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Abstract 

The increasing dependence on portable electronic devices has created a demand for reliable charging 

facilities in outdoor and remote locations where conventional electricity is unavailable. Renewable energy 

sources such as solar and wind energy provide an effective alternative for generating sustainable power. This 

paper presents the design and development of a hybrid mobile charging station that integrates solar 

photovoltaic panels and a small wind turbine to generate electrical energy. The system stores the generated 

energy in a rechargeable battery and supplies regulated output for charging mobile devices. To improve 

efficiency, the proposed system introduces a smart energy management mechanism using a microcontroller 

that monitors the availability of solar and wind energy and optimizes battery charging. The hybrid 

configuration ensures continuous energy generation under varying environmental conditions. The proposed 

charging station offers a portable, environmentally friendly, and reliable solution for providing electricity in 

remote areas, outdoor locations, and emergency situations. 

Keywords: Hybrid renewable energy, solar photovoltaic system, wind turbine, mobile charging station, smart 

energy management, sustainable power. 

 

1. Introduction  

Hybrid renewable energy technologies have 

increasingly emerged as a promising approach for 

addressing the growing global demand for 

sustainable and decentralized power generation. The 

rapid expansion of portable electronic devices such as 

smartphones, tablets, navigation systems, and 

communication equipment has intensified the need 

for accessible charging infrastructure in outdoor and 

off-grid environments. Conventional electricity 

distribution systems are often unavailable in remote 

regions, disaster-affected zones, and rural areas 

where power infrastructure is either limited or 

unreliable. In such scenarios, renewable energy 

sources provide a practical alternative for generating 

electricity without dependence on centralized power 

grids. Solar and wind energy, in particular, have 

gained considerable attention due to their                                                                                      

widespread availability, environmental 

sustainability, and potential for integration into 

compact power systems. By harnessing naturally 

occurring environmental resources, renewable 

energy systems can support portable power 

applications while reducing dependence on fossil-

fuel-based electricity generation. Among the 

different renewable energy technologies, solar 

photovoltaic (PV) systems have become one of the 

most widely deployed solutions for small-scale 

electricity generation. Photovoltaic panels convert 

sunlight directly into electrical energy through 

semiconductor materials that generate electric current 

when exposed to solar radiation. Due to their modular 

structure, low maintenance requirements, and 

declining manufacturing costs, solar panels are 

frequently incorporated into portable energy systems 

designed for outdoor applications. However, the 

effectiveness of solar power generation is strongly 

dependent on environmental conditions such as solar 

irradiance, weather variability, and daylight 

availability. During cloudy conditions or nighttime 

hours, solar energy systems may experience 

significant reductions in power generation, limiting 

their reliability when used as a single power source. 

This limitation has motivated researchers to explore 

complementary renewable technologies that can 

about:blank
https://d.docs.live.net/63a7cda0b1f9084d/eeehod@panimalar.ac.in
https://d.docs.live.net/63a7cda0b1f9084d/jayashreehari2005@gmail.com
mailto:annielanshiya@gmail.com
mailto:janani.m182004@gmail.com4
mailto:bhagyashreepremnath@gmail.com


 

International Research Journal on Advanced Engineering 

and Management 

https://goldncloudpublications.com 

https://doi.org/10.47392/IRJAEM.2026.0085 

e ISSN: 2584-2854 

Volume: 04 Issue: 03 

March 2026 

Page No: 535 - 542 

 

   

                        IRJAEM 536 

 

maintain electricity production when solar energy 

availability decreases. Wind energy represents 

another widely utilized renewable resource capable 

of generating electricity through the conversion of 

kinetic energy present in moving air. Small-scale 

wind turbines capture wind flow through rotating 

blades connected to electrical generators, thereby 

producing electrical power that can be stored or 

directly utilized by connected devices. Unlike solar 

power systems, wind turbines are capable of 

generating electricity during both daytime and 

nighttime periods as long as sufficient wind speed is 

present. Consequently, wind energy has often been 

considered a suitable companion technology for solar 

energy systems. The complementary nature of solar 

and wind resources allows hybrid renewable energy 

systems to achieve greater reliability compared to 

single-source energy systems. When solar radiation is 

insufficient, wind energy may still contribute to 

electricity generation, thereby improving the 

continuity of power supply under varying 

environmental conditions. Hybrid renewable energy 

systems combine multiple energy sources in order to 

enhance system reliability, efficiency, and overall 

energy availability. By integrating solar and wind 

technologies within a single framework, hybrid 

systems can exploit the strengths of each resource 

while compensating for their individual limitations. 

Such systems are particularly beneficial for portable 

and decentralized power applications where 

uninterrupted energy generation is essential. Over the 

past decade, hybrid renewable configurations have 

been explored in a wide range of applications 

including rural electrification, environmental 

monitoring stations, and autonomous outdoor 

equipment. In addition to improving energy 

reliability, hybrid systems also contribute to 

sustainable development goals by reducing carbon 

emissions and promoting environmentally friendly 

energy practices. Recent advancements in compact 

electronics and embedded systems have further 

enabled the development of portable renewable 

energy solutions for everyday applications. The 

integration of microcontrollers, energy storage 

modules, and intelligent control circuits has made it 

possible to design lightweight and cost-effective 

power systems capable of operating in diverse 

environments. Energy storage devices such as 

rechargeable batteries play a crucial role in these 

systems by storing the electricity generated from 

renewable sources and supplying power when 

generation temporarily decreases. However, efficient 

management of energy flow between generation 

sources and storage units is essential to ensure 

optimal system performance and prevent issues such 

as battery overcharging or inefficient energy 

utilization. To address these challenges, modern 

renewable energy systems increasingly incorporate 

smart energy management mechanisms that monitor 

power generation and regulate battery charging 

processes. These control systems typically rely on 

microcontroller-based logic to evaluate the 

availability of energy from different sources and 

determine the most efficient charging strategy. By 

dynamically managing energy distribution, such 

systems improve power utilization and enhance the 

operational reliability of renewable charging stations. 

Smart energy management therefore plays a critical 

role in enabling portable hybrid energy systems to 

function effectively in real-world environments. 

Motivated by these technological developments, this 

work presents the design and implementation of a 

hybrid wind–solar mobile charging station equipped 

with a microcontroller-based smart energy 

management unit. In the proposed system, electrical 

energy is generated using a solar photovoltaic panel 

and a compact wind turbine. The generated energy is 

stored in a rechargeable battery and supplied to 

mobile devices through regulated charging ports. The 

smart energy management controller continuously 

monitors the availability of solar and wind energy and 

optimizes the battery charging process accordingly. 

By combining multiple renewable energy sources 

with intelligent energy management, the proposed 

system aims to provide a portable, environmentally 

friendly, and reliable solution for charging electronic 

devices in remote locations, outdoor environments, 

and emergency situations. 

2. Proposed System 

2.1.System Overview 

The proposed hybrid mobile charging station 

integrates renewable energy generation, energy 
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storage, and intelligent power management within a 

compact and portable architecture. The system is 

designed to provide reliable electrical power for 

charging portable electronic devices in locations 

where conventional grid electricity may not be 

available. 

 

 
Figure 1 Block Diagram of Hybrid Solar–Wind 

Renewable Energy Charging System. 

 

By combining multiple renewable energy sources 

with a regulated energy storage mechanism, the 

system ensures continuous and stable power delivery 

under varying environmental conditions. The overall 

architecture of the charging station is composed of 

several functional modules responsible for energy 

generation, power regulation, storage, and 

distribution. The primary energy sources in the 

system are a solar photovoltaic panel and a small-

scale wind turbine. The photovoltaic panel converts 

solar radiation into direct current (DC) electricity, 

while the wind turbine generates electrical energy by 

harnessing the kinetic energy of moving air. Since the 

availability of solar and wind energy may vary 

depending on environmental conditions, integrating 

both sources within a hybrid framework significantly 

improves the reliability of power generation. Energy 

generated from the renewable sources is first directed 

to a hybrid charge controller that regulates voltage 

and manages the charging process of the battery 

storage unit. The charge controller plays a crucial role 

in protecting the battery by preventing excessive 

charging and ensuring that the electrical parameters 

remain within safe operational limits. The electrical 

energy is then stored in a rechargeable battery system 

that acts as an intermediate energy reservoir, allowing 

the system to provide power even during periods 

when renewable energy generation temporarily 

decreases. In addition to energy storage, the proposed 

system incorporates a voltage regulation circuit that 

converts the stored energy into a stable output 

suitable for charging mobile devices. This regulation 

stage ensures that fluctuations in input voltage from 

renewable sources do not affect the charging 

performance of connected devices. Finally, the 

regulated output is delivered through universal serial 

bus (USB) charging ports, enabling users to 

conveniently charge smartphones, tablets, and other 

portable electronic devices. 

The major components used in the system include: 

 Photovoltaic solar panel 

 A generator of wind turbines 

 A hybrid charge controller 

 Storage for rechargeable batteries 

 An energy management system based on 

microcontrollers 

 Circuit for regulating voltage 

 Ports for USB charging 

Together, these components form an integrated 

renewable energy charging station capable of 

operating independently of conventional electrical 

infrastructure. 

2.2.Innovation: Smart Energy Management 

A key innovation introduced in the proposed system 

is the implementation of a microcontroller-based 

smart energy management module designed to 

optimize energy utilization and enhance the 

operational efficiency of the hybrid charging station. 

The energy management unit continuously monitors 

the electrical output generated by both the solar panel 

and the wind turbine and determines the most 

effective strategy for charging the battery storage 

system. Unlike conventional renewable charging 

systems that rely on simple charge regulation, the 

proposed energy management module incorporates 

intelligent control logic that dynamically prioritizes 
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energy sources based on their availability and output 

conditions. 

 

 
Figure 2 Hybrid Renewable Energy Management 

System Integrating Solar and Wind Power 

 

Sensors and monitoring circuits measure the voltage 

and current levels produced by each renewable 

source and transmit this information to the 

microcontroller. The controller then analyzes the 

incoming data and determines the most suitable 

method for directing energy flow within the system. 

During periods of strong sunlight, the controller 

prioritizes the solar photovoltaic panel as the primary 

source of energy for charging the battery. Solar 

energy typically provides a stable and consistent 

power supply during daylight hours, making it an 

efficient charging source under favorable weather 

conditions. When wind speeds increase beyond the 

operational threshold of the turbine, the wind 

generator begins contributing additional electrical 

power to the system. In such situations, the energy 

management unit allows the wind turbine to 

supplement the solar-generated energy. When both 

solar radiation and wind flow are available 

simultaneously, the microcontroller enables 

combined energy harvesting from both sources. This 

hybrid charging operation allows the battery to 

accumulate energy more rapidly, thereby improving 

the overall efficiency of the system. In addition to 

optimizing energy harvesting, the smart energy 

management module also performs essential 

protective functions such as preventing battery 

overcharging, monitoring voltage stability, and 

regulating energy distribution to the output stage. By 

dynamically controlling the flow of energy between 

renewable sources, storage units, and output 

interfaces, the smart energy management system 

significantly improves the reliability and 

performance of the charging station. The automated 

control mechanism ensures efficient utilization of 

available renewable resources while maintaining safe 

operating conditions for the battery and connected 

electronic devices. As a result, the proposed hybrid 

charging station demonstrates a practical and cost-

effective approach for delivering sustainable 

electrical power in remote environments, outdoor 

locations, and emergency situations. 

 

 
Figure 3 Smart Energy Management 

Architecture 
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3. Mathematical Model 

Solar Power Generation 

 

The electrical power generated by a solar panel can 

be estimated using the equation: 

𝑃𝑠𝑜𝑙𝑎𝑟 = 𝐴 × 𝐺 × 𝜂 
 

Where: 

 𝑃𝑠𝑜𝑙𝑎𝑟= Solar power output (W) 

 𝐴= Surface area of the solar panel (m²) 

 𝐺= Solar irradiance (W/m²) 

 𝜂= Efficiency of the solar panel 

Wind Power Generation 

The power generated by the wind turbine is 

calculated using: 

𝑃𝑤𝑖𝑛𝑑 =
1

2
𝜌𝐴𝑣3𝐶𝑝 

 

Where: 

 𝜌= Air density (kg/m³) 

 𝐴= Swept area of turbine blades (m²) 

 𝑣= Wind velocity (m/s) 

 𝐶𝑝= Power coefficient of the turbine 

4. System Operation 

The operation of the proposed hybrid renewable 

mobile charging station is carried out through a 

sequence of coordinated stages involving energy 

generation, storage, management, and distribution. 

The system is designed to efficiently convert 

naturally available environmental resources into 

usable electrical power that can be supplied to 

portable electronic devices. By integrating renewable 

energy sources with intelligent control mechanisms, 

the charging station ensures stable power availability 

even when environmental conditions fluctuate. In the 

initial stage of operation, electrical energy is 

generated using renewable energy sources. The solar 

photovoltaic panel converts incident sunlight into 

direct current (DC) electricity through the 

photovoltaic effect occurring within semiconductor 

materials. When solar radiation falls on the surface of  

the photovoltaic cells, electrons are excited and begin 

to flow through the circuit, producing electrical 

current. Simultaneously, the wind turbine generates 

electrical energy by capturing the kinetic energy of 

moving air. As wind flows across the turbine blades, 

the blades rotate and drive a small generator that 

converts mechanical motion into electrical power. 

Since solar radiation and wind speed vary throughout 

the day, the hybrid configuration allows the system to 

generate energy whenever at least one of the 

environmental resources is available. Once electrical 

energy is produced by the renewable sources, it is 

routed through a hybrid charge controller responsible 

for regulating the voltage and current supplied to the 

storage unit. The charge controller ensures that the 

electrical parameters remain within safe limits and 

prevents potential damage to the battery caused by 

excessive charging or voltage fluctuations. By 

stabilizing the input power from both the solar panel 

and the wind turbine, the controller maintains a 

consistent and safe charging process for the energy 

storage system. The regulated electrical energy is 

then directed to a rechargeable battery that serves as 

the primary energy storage component of the 

charging station. The battery accumulates the 

generated electrical power and stores it for later use 

when renewable energy production temporarily 

decreases due to environmental conditions. During 

this stage, the microcontroller-based smart energy 

management module continuously monitors the 

incoming power from the renewable sources as well 

as the charging status of the battery. Based on the 

monitored data, the controller regulates the charging 

process to ensure efficient energy utilization and 

prevent battery overcharging or energy loss. In the 

final stage of operation, the stored electrical energy is 

delivered to connected devices through a regulated 

output interface. A voltage regulation circuit converts 

the battery output into a stable voltage suitable for 

mobile device charging. The regulated output is then 

supplied to universal serial bus (USB) charging ports, 

allowing users to conveniently charge devices such as 

smartphones, tablets, and other portable electronic 

equipment. The voltage regulation stage ensures that 

the charging process remains safe and consistent 

regardless of fluctuations in the stored battery 
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voltage. Through this multi-stage operational 

process, the hybrid renewable charging station 

effectively converts environmental energy into 

usable electrical power and delivers it in a stable and 

controlled manner. The integration of solar and wind 

energy generation, combined with intelligent energy 

management and regulated power output, enables the 

system to function as a reliable and sustainable 

charging solution for remote locations, outdoor 

environments, and emergency situations. 

5. Results and Discussion 

 

 
Figure 4 Hybrid Charging Station 

 

The performance of the proposed hybrid wind–solar 

mobile charging station was evaluated by analyzing 

the electrical power generated by the renewable 

energy sources as well as the efficiency of the energy 

storage and management system. Experimental 

observations were conducted under typical 

environmental conditions to assess the capability of 

the system to generate and store sufficient electrical 

energy for charging portable electronic devices. The 

solar photovoltaic panel integrated into the system 

has a rated capacity of 10 W. During testing, the 

panel was exposed to outdoor sunlight conditions 

with an average solar irradiance of approximately 

800 W/m², which represents moderate to strong 

daylight intensity commonly experienced in open 

environments. Under these conditions, the 

photovoltaic panel produced an output power ranging 

between 7 W and 9 W. Minor variations in the output 

power were observed due to fluctuations in sunlight 

intensity caused by temporary cloud cover and 

changes in the angle of solar incidence. Despite these 

variations, the solar panel demonstrated stable energy 

generation during daylight hours and served as the 

primary power source for the charging station during 

periods of sufficient solar radiation. In addition to 

solar energy generation, the system also incorporated 

a small wind turbine to supplement electrical power 

production. The wind turbine begins generating 

electricity when the wind speed exceeds the cut-in 

speed of approximately 3 m/s, which represents the 

minimum airflow required to initiate blade rotation 

and electrical generation. During experimental 

observations, moderate wind conditions ranging 

between 5 m/s and 6 m/s were recorded. At these 

wind speeds, the turbine produced electrical power in 

the range of 3 W to 5 W. Although the power output 

of the turbine was lower than that of the photovoltaic 

panel, it provided a valuable secondary energy source 

that contributed to the hybrid system during periods 

when wind flow was present. When both renewable 

energy sources were active simultaneously, the 

hybrid configuration enabled combined energy 

harvesting from both the solar panel and the wind 

turbine. Under favorable environmental conditions 

characterized by adequate sunlight and moderate 

wind speed, the total electrical power generated by 

the system reached an estimated maximum output of 

approximately 10 W to 12 W. This combined 

generation capability demonstrates the advantage of 

hybrid renewable systems, as the integration of 

multiple energy sources helps compensate for 

fluctuations in individual resource availability. The 

electrical energy produced by the renewable sources 

was stored in a 12 V rechargeable battery, which 

functions as the central energy storage component of 

the charging station. The battery accumulates 

electrical energy during periods of active generation 

and supplies power to connected devices when 

renewable energy production decreases temporarily. 

The presence of an energy storage unit is essential for 

ensuring a stable and continuous power supply, 

particularly in outdoor environments where solar 

radiation and wind conditions may vary throughout 

the day. The system also incorporates a 

microcontroller-based smart energy management 

controller that continuously monitors the input 

power from both renewable sources and regulates the 
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battery charging process. The controller ensures that 

the charging voltage remains within safe operational 

limits and prevents potential battery damage caused 

by overcharging or excessive current flow. By 

dynamically managing the charging process and 

coordinating the input from multiple energy sources, 

the energy management system enhances the overall 

efficiency and reliability of the hybrid charging 

station. Experimental evaluation of the charging 

performance indicated that the stored electrical 

energy was sufficient to recharge a standard 

smartphone battery with a capacity of approximately 

3000 mAh. Under normal operating conditions, the 

charging time required to fully recharge the 

smartphone ranged between 1.5 and 2 hours, 

depending on the level of renewable energy 

generation available during the charging period. 

When both solar and wind sources contributed 

simultaneously to energy generation, the charging 

process occurred more rapidly due to the increased 

power availability. Overall, the experimental results 

demonstrate that the proposed hybrid renewable 

energy charging station is capable of providing 

reliable and sustainable electrical power for portable 

electronic devices. The integration of solar and wind 

energy sources significantly improves system 

reliability by ensuring that electricity generation can 

continue under varying environmental conditions. 

Consequently, the hybrid charging station represents 

an effective and environmentally friendly solution for 

providing portable electricity in remote areas, 

outdoor locations, and off-grid environments 
where conventional power infrastructure is limited or 

unavailable. 

 

 
Figure 5 Graph 

Table 1 System Performance 

Parameter Value 

Solar Panel Rating 10 W 

Wind Turbine Output 3–5 W 

Maximum Hybrid Output 12 W 

Battery Voltage 12 V 

Smartphone Charging Time 1.5–2 hours 

 

6. Future Scope 

The suggested hybrid charging station can be 

improved even further by combining cutting-edge 

technology. One potential improvement is to use 

Internet of Things (IoT) technology to monitor 

energy generation, battery state, and system 

performance in real time. Users will be able to 

remotely monitor the charging station using a mobile 

application.Another innovation might be to install 

autonomous solar tracking devices that modify the 

solar panel's orientation to maximise sunlight 

exposure. This would considerably boost energy 

generating efficiency. Future study might also work 

on incorporating higher-capacity battery storage 

systems and expanding the system to handle more 

devices, such as laptop computers and emergency 

communication equipment. These modifications 

would strengthen the proposed system's adaptability 

and practical usefulness. 

Conclusion 

This report described the concept of a hybrid wind-

solar mobile charging station that provides portable 

and sustainable power. The system, which includes 

solar photovoltaic panels and a wind turbine, 

provides increased energy output in a variety of 

environments. The installation of a microcontroller-

based smart energy management module improves 

system performance by optimising energy use and 

safeguarding the battery during charging. The 

suggested charging station highlights the usefulness 

of hybrid renewable energy systems for portable 

power applications. Future advances may include 

IoT-based monitoring and enhanced energy storage 

technologies to increase system efficiency.   
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