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Abstract

This project focuses on the design and development of a small-scale wind turbine generator aimed at providing
sustainable, off-grid power solutions. The generator is designed to efficiently harness wind energy and store it
in a power bank for charging small electronic devices such as smart phones, portable lamps, and other off-grid
appliances. By utilizing the waterfall methodology, the project ensures a structured approach to design,
development, testing, and deployment. Key components of the system include anemometers, digital voltmeters,
and a voltage regulator to monitor wind conditions, optimize energy generation, and maintain safety. The
research emphasizes the integration of blade design optimization and performance monitoring to enhance the
efficiency of the wind turbine, while also considering portability and ease of use. The study demonstrates the
feasibility of using small-scale wind turbines as reliable energy sources for remote and off-grid areas,
showcasing the potential for wind power in addressing the global demand for renewable energy solutions.
Keywords: Small-scale wind turbines, Off-grid power systems, Portable wind turbines, Blade design

optimization, Wind turbine efficiency.

1. Introduction
The development of small-scale renewable energy systems has gained significant attention as a viable solution
to address the growing global demand for clean, sustainable power sources. Among these, wind energy stands
out as one of the most promising alternatives due to its abundance and minimal environmental impact [1]. This
project focuses on the design and development of a wind turbine generator that utilizes the waterfall
methodology, providing a structured and systematic approach to creating an efficient, portable energy solution.
The aim is to harness wind energy to generate electricity and store it in a power bank, offering a practical and
eco-friendly solution for powering small electronic devices like smartphones, portable lamps, and other off-grid
appliances. By following the sequential phases of requirements gathering, system design, testing, and
deployment, the project ensures that each component is optimized for functionality and user needs. The
integration of essential tools such as anemometers and digital voltmeters ensures that real-time data on wind
speed and energy conversion efficiency is accurately monitored, enhancing both performance and safety [2].
This project not only demonstrates the feasibility of small-scale wind turbines as a reliable alternative energy
source but also highlights the importance of understanding wind conditions and site selection to maximize

energy generation and ensure long-term sustainability.
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2. Literature Review

The design and development of wind turbine generators have become critical in advancing renewable energy

solutions, particularly for off-grid applications. Wind energy, as a sustainable resource, offers significant

potential for clean power generation. A growing body of research explores innovative methods to enhance wind

turbine efficiency, portability, and adaptability. This literature review examines various approaches to wind

turbine design, including materials, power storage integration, and performance optimization. Additionally, it

highlights advancements in monitoring technologies that ensure efficient energy conversion and sustainability

for small-scale, user-friendly wind turbine systems.

Summary of Literature Review

Author’s  Work Done Findings
Advancements in Small-Scale Wind Focuses on innovations in turbine design and
Patel, R. [Turbine Technology for Off-Grid power generation for  off-grid  systems,
(2024) Power Systems highlighting enhanced efficiency and portability.
Optimization of Blade Design for Discusses computational methods for optimizing
Wang, L. Portable  Wind Turbines: A plade shapes, resulting in improved performance
(2023) Computational Approach in portable turbines.
Performance Evaluation of Integrated Evaluates the integration of power storage,
Zhao, Y. [Power Storage in Small Wind Turbine demonstrating improved reliability and extended
(2022) Systems operational time for small turbines.
Design and Simulation of a Small Explores the design and simulation of residential-
Verma, R. Wind  Turbine  Generator  for scale turbines, indicating the potential for cost-
(2021) Residential Applications effective energy solutions in households.
Experimental Study on Wind Turbine [Investigates turbine efficiency in remote areas,
Kim, H. Efficiency for Remote Area Power showing that higher efficiency is achievable with
(2021) Supply optimal turbine placement.
Wind Turbine Generator Performance [Demonstrates how aerodynamic optimization of
Lee, S. Enhancement through Aerodynamic blades increases turbine performance, especially in
(2020) Blade Shape Optimization low-wind conditions.
Highlights control systems in small turbines,
Gupta, S. Design and Control of Small Wind gnhancing their reliability and efficiency in off-
(2019) [Turbines for Off-Grid Applications grid applications.
Techniques for Improving the Reviews various techniques for improving turbine
Lemoine, [Efficiency of Small Wind Turbines: A pfficiency, including mechanical and aerodynamic
D. (2018) [Review enhancements.
Focuses on energy storage systems that
complement small wind turbines, ensuring a
Ali, M. Energy Storage Systems for Small- steady power supply even when wind conditions
(2017) Scale Wind Turbine Applications are not optimal.
Bendre, R. Wind Speed Analysis and Site Analyzes wind speed data and suggests optimal
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(2017) Selection for Small-Scale Wind site selection for efficient wind turbine
Turbine Systems deployment in remote areas.

Development of a Hybrid Renewable Proposes a hybrid system combining wind and
Soni, A. Energy System Using Small Wind solar energy, enhancing overall energy production

(2017) Turbines and Solar Panels in off-grid locations.

Development of a Portable Wind Develops a portable wind generator, offering a
Kumar, P. Energy Generator for Off-Grid practical solution for off-grid energy needs in

(2016) Applications remote locations.

Design and Testing of a Small Wind
Tsali, J. [Turbine Generator for Remote Power Focuses on designing a small wind turbine for
(2016) Supply remo

Research Gap

While small-scale wind energy systems have gained attention as sustainable power sources, there remains a gap
in optimizing these systems for diverse environmental conditions. Specifically, further research is needed on the
impact of varying wind speeds on efficiency, the integration of energy storage solutions, and the design of
compact, portable systems for off-grid applications. Additionally, the role of real-time monitoring tools and
precise site selection in enhancing system performance and sustainability presents an opportunity for deeper

exploration in small-scale wind turbine technology.

3. Methodology
The waterfall method, a sequential approach, ensures that each phase of the project begins only after the
preceding phase is completed [3]. This method is particularly effective when the project objectives are well-
defined and clearly articulated. In the requirements phase, the focus is on identifying the desired power output of
the wind turbine generator to support devices such as smartphones, portable lamps, and fans. Portability
specifications are also addressed, including considerations for size, weight, and the ease of folding and setting
up components. During the design phase, critical decisions are made regarding the dimensions and shape of the
blades, the structure of the housing (Nacelle and Tower), and the configuration of the DC generator, all while
ensuring the system remains portable. The building phase involves sourcing materials for the blades and
generator and assembling these components to construct a functional prototype of the wind turbine. This phase
also includes an initial analysis to examine the prototype’s structural and functional integrity. In the testing
phase, the prototype is rigorously evaluated under various wind speeds to verify its performance, ensure it meets
the outlined requirements, and adhere to safety standards. Finally, the deployment and maintenance phase
provides guidelines for installation and operational use across different environments [4]. User feedback is
collected to inform potential refinements and improve system usability. This structured approach ensures a

systematic and reliable process for the design and development of a wind turbine generator.
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Figure 1 Process Flow for the Design and Development of a Wind Turbine Generator
The researchers employed snowball sampling to survey campers and hikers with prior experience in camping
and hiking, defined as participating in such activities three or more times. Snowball sampling, also known as
chain or network sampling, is a non-probability sampling technique where existing participants recruit new
participants into the study. This method is particularly advantageous for identifying individuals with specific,
hard-to-locate characteristics, such as those engaging in specialized activities or possessing rare expertise. The
process begins with one or more initial participants and expands through their referrals, gradually increasing the
sample size until the desired representation or saturation point is achieved.
4. Result & Discussion
Flowchart: A detailed flowchart accompanies the design of the wind turbine with an integrated power bank,
showcasing the innovation and efficiency of the system. The diagram provides a clear, step-by-step visualization
of the turbine’s operation and its integration with the power bank. Each stage of the flowchart highlights key
processes and interactions, demonstrating the thoughtful engineering and seamless functionality of the device.
This visual representation not only enhances understanding of the system but also reflects the meticulous
planning and execution involved in the development of a compact, integrated wind turbine generator with a
power bank [5].
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Figure 2 Diagram of the Wind Turbine Generator Integrated with Power Bank.
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Single Line Diagram: The single-line diagram illustrates a system designed to harness wind energy and convert
it into usable electricity. The process begins with the wind turbine's rotating blades, which capture wind energy
and generate mechanical energy. This mechanical energy is then converted into electrical energy by a DC
generator. A volts/amperes indicator measures the generated electricity to monitor its output. The electricity
then flows to a voltage regulator, which ensures it is adjusted to appropriate levels for charging a battery. The
battery serves as an energy storage unit, holding the converted wind energy for later use. Finally, a USB port is
connected to the system, enabling the stored energy to charge electronic devices such as smartphones, portable
lamps, and fans [6]. This diagram represents an efficient and portable solution for transforming wind energy into

storable and accessible power for everyday electronic needs.

Wind Turbine
8\
I\
[

‘ | DC Generator

WI N D II' / :{’é\ II\«'OI:S-'NHPWE‘?

- |
'f.g — ] 1 Indicator

# {3\ e |
| 1

DC Converter ‘
|

-

d

induj o adA|
3 +

Figure 3 Single Line Diagram (Electrical & Mechanical Parts).

Equations: The turbine blades are pivotal in efficiently harnessing wind energy for the wind turbine generator.
To maximize the capture of kinetic energy from the wind, it is essential to optimize the blade design.

The blade size can be calculated using the following formula:

2+ Wind speed = R
m+TSR

Blade Length =

Where:

Wind Speed = is the average wind speed in m/s
R = is the radius of the turbine rotor in meters
TSR = is the tip speed ratio

To determine the watts and RPM of the DC Generator using the formulas:

Rated Capacity * Average Voltage

D Generator = 1000

i WS+ 5280
m+D w60

Where:

WS = is the wind speed in miles per hour

D = is the diameter in ft

To determine the Stand Height using the formula:
F 4

7

Stand height = ;

Where:
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V = is the velocity (m/s)

G = is the gravity (m/s2)

Portable Charger: A portable charger, or power bank, is a compact, battery-powered device designed to store
energy for recharging electronic devices without the need for an electrical outlet [7]. It is especially useful for
travel, outdoor activities, and camping. These devices come in a range of sizes and capacities to suit different
energy needs.

To calculate the capacity of the power bank, the following formula can be used:

Total watts of the loads * 100 mA * Number of Hours

Power Bank Capacity = 5 volts (14)
5 volts

Where:

Total watts of the loads = is the combined power consumption of all devices connected.

Number of hours = is the number of hours that the power bank used.

Components and Functions

Voltage Regulator: The voltage regulator serves as the monitoring and adjustment device for the DC
generator's voltage output. It ensures that the output is regulated to 5 volts, which is the required input for the
power bank. This component plays a crucial role in maintaining compatibility and safety for charging the power
bank.

Anemometer: The anemometer is used to measure wind speed and is integrated into the wind turbine generator.
It provides users with real-time information about wind conditions, indicating whether the wind speed in their
location is sufficient for power generation. Additionally, it acts as a protective feature by alerting users if the
wind speed is too strong, potentially preventing damage to the product [8].

Digital Voltmeter Ammeter: This device measures and displays the voltage and current generated by the DC
generator. It is incorporated into the system to provide users with real-time data on the generated volts and
amperes. This information helps users determine if the output is adequate for charging the power bank and
serves as a safety mechanism by indicating if the voltage or current exceeds the product’s designed capacity [9].
The efficiency of the generator in converting wind power to electrical power is equivalent to the power

coefficient and can be represented by:

noverall = (Z2=t) 19

wind

Where:

Pelectrical= Electrical Power generator by DC generator (in watts)

Pwind= is the power extracted from the wind (in watts or any other power unit).

Calculating Kinetic Energy from Wind: The kinetic energy extracted from the wind can be estimated using
specific formulas. It is important to recognize that these calculations provide an approximation, as the actual
wind power generation is influenced by various factors such as wind direction, turbulence, and the unique
design features of the wind turbine.

The power available in the wind can be determined using the following formula:
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Pwind=> ApV3

Where:
P is the power extracted from the wind (in watts or any other power unit),
A is the area intercepted by the wind turbine blades (4 = mr2) (in square meters),
p is the air density (in kilograms per cubic meter) (1.293 kgm—3),
V is the wind speed (in meters per second),
Design: As illustrated in the prototype, the wind speed is measured using an integrated anemometer. Tail fins
are added to ensure the turbine consistently faces the wind, optimizing energy capture. The prototype consists of
three blades, each 38 cm in length, designed to harness wind energy efficiently [10]. The captured wind energy
drives a 200-watt DC generator, which converts mechanical energy into direct current (DC) electricity. The DC
generator operates with the following specifications: 220V, a maximum rotational speed of 5000 rpm, and a
maximum power output of 40W. The electricity generated flows through cables into a digital VVolts/Ampere
indicator, which provides real-time readings of voltage and current. This enables monitoring to ensure the
system operates safely and within optimal performance parameters. To regulate the output, a voltage regulator
adjusts the DC generator's voltage to 5 volts, which is ideal for charging the power bank. The power bank has a
capacity of 40,000 mAh, achieved by incorporating ten Li-Polymer batteries. Each battery is rated at 4000 mAh,
with a voltage range of 3.2V to 4.2V per cell. The batteries are connected in parallel, resulting in a combined
voltage of 12 volts. The stored energy can then be accessed through USB ports, allowing charging cables to
connect and power electronic devices.
Components:

e  Power Bank

e DC Generator

e Tail Fin
° Blades
e Stand

¢ Voltage Regulator
e Anemometer

e Digital Voltmeter Ammeter
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Daily Average Wind Speed & Overall Efficiency
From: Day | to Day 5
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Figure 4 Daily Overall Efficiency.

Efficiency Analysis: The overall efficiency of the wind turbine generator was calculated using the formula:

- -pl sctrica
Overall Efficiency = # x 100

“wined

As shown in Figure 7, wind speeds ranged from 3.01 m/s to 4.65 m/s. The overall efficiency of the wind power

bank during this range averaged between 49.74% and 67.20%. The analysis demonstrates a clear correlation

between wind speed and overall efficiency [11]. Higher wind speeds consistently correspond to greater

efficiency in energy conversion. The highest overall efficiency, recorded at 67.20%, was achieved at a wind

speed of 4.65 m/s. This highlights the importance of optimal wind conditions for maximizing the performance

of the wind turbine generator [12].

Table 1 The averages of wind speed (m/s), voltage and current.

Wind
Day Voltage | Current
Speed
Day 1 3.88 m/s 5V 243 A
Day 2 4.65 m/s 5V 43 A
Day 3 3.39m/s 5V 1.17 A
Day 4 3.01 m/s 5V 0.74 A
Day 5 3.37m/s 5V 1.04 A
Table 2 The averages of Wind power (input), Electrical generator (output) and overall efficiency.
) Electrical
Wind Power Overall
Day Generator o
(Input) Efficiency
(Output)
Day 1 18.04 W 12.14 W 58.81%
Day 2 29.21W 215W 67.20%
Day 3 10.40 W 6.07 W 55.50%
Day 4 720 W 3.71W 49.74%
Day 5 9.52W 521w 53.56%
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As shown in Table 1, the average voltage and current for the 5-day period (from 10 a.m. to 5 p.m.) are sufficient
to meet the required voltage and current for the wind power bank [13]. The data demonstrates that the system
can generate enough electricity to charge devices, even at the minimum wind speed of 3.01 m/s, providing at
least 5V and 0.74A. Table 2 presents the averages of wind power (input), electrical generator (output), and
overall efficiency. The results reveal that these values vary due to the dependency on wind speed. Specifically,
higher wind speeds lead to greater power generation and improved efficiency. In summary, as wind speeds
increase, the system can generate more electricity, enabling it to charge mobile phones and power both a lamp

and a small fan more effectively [14].

5. Conclusion

In conclusion, the design and development of the wind turbine generator utilizing the waterfall methodology
provided a systematic and reliable approach to creating an efficient, portable energy solution. The sequential
phases of the project, from requirements gathering to deployment, ensured that each critical component was
thoroughly designed, tested, and optimized for functionality and user needs. The integration of a power bank
with the turbine system demonstrates a practical solution for harnessing wind energy to power everyday
electronic devices, such as smartphones and portable lamps. The testing phase revealed a direct correlation
between wind speed and overall efficiency, with higher wind speeds yielding greater energy conversion. The
system demonstrated an average overall efficiency ranging from 49.74% to 67.20%, indicating the potential for
reliable performance under varying wind conditions. The use of anemometers and digital voltmeters enhanced
real-time monitoring, ensuring safe operation and facilitating adjustments to meet energy demands. The findings
validate the practicality of small-scale wind turbines as a viable alternative energy source, capable of providing
essential power in off-grid environments. The study also highlights the importance of wind conditions in
optimizing system performance, underscoring the need for appropriate site selection to maximize energy
generation and ensure sustainability in the long term.
Future Scope

e Refining turbine blades for better performance, especially at lower wind speeds.

e  Combining wind energy with solar power for a more consistent energy supply.

e Improving battery technologies for higher capacity and faster charging.

e Adding loT-based monitoring for real-time performance tracking and optimization.
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