargo Bike: Accompanying Research" project complements the SERVUS initiative by 
scientifically analyzing the requirements for a new urban cargo bicycle with electric drive, 
as shown in Figure 17. Through agile development and production processes, prototypes 
are created, allowing evaluation by users at events like IAA 2021. It extends to tracking 
experiments with various sensor setups, offering insights into electric cargo bike capabili-
ties and their interactions with Munich's transportation infrastructure, including consider-
ations of trajectory shapes, travel times, and the impact of bicycle infrastructure on mixed 
traffic modes.
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Fig. 17. Cargo bicycle

In the paper [82] explored the usage of electric bicycles in urban areas as a bigger deal 
than in rural areas. Most people in rural areas like to use the electric cycle for their daily 
commutes to eliminate the daily traffic. Most of the Netherlands' conventional bicycle riders 
are three times more open or willing to use an electric cycle. In the paper [91] examined the 
electric cycle-sharing systems that have spurred the need for comprehensive analyses of 
their environmental impact. It focused on Lisbon, Portugal, and conducted a life cycle anal-
ysis to evaluate the ecological footprint of shared e-scooters. Production accounts for over 
70% of environmental impacts, while vehicle use contributes 17%. The author of publications 
[46] employed the lifecycle assessment (LCA) methodology to evaluate various scenarios for 
waste printed circuit board (PCB) disposal, a critical component of global electronic waste 
(e-waste). Examining the environmental impacts of recycling overseas versus in Australia, 
it identifies Scenario 2 (integrated material and energy recovery) as the optimal approach 
for waste PCB recycling locally. It underscores the potential environmental gains, reduced 
impact categories, and positive outcomes in human toxicity when choosing local recycling 
over overseas options, providing valuable insights for future policies, investment decisions, 
and resource recovery supply chain optimization.The author of publications [57] explored the 
environmental impact of the FITGEN e-axle, a novel functionally integrated electric vehicle 
powertrain developed under the European H2020 FITGEN project. Employing Life Cycle 
Assessment (LCA) methodology, the study compares the FITGEN e-axle to the 2018 State-of-
the-Art (SotA) e-drive, as well as traditional diesel and petrol powertrains. The findings reveal 
a 10% reduction in climate impacts and improved energy efficiency for the FITGEN power-
train, contributing valuable insights to efforts to mitigate emissions and advance sustainable 
powertrain technologies for electric vehicles. In the paper [39] expresses the growing adop-
tion of micromobility solutions globally and emphasizes the need for improved design to 
tackle issues of reliability and total cost of ownership (TCO). Combining literature synthesis 
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with a detailed case study of a shared e-bike provider, the research presents a systematic 
Design for Reliability (DIR) linked to the TCO approach. The findings offer valuable insights for 
the electric micromobility sector, suggesting avenues for longitudinal studies, multiple case 
analyses, and prescriptive assessments of the proposed design methodology.

3.8. Health Benefits and Physical Activity

The author of publications [11] explained the comparison of an electric bicycle and 
a conventional bicycle. Compared the two bicycles in two different ways and also monitor 
the rider's health. The flat route has a longer distance, whereas the hilly route has a shorter 
distance but is sloped. Comparatively, the electric bicycle reduces the lower commute, 
easily climbs on the hill, and offers more exercise intensity than the conventional bicycle. 
In the paper [105] discussed the public health implications of e-bike use in Norway, 
addressing concerns about potential substitution effects that could offset the benefits of 
increased cycling. Combining a cross-sectional and quasi-experimental design, it explores 
hedonistic values associated with e-bike interest and assesses changes in physical activity 
pre- and post-purchase. The findings suggest that, contrary to concerns, the introduction 
of e-bikes in the Norwegian cycling population does not lead to a substantial substitu-
tion effect. Instead, the net effect appears positive, particularly among individuals with 
lower pre-existing levels of physical activity. The author of publications [12] expressed 
that e-cycling leads to a reduction in activity volume and intensity over the same distance 
compared to conventional cycling and also provides high intensity to promote posi-
tive health outcomes. The author of publications [126] examined the impact of Pedes-
trian Countdown Signal Devices (PCSDs) on electric bicycle riders' behavior at signalized 
intersections, focusing on red light violations (RLVs) and early start actions. It employs 
descriptive analyses and binary logic models to assess various factors influencing these 
behaviors. The results demonstrate the effectiveness of PCSDs in reducing RLVs while also 
highlighting an increase in early start maneuvers. It underscores the importance of poten-
tial countermeasures, such as redesigning PCSDs, to enhance safety for electric bicycle 
riders at intersections, offering valuable insights for urban planners and policymakers. The 
author of publications [20] introduced that there is another type of electric bicycle there, 
i.e., the Electric Mountain bike. This isn't as famous or popular as the other two types of 
electric bicycles. Still, this type has been well known in Europe for many years, but it's still 
emerging in Europe. In the paper [122] examined the injury mechanism of electric cyclists 
in collisions with right-turning trucks, employing Pc-Crash for injury assessment. Through 
dynamic response simulations, it identifies two distinct processes: initial impact with the 
truck, followed by the electric bicycle and cyclist being thrown and crushed. The study 
builds a multi-rigid-body truck model to calculate the crushed part, which is crucial for 
assessing injury severity. Analyzing various damage indices, it emphasizes the correlation 
between cyclist crushing and fatal injuries, underscoring the importance of reducing the 
likelihood of such events to enhance the safety of electric cyclists.
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3.9. Integration of DC Motor

In the paper [17] expressed that the motor should be small in size and also provide more 
efficiency. The cross-sectional view of an axial-field permanent-magnet DC motor is shown 
in Figure 18. The battery and motor should not occupy more space. The function of the motor 
is to eliminate mechanical commutators and moving parts.

 

Fig. 18. Cross-sectional view of axial-field permanent-magnet BLDC motor

The author of publications [118] proposed the design and optimization of a brushless DC 
(BLDC) motor for electric bicycle applications, adhering to the EN15194 European Standard 
and market constraints. Investigating slot/pole ratios and winding configurations employs 
analytical solvers and finite element method (FEM) analyses. Evaluation criteria include 
torque production, weight, efficiency, and ease of manufacture. The resulting prototype 
motor, aligned with a standard bicycle, undergoes an experimental study to validate the 
design's effectiveness, contributing to the advancement of electric bicycle motor technology. 
In the paper [115] expressed the crucial role of transmission control in enhancing the perfor-
mance of electric vehicles, emphasizing the necessity for precise gear-shifting control. Intro-
ducing a dedicated Transmission Control Unit (TCU), the paper details its functional modules, 
including signal processing and motor control circuits. Through hardware-in-the-loop simu-
lation tests and a rigorous 150,000 km road test, the TCU design demonstrates its effective-
ness in achieving accurate measurement, coordinated actuator actions, and swift, reliable 
gear shifts, contributing to the overall efficiency of electric vehicle systems. In the paper [83] 
examined the VDI Guideline 2206 and the V-model to design an electric hybridization kit for 
manual transmission motorcycles. Through multidisciplinary input, it proposes a three-mode 
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control system for enhanced fuel efficiency and reduced emissions, demonstrating feasi-
bility through a functional model on a motorcycle and showcasing a substantial decrease 
in internal combustion engine use, thus offering a promising solution to environmental 
concerns in the motorcycle segment. In the paper [34] proposed that most of the e-cycles 
are re-manufacturing by using the ease of disassembly method. The AEG motor disassembly 
result is shown in Figure 19. Used products are restored to their original position by five 
things. Reassembly or re-manufacturing is used to control the waste. The work concluded 
that the electric bicycles examined can be disassembled without significant damage if all the 
necessary tools are available.

Fig. 19. Results of the disassembly of the electric bicycle motor

In the paper [85] delves into the conceptual design and material analysis of a BLDC motor 
tailored for electric vehicle applications. It employs Finite Element Analysis (FEA) tools 
to scrutinize performance, efficiency, and durability, crucial for advancing EV propulsion  
technology.

4. Gap Analysis and Suggestions

The concentration on two stabilization strategies may limit the exploration of additional 
methods beneficial for enhancing tracking and posture stability in electric bicycles. Discrep-
ancies between stepper motor and magnetic sensor measurements compared to those of 
the engine and GPS cycle engine suggest potential issues with component calibration or 
accuracy. Considering the high cost and susceptibility to damage of torque sensor technology 
directly attached to the pedal, an alternative approach involving sensor-less control tech-
niques based on a disturbance observer is discussed. The provided information lacks tech-
nical details on specially designed drives and operating cycles, omitting factors influencing 
efficiency and how various electric bicycle types are handled. While cost savings are high-
lighted, a comprehensive economic analysis accounting for upfront expenses, ongoing costs, 
and long-term savings is absent. Essential details regarding the solar bicycle's economic 
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feasibility and affordability are crucial. The document falls short in providing comprehen-
sive performance metrics, focusing only on charging times and maximum speed without 
addressing total energy consumption, braking effectiveness, and acceleration. Despite 
mentioning the average electrical output of the dynamo during a 30-minute ride, crucial 
metrics like energy conversion efficiency, charging time, and the impact on the electric bicy-
cle's overall range are missing. The practicality of the Dynamo system in real-world situations 
and its potential effects on user experience are not explored.

Go beyond trajectory control and lateral velocity in the research to investigate a wider range 
of stabilization strategies. Carry out extensive trials in various real-world settings to evaluate 
how the selected strategies function in various circumstances, such as varied terrain, speeds, 
and environmental elements. Make sure that all of the parts are calibrated, paying particular 
attention to the stepper motor, magnetic sensor, engine, and GPS cycle engine. To ensure 
precise measurements, make sure they are calibrated consistently. In addition, it is required 
to look into more affordable options for torque sensors that are as reliable as conventional 
ones. It should also look into strong, long-lasting designs that reduce damage risk and guar-
antee affordability and longevity for broader use. Give more thorough technical information 
about the drives' unique design, effectiveness, and ability to accommodate different kinds of 
electric bicycles. Perform a thorough comparative study of the electric bicycle drive systems 
currently in use, methodically assessing each system's technical features, effectiveness, and 
performance under various operating conditions. Compare the environmental impact of 
conventional vehicles and the solar bicycle in a thorough assessment. To prove the finan-
cial advantages, do a comprehensive economic analysis that takes into account the whole 
cost of ownership, which includes the initial investment, ongoing maintenance expenses, 
and possible long-term savings. Conduct and present a thorough performance analysis 
that includes acceleration tests, braking effectiveness, and total energy consumption. Add 
a section outlining the dual-chargeable electric bicycle's effects on the environment, taking 
into account things like sustainability, recyclability, and life cycle assessment. Provide a more 
thorough performance analysis that addresses the energy conversion efficiency, the length 
of time needed to charge the bike under various circumstances, and the effect on the bike's 
overall range. Give a thorough technical explanation of the dynamo system, covering its 
parameters, efficiency measures, and the principles of power generation and transfer. Make 
a detailed comparison with other technologies or current models of self-charging electric 
bicycles.

5. Conclusion

The literature review highlights the many benefits and potentially revolutionary effects of 
electric bicycles. A thorough understanding of how electric bicycles should be made has 
been made possible by the design and construction of these vehicles. A viable option that 
provides an environmentally responsible and sustainable means of powering these bikes 
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is the incorporation of solar technology into electric bicycles. This invention contributes 
to reducing dependency on traditional energy sources while simultaneously addressing 
environmental issues. The integration of advanced technologies, such as accident detec-
tion sensors, GPS cycles, posture and straight-line tracking, and pedal torque sensors, has 
significantly improved the overall performance and range of electric bicycles. It underscores 
the pivotal role of commutation systems in enhancing the efficiency and performance of 
electric bicycles, ultimately contributing to the broader goals of sustainable transportation. 
The evolution from traditional brushed motors to more sophisticated brushless counterparts 
reflects a concerted effort to mitigate energy losses, reduce maintenance requirements, and 
enhance overall system reliability. Furthermore, the health benefits associated with electric 
bicycles, including increased physical activity, improved physical health, and reduced emis-
sions, emphasize the broader positive impact that these vehicles can have on individuals and 
communities alike. As concerns about environmental sustainability and personal well-being 
continue to grow, electric bicycles stand out as a promising solution that aligns with both 
environmental and health-conscious goals.

6. Nomenclature

BEV - Battery Electric Vehicles
BLDC - Brushless DC Motor
CCGT - Combined Cycle Gas Turbine
DDHEV - Dual Drive Hybrid Electric Vehicle
DIR - Design for Reliability
EB - Electric Bicycle
ECMS - Equivalent Consumption Minimization Strategy
ERDC - E-Rickshaw Driving Cycle
EV - Electric Vehicles
FCV - Fuel Cell Vehicle
FEA - Finite Element Analysis
FEM - Finite Element Method
GHG - Greenhouse Gas
GPS - Graphic Positioning System
GRU - Gated Recurrent Unit
HESS - Hybrid Energy Storage System
HEV - Hybrid Electric Vehicles
IndRNN- Independently Recurrent Neural Network
ISCC - Integrated Solar Combined Cycle
LCA - Lifecycle Assessment
NEDC - New European Driving Cycle
PCB - Printed Circuit Board
PCSD - Pedestrian Countdown Signal Devices
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PEMFC - Polymer Electrolyte Membrane Fuel Cell
PFC - Power Factor Correction
PHEV - Plug-in Hybrid Electric Vehicles
QoR - Quality-of-Riding
RLAPM - Reinforcement-Learning-Based Assisted Power Management
RLV - Red Light Violations
SAM - State-of-the-Art Matrix Analysis
SEI - Solid Electrolyte Interphase
SOC - State of Charge
TCU - Transmission Control Unit
TFDEA - Technology Forecasting Using Data Envelopment Analysis
TOC - Total Cost of Ownership
UF - Utility Factor
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