
Citation: Mohammed, A.; Sirahbizu,

B.; Lemu, H.G. Optimal Rotary Wind

Turbine Blade Modeling with Bond

Graph Approach for Specific Local

Sites. Energies 2022, 15, 6858.

https://doi.org/10.3390/en15186858

Academic Editors: Davide Astolfi

and Daniele Testi

Received: 6 August 2022

Accepted: 14 September 2022

Published: 19 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Optimal Rotary Wind Turbine Blade Modeling with Bond
Graph Approach for Specific Local Sites
Abdulbasit Mohammed 1, Belete Sirahbizu 1 and Hirpa G. Lemu 2,*

1 Department of Mechanical Engineering, Addis Ababa Science and Technology University,
Addis Ababa P.O. Box 16417, Ethiopia

2 Faculty of Science and Technology, University of Stavanger, P.O. Box 8600 FORUS, 4036 Stavanger, Norway
* Correspondence: hirpa.g.lemu@uis.no

Abstract: The wind turbine blade is an important component for harnessing wind energy. It plays a
vital role in wind turbine operation. In this work, a study was conducted to investigate the dynamic
behavior of an optimal rotary wind turbine blade with a bond graph approach simulated with
MATLAB/Simulink. The model is considered as a twisted Rayleigh beam which is made of several
sections of the type SG6043 airfoil. This type of airfoil is suitable for low wind conditions, and each
section is subjected to aerodynamic loads that are computed using the blade element momentum
theory. The bond graph model was developed based on the law of conservation of mass and energy
in the systems, and then the model was converted to the MATLAB/Simulink toolbox; results were
validated with SG6043 airfoil data and real wind data collected from selected specific sites of Abomsa,
Metehara, and Ziway areas in Ethiopia.

Keywords: blade element momentum; bond graph approach; aerodynamic load; Rayleigh beam;
blade structure

1. Introduction

The wind turbine is a multidisciplinary and complex system involving different
engineering disciplines such as mechanical, aerodynamic, and electrical engineering. One
of the essential parts of a wind turbine is the rotary blade that interacts with the wind to
convert its kinetic energy into useful energy. Wind speed causes a variety of aerodynamic
forces on a wind turbine blade, where the wind is the major source of aerodynamic forces
on the wind turbine blade. Several works have been recently published on the impact
of aerodynamic forces on wind turbine blades. For instance, Nigam et al. [1] studied the
analysis of horizontal axis wind turbine blades using the computational fluid dynamics
(CFD) approach. The blade was modeled and then analyzed using the NACA 634-221 airfoil
profile. The blade’s lift and drag forces were estimated at various angles of attack (AOAs).
The simulation results were then compared with experimental studies published in the
literature. Yuqiao et al. [2] studied the dynamic response of a flexible wind turbine blade.
The blade was simplified to a cantilever beam in case of shear deformation, and the effect
of cross-section rotating was considered. The finite element approach was used to solve
the dynamic equations of the wind turbine blade, and the designed computer program
was used to compute the dynamic response. Navideh et al. [3] investigated the dynamic
characteristics of a horizontal axis wind turbine (HAWT) rotor blade with a stiffener, for
which the model was created and implemented as a finite element model in ABAQUS. Jokar
et al. [4] concentrated on the dynamic modeling and vibration analysis of horizontal axis
wind turbine (HAWT) blades with a focus on the impacts of the pre-twist, rotational rigid
body motion. The dynamic behavior of the blade was derived by linearizing the produced
nonlinear reduced-order model around the steady-state solution. Lamine et al. [5] proposed
a dynamic model of a wind turbine with flexible blades in a grid control system with the
bond graph (BG) method. Two different wind turbine models were used. The first model
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assumed that the blades are rigid and consist of two masses, one with a large inertia and the
other with a small inertia. The second model took blade flexibility into consideration. The
theory of blade element momentum was used to evaluate the aerodynamic loads. Lakhal
et al. [6] proposed a dynamic model for flexible wind turbines by using the bond graph
approach and developed a nonlinear model that describes the behavior of a wind turbine
system by considering the flexibility of the blades, drivetrain, etc. The flexible blade was
modeled based on the Euler–Bernoulli beam model and the blade element momentum
(BEM) theory, and the global model was created by assembling the aerodynamic model
and structural model. Recent research [7,8] demonstrated that flexible turbine blades
have significant advantages over the traditional rigid blades particularly in reducing the
extreme fatigue loads on large-size wind turbine blades. Further advantages reported in
flexible (morphing) blade design studies are improved efficiency and service life [9–11],
better control capability by controlling the leading and trailing edges separately [12], and
optimization of material use [9,10], among other advantages.

Another study by Lakhal et al. [13] showed the efficiency of the bond graph approach
to modeling the flexible wind turbine by considering the flexibility of the blades, drivetrain,
and tower. The simulations of the behaviors of the different parts such as the blades and
drivetrain were performed using MATLAB software with real conditions and parameters,
and the obtained results were compared and approved with a classical method (Lagrange’s
method). Agarwal et al. [14] proposed a bond graph model of a wind turbine blade based
on the blade being modeled as a Rayleigh beam consisting of several sections subjected to
aerodynamic forces estimated using the BEM theory. NACA 4415 blade profile data were
included in the validity model and simulated using 20-Sim software. Khaouch et al. [15,16]
suggested the dynamic study of wind turbine blades using a bond graph. The model was
based on the 3D Rayleigh beam theory, which consisted of several variable sections of
the airfoil NACA 4415, taking into account axial and tangential flexion and free torsion
associated with aerodynamic loading. The results were validated by taking into account
data from the NACA 4415 blade profile. Naima et al. [17] studied the details of bond graph
wind turbine blade profile, twist, and chord change along the blade in order to assess its
efficiency and blade performance. The model was tested using the 20-Sim program.

The bond graph approach was also employed by Mohammed et al. [18] to construct
two-bladed wind turbine systems. The aerodynamics of the blades, drivetrain, and tower
of a wind turbine were all evaluated and confirmed in the model using NACA 4415 blade
profile data by using the 20-Sim program. Sanchez et al. [19] proposed a bond graph model
of a wind turbine system in which the blades, hub, main bearing, main shaft, gearbox,
brake, high-speed shaft, and generator linked to the network were presented. Those models
neglected some specific characteristics of the complexities of blade geometry. The complete
aerodynamic model was simulated and validated by using real data provided in the open
literature. Gonzalez-A et al. [20] studied the dynamic performance of a sky stream wind
turbine with a bond graph approach. The turbine blades were modeled by a single bond
graph, and the state equation of a blade section was obtained. The obtained findings
were validated and compared with the complete simulation of the turbine. Furthermore,
Mohammad et al. [21] contributed to bond graph dynamic modeling and control of wind
turbines by making a precise model of a blade. In this model, the aerodynamic forces
were examined with real data from a wind turbine, which were used to validate the
20-Sim model.

The aim of the work reported in this article is to study the dynamic behavior of an
optimal rotary wind turbine blade for local selected sites with a bond graph model. The
need to conduct the study based on the wind data at specific locations is due to the wind
loads transmitted to each part of the wind turbine structure being based on site variables
of the real wind data at local sites. Understanding the dynamic behavior of wind turbine
blades for the specific working environment is thus essential for optimizing energy output,
system safety, and reliability. Furthermore, it is important to forecast the dynamic response
behavior of new designs. The dynamic response change is governed by several important
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system properties such as stiffness and damping, which are based on operational factors
such as wind speed, rotational speed, and blade pitch angle. Based on the conducted
literature review, we observe that the bond graph approach to wind turbine modeling has,
among others, the following main advantages:

• It uses a unified graphical language that represents power exchange in the physical
domain and energy dissipation and storage phenomena in dynamic systems of any
multidisciplinary systems;

• It enables the visualization of the cause-and-effect relationships (causality) prior to
writing mathematical equations based on proposed models.

In the proposed model, the blade is considered as a twisted Rayleigh beam which is
made up of several sections of the type SG6043 airfoil [22,23], and each section is subjected
to aerodynamic loads that are computed using the BEM theory. The results of the proposed
models are validated using MATLAB/Simulink with real data from selected specific sites
(Abomsa, Metehara, and Ziway) [24] in Ethiopia.

The remaining part of this article is organized as follows: Section 2 briefly presents
the materials and methods used in the study followed. Then, the bond graph wind
turbine blade modeling techniques together with the developed aerodynamic model in
MATLAB/Simulink are described in Section 3, the results of which are further discussed in
Section 4. Finally, the drawn conclusions are summarized in Section 5.

2. Materials and Methods

To study the dynamic behavior of the optimal rotary wind turbine blade, specific
selected sites have been proposed. To begin with, the wind turbine blade structure was
considered as the Rayleigh beam model with three sections modeled with the BG approach.
The blade stiffness and material dumping were included by multi-field BG elements. Next,
the aerodynamic loads acting on the blade structure were also modeled with the BG method,
and the geometry parameters of the wind turbine blade were analyzed and determined
with the BEM method in MATLAB coding. In addition to these, the blade performance
and loads were also computed by using BEM theory. The overall wind turbine blade was
modeled with BG by assembling the BG model of blade structure and the BG model of
aerodynamics. Finally, the overall BG of the rotary wind turbine blade model was expanded
into a MATLAB/Simulink block diagram following the causalities of the bond line of blade
structure and aerodynamic loads of the BG model for computation and simulation of the
blade response. Real data of SG6043 airfoil type, blade geometry parameters from BEM, and
real variable wind velocity at 20 m height were collected by the National Meteorological
Agency (NMA) of Ethiopia for three sites (Abomsa, Metehara, and Ziway); the stiffness,
material dumping, mass, mass moment of inertia, etc., were used to validate the results of
proposed models.

3. Bond Graph Modeling of Wind Turbine Blade

The structural dynamic behavior of a wind turbine blade is introduced in this section,
and its bond graph model is created. The blade structure is considered in the model, which
is subjected to wind flow in the form of aerodynamic loads such as axial force, tangential
forces and moments, the rotational speed of the rotor, and the pitch angle of the blades.
This blade structure is presented based on the Rayleigh beam model, which is made up of
several sections. The suggested generic structural model for blades is diagrammatically
illustrated in Figure 1.
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ments, and rotations [26]. The blade is considered to be a twisted beam divided into n 
finite segments, as illustrated in Figure 2a. Each of the segments is subjected to wind flow 
efforts shown in Figure 2b, while in the bond graph formulation, the structure of the blade 
is made using C-field and R-field elements (Figure 2c), which represent the structural stiff-
ness and damping between the centers of gravity of adjacent ith beam elements, respec-
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Figure 1. Structural wind turbine blade modeling.

3.1. Blade Structural Model

Several studies on blade dynamic structural behavior based on the Rayleigh beam
model have been conducted [15,16,19,25], and various approaches for re-formulating flex-
ible beam models such as the Bernoulli–Euler model and Rayleigh model have been
considered [6,13]. The Rayleigh beam model is used in this work to describe the structure
of a wind turbine blade. The Rayleigh beam formulation is based on Newtonian shear
force and bending moment representations. The formulation assumes that the four dif-
ferent displacements are considered to store potential energy in the beam segment, end
displacements, and rotations [26]. The blade is considered to be a twisted beam divided
into n finite segments, as illustrated in Figure 2a. Each of the segments is subjected to wind
flow efforts shown in Figure 2b, while in the bond graph formulation, the structure of the
blade is made using C-field and R-field elements (Figure 2c), which represent the structural
stiffness and damping between the centers of gravity of adjacent ith beam elements, respec-
tively [14–16,19]. The ith beam element is influenced by translational displacements wi and
wi+1 and rotational displacements φi and φi+1 at both ends of the ith element, respectively.
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The flow variables in the four parts of the C-field and R-field are the corresponding
linear and rotational velocities. The effort variables are the aerodynamic forces Fi and Fi+1
and bending moments Mi and Mi+1 [26]. Thus, the generalized force and bending moment
due to flexure (in a dynamic state) are given in Equation (1).

Fi
Mi

Fi+1
Mi+1

 = [Ki]


wi
φi

wi+1
φi+1

 + [Ri]


.

wi.
φi.

wi+1.
φi+1

 (1)

Ki is the flexural stiffness of the ith element, which depends on flexural rigidity (EI)
and blade element length (li) as given in Equation (2), and Ri is the dumping matrix which
depends on the flexural stiffness of the element and dumping coefficient (µ), i.e., Ri = µ[Ki].

[Ki] =
EI
Li

3


12 6Li −12 6Li
6Li 4Li

2 −6Li 2Li
2

−12 −6Li 12 −6Li
6Li 2Li

2 −6Li 4Li
2

 (2)

where Li = li − 1 + li/2 and I = Ii − 1 + Ii.
In this work, the whole blade structure is divided into three sections. The length of

each element is li which is subjected to the source of efforts (Se). Therefore, three blade
elements are assembled to model the finite length (L) of the blade. The nodal masses and
moment of inertias are included as lumped inertias at 1-junctions representing nodal linear
and angular velocities, respectively. Likewise, the external damping to linear and rotational
motions is represented as lumped resistances at respective 1-junctions. The nodal inertias
and lumped resistances can be represented by using an I-field and R-field respectively [27].
Figure 3 illustrates the structural bond graph model of a three-sectional wind turbine blade
which is subjected to aerodynamic forces.
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3.2. Aerodynamics Model

The wind turbine aerodynamic model is a crucial phase in the design process. Its pur-
pose is to compute the aerodynamic loads applied on the blades’ structure from wind speed,
rotor rotational speed, and blade pitch angle by using the BEM method [14–16,27–29]. BEM
is the combination of blade element theory and momentum theory, which has been dis-
cussed in further detail in [27,30]. The blade element method considers that the blade is
divided into N elements that are defined by radius, chord length, twist angle, and airfoil.
In the blade element theory, the aerodynamic loads acting on each element are computed
using the drag and lift coefficient of the airfoil [28,31,32]. The aerodynamic (lift and drag)
forces applied to the ith blade elements are separated into axial Fni and tangential Fti. In the
aerodynamic model, a mechanism to convert wind flow into aerodynamic loads must be
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sought; i.e., a flow must be converted into efforts. A modulated gyrator is used to achieve
this objective. The aerodynamic loads with a gyrator element on the ith section can be
expressed as in Equations (3) and (4).

F ni =

{
1
2

ρvm

(
1 − aij

)2

sin2ψi
Cnicili

}
vm= rGYi × vm (3)

Fti =

{
1
2

ρvm

(
1 − aij

)2

sin2ψi
Cti cili

}
vm= rGYi × vm (4)

where, ρ, vm, ci, li, rGYi, Cli, and Cdi represents the air density, wind velocity, local chord,
element length, gyrator modulus, normal tangential force lift coefficient, and normal
tangential force drag coefficient, respectively. Here, the following force coefficients normal
to the rotor plane, Cni, and parallel to the rotor plane, Cti, are used:

Cni = (Clicosψi +Cdisinψi) (5)

Cti = (Clisinψi − Cdicos ψi) (6)

The inflow angle ψi, tip loss factor Fi, axial induction aij, and tangential induction
factor áij are as given in Equations (7)–(10), respectively.

F i =

(
2
π

)
cos−1

(
exp

(
−

B
2
(
1 − ri

R
)

ri
R sinψi

))
(7)

ψi= tan−1

(
1 − aij

λi
(
1+áij

)) (8)

áij =

[
−1+

4 Fisinψicosψi
σiCti

]−1
(9)

aij =


[
1+ 4 Fisin2ψi

σiCni

]−1
for aij ≤ 0.2

1
2

{
2 + Zi −

√
(Zi(1 – 2ac)+2)2+4(Zia2c − 1)

}
, for aij > 0.2

(10)

where Zi is defined as follows:

Zi =
4 Fisin2ψi
σiCni

(11)

The thrust coefficient CTi is given by Equation (12).

CTi= 1+
σi
(
1 − aij

)2

sin2ψi
Cni (12)

The relations given in Equations (3)–(12) were implemented using the MGY-element
of the bond graph, with wind flow (MSf source) converted into aerodynamic forces as illus-
trated in Figure 4. The individual bond graph models’ blade structural and aerodynamic
loads were presented previously in Section 3.1 and here in this section (Section 3.2); they
are assembled as shown in Figure 5.
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3.3. MATLAB/Simulink Wind Turbine Blade Modeling

MATLAB/Simulink [33] is widely used in both industrial and academic research
areas. Simulink is a very well-developed software whose simulations are interactive, so
one can change variables on the fly and observe what happens immediately [34]. The
bond graph approach, which was created with MATLAB/Simulink, has two goals: (1) to
analyze the system using bond graphs and (2) to develop the system equations in symbolic
form [35]. This method combines MATLAB/simulation skills with the bond graph’s
modeling capabilities. In this work, the bond graph of the rotary wind turbine blade model
was developed, and the causal bond graph model of the wind turbine blade in Figure 5 was
expanded into a MATLAB/Simulink block diagram (as shown in Figure 6) to determine
dynamic responses of the system.
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Figure 6. Blade structural model including aerodynamic loads in MATLAB/Simulink.

Figure 7 shows the internal subsystem of the C-field of ith section which can be
developed by combining the equation of the C-bond graph element with the stiffness
matrix of Equation (2). The aerodynamic loads exerted on blade structure and the gyrator
ratio (ri) of modulated gyrator elements can be determined from Figure 8 with the input of
parameters obtained from BEM results and SG6043 airfoil data and real wind data collected
from selected sites. The MATLAB/Simulink block diagram is also shown in Figure 8, and
it contains different subsystems such as subsystems of C- and R-field and subsystems of
the modulated gyrator elements of each of the three sections.
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4. Discussion of Results

In this work, the dynamic behavior of an optimal rotary wind turbine blade for local
selected sites (Abomsa, Metehara, and Ziway in Ethiopia) [23,24] is studied with a bond
graph approach and simulated with MATLAB/Simulink. The wind turbine blade structure
with three sections and the aerodynamic loads exerted on each wind turbine blade section
were modeled with the bond graph method, and the overall bond graph model of the
wind turbine blade was obtained by linking the bond graph models of the blade structure
and aerodynamic loads. The mathematical equations given in Equations (3)–(12) were
implemented using the MGY-element of the bond graph, with the flow of wind speed (MSf
source) converted into aerodynamic loads (Se source). The causal bond graph model of
the wind turbine blade with aerodynamic loads was extended into the MATLAB/Simulink
toolbox as shown in Figure 6 and simulated. Before starting the simulation, there are
many input parameters needed for the simulation of a wind turbine blade modeled in
MATLAB/Simulink toolbox. Such parameters are airfoil type and its data, geometrical
parameters, wind flow data, stiffness, dumping matrix, mass, mass moment of inertia, and
gyrator ratio.

In this model, the rotary blades are aerodynamically designed based on the Selig and
Giguere [22] airfoil type SG6043 airfoil for low Reynolds numbers (Re) that operate in low
regional wind speed. Cm, Cl, and Cd of SG6043 airfoil data were evaluated with Re of
2.3 × 105, 2.5 × 105, and 2.9 × 105 for the selected sites of Abomsa, Metehara, and Ziway,
respectively, as illustrated in Figure 9.
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The geometrical parameters of wind turbine blade structure were also analyzed and
determined with the BEM method in MATLAB coding using an iterative process as il-
lustrated in Figure 10. According to the flow diagram in Figure 10, each local axial and
tangential induction factor, angle of attack, blade tip loss factor, thrust coefficient, and
power coefficient of the blade for each section of the blade’s span were converged after
many iterations by the developed MATALB code. Some conditions were assumed at the
beginning to estimate the initial value of the axial induction factor; then, the inflow angle
was estimated. Following that, the axial and tangential induction factors were calculated,
and the new value was used for the next cycle. This iterative process was repeated until
the induction factors reached their final values [14,18,35]. For all selected sites, the rotary
blade lengths of 10.74 m, 7.34 m, and 6.34 m with three blades were determined based on
site data of Abomsa, Metehara, and Ziway, respectively. Based on the blade lengths of
three sites, the local chords, twist angle distributions, and non-dimensional coefficients of
performance CP of three blades for three sites were computed.
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Figure 11 shows the chord distributions of wind turbine blades for the specific local
sites of Abomsa, Metehara, and Ziway. As can be seen, the chords of the three blades are
slightly different along radial distribution from site to site because the size of each site blade
depends on the available wind data for each site. The maximum chord values of 1.415,
0.966, and 0.755 exist at twist angles of 26.049, 26.041, and 24.866 for Abomsa, Metehara,
and Ziway, respectively.
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limit, or theoretical maximum value of Cp, is 0.596 at around a tip speed of 7. The maxi-
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Figure 11. Comparison of chord distribution of three specific local sites.

Figure 12 shows the twist angle distribution of blades for the three specific local sites.
It can be seen that the twists all increase from the root to the tip of the blade, but they vary
from site to site based on local tip speed ratios and attack angles of the blades of the three
local sites.
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Figure 12. Comparison of twist distribution of three specific local sites.

The distributions of the power coefficients of blades for three specific sites are il-
lustrated in Figure 13. As can be observed from Figure 13, the maximum coefficient of
performance values of CP,i are 0.4478, 0.4587, and 0.4627 at the maximum tip speed ratios
(λi) of 3.0, 3.5, and 4.0 for the three sites Abomsa, Metehara, and Ziway, respectively. The
Betz limit, or theoretical maximum value of Cp, is 0.596 at around a tip speed of 7. The
maximum feasible Cp in practical designs is less than 0.5. The deviation from standard
values is acceptable, and it is preferable to the value shown in [19] (around 0.33).
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Figure 14 demonstrates the sites’ wind speed data variation simulated with respect
to time for the three sites at 20 m height. The wind speeds varied from 0.5 to 7.9 m/s, 1.5
to 7.3 m/s, and 1.0 to 8.2 m/s at Abomsa, Metehara, and Ziway, respectively. The wind
data used as input for these simulations were collected by the National Meteorological
Agency (NMA) of Ethiopia at 10 m heights. The collected wind speeds at 10 m height are
extrapolated to 20 m height because data were collected at a limited height (10 m), and if
actual rotors of the wind turbines (wind turbine hub location) are placed, more than 10 m
height is also considered. The extrapolated wind profile for all sites is simulated as input of
the systems.
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Figure 14. Wind speed profiles of three selected sites.

Based on the variations of wind speed data of the three sites shown in Figure 14,
the aerodynamic loads (normal and tangential forces) acting on the wind turbine blade
structure have been determined. This computation was conducted by proving inputs from
the geometry parameters obtained from BEM results, SG6043 airfoil type data, variable
wind data at 20 m height, and the parameters in Tables 1–3 for wind turbine blade modeled
with the MATLAB/Simulink toolbox in shown Figure 8.

Table 1. Input parameters of the modeled blade (Abomsa site).

Parameter Section 1 Section 2 Section 3

Modulus of elasticity 1.79 × 109 1.79 × 109 1.79 × 109

Element length l (m) 1.790 1.790 1.790
Mass of section M (kg) 453 245 135
Inertial mass of section Jt (kg m2) 16.7 7.8 2.1
The second moment of area about axis I (m4) 4.4 × 10−5 2.6 × 10−4 2.3 × 10−5

Structural damping coefficient µ 0.01 0.01 0.01
Position on the center of gravity r (m) 0.895 2.685 4.475
Chord c (m) 0.866 0.757 0.533
Twist angle φi ( deg) 30.00 10.17 2.24
Air density ρ (kg/m3) 1.225 1.225 1.225
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Table 2. Input parameters of the modeled blade (Metehara site).

Parameter Section 1 Section 2 Section 3

Modulus of elasticity 1.79 × 109 1.79 × 109 1.79 × 109

Element length L (m) 1.223 1.223 1.223
Mass of section M (kg) 335 215 112
Inertial mass of section Jt (kg m2) 13.2 6.4 1.81
The second moment of area about axis I (m4) 5.6 × 10−5 4.2 × 10−4 3.2 × 10−5

Structural damping coefficient µ 0.01 0.01 0.01
Position of the center of gravity r (m) 0.6117 1.835 3.058
Chord c (m) 0.900 0.690 0.468
Twist angle φi (deg) 29.20 9.20 1.99
Air density ρ (kg/m3) 1.225 1.225 1.225

Table 3. Input parameters of the modeled blade (Ziway site).

Parameter Section 1 Section 2 Section 3

Modulus of elasticity 1.79 × 109 1.79 × 109 1.79 × 109

Element length L (m) 1.057 1.057 1.057
Mass of section M (kg) 310 189 104
Inertial mass of section Jt (kg m2) 12.15 4.34 1.46
The second moment of area about axis I (m4) 3.5 × 10−5 4.4 × 10−4 2.8 × 10−5

Structural damping coefficient µ 0.01 0.01 0.01
Position of the center of gravity r (m) 0.528 1.585 2.642
Chord c (m) 0.950 0.652 0.432
Twist angle φi (deg) 28.18 8.35 1.77
Air density ρ (kg/m3) 1.225 1.225 1.225

The tangential and normal aerodynamic loads and dynamic response of wind turbine
blade behavior for three selected sites with time series were obtained from simulation, as
illustrated in Figures 15–17, respectively. Figures 15 and 16 show that the tangential and
normal aerodynamic loads exerted on the blade structure vary as the site wind data vary
with time and vary from site to site. According to both figures, the maximum subjected
tangential loads of 32.87 kN, 66.33 kN, and 80.21 kN and the maximum subjected normal
loads of 15.12 kN, 18.03 kN, and 14.82 kN were recorded for Abomsa, Metehara, and Ziway,
respectively. They reached maximum values at the maximum site wind speed value in the
time series.

In Figure 17, the simulated dynamic response of wind turbine blade behaviors with
variable wind speeds for three selected sites is presented. Based on the variable wind
speeds of 0.5–7.9 m/s, 1.5–7.3 m/s, and 1.0–8.2 m/s for Abomsa, Metehara, and Ziway,
respectively, which applied to systems, the obtained dynamic response for three site blades
varied with time. The minimum to maximum amplitude responses of the proposed specific
selected site blades varied from −1.0 to 1.0, −0.5 to 0.5, and −1.0 to 1.0 for Abomsa,
Metehara, and Ziway, respectively.
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5. Conclusions

The dynamic behavior of optimal rotary wind turbine blades for specific local selected
sites (Abomsa, Metehara, and Ziway in Ethiopia) was investigated with a bond graph
approach and simulated with MATLAB/Simulink. In this work:

• The wind turbine blade structure with aerodynamic loaded was modeled with bond
graph techniques and the causal bond graph for the modeled blade was expanded
into the MATLAB/Simulink toolbox and simulated.

• The simulation results were validated with data of SG6043 airfoil type and specific
variables for selected sites of wind data at 20 m height collected from Abomsa, Mete-
hara, and Ziway sites in Ethiopia by the National Meteorological Agency (NMA)
of Ethiopia.

• The geometrical parameters of the wind turbine blade were also analyzed and deter-
mined using the BEM method via MATLAB coding in an iterative process. The local
axial and tangential induction factors, angles of attack, blade tip loss factors, thrust
coefficients, and power coefficients of blades for each section of the blade’s span were
converged by the developed MATLAB code.

• Based on the conducted study, the maximum coefficient of performance CP,i values of
0.4478, 0.4587, and 0.4627 are obtained at the maximum tip speed ratio λi values of 3.0,
3.5, and 4.0, resulting in rotors sizes (diameters) of 10.74 m, 7.34 m, and 6.34 m for the
three sites Abomsa, Metehara, and Ziway, respectively.

• The dynamic response of wind turbine blade behaviors and the tangential and nor-
mal aerodynamic loads exerted on the blade were simulated and presented based
on variable wind speeds of three sites. With variable wind speeds of 0.5–7.9 m/s,
1.5–7.3 m/s, and 1.0–8.2 m/s for three sites are inserted into systems, the dynamic
response and the tangential and normal aerodynamic loads exerted on the blade for
three site blades varying with the times were obtained, and 32.87 kN and 66.33 kN,
80.21 kN and 15.12 kN, and 18.03 kN and 14.82 kN are the maximum tangential and
normal loads exerted on the blades of Abomsa, Metehara, and Ziway, respectively.

In conclusion, though the study was conducted based on the wind data of three
specific locations, the approach can be customized for other locations with different weather
conditions and documented wind data. The selected locations, however, must have the
wind data over a period. In addition, the structural model of the wind turbine blade in the
current study is proposed based on a two-dimensional Rayleigh beam model. Future work
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in the same direction will focus on the analysis of the dynamic behavior of flexible blades
with a 3D Rayleigh beam model considering the deformation of the axial extension and
the pitching moment. The possibility of extending this procedure to a complete model of a
wind turbine that describes the behavior of the essential elements of the system will also
be explored.
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