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Abstract

Wind energy is one of the fastest growing sources of renewable energy because of its cleanliness
and sustainability. Due to the turbulent nature of wind, a wind turbine experiences severe dynamic
loading and faces the danger of fatigue failure. In addition, severe blade deflections imply failure by =~ Turbulence;
tower strikes. For this reason, the study of blade deflections under different turbulence conditionsis  \Wind Turbines;
of high importance. In this work, a wind turbine’s blade is simulated under different turbulent
conditions. Four different wind fields are generated with a mean wind velocity of 12 m/s and
turbulence intensities of 1, 10, 25, and 50%. The blade deflections are calculated in the out-of-plane
and in-plane directions as a time-marching series with different blade azimuth positions. The higher
the turbulence intensity, the severer the fluctuations of the deflections around its mean value. For
the 50% turbulence intensity, the standard deviation of the out-of-plane deflection is 600% larger . .
than that of the 1% turbulence intensity case. The maximum deflections increase significantly as  Article History:
well. A maximum of 3.78 m of out-of-plane tip deflection leads to the danger of a tower strike. And

Wind Energy.

a positive tip deflection of 0.07 m in the in-plane direction indicates that the blade goes against its ~ Received: 23 Jduly 2022
natural behavior and against the inertial loads while rotating. Continuous monitoring of wind  Revised: 22 September 2022
conditions is a must, to put the turbine on brake in cases of gusts and severe turbulence. In areas of

high turbulence, downwind turbines can provide a better alternative to allow blade deflections —Accepted: 03 October 2022

without the danger of tower strikes. Available online: 07 November 2022

1- Introduction

In the contemporary world, the need for energy increases to satisfy the increasing demands of humans. Conventional
sources of energy depend mainly on fossil fuels; however, this includes several environmental problems. In addition,
fossil fuels are facing the danger of depletion. It is an urging demand to reduce the dependence on fossil fuels to reduce
greenhouse gases (GHG) to save the planet and reduce the global warming crisis [1]. Renewable energy sources are the
key to achieving this goal. Different sources of renewable energy include solar [2], geothermal [3], wind [4], tidal [5],
and sea wave energy [6]. Hybrid energy systems have also gained the attention of researchers to improve the efficiency
of power production compared to single-source energy systems [7-10]. Among the renewable energy sources, wind
energy is one of the most promising sources for its cleanliness and sustainability. New installations of wind energy are
achieved every year. The year 2020 has been a record of wind energy installations, with 93 GW of new installations
worldwide, recording 53% year-over-year growth [11].

With the increased interest in wind energy, many research attempts were made, either to find innovative methods of
wind energy harvesting or to increase the efficiency of conventional wind turbines. Innovations include wind energy
generation through airborne systems like kites or airborne vehicles that are connected to a generator on the ground
through a tether [12, 13] or bladeless wind turbines that produce energy through vortex generators [14, 15].
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Research on wind turbines, on the other hand, is concerned mainly with the improvement of the energy harvesting
efficiency of a wind turbine and hence reducing the cost of energy (CoE), optimizing the layout of a wind farm, and
increasing the lifetime of a wind turbine. There are several approaches to increasing the efficiency of a wind turbine.
These approaches include but are not limited to applying different control techniques on a wind turbine, namely, pitch
control, yaw control, and torque control. Optimization and artificial intelligence techniques are widely used to optimize
the control strategy for better power production [16-19]. Another approach to improving the efficiency of wind turbines
is the optimization of the blade profile in the design phase. Optimization of the airfoil distribution, chord and thickness
distribution, or twist angle can play a major role in a wind turbine’s performance. Flow control methods can be useful
as well, slots, slats, or other turbulence-generating surfaces can improve the aerodynamics of a wind turbine [20-22].

The second concern in wind energy research is wind farm site selection and layout optimization. Site selection
requires forecasting to estimate the wind velocities on an annual basis [23, 24]. Wind power is directly proportional to
the cube of wind velocity, and hence, the higher the wind velocity, the higher the annual energy production in a wind
farm. However, higher wind velocity indicates higher aerodynamic loads, and accordingly, structural considerations
should be followed for a safe design. Layout optimization is important as well to make use of all the land possible for
energy production. Usually, Computational Fluid Dynamics (CFD) technique is used to simulate a wind farm before
optimization of its layout [25, 26].

For a wind turbine to be effective, it should be operable for as long as possible. Usually, wind turbines are designed
to last for 20 years of operation [27]. A wind turbine failure can be catastrophic, especially for large-scale wind turbines.
In addition to losing millions of dollars for the capital cost of the turbine and for losing the power fed to the grid by the
turbine, blades of enormous size can be dangerous if broken suddenly. Reasons for the failure of a wind turbine can be
bird strikes, fatigue loading on the blades, and the blades striking the tower. In such cases, when the turbine is located
in the path of birds’ immigration or in cases of severe gusts and typhoons, it is advised to put the turbine on the brake
mood. In cold areas where icing of the blade occurs, ice-structure interaction can also play a major role in the structural
performance of the blade [28]. The main concern of this work is the blade dynamics under severe loading conditions.

Many research attempts have studied fatigue loading under turbulent conditions. Haselibozchaloee et al. [29] have
made a comprehensive review on fatigue damage in offshore wind turbines. They reviewed different methodologies to
model fatigue in wind turbines, different influences of materials, and wind and wave conditions. They concluded that it
is a very complex process to model fatigue behavior due to the stochastic nature of loads and inaccuracies or
discrepancies in the material properties.

Chanprasert et al. [30] have performed Large Eddy Simulations (LES) to study the fatigue loading due to wake
interactions between wind turbines arranged in line. They found that yaw control for the downstream row of turbines
had a negative influence on fatigue loading compared to fixed yaw, despite a constancy in the output power. Gao et al.
[31] have performed a multiaxial assessment of the fatigue of offshore turbines. They found that shear strains are one of
the most crucial factors affecting fatigue on the blades.

Del Campo and Estrada proposed a simplified model to analyze the fatigue of wind turbine structures. This model is
based mainly on non-Gaussian translation and provides a computationally economical methodology for fatigue analysis.
It can be used for the preliminary structural design of wind turbine structures [32]. Other models were used and compared
for their computational time and accuracy by Katsikogiannis et al. [33]. They found that the computational cost could
be reduced by 96% by combining fully coupled and simplified methods.

Residual fatigue in wind turbines’ parts can lead to damage as well. Casado et al. [34] have performed an experimental
analysis to study the fatigue of bolts in operating wind turbines. This analysis can be useful to plan the replacement of
bolts before they cause damage to the turbine blades. However, the most crucial factor in a wind turbine’s fatigue is the
dynamic loads on the blades. The turbulent nature of the wind plays a major role in the dynamic loading of a wind
turbine. It has been found that higher turbulence intensities can shorten the lifetime of a wind turbine [35].

In addition to the influence of fatigue loading caused by turbulence on the lifetime of a wind turbine, severe turbulence
can lead to severe deflections on the blade. These deflections can cause a blade-tower strike if they exceed a certain
limit. It is important to understand the effect of atmospheric turbulence on the blade dynamics and, hence, take an
informed decision to avoid catastrophic failure.

The study of turbulence intensity effects on wind turbines has been approached by many research attempts. However,
all the attempts considered only power performance and fatigue effects [36-39]. The study of blade deflections under the
same wind speed but with different turbulence intensities is absent from the literature. It is important to study blade
deflections to avoid tower strikes. In this context, this work introduces a study of the effect of atmospheric turbulence
on blade dynamics. An aeroelastic simulation is performed on the WindPact 1.5 MW wind turbine under different
turbulence intensities. A wind field is generated for a mean wind speed of 12 m/s, but with four different turbulence
intensities, starting with 1% up to 50% turbulence. The blade deflections are studied for each case under the effect of
turbulence.
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2- Turbine Model and Methodology

In this section, the turbine chosen for simulation as well as the methodology followed will be discussed.

2-1- Wind Turbine Model

The wind turbine chosen for the implementation of this study is the WindPact 1.5 MW wind turbine [40, 41]. It has
been chosen for the availability of sufficient data for simulation, as well as being of a relatively medium scale in order
to observe the blade dynamics clearly. The WindPact was originally a project made by the National Renewable Energy
Laboratory (NREL) to study the scaling effect on the cost of energy. It has different configurations with capacities
ranging from 0.75 MW to 5 MW. The Wind turbine is shown in Figure 1 and the main features of the chosen
configuration of 1.5 MW are shown in Table 1.

Figure 1. WindPact 1.5 MW Wind Turbine

Table 1. Properties of WindPact 1.5 MW Turbine

Property Value
Rotor Diameter (m) 70
Hub Height (m) 84
Rated Rotor Speed (rpm) 20.5
Rated Wind Speed (m/s) 125
Rated Power (MW) 15
Hub Overhang (m) 33

Tower Base Diameter (m) 5.663

2-2- Turbulent Wind Field

Wind is turbulent by nature. The two main reasons for wind turbulence are the friction with the topography of Earth,
and the unequal heating of different layers of air above ground. Turbulence can be defined simply as the fluctuation of
wind speed around its mean value over a specified range of time. This range could be on a long-term basis (annually),
on a daily basis (diurnal), or over a time scale of fewer than 10 minutes like in the case of wind gusts. It is a complicated
process to describe turbulence accurately, so it is usually represented by a statistical property called turbulence intensity.
Turbulence intensity (I) can be calculated simply by dividing the standard deviation (o) of wind speeds, by the mean
wind speed (U) over a range of time as in Equation 1.

o
I=- @

Atmospheric turbulence can be represented by many mathematical models. Some models are time-dependent and are

usually used in CFD simulations, like the k-¢ turbulence model. Other models are based on the frequency domain, they
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provide a spectral model for turbulence and are best suited for deterministic models. Among these models is the von
Karman spectral model. However, the von Karman model gives a better representation of turbulence in wind tunnel tests.
Atmospheric turbulence on the other hand is better represented by the Kaimal spectral model [35].

Kaimal spectral model can represent the spectral density function of the wind’s longitudinal components (S,) as a
function of the frequency (n), longitudinal wind speed’s standard deviation (a,), mean wind speed (U), and a length
scale (L,,) depending on the surface roughness and height above ground [42]. The spectral density function for Kaimal’s
model is shown in Equation 2.

nSy(n) _ 4nLy /U
02 (1+6nLy/U)5/3 &)

To generate a wind field for the simulation, the NREL open-source software TurbSim has been used [43]. The rotor
geometry and position are used as inputs to generate a wind field that covers the rotor. The grid size should be larger
than the rotor diameter and cantered at the hub height. Spectral model is also chosen among several models, Kaimal
spectral model in this case. Turbulence intensity can be defined according to the IEC standards for wind turbines, with
its three classes A, B, and C for low, medium, and high turbulence respectively. It can also be defined as a percentage.

In this simulation, a mean wind speed of 12 m/s and four turbulence intensities have been chosen. A very low, almost
laminar 1% turbulence intensity, then increasing gradually to 10, 25, and 50% turbulence intensities, so that the effect
of turbulence is shown clearly. The four different wind fields are generated, Figure 2 shows the longitudinal wind speed
at hub height for all cases.
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Figure 2. Wind Speeds at Hub Height

The effect of turbulence is clear on the wind speeds. The very low turbulence intensity of 1% in the green line, is
almost constant at the mean value of 12 m/s. The higher the turbulence intensity, the higher the randomness in the wind
speeds. The turbulence intensity of 10% changes around the mean value slightly, however, the 50% turbulence intensity
shows severe and totally random fluctuations around the mean value. These fluctuations are the main reason for the
fatigue loads over the wind turbine blades.

2-3- FAST Simulations

The generated wind field, together with the wind turbine geometry and aerodynamic properties, are used as inputs to
the aeroelastic simulation using the open-source software FAST [44]. It uses deterministic models to calculate the
aerodynamic loads using the Blade Element Momentum (BEM) theory, then use beam theory for the structural behavior,
while coupling between them in an aeroelastic manner.

This software integrates several modules to include the aerodynamics, servo dynamics, elasticity, and operating
conditions, into an aeroelastic simulation. A time series including several aerodynamic loads and blade and tower
deflections is the result of this simulation. In this work, the changing factor is the different wind fields with different
turbulence intensities. The process of the FAST simulation is shown in Figure 3.
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Figure 3. FAST Simulation Procedure

In the following section, the simulation results for the four turbulence intensities will be shown, namely, the blade
deflections in the out-of-plane and in-plane directions.

3- Results and Discussion

The simulation is defined for 40 seconds of simulation to reduce the processing time and show the severe variation
due to turbulence during a short period of time. The main concern of this work is the blade tip deflections for the different
turbulence intensities. The two main deflections are the out-of-plane and in-plane of rotation of the rotor, compared to
the undeflected position along the blade axes.

3-1- Blade Tip Out-of-Plane Deflection

The rotor plane is considered as the reference to the undeflected blade along the blade axes. A time marching series
has been generated for the blade’s out-of-rotor’s plane deflection along the blade length. The most deflected section is
at the blade tip. The time behavior of blade tip deflection has been studied. Figures 4 to 7 show the out-of-plane
deflections for the 1, 10, 25, and 50% turbulence intensities respectively.
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Figure 4. Blade Tip Out-of-Plane Deflection - 1% Turbulence Intensity
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Figure 5. Blade Tip Out-of-Plane Deflection - 10% Turbulence Intensity
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Figure 6. Blade Tip Out-of-Plane Deflection - 25% Turbulence Intensity
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Figure 7. Blade Tip Out-of-Plane Deflection - 50% Turbulence Intensity

Page | 167



Emerging Science Journal | Vol. 7, No. 1

The effect of turbulence can be clearly seen from the figures. The normal behavior of blade tip deflection is a
sinusoidal wave as it rotates in the azimuth direction. This sinusoidal behavior is due to the change in the azimuth
position, and the effect of gravitational loads on the blades. It has a different effect when the blade is in the upright
position of Zero azimuth than when the blade is rotated 180°. This behavior can be seen only in the case of 1% turbulence
intensity. As the turbulence intensity increases, fluctuations in the sinusoidal behavior increase.

There is less regularity in the blade deflections as the intensity increases. Not only do the fluctuations increase, but
also the magnitudes of maximum deflection increase. For the 1% turbulence intensity, the deflection oscillates regularly
between the values of 2 m to 2.4 m. For the highest turbulence intensity of 50%, the deflections can reach up to 3.8 m.
Recall from Table 1 that the hub overhang is 3.3 m, this means that there is a big chance that the blade will strike into
the tower and cause a catastrophic failure.

Another interesting output to observe is the change of deflection with the azimuth angle. As mentioned earlier, normal
behavior is a sinusoidal wave because of the azimuth position of the blade. Thus, it is expected to have the same
deflection at the same azimuth angle for each complete rotation. To check the effect of turbulence on this behavior, the

blade tip deflection is plotted again, against azimuth angle instead of time. Figures 8 to 11 show the blade tip deflections
with azimuth angle for the four turbulence intensities.
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Figure 8. Blade Tip Out-of-Plane Deflection with Azimuth Angle - 1% Turbulence Intensity
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Figure 9. Blade Tip Out-of-Plane Deflection with Azimuth Angle - 10% Turbulence Intensity
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Figure 10. Blade Tip Out-of-Plane Deflection with Azimuth Angle - 25% Turbulence Intensity
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Figure 11. Blade Tip Out-of-Plane Deflection with Azimuth Angle - 50% Turbulence Intensity

For the 1% turbulence intensity in Figure 7, the behavior of the blade tip deflection looks almost the same for every
rotation of the blade. It can be clearly observed that the blade follows a certain and constant path along its rotation in the
azimuth plane. It deflects with the same value at each azimuth position, thus having a regular behavior that is good for
the fatigue loads over the blade.

For the 50% turbulence intensity though, it is a completely random behavior. The blade can have a maximum
deflection at a certain azimuth angle in one rotation, then it has a much less value of deflection in the next rotation, then
it can increase again. This random bahevior and phase change in the deflections increase the damage equivalent loads in
the fatigue analysis. It also implies the danger of a tower strike as the blade rotates.

3-2- Blade Tip In-Plane Deflections

Similarly, the blade tip in the plane of the rotor deflections are studied. Usually, the in-plane deflections have small
values since it is difficult to bend in the edgewise direction due to the blade geometry. It will be bending against the
chord length which is much larger than the blade thickness. The behavior against time is calculated and plotted for all
turbulence intensities. Only the 1% and 50% turbulence intensities results will be shown in Figures 12 and 13.
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Figure 12. Blade Tip In-Plane Deflection - 1% Turbulence Intensity
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Figure 13. Blade Tip In-Plane Deflection - 50% Turbulence Intensity

The range of values for the 1% turbulence intensity is between -0.1 and -0.45. It is negative because the blade moves
backward in the same plane of rotation due to the rotor speed in operation. It also has a sinusoidal behavior due to the
gravitational effect on the blade when it moves against gravity half the cycle, and with gravity the other half. For the low
turbulence, the blade encounters a normal behavior which is regular due to the dynamic nature of the turbine rotor.

On the other hand, for the higher turbulence intensity, the randomness in the deflections increases. It can no longer
be described as a sinusoidal wave. In addition, it can be observed in Figure 12 that there are some occurrences when the
deflection has a positive value. Although it is of a small value, but a positive value means that the blade deflects ahead
of its rotation direction. This is dangerous to the blade structure as it is unusual behavior for the blade to bend on the
other side of the edgewise direction. It may also cause buckling in the leading edge, and hence, the blade costing
thousands of US dollars should be replaced.

Behavior against the azimuth position of the blade is studied for the in-plane deflections as well. Figures 14 and 15
show the blade tip in-plane deflections plotted against azimuth position for the 1% and 50% turbulence intensities
respectively.
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Figure 14. Blade Tip In-Plane Deflection with Azimuth Angle - 1% Turbulence Intensity
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Figure 15. Blade Tip In-Plane Deflection with Azimuth Angle - 50% Turbulence Intensity

Again, it is observed that there is a smooth and regular behavior of the blade deflections at different azimuth positions
for the 1% turbulence intensity. It can be seen that the blade encounters a regular position relevant to the azimuth position
at each rotation, repeating its own path. This regular behavior is the key to a longer blade lifetime. The higher turbulence
intensity concludes a high fluctuation in the blade deflections.

In addition, as mentioned earlier, the positive value of deflection is a major problem. From Fig. 14, the maximum
positive in-plane deflection occurs at an azimuth angle of about 250°. At this position, the blade has almost finished
three-quarters of one complete rotation. It is possible that the inertial load due to the blade’s acceleration and the effect
of the in-plane shear forces, the blade deflects against its natural position. This unnatural position is hazardous in terms
of buckling in the leading edge of the blade, and thus, it is inoperable and needs to be replaced.

3-3- Simulation Results Summary

The results of the simulation can be summarized in terms of statistical properties. The first three seconds of the
simulation are excluded from the statistical analysis since it is the starting phase of the blade rotation, and hence the
values are exaggerated. The next 37 seconds of the simulation are analyzed statistically. The standard deviation is
important since it indicates the severity of deflection variation and, hence, the fatigue response of the blade. The standard
deviation of the blade deflection for the out-of-plane and in-plane directions is shown in Figure 16.
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Figure 16. Standard Deviation of the Blade Deflections

For the out-of-plane deflections, the standard deviation increases dramatically. The value of 0.11 for the 1%
turbulence intensity indicates that the deflections do not change much around their mean value. Then the deviation
increases as the turbulence intensity increases, until it reaches the value of 0.61 for 50% turbulence intensity, with a
600% increase. This significant increase indicates the severity of blade deflection fluctuations. However, the change in
the in-plane deflection’s standard deviation is not as significant. This may be due to the difficulty of bending in the
edgewise direction. The increase in the 50% turbulence intensity standard deviation compared to that of the 1% intensity
is 170%. Nonetheless, it is still a significant value that expedites failure due to fatigue loading. Another important
property to consider is the maximum value of deflection for the out-of-plane and in-plane directions. This importance
comes from the fact that deflections should have maximum values to avoid tower strikes or buckling. The maximum
values for deflections for all turbulent intensity cases are shown in Figure 17.
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The maximum value of out-of-plane deflection indicates how critical it is for the blade to strike the tower. The 25%
turbulence intensity is very critical since it has a maximum value of 3.25 m, compared to the hub overhang of 3.3 m.
This can be solved if the rotor has a tilt angle so the blades will have clearance from the tower. Though the 50%
turbulence intensity has a maximum blade deflection of 3.78 m, which means if the rotor is not tilted, it will definitely
strike the tower, causing a catastrophic failure.

The in-plane deflection maximum value indicates how close the blade is to its original undeflected position. If it
reaches a zero value, this means that the blade is undeflected. It has a value of -0.007 m for the 25% turbulence intensity,
which means that the blade is almost undeflected against the high speed of the rotor rotation. This can produce residual
stresses along the blade length since it is resisting the inertial loads of the blade. And at 50% turbulence intensity, the
blade turns into a positive deflection, which, as mentioned before, is dangerous for the blade’s lifetime.

Finally, the range of values for each deflection will be examined. This property indicates the range at which the
deflections oscillate. The bigger the range, the further the blades move from one position to another in a short timescale,
and hence, fatigue loads increase. The range for the deflections in the out-of-plane and in-plane directions is shown in
Figure 18.
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Figure 18. Range of Values of the Blade Deflections

For both the out-of-plane and in-plane deflections, the blade swipes a large range of deflection within a very small
time variation for the higher turbulence intensity. Starting with a value of 0.44 m for the 1% intensity and going up to
3.3 m for the 50% intensity in the out-of-plane deflection, the blade vibrates very fast as the intensity increases. In
addition to being critical to failure due to fatigue, faster vibrations increase the noise made by the turbine. This noise
pollutes the environment and makes it difficult to install turbines close to residential areas.

4- Conclusion

In this work, the dynamics of a wind turbine’s blade are investigated under the effect of atmospheric turbulence. The
WindPact 1.5 MW turbine has been simulated under different turbulent wind fields, all having a mean wind velocity of
12 m/s but with turbulence intensities of 1, 10, 25, and 50%. Blade deflections are investigated in the out-of-plane and
in-plane directions. The higher the turbulence intensity, the severer the fluctuations of the deflections around its mean
value. For the 50% turbulence intensity, for instance, there is completely random behavior for the blade deflections,
especially for the out-of-plane deflection. The standard deviation of that deflection is 600% of the value of the 1%
turbulence intensity. The maximum value of deflection increases as well. A maximum deflection of 3.78 m occurs at
50% turbulence intensity. This indicates the danger of a tower strike and, hence, a catastrophic failure. In addition, the
range of values increases dramatically, which increases the severity of vibrations and leads to fatigue and excessive
noise.

In addition, the in-plane deflections experience a positive deflection for the 50% turbulence intensity. This means that
the blade undergoes an unnatural behavior of being ahead of its rotation direction. This also indicates the danger of
buckling in the leading edge of the blade, leading to the end of the blade’s operation and the urgent need for replacement,
which costs thousands of dollars and hence increases the cost of energy.
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The deflections also vary with the same azimuth position of the blade from one rotation to the next under higher
turbulence intensity. There is no regular behavior while the blade is rotating, and hence the severe variation can lead to
higher damage equivalent loads, and accordingly fatigue failure. For that reason, continuous monitoring of the
atmospheric turbulence in a wind farm should be important. In cases of gusts or severe turbulence that exceed a certain
limit based on the turbine design, the turbine should be put on brake immediately. It is also recommended that forecasts
be made ahead of turbine installation in a wind farm. If the chance of gusts occurring is high, then a downwind turbine
could be safer and allow for higher deflections without the danger of tower strikes.

5- Declarations
5-1- Data Availability Statement

Data sharing is not applicable to this article.

5-2- Funding

The author received financial support from Future University in Egypt (FUE).

5-3- Institutional Review Board Statement

Not applicable.

5-4- Informed Consent Statement

Not applicable.

5-5- Conflicts of Interest

The author declares that there is no conflict of interest regarding the publication of this manuscript. In addition, the
ethical issues, including plagiarism, informed consent, misconduct, data fabrication and/or falsification, double
publication and/or submission, and redundancies have been completely observed by the author.

6- References

[1] Marashli, A., Gasaymeh, A. M., & Shalby, M. (2022). Comparing the Global Warming Impact from Wind, Solar Energy, and
Other Electricity Generating Systems through Life Cycle Assessment Methods (A Survey). International Journal of Renewable
Energy Research, 12(2), 899-920. doi:10.20508/ijrer.v12i2.13010.98474.

[2] Gao, D., Kwan, T. H., Dabwan, Y. N., Hu, M., Hao, Y., Zhang, T., & Pei, G. (2022). Seasonal-regulatable energy systems design
and optimization for solar energy year-round utilization¥. Applied Energy, 322, 119500. doi:10.1016/j.apenergy.2022.119500.

[3] Gkousis, S., Welkenhuysen, K., & Compernolle, T. (2022). Deep geothermal energy extraction, a review on environmental
hotspots with focus on geo-technical site conditions. Renewable and Sustainable Energy Reviews, 162, 112430.
doi:10.1016/j.rser.2022.112430.

[4] Msigwa, G., Ighalo, J. O., & Yap, P. S. (2022). Considerations on environmental, economic, and energy impacts of wind energy
generation:  Projections towards sustainability initiatives. Science of the Total Environment, 849, 157755.
doi:10.1016/j.scitotenv.2022.157755.

[5] Shetty, C., & Priyam, A. (2022). A review on tidal energy technologies. Materials Today: Proceedings, 56(5), 2774-2779.
d0i:10.1016/j.matpr.2021.10.020.

[6] Foteinis, S. (2022). Wave energy converters in low energy seas: Current state and opportunities. Renewable and Sustainable
Energy Reviews, 162, 112448. doi:10.1016/j.rser.2022.112448.

[7] Hakan Agikel, H., & Bayr, E. (2022). Evaluation of capacity of hybrid energy systems to decrease the environmental pollution.
Fuel, 328, 125356. doi:10.1016/j.fuel.2022.125356.

[8] Farhat, O., Khaled, M., Faraj, J., Hachem, F., Taher, R., & Castelain, C. (2022). A short recent review on hybrid energy systems:
Critical analysis and recommendations. Energy Reports, 8(9), 792-802. doi:10.1016/j.egyr.2022.07.091.

[9] Bansal, A. K. (2022). Sizing and forecasting techniques in photovoltaic-wind based hybrid renewable energy system: A review.
Journal of Cleaner Production, 369, 133376. doi:10.1016/j.jclepro.2022.133376.

[10] Tahiri, F. E., Chikh, K., & Khafallah, M. (2021). Optimal management energy system and control strategies for isolated hybrid
solar-wind-battery-diesel power system. Emerging Science Journal, 5(2), 111-124. doi:10.28991/esj-2021-01262.

[11] Global Wind Energy Council (GWEC). (2021). GWEC global wind report. Global Wind Energy Council (GWEC), Brussels,
Belgium.

Page | 174



Emerging Science Journal | Vol. 7, No. 1

[12] Dief, T. N., Fechner, U., Schmehl, R., Yoshida, S., Ismaiel, A. M. M., & Halawa, A. M. (2018). System identification, fuzzy
control and simulation of a kite power system with fixed tether length. Wind Energy Science, 3(1), 275-291. doi:10.5194/wes-
3-275-2018.

[13] Eijkelhof, D., & Schmehl, R. (2022). Six-degrees-of-freedom simulation model for future multi-megawatt airborne wind energy
systems. Renewable Energy, 196, 137-150. doi:10.1016/j.renene.2022.06.094.

[14] Francis, S., Umesh, V., & Shivakumar, S. (2021). Design and Analysis of Vortex Bladeless Wind Turbine. Materials Today:
Proceedings, 47(16), 5584-5588. doi:10.1016/j.matpr.2021.03.469.

[15] Aher, S., Chavan, P., Deshmukh, R., Pawar, V., & Thakre, M. (2021). Designing and software realization of an ANN-based
MPPT-Fed bladeless wind power generation. Global Transitions Proceedings, 2(2), 584-588. doi:10.1016/j.gltp.2021.08.054.

[16] Abuhashish, M. N., Daoud, A. A., & Elfar, M. H. (2022). A Novel Model Predictive Speed Controller for PMSG in Wind Energy
Systems. International Journal of Renewable Energy Research, 12(1), 170-180. doi:10.20508/ijrer.v12i1.12750.98385.

[17] Lopez-Queija, J., Robles, E., Jugo, J., & Alonso-Quesada, S. (2022). Review of control technologies for floating offshore wind
turbines. Renewable and Sustainable Energy Reviews, 167, 112787. doi:10.1016/j.rser.2022.112787.

[18] Song, W., Liu, Y., Wang, Z., Ding, S., Lin, X., Feng, Z., & Li, Z. (2022). A novel wind turbine control strategy to maximize
load capacity in severe wind conditions. Energy Reports, 8, 7773-7779. doi:10.1016/j.egyr.2022.06.005.

[19] Jiang, S. J., Chu, S. C., Zou, F. M., Shan, J., Zheng, S. G., & Pan, J. S. (2023). A parallel Archimedes optimization algorithm
based on Taguchi method for application in the control of variable pitch wind turbine. Mathematics and Computers in Simulation,
203, 306-327. doi:10.1016/j.matcom.2022.06.027.

[20] Aboelezz, A., Ghali, H., Elbayomi, G., & Madboli, M. (2022). A novel VAWT passive flow control numerical and experimental
investigations: Guided Vane Airfoil Wind Turbine. Ocean Engineering, 257, 111704. doi:10.1016/j.0ceaneng.2022.111704.

[21] Xu, W., Li, C. cheng, Huang, S. xian, & Wang, Y. (2022). Aerodynamic performance improvement analysis of Savonius vertical
axis wind turbine utilizing plasma excitation flow control. Energy, 239, 122133. doi:10.1016/j.energy.2021.122133.

[22] Mostafa, W., Abdelsamie, A., Sedrak, M., Thévenin, D., & Mohamed, M. H. (2022). Quantitative impact of a micro-cylinder as
a passive flow control on a horizontal axis wind turbine performance. Energy, 244, 122654. doi:10.1016/j.energy.2021.122654.

[23] ShobanaDevi, A., Maragatham, G., Prabu, M. R., & Boopathi, K. (2021). Short-Term Wind Power Forecasting Using RLSTM.
International Journal of Renewable Energy Research, 11(1), 392—406. doi:10.20508/ijrer.v11i1.11807.98144.

[24] Wang, C., Zhang, S., Liao, P., & Fu, T. (2022). Wind speed forecasting based on hybrid model with model selection and wind
energy conversion. Renewable Energy, 196, 763-781. doi:10.1016/j.renene.2022.06.143.

[25] Strickland, J. M. I., & Stevens, R. J. A. M. (2022). Investigating wind farm blockage in a neutral boundary layer using large-
eddy simulations. European Journal of Mechanics, B/Fluids, 95, 303-314. doi:10.1016/j.euromechflu.2022.05.004.

[26] Cao, L., Ge, M., Gao, X., Du, B., Li, B., Huang, Z., & Liu, Y. (2022). Wind farm layout optimization to minimize the wake
induced turbulence effect on wind turbines. Applied Energy, 323, 119599. doi:10.1016/j.apenergy.2022.119599.

[27] Rubert, T., Zorzi, G., Fusiek, G., Niewczas, P., McMillan, D., McAlorum, J., & Perry, M. (2019). Wind turbine lifetime extension
decision-making based on structural health monitoring. Renewable Energy, 143, 611-621. doi:10.1016/j.renene.2019.05.034.

[28] Heinonen, J., & Rissanen, S. (2017). Coupled-crushing analysis of a sea ice-wind turbine interaction—feasibility study of FAST
simulation software. Ships and Offshore Structures, 12(8), 1056-1063. doi:10.1080/17445302.2017.1308782.

[29] Haselibozchaloee, D., Correia, J., Mendes, P., de Jesus, A., & Berto, F. (2022). A review of fatigue damage assessment in
offshore wind turbine support structure. International Journal of Fatigue, 164, 107145. doi:10.1016/j.ijfatigue.2022.107145.

[30] Chanprasert, W., Sharma, R. N., Cater, J. E., & Norris, S. E. (2022). Large Eddy Simulation of wind turbine fatigue loading and
yaw dynamics induced by wake turbulence. Renewable Energy, 190, 208-222. doi:10.1016/j.renene.2022.03.097.

[31] Gao, J., Sweetman, B., & Tang, S. (2022). Multiaxial fatigue assessment of floating offshore wind turbine blades operating on
compliant floating platforms. Ocean Engineering, 261, 111921. doi:10.1016/j.0ceaneng.2022.111921.

[32] Martin del Campo, J. O., & Pozos-Estrada, A. (2022). A simplified method for structural and fatigue analyses of wind turbine
support structures. Journal of Wind Engineering and Industrial Aerodynamics, 224, 104983. doi:10.1016/j.jweia.2022.104983.

[33] Katsikogiannis, G., Hegseth, J. M., & Bachynski-Poli¢, E. E. (2022). Application of a lumping method for fatigue design of
monopile-based wind turbines using fully coupled and simplified models. Applied Ocean Research, 120, 102998.
doi:10.1016/j.apor.2021.102998.

[34] Rincén-Casado, A., Julia-Lerma, J. M., Garcia-Vallejo, D., & Dominguez, J. (2022). Experimental estimation of the residual
fatigue life of in-service wind turbine bolts. Engineering Failure Analysis, 141, 106658. doi:10.1016/j.engfailanal.2022.106658.

Page | 175



Emerging Science Journal | Vol. 7, No. 1

[35] Ismaiel, A. M. M., & Yoshida, S. (2018). Study of turbulence intensity effect on the fatigue lifetime of wind turbines. Evergreen,
5(1), 25-32. doi:10.5109/1929727.

[36] Hansen, K. S., Barthelmie, R. J., Jensen, L. E., & Sommer, A. (2012). The impact of turbulence intensity and atmospheric
stability on power deficits due to wind turbine wakes at Horns Rev wind farm. Wind Energy, 15(1), 183-196.
d0i:10.1002/we.512.

[37] Chamorro, L. P., & Porté-Agel, F. (2009). A Wind-Tunnel Investigation of Wind-Turbine Wakes: Boundary-Layer Turbulence
Effects. Boundary-Layer Meteorology, 132(1), 129-149. doi:10.1007/s10546-009-9380-8.

[38] Bardal, L. M., & Satran, L. R. (2017). Influence of turbulence intensity on wind turbine power curves. Energy Procedia, 137,
553-558. doi:10.1016/j.egypro.2017.10.384.

[39] Siddiqui, M. S., Rasheed, A., Kvamsdal, T., & Tabib, M. (2015). Effect of turbulence intensity on the performance of an offshore
vertical axis wind turbine. Energy Procedia, 80, 312—320. doi:10.1016/j.egypro.2015.11.435.

[40] Griffin, D. A. (2001). Windpact turbine design scaling studies technical area 1-composite blades for 80-to 120-meter rotor (No.
NREL/SR-500-29492). National Renewable Energy Lab (NREL), Golden City, United States. doi:10.2172/783406.

[41] Khazem, E. A. Z., Abdullah, O. I., & Sabri, L. A. (2019). Steady-state and vibration analysis of a WindPact 1.5-MW turbine
blade. FME Transactions, 47(1), 195-201. doi:10.5937/fmet1901195K.

[42] Burton, T., Jenkins, N., Sharpe, D., & Bossanyi, E. (2011). Wind Energy Handbook. John Wiley & Sons, Hoboken, United
States. doi:10.1002/9781119992714.

[43] Jonkman, B. J., & Kilcher, L. TurbSim User’s Guide: Version 1.06.00. Technical Report, National Renewable Energy Laboratory
(NREL), A National Laboratory of the U. S. Department of energy, Office of Energy Efficiency & Renewable Energy, Golden
City, United States.

[44] Jonkman, J. M., & Buhl Jr, M. L. (2005). Fast user’s guide. National Renewable Energy Laboratory, Golden. Technical Report
No. NREL/EL-500-38230, , National Renewable Energy Laboratory (NREL), A National Laboratory of the U. S. Department
of energy, Office of Energy Efficiency & Renewable Energy, Golden City, United States.

Page | 176



