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The increasing demand for renewable energy worldwide has positioned wind power
as a leading solution of clean energy solutions. This paper dives into the realm of
wind energy, specifically focusing on wind turbine dynamics and efficiency. As wind
power surpasses other alternative energy resources in growth rate, there is a
compelling need to enhance the productivity and efficiency of wind turbines. The
study encompasses a detailed exploration of the components comprising wind energy
conversion systems, namely the rotor, generator, and gearbox.

The primary contribution of this work lies in the meticulous mathematical modeling
and simulation of wind turbine components using MATLAB/Simulink. The study
presents a comprehensive analysis of the mechanical energy produced by wind
turbines, incorporating key parameters such as power coefficient, tip speed ratio, and
blade pitch angle. The simulations offer insights into the complex relationships
governing wind turbine performance under varying conditions. The experimental
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section provides a detailed exploration of wind turbine modeling.
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1. INTRODUCTION

The global energy landscape has changed radically over the
last few decades due to the growing recognition of traditional
fossil fuel-based energy sources' environmental, economic, and
societal challenges. This evolution has been characterized by an
increasing interest in renewable energy solutions, with wind
power emerging as a critical player in transitioning to a cleaner,
more sustainable energy future [1].

Renewable energy sources, including wind, solar, hydro, and
geothermal power, have gained prominence as viable alternatives
to fossil fuels. Wind energy, in particular, has demonstrated
remarkable growth, outpacing other renewable resources in terms
of installed capacity and energy production [2].

Wind power is considered a clean energy source and has
recently surpassed all other alternative energy resources in the
world regarding growth rate [3]. Specialists have been actively
seeking alternative energy sources to decrease reliance on fossil
fuels. Renewable energy encompasses a range of diverse sources,
such as wind, solar, hydrogen, biomass, and hydro [4]. Due to the
exponential expansion of the industry, considerable effort has
been devoted to improving the productivity and efficiency of
wind turbines [5], which serve as the main components of wind
energy conversion systems. A wind turbine is a device used to
harness the power of the wind and convert it into electricity [6, 7].
The three primary components of an aerodynamic system for
energy conversion are the rotor, generator, and gearbox. The
blades, as part of the rotor, capture wind energy and convert it into
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mechanical energy. The generator then absorbs this mechanical
power from the rotation and converts it into electricity. The
gearbox transmits the mechanical energy from the low-speed
shaft to the high-speed shaft, enabling the generator to produce
electrical power [8].

According to the orientation of the rotating axis, recent wind
turbines fall into two separate classes: horizontal axis wind
turbines (HAWTS) and vertical axis wind turbines (VAWTS) [9].

HAWTS consist of rotor blades connected to a horizontal shaft
and a generator. These wind turbines must be oriented to face the
direction of the wind [10]. In contrast, VAWTs comprise rotor
blades connected to a vertical shaft to generate electrical power
[11]. HAWTSs are commonly used due to their durability and
efficiency, and they are commercially available in various sizes,
ranging from a few kilowatts to several megawatts [12]. HAWTSs
can capture a significant portion of wind energy and can adjust
the pitch angle of their blades to mitigate the effects of strong
gusts [13].

Energy management and speed regulation techniques are
additional criteria for categorizing wind turbines. The process of
converting wind energy can be defined by variable and fixed
velocities [14]. Understanding wind characteristics is crucial for
efficiently harnessing wind energy. It is widely acknowledged
that wind direction and speed vary significantly across different
locations, seasons, and over time [15]. Thus, even slight
variations in wind speed or direction can lead to significant and
unpredictable differences in wind turbine power output, which
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can impact the quality of voltage and current in the network to
which it supplies energy. At a specific wind speed, the system
achieves its optimum conversion efficiency; at other wind speeds,
efficiency decreases. Fixed-speed wind turbines (FSWT) operate
at nearly constant velocity; however, variable-speed wind
turbines (VSWT) can utilize a wide range of wind velocities to
maximize energy conversion efficiency [16].

Testing and analyzing wind energy power systems, however,
pose a challenge in laboratory conditions due to the complex
equipment and environmental conditions. Therefore, they are
typically assessed through simulations and numerical methods.
[17, 18].

Various wind turbine systems have been developed for diverse
applications. In [19], a wind turbine model with variable speed
was developed and simulated, driven by a doubly fed induction
generator (DFIG). A comprehensive review of wind turbine
generator models for various stability analyses was presented in
[20]. Additionally, the study described in reference [21] utilized
MATLAB/Simulink to model and simulate various wind energy
conversion systems with distinct generators operating under
identical parameters to determine their efficiency. Moreover,
researchers in [22] introduced a high-precision wind power curve
modelling technique based on wind speed vectors, including wind
velocity and wind directions at various levels of wind measuring
towers. The study referenced in [18] examined the wind energy
absorption and aerodynamics of a wind turbine. It involved
simulating the turbine's characteristics using various control
methods such as direct control, induction, and permanent magnet
synchronous motors controlled by space vector, frequency
control, and direct torque control (DTC) methods. Additionally,
the aerodynamic characteristics of the turbine system were
analyzed through numerical simulations using space vector
modulation and induction control techniques in MATLAB.
Shamshirband et al. [23] employed adaptive neuro-fuzzy
inference system (ANFIS) artificial neural networks for the
analysis and prediction of deficit power in wind turbines. Their
study investigated the impact of aerodynamic interactions among
multiple turbines on the grid's overall power generation capacity
using MATLAB Simulink. Narayanan and Ramakrishnan [24]
employed an advanced digital pitch control system in their wind
turbine study. Their approach involved implementing the
proposed digital pitch control system on a hardware-in-loop
simulator and utilizing predictive modelling of flow circuits to
enable real-time pitching adjustments within the system.

The contributions of this work include presenting a
comprehensive mathematical model for each component of the
wind turbine's aerodynamic system, facilitating understanding
and simulation of wind turbine operation. MATLAB/Simulink
simulation of the wind turbine's kinematic chain provides a
practical tool for analyzing turbine behaviour under different
conditions. The paper also offers a detailed analysis of the power
coefficient, including its relationship with the tip speed ratio and
blade pitch angle, aiding in determining optimal operating
conditions for maximizing energy conversion efficiency.

The rest of the paper is organized as follows: In section two,
the experimental aspect is delved into, with a focus on wind
turbine modelling. This section discusses the mechanical energy
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produced by the wind turbine and outlines the mathematical
expressions used to characterize its performance. Section three
presents the simulation results and subsequent discussions. We
showcase characteristics of the power coefficient against tip speed
ratio for various blade pitch angles, explore the impact of wind
speed and tip speed ratio on mechanical power, and analyze the
temporal evolution of mechanical torque and power. The
conclusions drawn from the simulation results are discussed in
section four. Finally, section five offers a comprehensive
conclusion, summarizing the key findings of this study and
providing insights into potential future research directions in the
field of wind energy.

2. EXPERIMENTAL ASSESSMENT
2.1. Wind Turbine Modeling

The mechanical energy produced by the wind turbine, which
is characterized by a speed of rotation and a mechanical torque, is
created from the Kinetic energy of the wind. The system
investigated in this study consists of a wind turbine in Figure 1
with a rated capacity of 1.8 MW. It includes blades with a radius
of 23.2 meters that propel a generator via a multiplier with a gain
of 23.75. Other characteristics are illustrated in Table 1.

Multiplier

Crurp

Wind

Fig. 1. Wind turbine model [25].

As illustrated in the aerodynamic model, the variation in the
force of the airflow before and after encountering the rotor is
instrumental in determining the amount of power the rotor can
extract from the wind [26]. According to Betz theory, the
mechanical power produced by a wind turbine can be described
by the Equations (1) and (2) [27].

1
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Where C,(4,B) is the wind turbine's power coefficient, p is the
air density (1.225 kg/m?®), A is the surface area of the blade (m?),
R is the rotor radius (m), and ¥, is the wind speed (m/s).

The power coefficient C, is a function of both the tip speed
ratio A and the blade pitch angle 8. The power coefficient has
been modelled using a variety of approaches. The analytical
expression used to model this coefficient in this work is as
Equation (3) [28, 29]:

—21

116 e +0.00681

C, = 05176 (Ti ~ 048 —5) 3)



C. Beldjaatit, T. Sebbagh, Turk. J. Electromec. Energy, 9(1) 18-24 (2024)

With the Equation (3) and using coefficients are obtained
characteristic [30].

1 1 0.035
* = Trose (@)
A;  A+0.088 B3+1

The term "tip speed ratio" refers to the ratio of the rotating
speed of the wind turbine to the wind velocity.
AR
W

A= )

Where: Q. is the rotational speed of a wind turbine (rad/s).

The theoretical upper limit of C, is equal to 16/27, this
signifies that the highest achievable wind power obtained from
the kinetic energy of the wind by a wind turbine is less than
59.3%. This is called the Betz limit [27].

To simulate the behaviour of the wind turbine, the mechanical
torque is calculated practically from the mechanical power
(Pimecn) by using the wind turbine's rotational speed ( Q; ) using
Equation (6) [30].

P
Trmecnh = T;Ch (6)

For the mechanical part, a mathematical representation of the
multiplier is provided by the Equations (7) and (8) [31]:

Qec = GQ; )
Tmech = GTg (8)

Where: Q,,,.. represents the angular speed of the generator (rad/s)
or (r/min), and G is the speed multiplier gain.
] — ]tugl;ine +]g (9)

The basic dynamic equation for determining how the
mechanical speed evolves from the overall mechanical torque
Tomec applied to the rotor is defined as [32]:

deEC
] T Thec (10)

Where; J denotes the total apparent inertia on the generator rotor.
The numerical values for various parameters of the wind
turbine are presented in Table 1.

Table 1. Wind turbine model parameters [33].

Parameters Values
Rotor diameter (D) 23.2m
Multiplier coefficient (G) 23.75
Number of blades 3
Air density ( p) 1.22Kg/m?
Moment inertia of the turbine (J1) 102.8 Kg.m?
Coefficient of viscous friction (f) 0. 0024N.m.s" !

The total mechanical torque depends on the load torque (Ty),
the viscous friction torque (T,,;,), and the electromagnetic torque
(T..») generated by the generator.

Tmec = Tg - Tem - Tvis (11)
The viscous friction torque is modelled by:
Tois = [+ Qmec (12)

f: Is the viscous friction coefficient.

In MATLAB/Simulink, the complete kinematic chain of the
wind turbine is simulated as shown in Figure 2. The model was
developed based on the equations previously presented. The
subsystems of aerodynamics and power coefficient are shown in
Figure 3 (a) and (b) respectively.
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Fig. 2. Wind turbine simulation model.
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Fig. 3. Aerodynamics and power coefficient models;
(a) Aerodynamics simulation model, (b) Power coefficient
simulation model.



C. Beldjaatit, T. Sebagh, Turk. J. Electromec. Energy, 9(1) 18-24 (2024)

3. SIMULATION RESULTS AND DISCUSSION

The following section presents the results obtained from the
simulation of the wind turbine model and provides a detailed
discussion of their implications. By examining these results in
detail, we aim to gain a better understanding of the functionality
and effectiveness of the wind turbine model. This in-depth
examination and discussion aim to provide a solid understanding
of the wind turbine system and its behaviour as simulated in this
study.

Figure 5 displays the results of simulations of the power
coefficient against the tip speed ratio for various blade pitch
angles. There is only one ideal maximum speed ratio, Aep=8 (8 =
0), where the power coefficient can reach its peak value.
Therefore, the mechanical power provided by a variable-speed
wind turbine reaches its maximum value, as depicted in Figure 8.

0.45 ' ' ' ' ' T T
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035+ ——DBeta=6 |
= Beta=8
031 Beta=10 |,
=—Beta=12
o L
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01+
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0 § i i i i i g i -
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Fig. 5. Characteristics of Cp with Lambda for different blade
pitch angles.

Figure 6 and Figure 7 show the simulation results curves at
various wind speeds for the mechanical power versus rotor
speed. It can be observed that wind speed and tip speed ratio
directly impact the mechanical energy generated by a wind
turbine. Up to a certain point, the amount of power the turbine
can produce increases directly with the wind speed; after that,
it decreases, and due to the monitoring system installed in the
wind turbine for safety reasons, it will be taken out of service.
It is necessary to maintain constant power at the design limit.
In addition, the Coriolis forces [34] may also be responsible for
the decrease in power. If the frictional and pressure gradient
forces are not balanced, the Coriolis force causes the wind to
rotate. The Coriolis force turns the wind if the pressure gradient
and frictional forces are unbalanced. When the pressure
gradient and frictional forces are not balanced, the Coriolis
force turns the wind. As a result of the imbalance, the wind
direction shifts with height.

The wind turbine angle of attack varies due to changes in
the pitch angle. Figure 6 demonstrates that maximum power is
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achieved when the wind speed is 12 m/s, and the pitch angle is
zero. However, adjusting the pitch angle to four for the same
wind speed results in reduced power output, indicating the
influence of the pitch angle on power output. The pitch angle
must be adjusted according to the ideal wind speed to optimize
energy production.
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Fig. 6. Curves of mechanical power versus rotor speed at
different wind speeds when the pitch angle is zero.
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Fig. 7. Curves of mechanical power vs. rotor velocity under
various wind speeds when the pitch angle equals 4 rad/s.
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Figure 9 and Figure 10 depict the temporal evolution of the
mechanical torque and mechanical power of the turbine,
respectively. For a constant wind speed (V,, = 12m/s), these
deviations exhibit an increasing trend over time, followed by a
decrease and eventual stabilization. This clearly illustrates the
impact of constant wind speed on the functionality of the wind
turbine.
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Fig. 9. The mechanical power of the turbine.

(=)

10

22

2510 : ,

T 2 I
3
()
=]

§1.5- |
et
®
o

€ 1t .
(1]
<
[6)
()]
=

0.5 i

0 Il Il 1 - - - Il

0 20 30 40 50 60 70

t(s)

Fig. 10. The mechanical torque of the turbine.

The results presented provide valuable insights into wind
turbine performance, elucidating the complex interplay between
key parameters and external factors. The identification of an
optimal tip speed ratio (A,p=8) and corresponding blade pitch
angle (p=0) signifies conditions for maximizing the power
coefficient and mechanical power output, essential for efficient
turbine design. Additionally, the simulation results underscore the
direct influence of wind speed and tip speed ratio on mechanical
power, while also recognizing the monitoring system's role in
preventing operation beyond design limits. The mention of
Coriolis forces adds complexity, underscoring the importance of
comprehensively understanding external forces. Furthermore,
Figure 8 demonstrates how adjustments in pitch angle directly
impact power output, highlighting the significance of
optimization. Figures 9 and 10 offer a temporal perspective,
illustrating dynamic adaptations of mechanical torque and power
under fixed wind speed conditions. These findings significantly
contribute to wind turbine dynamics, providing practical insights
and paving the way for further research into the complex
interactions of parameters and external influences.

The findings of this study demonstrate a high level of accuracy
and quality when compared to existing research in the field, such
asin [33].

4. CONCLUSION

In this study, wind turbine operation was comprehensively
explored using mathematical modeling and simulation
techniques. The intricate interplay of the aerodynamic system
components rotor, generator, and gearbox was scrutinized to
understand their collective contribution to energy conversion.
Valuable insights into the dynamics of wind turbines were gained
through the development and simulation of a mathematical model
using MATLAB/Simulink.
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Significant relationships between the power coefficient, tip
speed ratio, and blade pitch angle were revealed by the
simulations conducted in section three. Insights into the nuanced
behaviour of wind turbines were provided by the analysis of
mechanical power and torque under varying wind speeds.
Particularly, the importance of adjusting the pitch angle for
optimal energy production at specific wind speeds was
underscored, highlighting a critical consideration for practical
wind turbine installations.

The theoretical understanding of wind turbine dynamics is
advanced by our work, which also holds practical implications for
the design, installation, and operation of wind energy systems.
The simulation results serve as a foundation for optimizing wind
turbine performance across various conditions, thereby ensuring
sustainable and efficient energy conversion.

As this study is concluded, potential avenues for future
research in wind energy are highlighted. Further investigations
could focus on refining mathematical models by incorporating
additional parameters or evaluating the impact of environmental
factors on wind turbine performance.

Additionally, experimental validations and field studies could
complement  simulation-based  findings, comprehensively
understanding wind turbine behaviour in real-world conditions.
Moreover, advancements in control strategies for wind turbines to
enhance their adaptability to dynamic environmental conditions
need to be explored. Novel opportunities for real-time
optimization and improved energy yield may be provided by
integrating intelligent technologies and machine learning
algorithms.
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