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THE DEVELOPMENT OF SMALL-SCALE WIND TRUBINE FOR VOLTAGE GENERATION



ABSTRACT 

	The continuous use of fossil fuel and the effects on humans and animals demands for sustainable renewable energy alternatives. Wind energy offers a promising solution as it is available everywhere, inexhaustible, and can be accessed anytime for the continuous generation of electricity to power homes and electrical devices. A small-scale horizontal axis wind turbine (HWT) was developed to assess its voltage generation potential. The turbine was installed at the Center for Renewable Energy Technology of the Federal University of Technology Akure, Nigeria. Mounted at a height of 5 m and fitted with a DC dynamo rated at 12 V at 4350 rpm, operating directly without any mechanical multiplier system. The three months of December, 2023, January, 2024 and February, 2024 under investigation showed that the month of December recorded the lowest voltage (3.9 V) at 13.00 hrs of the day while the highest voltage  (4.5 V) was recorded at 18.00 hrs of the day.  The month of January has a voltage of 4.14 V at 13.00 hrs and 4.95 V at 6.00 hrs of the day. For the month of February, a voltage of 4.12 V was recorded at 12.00 hrs, while a maximum voltage of 4.95 V was observed at 6.00 hrs of the day.  A consistent voltage value of between  4.5 V and 4.95 V were recorded in the month of January. Similar downward trends of between 4.8 and 4.5 V were recorded in the month of February. For the three months of experimentation, a maximum voltage value of 4.95 V was obtained at wind gust speed of 4.8 m/s at 188 degrees South West (SW) on the cardinal points. The result of this investigation revealed that the low wind speed in the study area resulted in the low voltage generated. This low voltage can be increased by incorporating a buck boost converter and a mechanical multiplier before storage in the battery.
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1. INTRODUCTION 
[bookmark: _Hlk186358888]The growing electricity demand and the environmental issues generated by its production process through fossil fuel use have led to the need to reduce CO2 emissions globally and the renewable energy use is the best option. Paraschiva et al. (2022). Renewable energy sources include solar, wind, hydro etc. Wind energy, one of the most well-known renewable energy sources, has been widely used in various parts of the world. Wind power is virtually limitless, clean, and environmentally friendly. Attabo et al. (2023)
[bookmark: _Hlk186358956][bookmark: _Hlk195599992]The wind is the fastest growing, clean, abundant, and reliable source as it does not affect the environment. Jalal And Ali, (2022)
[bookmark: _Hlk186359012]Wind therefore is air in motion. To covert the kinetic energy of the wind to mechanical energy to generate electricity and other forms of utility requires a device known as wind turbine.
[bookmark: _Hlk186359044][bookmark: _Hlk195600023][bookmark: _Hlk186359086]There are two types of wind turbines: horizontal axis wind turbines (HAWT) and vertical axis wind turbines (VAWT). Aboelezz et al. (2022) is presented in Fig.1.
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[bookmark: _Hlk186359239]Fig,1.  Wind Turbine Types: HAWT and VAWT
Source : Hossain, (2023).
[bookmark: _Hlk186359389]
For rural electrification or isolated areas, small wind turbines can be used on a stand-alone basis for battery charging or can be combined with other supply options (e.g., solar and/or diesel) in hybrid systems. Another advantage of small scale wind turbine is that it can be established in smaller units in rural communities.
[bookmark: _Hlk186359472]Wind speed is the most crucial factor in wind energy, and the available wind speed in Nigeria varies with season and location. Many researchers have investigated the average wind speed in Nigeria, and most of them concluded that the available wind speed in the Northern part of the country is viable for electricity generation. (Ohunakin 2010, Ikem et al., 2016; Sambo, 2009; Vincent and  Yusuf, 2014 and Akuru et al. (2017). report the wind potential, with an annual mean wind speed of about 4.0 m/s in the far North and about 2.0 m/s in the Southern coastal region at the height of 10 m. as presented  in Fig.2
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[bookmark: _Hlk186359598]Fig.2 . Wind potential with velocity Variations across Nigeria. 
Source: Yusuf (2023).  
[bookmark: _Hlk186359716]
The increasing level of growth and development of wind energy technology is made possible by the efforts of researchers across the globe. These efforts are geared toward seeking ways to improve the system’s generation capacity by enhancing the aerodynamic performance of the blade shape.
[bookmark: _Hlk186359840]Adopting wind energy for power generation, however, requires the knowledge of its resource availability in a particular space and time. This is because wind power potentials are location-specific due to the nonlinearity of its availability in space and time. . Currently, Nigeria does not produce a relatively large amount of wind energy; however, the demand for energy occasioned by increased population and industrialization has pushed the limits for the country to critically examine sites suitable for wind energy harvest. Considering the energy deficit in Nigeria, some studies have reported that the use of wind energy is marginal and can be used for water pumping and electricity generation.  Attabo et al. (2023). 
[bookmark: _Hlk186360106]Owing to the low wind speed characteristics in some locations in Nigeria, several works have been done in terms of wind turbine design modification, so as to help harness the available wind resource within the locations.
[bookmark: _Hlk186360136]Previous research efforts on small scale wind turbine includes : Osadolor et al. (2016) developed a small scale wind turbine to generate 245w at a rated windspeed of 6.5m/s, the limitation is that the turbine parameters has to be modified if to be used at other locations.
[bookmark: _Hlk186360266]Adetunla et al. (2023) developed a small-scale wind turbine, and generated 40W, the limitation is that because of the very low wind speed at their location, the turbine was augmented with an external fan to produce enough wind to rotate the blade
Awopetu and Erinle (2013) developed a small scale wind turbine. The total voltage produced was 3.28 V and the total power output recorded was 0.095 W
[bookmark: _Hlk186361401][bookmark: _Hlk186361453]Many projects have been completed using solar energy in rural communities as well as with government higher institutions of learning, while little attention has been on wind energy, except for the 10 MW land base in a village in the Kastina State. Idris et al. (2020). 
[bookmark: _Hlk186361530]In this study, a small scale wind turbine is developed and is co-located with a wind anemometer and wind vane so that accurate windspeed and wind direction can be obtained at the study area.

2. MATERIALS AND METHODS
2.1 Material Selection
[bookmark: _Hlk186368547]Locally available, low cost, and lightweight materials were designed for and selected for the wind turbine. The selected materials consisted of blade, made of polypropylene thermoplastic, the rotor attachment, Hub and Nacelle made of mild steel, a permanent magnet DC motor of 24V, 10W, a base plate made of mild steel material and data logger based on Arduino system. The blade is the rotor component that is attached to the hub. By a clockwise rotation, it harnesses the kinetic energy of the wind and converts it to mechanical energy for the motor shaft. The hub serves as an attachment for the blade and generator to be connected 

2.2. Data Acquisition.
[bookmark: _Hlk186369851]The research was carried out at the Center for Renewable Energy Technology of the Federal University of Technology, Akure. Akure is located in Ondo state in the western part of Nigeria. It is located  within the humid region of Nigeria as shown in fig.3. Akure has a coordinates of  latitudes 7°14'N and 7°17´N and within longitudes 5°08´E and 5°13´E. Akure has a population of about 773,141 out of the 218,541,212 inhabitant of Nigeria (Population census, 2024 estimate), on land area of about 2,303 sq km, and is situated within the Western upland area (Wikipedia). The area has a general elevation of between 300 -700 meters above the mean sea level. Local peaks rise to 1000 meters; other hill-like structures which are less prominent rise only a few hundred meters above the general elevations. The average annual growth rate according to the 2004 estimate was 2.4%. (Wikipedia). Akure has been steadily increasing in population, putting pressure on the natural resources, both land and water.
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[bookmark: _Hlk186369919]Fig.3. Map of Nigeria showing the Federal University of Technology Akure (FUTA). The study area. Source : Dada (2020)

[bookmark: _Hlk195699695]The climate condition of Akure follows the pattern of Southwest that is influenced mainly by Southwest monsoon wind (rain-bearing) which brings moisture from the Atlantic Ocean as rain. It is also influenced by wind from the North East called North-east dry wind that takes its source from Sahara Desert. Akure experiences a warm humid tropical climate with two distinct seasons, the rainy and dry seasons. Ayeni and Oloukoi. (2022)
[bookmark: _Hlk186370002][bookmark: _Hlk195607471]Annual rainfall and its reliability decrease from the south northwards. The pattern of rainfall is bimodal, the first peak occurring in June – July, and the second in September, with dry spell in August, Fasinmirin (2009). The climate of the study site is humid subtropical, with an annual rainfall of 1300 – 1600 mm and a mean temperature of 27 °C Fasinmirin et al. (2018). The relative humidity varied from 85% to 100% in the wet season but less than 60% in the dry season Fasinmirin and Adesigbin, (2012).

3. DESIGN ANALYSIS
[bookmark: _Hlk186370119]The design of the blade was determined by equation 1
	Larin et al. (2016)                                                                              (1)
Where Vu is the upstream induced velocity, V∞ is the free stream air velocity and au is the upstream interference factor, which is less than 1 as the induced velocity is less than the ambient velocity.

3.1. Wind turbine rotor
Since the power generated is directly proportional to the square of the diameter of the rotor,
It’s basically determined by the relation between the optimum power required to be generated and the mean wind speed of the area as suggested by Ivanell, et al. (2009) in equation 2.
P = 								(2)
where,
ηe is efficiency of electrical generation, ηm is efficiency of mechanical transmission,
V∞ is the speed of wind without any rotor intervention and D is the diameter of the rotor
The optimum power required to be generated is 1.44 kW  and the average wind speed in Akure the test location is 2.76 m/s. 
Therefore, 
									(3)
D = 0.584 m

3.2 Swept area
The swept area is the section of air that encloses the turbine in its movement, the shape of the swept area depends on the rotor configuration, for a straight-bladed horizontal axis wind turbine the swept area has a circular shape and is calculated using equation 4 by Johansen and Sørensen (2007).
									(4)
Where; S is the swept area (m2), r is the radius of the circle which is equal to the length of one of the blade (m).
3.3 Choice of the number of blades
The choice of the number of blades of a wind rotor is critical to its construction as well as operation. Greater number of blades is known to create turbulence in the system, and a lesser number wouldn’t be capable enough to capture the optimum amount of wind energy.
we have the following relation in equation 5 according to Claessens (2006):
									(5)
Where ta (s) is the time taken by one blade to move into the position previously occupied by the previous blade,  n is the number of blade and ω is rotor angular velocity(rad/s).
3.4 Tip speed ratio 
The tip speed ratio (TRS) is the ratio of the tangential speed of the blade to the wind speed .
The tip speed ratio (TSR) of a wind turbine is defined in equation 3.20 as,
			                            Tong (2010)			(6)
where,
V∞ is the speed of wind without any rotor intervention (m/s)
R is the radius of the rotor, which signifies the swept area (m) 
N is the rotational speed of the rotor in rps

3.5 Turbine power
The mechanical power that can be generated by a wind turbine is expressed using the equation 3.21 
	                      Castelli and Benini (2011)                      (7)
Where P is maximum power,  is Power Coefficient (0.59), R is blade radius,  is air density and  is angular velocity of the blade.
3.6  Machine performance evaluation
[bookmark: _Hlk186370151]      3.6.1 Wind Power Output is expressed as 
The power output of the wind turbine array at time 𝑡 is expressed in equation 8 by Ulgen and Hepbasli (2003).
					(8)
where,
Cp is the power coefficient (0.593, also known as Betz’s coefficient.)
V is the wind speed (m/sec), Ρ is the density (kg/m3), A is the swept area of rotor (m2).
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Description automatically generated]
[bookmark: _Hlk186370232][bookmark: _Hlk186370283]Fig.4 (a) Isometric view of the Horizontal Axis Wind Turbine  b) Orthographic view of the Turbine Blade
3.7. Length of the turbine blades
Determination of the power output of a wind turbine depends on the configuration of its blades. It can be vividly concluded that the dimension of the turbine blades have a great effect on the power output of the turbine. The length of each blade represents the radius of the circular path formed by the rotational motion of the blades. The longer the blades, the wider the area swept by the blades and the higher the output power of the wind turbine. In view of this, the blades were made about 22.5 cm m long so that the area swept by the blade will be approximately 44 cm2.
3.8. Number of blades
The use of three blades instead of two blades increases efficiency of the wind turbine by 3% Ashish and Rakhonde (2015). Four blades can also be used instead of three, but the increase in efficiency will only be about 0.5 percent which is relatively not significant. Based on this postulations, for this turbine, a three bladed fan was utilized for the wind turbine as shown in Fig.6
[image: ]        [image: ]
[bookmark: _Hlk186370355]Fig.5. 24V DC rotor                                                           Fig.6. Turbine Blade 

[bookmark: _Hlk186370406]Akure has a relatively low wind speed and based on this fact, material selections was conducted to ensure the most suitable material was utilized. A light material was selected as there will be greater resistance to rotation by wind power if the weight of blades is heavier than normal, and this will eventually reduce the overall efficiency.
The wind turbine is also equipped with a wind vane that indicates the direction of wind flow at every instance. To perform this function properly, the head of the wind vane has to be positioned perpendicularly to the wind flow. As shown in fig.7.
The completed experimental set up is as shown in Fig.8
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[bookmark: _Hlk186370797]Fig.7. The HAWT. (A) turbine blade, (B)vane,  (C) Wind Vane, (D) Cup Anemometer, (E) Data Logger 
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 Fig.8.  The Complete experimental Setup

4. RESULT AND DISCUSSION 
  4.1. Analysis of Wind gust speed and direction.
Wind gust is a sudden increase in wind speed which usually lasts for about 20 seconds. 
The monthly average wind gust direction and corresponding speed distributions observed on hourly basis for 24 hours/day interval for the entire months of December 2023, January 2024 and February 2024 been considered are observation in the studied site and expressed graphically in Figure 9.

Fig.9. Daily wind gust direction for the wind turbine charging station

From Fig 9, it was observed that there is a certain heterogeneity in terms of wind speed distribution within the 3 months been considered. The surface of the plot shows that the wind gust direction and speed vary throughout the day, except for the month of January.
During the month of December, the average dominant wind gust direction fluctuates almost all through the hours of the day between 140° and 154° while, the average wind gust speed was recorded to be 1.5 m/s. In January, the wind gust direction was homogenous at a direction of 158° been the average recorded points while that of wind gust speed was observed to be at the lowest point with an average of 1.5 m/s recorded as the average speed observed. It appeared that average wind gust speeds are generally higher during the day (between 12 and 19 hours) and lower (between 0 and 12 hours) for the month of February while the average wind gust direction was at highest almost at same direction (188°) except between the hours of 1100 and 1300 where the peak direction was recorded at a slight higher degree of 190° while the wind gust on the average has a speed of 4.2 m/s between the hours of 0 to 1200 with an increase and peak speed (4.8 m/s) recorded between the hours of 1200 to 1800 before a steady speed of 4.3 m/s was observed between 1800 to 2400 hours.

Fig.10. daily wind gust speed for the wind turbine charging station 

Generally, it was observed that the month of February has the highest wind gust speed (between 4.2 and 4.8 m/s) recorded on the average for all the days of the month observed while January even though has a uniform average wind gust speed, recorded the lowest speed of 1.5 m/s.

4.2. Analysis of wind speed and direction 
The wind turbine hub height is 5 meters based on design calculations and these turbines rotate at 360 degrees around their vertical axis facing the direction from where it has the best wind movement per time.
Fig.11a And Fig.11b, are the wind rose diagrams, which illustrates the magnitude and frequency of wind speed and direction in the moths of December, January and February respectively with the spokes radiating from the center representing the eight cardinal and intercardinal wind directions (north, northeast, east, southeast, south, southwest, west, and northwest). The length of each spoke indicates the frequency of winds blowing from that direction. Longer spokes signify a higher percentage of winds coming from that direction over the observed period.
For December 2023, as illustrated in Fig.11a, it was observed  that  the prevailing wind direction was mainly from the south and west directions with the mode frequency at 113° (1159 times) within the month while the average wind speed was at the peak between the Southwest and Northwest region at a speed range of 0.25 to 0.37 m/s with the maximum wind speed of 0.37m/s occurring in December 2023 at 315°.
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Fig.11a. Magnitude and Frequency of Wind Speed      Fig.11b Magnitude and frequency of wind direction for the month of December                                          For the Month of December

As shown in Fig.11a & 11b, The wind directions of January revealed a new patterns with different averaging intervals from that recorded for December, which could be explained as extreme variations in the wind directions within the time intervals for 31 days. The highest magnitude was recorded from the Northeast and Southeast direction. 
During the month of January, the wind frequency was recorded to be at the highest mode level of 2259 times at 113° on the cardinal points. The region with highest wind speed also fell within the region of Northeast and Southeast with the speed range of 0.27 m/s to 0.32 m/s at the peak recorded at around 180°
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Fig. 12 a. Magnitude and frequency of wind speed         Fig.12.b. Magnitude and frequency of wind direction for the month of January                                        month of January

The magnitude and frequency of the wind speed and direction in February was presented in Fig.12a and Fig.12b.  with the maximum wind speed also recorded in the Northeast and Southeast direction, at a maximum recorded speed of 0.31 m/s at 113° while the wind frequency has its most frequency recorded at 113° (185 time) during the month. The North West and Southwest region recorded no visible average wind speed with relatively no wind frequency during the period of experimentation in the month of February possibly due to extreme hot weather during this period leading to reduced low wind power that could push the wind vane in a complete rotational mode. 
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Fig.13a.Magnitude and frequency of wind speed          Fig.13b.The magnitude and frequency of wind
In the month of February                                                  direction in the month of February 
 

It is important to note that wind time series data are highly non-stationary, the statistical analysis of parameters over longer periods may reveal more underlying dynamics of wind changes.
Similar trend was recorded by El khchine and Sriti (2021) when evaluating the performance of wind turbines for energy production in Morocco’s coastal regions at different geo-locations. 


Fig.14. Graph showing the Voltage generated over a 24hr period for the Month of December, January and February.

The Fig.14 illustrates the Voltage generated over a three-month period for the 24 hrs period at the study location. The month of December recorded the lowest voltage of 3.9v at 13.00 hrs of the day while the highest voltage of 4.5V for December was recorded at 1800hrs, conversely the month of January has a minimum voltage of 4.14V captured at 13.00hrs with a recorded highest voltage of 4.95V at 6.00hrs of the day
For the month of February, a lowest voltage of 4.12 was recorded at 12.00hrs , while a maximum voltage of 4.95V was observed at 6.00hrs. 
For the month of January and February under investigation, between the hrs of 1.00am and 6.00hrs, a consistent voltage range of 4.5 and 4.95 was observed before a downward trend of voltage reduction of 4.8V to 4.5V for February and 4.9 v to 4.1 for January between the hrs of 7.00hrs to 13.00hrs.

4. CONCLUSION.
A horizontal axis wind turbine was designed and developed. For the three month under investigation, there were steady decline in voltage between 8.00 hrs to 1.00 hrs of the day.  While for the months of December, January and February, there were  gradual rise in voltage  between 1.00 hrs to 17.00 hrs of the day and thereafter became steady within the range of 4.3V to 4.9V up to 24.00 hrs of the day.
However, low wind speed in the study location is responsible for the low voltage generated. The output voltage generated can be enhanced by utilizing both a mechanical multiplier and a buck boost converter and stored in battery for further use. To obtain maximum electric voltage production, a turbine farm needs to be located in the study area.
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