Indonesian Journal of Electrical Engineering and Computer Science
Vol. 39, No. 3, September 2025, pp. 1467~1479
ISSN: 2502-4752, DOI: 10.11591/ijeecs.v39.i3.pp1467-1479 O 1467

Design and optimization strategy of HAWT using a local pitch

angle adaptation

Issam Meghlaoui'?, Toufik Madani Layadi'®

!_aboratory of Materials and Electronic Systems, Department of Electromechanical, Faculty of Sciences and Technology,

University Mohamed EI Bachir El lbrahimi of Bordj Bou Arreridj, El Anasser, Algeria
2Arts et Métiers-ParisTech, LIFSE, Paris, France
SUniversity of Poitiers, ISAE-ENSMA Poitiers, LIAS, France

Article Info

ABSTRACT

Article history:

Received Sep 27, 2024
Revised Apr 9, 2025
Accepted Jul 3, 2025

Keywords:

Adaptable local pitch angle
Blade element method
Design optimization
Optimization algorithm
Renewable energy

Smart HAWT

In this paper, a smart design of a horizontal wind turbine (HAWT) has been
developed. The developed design allows improving Kkinetic energy
recuperation with high efficiency. The considered design of the wind turbine
is characterized by a specific mechanical structure of blades. Each blade
contains separated elements with an adaptable local pitch angle. To develop
the smart wind turbine, a new algorithm for controlling the blade elements
has been implemented. It allows estimating the distribution of the twist angle
of each blade element. The achieved twist angle corresponds to the extracted
optimal power provides by the wind turbine. The obtained results show a
significant improvement relative to the wind turbine power coefficient under
operating conditions. In fact, for some rotating velocity, the rate of this
coefficient is increased by 21%. Moreover, notable Kinetic energy
recuperation is observed. Furthermore, smart orientation of elements proved
optimal energy recuperation for a large scale of tip speed ratio and wind
speed. In addition, the proposed structure of the wind turbine is more
beneficial to minimize the axial thrust. Furthermore, the axial thrust of the
wind turbine has been decreased by 21% for some operating velocity and
specific conditions. As perspectives for the future works many ideas are
suggested.
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1. INTRODUCTION

Generally, wind turbines have a specific form of blades [1]. Also, wind turbines are designed to
operate according to well-defined meteorological data of sites [2]. These meteorological data can be ambient
temperature with climate variations of the weather (ice and rain), and wind speed. In fact, the permanent
variations of wind speed and load profile of the turbine can change the optimal operating point of the whole
system. Operating out of optimal point can cause losses of energy recuperation [3], [4]. Avoiding this kind of
phenomena, many solutions can be proposed [5], [6], such as maximum power point tracking (MPPT)
technique [7]-[11]. This technique is used to maximize the recuperated power of wind turbines. Energy
recuperation is based on implementation of control algorithms. However, this optimization technique is
considered limited by the mechanical architecture of the wind turbine. Also, other optimization techniques of
control have been proposed to maximize energy recuperation, which are active [12]-[14] and passive [5], [15]
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control techniques. The active one is subdivided into two different techniques. The first technique is called
individual pitch control [16], [17], which focuses on an independent variation for each blade of the wind
turbine. Each blade can be pitched by a specific angle. The proposed technique allows minimizing
significantly the stress phenomenon of blades. However, implementation of this technique on real situation is
not commercially suggested. The second one is nominated the global pitch control technique [18] and
represents the most known conventional optimization technique. In this technique all blades receive the same
control angle, which increases the stability of the wind turbine. Until know the last technique is mostly used
to control most wind turbines. In fact, it allows optimizing the aerodynamic of kinetic energy recuperated by
the wind turbine. The passive control technique focuses on mechanical adaptation of wind turbine blades.
Many researchers have interested to develop this control technique for horizontal wind turbines (HAWT) to
incline the blades of wind turbines. This technique is based on using forces and torques that can be generated
naturally by the wind. Also, they affect the rotor shape of wind turbine [19]-[21]. Some elements like
spoilers, deflectors or flexible leading edges are generally used in passive control technique [22]-[24]. These
elements are designed to modify passively the aerodynamic force distribution along the blades. This
modification can influence the angle of attack and decrease the load fluctuations. Moreover, it allows not
only to stabilize the wind turbine against the wind variation, but also to optimize the wind energy efficiency,
and minimize the losses of production that caused by meteorological condition variations. Implementation of
the passive technique requires advanced materials of production with complex manufacturing. Recently,
some research works have investigated to optimize the blade design of HAWT [25]-[28]. This optimization is
implemented for a specific rotational and a well-defined wind speed.

According to the wind turbine architecture, each blade element participates to generate its propre
torque dQ. This torque is generated through resulting forces acting on the blade elements. Forces that act on
the airfoil sections of the blades depend on several parameters such as chord length: airfoil section, wind
speed, rotational velocity and inflow angle ¢. This angle plays important role to achieve significant energy
recuperation [29]. The angle is calculated by using wind speed and rotational velocity of the wind turbine.
Under operating conditions this angle can be changed and causes a clear diminution in power recuperation.
Also, it causes a significant increase in the axial thrust on wind turbine structure.

The goal of the present research work is to develop a new design for HAWT. The proposed wind
turbine design can adapt smoothly the pitch angle along the blade. The new configuration of the wind turbine
is based on subdividing the blade into many elements. Each element is pitched individually to reach the
optimal configuration; and improve the wind turbine efficiency. Controlling of the blade elements is realized
using a powerful control algorithm. This algorithm can find the optimal local pitch angle for each element
and adapt it according to external data variations (wind speed and rotational speed). Development,
implementation and simulation of the proposed wind turbine is performed in MATLAB-Simulink
environment. Simulation results demonstrate clearly the smart configuration improvements comparing to the
conventional one.

This paper is organized as follow: first, materials and methods are presented in section two. In this
section, the main idea of the proposed model and mathematical models are shown. Different case studies with
important simulation results are mentioned in section three. Furthermore, significant clarifications about the
obtained results are added. Finally, conclusion and perspectives are presented.

2. METERIALS AND METHOD
In this section, many sub-sections are presented to develop the main idea of the contribution.

2.1. Description and design of the proposed blade

To maximize the wind turbine rotor performances, it is crucial to optimize the local pitch angle of
the blade elements. Each blade comprises several elements as shown in Figure 1. These elements are
mounted together to form a malleable and smooth geometry. However, each element can be twisted
individually to improve the energy recuperation, and to decrease the axial thrust acting on wind turbine.

2.2. Case study of wind turbine

The selected wind turbine is a horizontal bi-blade turbine. Figure 2 illustrates the chord length
distribution along the blade radius. It is observed that the chord section along the radius is increased around
the root of the blade and decreased around the tip region. Table 1 shows the wind turbine model parameters
such as density, kinematic viscosity of air, tip speed ratio and wind speed range. To extend the wind turbine
simulation, a large interval of tip speed ratio and wind speed values are considered.

Generally, small wind turbines use one aerodynamic profile along the blade. However, according to
some research works, many profiles of different airfoil sections can be used [25]. Increasing airfoil section at
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the root region allows the wind turbine rotor resisting against high constraints and axial thrust. However, thin
airfoil sections are suggested for the tip region. In the present study, elements along the blade are considered
have the same airfoil section NACA 4412. These profiles are the most used to design the wind turbine blades.
They have a significant lift-to-drag coefficient ratio. Table 2 depicts the airfoil NACA 4412 and its
parameters.

Cover (skin)

External structure

Figure 1. The proposed structure of the blade
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Figure 2. Chord length vs. radial position for the studied wind turbine

Table 1. Wind turbine model parameters

Atmospheric parameters Value/unit Blade parameters Value/unit
Density of air p 1.25 (Kg/m?®) Number of blades Ny, 2()
Viscosity of air v 1.87 10°° (m?/s) Tip speed ratio TSR 6-14 (1)
Atmospheric pressure Pam 990 (hPa) Airfoil NACA 4412
Wind speed Uy 6-14 (m/s) Riip 1.5(m)

Table 2. Aerodynamic parameters of the airfoil

Parameter/airfoil NACA 4412
Airfoil thickness, th (%) 12
Lift coefficient, C; (-) 1.2
Drag coefficient, Cq(-) 0.012
Angle of attack, a (°) 6.5

2.3. Local twist angle extraction
To extract the optimal value of the local pitch angle, the blade element momentum method has been
adopted for each blade element. Implementation of the proposed method is based on (1) and (2).

Design and optimization strategy of HAWT using a local pitch angle adaptation (Issam Meghlaoui)
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A‘r = (4(1 - 1)((1 - a)(1 — 3al)—1)1/2 (1)
a =({1-3a)(4a—1)"1 o

Where the local speed ratio Ar is expressed in function of the axial and tangential induction factors a and a’
respectively. The optimal twist angle f8 is expressed as:

B=¢p—a 3)

Where « is the angle of attack. The flow angle ¢ is calculated in function of wind speed Uo and the angular
rotor speed Qr as:

@ =tan"'[(1 — a)Uy((1 + a)r) 7] (4)
The previous equations are used to obtain the twist angle 8. This angle is ideal for a equals 13, and for a’
equals zero. Adaptation of this angle will be realized using iterative calculation. The calculation algorithm
uses this angle as an input. The main iterations of the algorithm are detailed in sub-section 2.7.
2.4. Implementation of the blade element method

Figure 3 shows the relationship between aerodynamic forces, velocity and angles [30], [31]. Using
vectorial presentation given in Figure 3 several equations are obtained. In (5) and (6) demonstrate
respectively normal force coefficient C,, and tangential force coefficient C; as:

C,=Cicosp+Cysing (5)

C, =C;sinp —Cycos @ (6)

U:](.l - H)

Figure 3. Vectorial presentation of aerodynamic forces, velocities and angles

The thrust coefficient Crand torque coefficient Cq are given as:

Ct = UfCyLcNg (2nrU§)™" = 0Cy UF (U™ ()

Co = UFC,LNg 2rrU§)™ =o€, UF (U§)™ = C; G (G ®)
where, Ur represents the relative wind velocity and ¢ is the solidity factor of the wind turbine.

o= LNy (2nr)~1 9)
The tangential induction factor a’ is expressed as:

a= Co¢(1-a)2)? (10)
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where,
A = 0r(Up)™ (11)

Some improvements are added to correct the infinite number of blade assumptions [32], [33]. In the present
study the tip loss factor is implemented as:

_Np(Rtip—1
F= %cos‘1 [e 2 (rsimﬂ)] (12)

2.5. Local twist angle adaptation for different radial positions

To maximize the recuperated power of wind turbines, the axial induction factor a must be close to
its ideal value 1/3 for the different blade elements. So, the twist angle of elements should be adapted to
optimize the axial induction factor value. Figure 4 demonstrates the twisting of the blade. Also, many profiles
are presented, and each profile is characterized by its chord length and a specific twist angle. It means, the
twist angle of the blade presents the torsion of the blade. Due to the high Uy/Qr ratio, it is known that the
airfoil section at the root region is twisted into the wind [34]. However, the blade tip is generally
perpendicular relative to the wind. The rotational speed and wind speed velocity can define the inflow angle
of the air stream at a specified radius. In fact, the required local twist angle must be updated in real time with
Uo and Q.

Blade root profile

0.19 Ry

Blade tip profile

Figure 4. Local twist of the wind turbine blade for different radial positions

2.6. Power and force evaluation
To evaluate the local rotor thrust force dT and torque dQ, mathematical expressions have been used as:

dT = %NBLCCnpUOZ(l —a)?(sing)~2dr (13)
dQ = %NBLCCerO(l —a)r(1+a’) (singcos @)™t dr (14)

The global calculation of the total thrust force T, torque Q, and rotor shaft power Prqor are expressed by the
following expressions.

Rygi Ne
T = fR}:u’; dTdr = ¥, dT; Ar (15)
Q = [ dQrdr = ¥l rdQ;Ar (16)
Protor = Q12 (7)

Finally, the power coefficient C, of the wind turbine and the thrust force coefficient C: are shown as:
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1 -1
C, = Q0 (EpUgA) (18)
1 -1
C,=T (EpUgA) (19)
Where, A represents the area of the rotor.

2.7. Operating algorithm description

Algorithm calculation needs necessary inputs which are tip speed ratio (TSR), number of blades,
chord length, radius and speed of rotor, and atmospheric parameters such as wind speed, air density and
viscosity. By using the blade element method and iterative calculation, the induction factors (a and «’) are
evaluated. When these factors reach the optimal value, the algorithm stops its calculation. By the end of
evaluation, and for each element of blade, the algorithm can extract the force coefficients and the flow angle.
Based on the obtained values, the algorithm starts a new stage of calculation. In this stage, the local twist
angle is evaluated iteratively by the algorithm to obtain the optimal value reaching the maximum power
coefficient.

In conclusion, the local twist angles are updated for each blade elements. Hence, the optimal twist
angles provide a new shape for the blade. Furthermore, the targeted parameters of the blade, power
coefficient, and axial thrust coefficient are extracted.

3. RESULTS AND DISCUSSIONS
In this section several simulation tests have been realized. To clarify the importance of the proposed
algorithm, many suggestions are considered.

3.1. Analysis relative to axial induction factor

Generally, the axial induction factors a represents a reliable indicator to evaluate the recuperated
power from the wind turbine. In fact, in terms of power, each element has a proper local axial induction
factor. Following the wind turbine theory, the local axial induction factor of each element should be equal to
1/3 to reach the optimal power. The proposed algorithm considers the twist angle optimization. To obtain the
optimal power from the wind turbine, it is crucial to optimize the local induction factor of each element.
Figure 5 shows the axial induction factor values a along the normalized blade radius for different TSR.
Figures 5(a) to 5(d) demonstrate the axial induction factor relative to normalized blade radius for TSR equals
10, 14, 13 and 12 respectively. For each TSR values, three curves are given. The green curve represents the
ideal demonstrated value of axial induction factor. This curve is considered as the reference value. In cases
(@), (b), (c), and (d), wind speed is supposed equals 10 m/s.

Comparing between curves, red color reflects the conventional configuration of the wind turbine. In
fact, when TSR is augmented, the local axial induction factor is far away relative to the theorical value along
the wind turbine radius. In fact, for TSR equals 14, the difference between the simulation curves and the
theorical assumption (green curve) is increased by 50% along the blade radius.

The blue curve shows the smart configuration of the blade. Its variation follows with precision the
ideal curve for a large zone of TSR. The present results demonstrate significant improvements. The achieved
results provide an optimal axial induction factor along the blade radius for a wide range of TSR. In addition,
the finding results show that most blade sections operate around airfoil optimum angle of attack. However, in
the previous study presented in [25], only one value or a narrow range of TSR is considered. For TSR equals
to 10, 12, and 13, a clear deviation between curves at the tip blade is observed. This deviation due to the
influence of the tip loss factor implemented in the BEM method. The Tip loss factor importance is discussed
in [32] and [33].

In the proposed solution, the local twist angle for each element of the blade should be adapted in
real time in function to the angular speed, and the wind speed. Figure 6 depicts the local twist angle variation
along the normalized blade radius for different TSRs. The presented curves illustrate the local twist angle
values that are obtained from the simulation experiences. Also, a graphical comparison between the local
twist angles of conventional and the smart structures at wind speed U0 = 10 m/s is proved. It is observed that
there is a clear gap between both structures. A value of -7.46° is extracted around the root of the blade, and a
value of + 1.49° is achieved from the tip of the blade for TSR equals 14. In addition, for TSR equals 13, a
value of -5.6° is estimated around the root, and a value of +2.52° is calculated around the tip.

For each TSR, it is proved that each blade section with its proper twist angle is different relative to
the adjacent section. The obtained results demonstrate that the proposed technique is more significant than
conventional ones, such us global pitch control technique where, all sections of the blade have the same
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twisted angle [16], in fact the proposed algorithm can control separately the orientation angles of the blade
sections. Hence, all blade elements working around an optimal angle of attack over a large range of TSR.
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Figure 5. Local axial induction factors along the normalized blade radius for conventional and smart
geometries at a wind speed of 10 m/s for different: (a) TSR=10, (b) TSR=14, (c) TSR=13, and (d) TSR=12
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Figure 6. Local twist angle along the normalized blade radius at a wind speed of 10 m/s for different TSR

Figure 7 shows the airfoil section along the normalized blade radius for different TSR at a wind
speed of 10 m/s. The blue profiles represent root blade elements. However, the orange one illustrates the tip
blade elements. It is observed that there is a significant changing in the geometric form of the wind turbine
blade for different rotational speeds. The local twist angle changing is increased progressively from the tip to
the root of the blade for low TSR values. For instance, when TSR is low, the local twist angles between
elements are increased which causes more torsion of the blade. To clarify the difference between the
conventional and smart design of the blade, superposition of two geometries is presented for TSR=10.

A significant deviation between the twist angle values around the root region of the blade is
observed. These results are more significant and demonstrate practically the way how the blade shape is
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changing progressively for a large operating zone where, TSR=6 to TSR=14. In practical case,
implementation of the proposed structure needs mechanical articulations, and actuators that ensure an
individual twist of each section of the blade. In contrast, the conventional design of blade has a solid
geometry. In this case, one twist angle is given along blade [25].

Blacke roul profile

T Bladetip profile

 TSR=8

Blade soat prefile

el profile | Blade root profile

T Dlade tip pofile

TSR=12  TSR=13

Figure 7. Profile view of the blade for different tip speed ratio and normalized radius at a wind speed of 10 m/s

3.2. Analysis and Performance study

Figure 8 demonstrates power and axial thrust coefficient curves in function to TSR. C, and C; curves
are obtained from experiment simulations for smart and conventional configurations, where the wind speed
Uo is equal tol0 m/s. Extraction of power coefficients is based on implementation of blade element
momentum method (BEM) in MATLAB/Simulink environment for a large scale of TSR. According to C,
curves, the smart configuration provides a wide space of power recuperation with high performances.

Figure 8(a) proved the best performance of C, for TSR equals 9 in smart configuration. In fact, the
Cp value reached 46.40 %. When TSR is upper than 11, the smart configuration illustrates important C,
values than the conventional one. In fact, around TSR=14, the deviation of C, value corresponds to 14.65%
relative to the smart design. The obtained results demonstrate that the flexible blade geometry is more
significant than the rigid one in terms of energy recuperation and performances. In fact, the study presented
in [35] and [36] proved that flexible structure outperforms rigid one.

Figure 8(b) presents the Ct coefficient comparison between the different configurations. It is
observed that in conventional design, the axial thrust coefficient is exceeded the unity value for a high TSR.
However, in the smart configuration, the axial thrust coefficient is considered limited at 0.9. For TSR equals
14, the smart configuration can minimize the axial thrust force by 18,62 %. Furthermore, smart adaptation of
local pitch angles allows minimizing considerably the axial force impact on the wind turbine. This finding
supports the idea of the research work presented in [29]. Moreover, the thrust is decreased when the pitch
angle increased. In the practical aspect, the proposed technique allows protecting the wind turbine against the
stress and increasing durability and blade lifetime.

Generally, optimal design of wind turbine blades is performed according to a specific TSR and wind
speed. However, wind speed variations can cause the wind turbine to work out of optimal zone. To generalize
the study of performances, it is essential to extend the study by evaluating the relationship between thrust
coefficient, power coefficient and local twist angle for different TSRs and wind speeds on a large scale.
Figure 9 depicts variations of power coefficient in function of TSR and wind speed. To analyze the power
coefficient, two curves are superposed as given in Figure 9(a). This superposition allows to differentiate
between smart and conventional geometries. In addition, it is observed that the smart curve represents the
upper envelop for the conventional one. Also, the smart geometry illustrates a large working zone with high
performances for different values of TSRs and wind speeds. In this case study, the TSR is comprised between
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6 and 14, where wind speed Uo is comprised between 6 m/s and 14 m/s. orange curve defines the power
coefficient with high values (42%). The finding results relative to TSR, and wind speed parameter represent
significant improvements. These improvements are evaluated by high values of €, where, the wind turbine
can exploit a large zone of working. To clarify the variation of power coefficient gap between the proposed
geometry and the conventional one, a new graphical curve is shown in Figure 9(b). For high TSR values
(TSR>12), a rate of 15% of power coefficient can be gained for different wind speeds. From Figure 9(b), it is
noted that the maximum power recuperation reached 21% for TSR equals 14 and a wind speed value equals
14 m/s. Following the finding results significant improvements have been achieved under high TSR values.
However, the gained power does not exceed 5% for low TSR values, and for different wind speeds. In fact,
for low TSR values, high angles of attack favorize the aerodynamic stall for the majority of blade sections.

—a— Conventional —m— Smart —— Conventional —— Smiart
0.48 1.20
0.46 1.10
0.44 1.00
0.42 0.90
2040 & 080
~ 038 0.70
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@ (b)

Figure 8. Wind turbine coefficients vs. TSR at a wind speed of 10 m/s using BEM for different design
(a) power coefficient vs. TSR and (b) thrust coefficient vs. TSR
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Figure 9. Power coefficient evaluation for wind turbine geometries (a) power coefficients vs. TSR and wind
speed and (b) difference between power coefficients vs. TSR and wind speed

Figure 10 demonstrates the axial thrust coefficient in function of TSR for different wind speeds.
Superposition of axial thrust curves extracted from experiment simulations is illustrated in Figure 10(a). The
linear curve given represents the conventional geometry, and the lower one shows the smart configuration.
When the TSR is upper than 10, the smart geometry represents weak axial thrust coefficients C<0.9 for all
wind speed values comparing to the conventional configuration where, C; exceeds the unity. The results
proved significant values comparing to the advanced pitch angle control using genetic algorithm technique
presented in [36]. The obtained findings show a strong relationship between the twist angle and the axial
thrust. In fact, this relationship is confirmed in the research work given in [29]. Hence, its observed that the
thrust is decreasing with increasing of pitch angle due to reduction in frontal area. Figure 10(b) depicts
important attenuation in the axial thrust, and its value is estimated by 21% for TSR=14 and U0=14m/s. In
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addition, for TSR>12, the axial thrust is reduced by 10% for all wind speeds. For TSR<8, local angles of
attack for the blade sections can reach Stall limit [25]. In this case, the optimization algorithm become unable
to find more improvements in local twist angles. Under this situation, the attenuation is limited to 5% for
different wind speeds.

Figure 11 shows clearly the local twist angle distribution for different TSR along the normalized
radius at a wind speed of 10 m/s. Figure 11(a) depicts the difference between local twist angle for smart and
conventional geometries. Figure 11(b) shows the difference between local twist angles for the different
geometries in terms of TSR. According to the transparent curve given in Figure 11(a), it is observed that the
root elements (r/R<0.4) have the highest twist angle range comparing to other elements. For instance, local
pitch angle that varied within 17.83° at TSR=11 to 30.46° at TSR=6 shows the case. Also, for TSR equals 11,
the twist angle deviation between the conventional structure and the smart one can reach the value of 6.88° as
given in Figure 11(b). Then, the obtained results provide an adaptable design of the root region. So, the
optimized design of the root region of the blade is considered crucial to facilitate the starting of the modern
wind turbine [37]. Following Figure 11(a), the local twist angle is varied within 2.88° at TSR=9 to 0.84° at
TSR=14 around the tip of blade. Also, the twist angle deviation extracted between the conventional structure
and the smart one is equal to -2.73° at TSR=14 and equal to 1.35° at TSR=9 as presented in Figure 11(b).
Hence, these findings are in line with Clifton-Smith conclusion that demonstrates the importance of the tip
region [38]. In fact, the tip of blade is considered as the efficient region in terms of energy recuperation,
where the most part of aerodynamic torque is provided by the elements of the blade tip.
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Figure 10. Axial thrust coefficients evaluation for both geometries (a) thrust coefficients vs. TSR and wind
speed and (b) difference between thrust coefficients vs. TSR and wind speed
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Figure 11. Local twist angle for both geometries vs. different TSR and normalized radius at a wind speed of
10 m/s (a) local twist angle vs. TSR and normalized radius and (b) difference between local twist angles vs.
TSR and normalized radius
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4. CONCLUSION

The aim of this research work is to develop a smart design of HAWT. This design is based on the
subdivision of the wind turbine blade to several elements. These elements are mechanically connected and
enveloped by a malleable skin to ensure smooth movement. To simulate the wind turbine blade, a new
algorithm based on blade element momentum method has been realized. This algorithm takes into account
the local twist angle adaptation under several operating conditions. Simulation of the new design under
different conditions provides significant results with high performances. The finding outcomes provide
significant improvements comparing to the conventional wind turbine in terms of energy recuperation. In
fact, the smart wind turbine reached maximum Cp values for a large range of TSR and wind speed. For
instance, in the present study, the TSR is comprised between 6 and 14, where wind speed Uq is comprised
between 6 m/s and 14 m/s. For TSR equals 14 and Uy equals 14 m/s, the rate of power coefficient is
increased by 21%. In addition, an important attenuation of axial thrust coefficient is observed and estimated
by 21%. Moreover, axial thrust coefficient is significantly decreased for high TSR values which allows
preserving the mechanical structure of the wind turbine. The main achievements of the present contribution
are summarized as: development of a new adaptable blade structure for the HAWT; maximization in energy
recuperation over a large operating range; minimization of the axial thrust to improve the wind turbine
lifetime; and optimization of the blade element root design to facilitate the wind turbine starting.

Finally, the proposed design of the wind turbine blade offers a significant investigation to improve
the future wind turbines efficiency. As perspectives for the future research works, material and
manufacturing techniques are suggested to develop smart wind turbine blades. To ensure smooth orientation
of the blade elements, smart sensors and actuators should be used.
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