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ABSTRACT 

The global wind energy industry achieved a significant milestone by reaching a total capacity of one 
terawatt (TW) by the end of 2023, underscoring the increasing importance of wind energy as a sustainable 
energy source (Global Wind Energy Outlook, 2022). This study focuses on the simulation and dynamic 
analysis of an H-Darrieus wind turbine rotor using 3D Finite Element Analysis (FEA). Key structural 
parameters, including natural frequencies, associated vibration modes, and mass participation rates, were 
determined to optimize the rotor performance. A novel blade design is proposed in this work, offering a 
lighter and more robust alternative to traditional rotor blades manufactured from composites, like 
fiberglass-polyester, fiberglass-epoxy, or combinations with wood and carbon. The lighter design enhances 
the startup performance at low wind speeds, while the improved strength and fixing mechanisms ensure 
resilience against the increasingly severe sandstorms reported in recent years. The vibration dynamics of 
the rotor under critical wind loads were analyzed using the SolidWorks Simulation software, yielding 
highly satisfactory results. The stability and reliability of the rotor were validated, as the dynamic 
performance indices, and the quality criteria meet the requirements for optimal operation. 

Keywords-modal dynamic; H-Darrieus wind turbine; CAD; 3D modeling; finite element analysis 

I. INTRODUCTION  

Wind power is projected to remain a pivotal renewable 
energy source in the global electricity mix for the foreseeable 
future [1, 2]. Following solar energy, wind power has 
undergone significant development over the past decade and is 
now one of the most sought-after renewable energy 
technologies [3]. Vertical Axis Wind Turbines (VAWTs) 
possess distinct advantages, including insensitivity to wind 
direction, fewer components, low noise emissions, and a robust 
three-dimensional structural design. These features make 
VAWTs a viable alternative to traditional Horizontal Axis 
Wind Turbines (HAWTs), especially in scenarios where 
adaptability to turbulent wind conditions, aesthetic integration, 
and noise reduction are priorities [1]. 

In recent years, VAWTs have gained popularity for use in 
urban and semi-urban areas due to their insensitivity to wind 
direction, low cut-in wind speed, simpler construction, and 

reduced noise and fatigue concerns. Their installation on the 
ground or atop buildings is straightforward and cost-effective 
[4, 5]. VAWTs come in various configurations, including lift-
driven Darrieus rotors with curved or straight blades and drag-
driven Savonius rotors. Among these, the straight-bladed H-
type Darrieus turbine, invented by G. Darrieus in 1931, stands 
out for its simple design and reliable operation [6, 7]. The 
structural and aerodynamic design of turbine blades plays a 
crucial role in optimizing power output, extending lifespan, and 
reducing costs [8, 9]. However, under extreme environmental 
conditions -including aerodynamic, centrifugal, and 
gravitational loads- the blade structure must be capable of 
operating safely and reliably over a lifespan of up to 20 years 
[10, 11]. 

Several numerical and analytical studies of the dynamic 
behavior of straight, three-bladed rotors in H-Darrieus Wind 
Turbines (HDWTs) have been recently carried out. For 
example, authors in [12] conducted structural strength analyses 



Engineering, Technology & Applied Science Research Vol. 15, No. 2, 2025, 20863-20870 20864  
 

www.etasr.com Benbouta et al.: Modal Dynamic Response of a Darreius Wind Turbine Rotor with NACA0018 Blade … 

 

using FEA techniques to fabricate straight blades made from 
aluminum and galvanized steel for a 2.5 kW Savonius-Darrieus 
turbine. Furthermore, in [13], a 3D FEA simulation was 
performed to determine the modal behavior -natural 
frequencies and associated mode shapes- of a 10 kW H-type 
Darrieus turbine blade made from aluminum. Using a 
simplified model, authors in [14] developed an analytical 
technique to study the vibration of an H-type VAWT. 
Experimental methods were employed in [15] to investigate the 
modal response of a VAWT installed on a building. 
Additionally, authors in [16] proposed vibration control 
methods for VAWTs, while authors in [17] explored the impact 
of turbine speed on the VAWT dynamic behavior. Despite 
these contributions, the vibrational properties of VAWTs are 
often overlooked. A review of the literature reveals a limited 
number of studies on free and forced vibration analyses of 
VAWTs, with the exception of [14–17]. This highlights a 
significant gap in understanding the vibrational behavior of 
these systems. 

The present work aims to address this gap by investigating 
the free and forced vibrations of H-type VAWTs. To the best 
of the authors' knowledge, no comparative studies have been 
published on this subject. Mastering the design and operation 
of this type of wind turbine is crucial for enabling the cost-
effective, local manufacturing of wind turbines capable of 
supplying electricity to rural populations far from conventional 
grids. The objective of this study is to numerically simulate the 
forced vibrations of a newly designed blade for a three-bladed 
H-Darrieus wind turbine. SolidWorks, a highly efficient FEA 
software, is used to conduct numerical simulations. 

II. PROCEDURE FOR MODELING THE ROTOR OF 
THE NACA0018 WIND TURBINE WITH SOLIDWORKS 

SOFTWARE 

Computer-Aided Design (CAD) has become an 
indispensable tool in the design and manufacturing of technical 
systems. It enables the materialization of design calculations, 
the evaluation of new or existing systems using simulation 
tools, and the implementation of modifications without 
incurring additional expenses. For this study, the SolidWorks 
design software was employed. The modeling process began 
with the design of the individual components of the H-Darrieus 
rotor, including the blades, the central axis for securing the 
blades, and the blade/mast attachment arms. Once the 
components were designed, they were assembled to create the 
full rotor structure, as shown in Figure 1. The primary technical 
specifications of the rotor for the H-Darrieus wind turbine are 
summarized in Table I. 

The system under study is a vertical-axis wind turbine of 
the H-Darrieus type with a 10-kW power output. This wind 
turbine operates as an electromechanical converter, 
transforming the wind energy into mechanical or electrical 
energy through lift. The three-blade rotor is designed to capture 
a portion of the wind’s kinetic energy and convert it into 
mechanical energy. This mechanical energy is subsequently 
transformed into electrical energy using a MADA (Double-
Powered Asynchronous Machine) generator. The wind turbine 
consists of three primary components: a fixed part which 
includes a hollow circular mast, an intermediate part which 

houses the MADA generator, and a rotating part comprising 
the H-Darrieus rotor. The rotor entails three blades attached to 
three supports arms, which in turn are connected to the central 
rotating mast. The entire wind turbine structure is mounted on a 
reinforced concrete foundation with anchor rods for stability, as 
displayed in Figure 1. 

 

 
Fig. 1.  Complete assembly of the wind turbine rotor. 

TABLE I.  MAIN TECHNICAL CHARACTERISTICS OF THE 
WIND TURBINE ROTOR 

Parameter Unit Value 

Power Generated kW 10 

Rated wind speed m/s 10 

Rotation speed tr/min 60 

Cut-in wind speed m/s 3 

Cut-out wind speed m/s 19 

Swept area m² 63.5 

Rotor diameter, D m 7.2 

Rotor height, H m 8.8 

Blade airfoil - NACA 0018 
Blades number, N - 3 
Chord length, c mm 400 
Blade material - Aluminum alloy 

A. Elements of Assembly 

The modeling of the wind turbine rotor components was 
accomplished using SolidWorks, as illustrated in Figure 2. 
Partial assemblies of the wind turbine rotor are depicted in 
Figures 3- 5. 
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(a) 

 

(b) 

 

(c)  

 

(d)  

 

Fig. 2.  Parts of the windturbine rotor: (a) blade support plate, (b) 
crown/blade fixing element, (c) arm/blade fixing reinforcement, (d) internal 
fixing element for blade parts. 

 

Fig. 3.  Partial assembly of the wind turbine rotor. 

 

Fig. 4.  Detail of arm/blade fixing reinforcement system. 

 
Fig. 5.  Detail of internal fixing element of blade parts. 

B. Material Used 

The material used for the FEA was selected from the 
SolidWorks Simulation library to match those of the rotor 
structure. The blades were designed using an aluminum alloy, 
chosen for its lightweight and structural strength. The central 
axis for fixing the blades and arms, as well as the connecting 
bars, was made of stainless steel (AISI 1020 steel, cold-rolled) 
due to its durability and mechanical properties. The materials 
and their properties used in the FEA model are detailed in 
Table II [18]. 

TABLE II.  MECHANICAL PROPERTIES OF WIND TURBINE 
ROTOR CONSTRUCTION MATERIALS 

Properties AISI 1020 steel Aluminum alloy 
Modulus of Elasticity (GPa) 200 69 

Poisson Coefficient 0.29 0.33 
Yield Strength (MPa) 351.57 27.57 

Density (kg/m3) 7870 2700 

III. FINITE ELEMENT ANALYSIS OF WIND 
TURBINE ROTOR STRUCTURE 

The FEA of the wind turbine rotor structure was conducted 
using SolidWorks Simulation, one of the most widely utilized 
software tools in mechanical design and related fields [19]. The 
FEA process in SolidWorks Simulation involves three primary 
stages: preprocessing, analysis, and post-processing. The key 
components of the FEA model include: a Finite Element (FE) 
mesh, material properties, external loads, boundary conditions, 
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and a geometric model of the structure, developed in 
SolidWorks. 

A. Meshing the Wind Turbine Rotor Model on SolidWorks 

The studied rotor features a volumetric structure, which was 
meshed using tetrahedral elements. SolidWorks automatically 
generated a mixed mesh for the wind turbine rotor's volumetric 
components. To minimize numerical errors, well-proportioned 
FEs were utilized to refine the mesh along the rotor's height. 
The final FE model comprises 147,585 elements and 72,983 
nodes, as portrayed in Figures 6 and 7. 

 

 
Fig. 6.  Meshing details of fixture system of blade with central axis. 

 
Fig. 7.  Meshing details of fixture system of blade with arms. 

A summary of the mesh information is provided in Table 
III. 

TABLE III.  INFORMATION ON THE OVERALL ROTOR MESH 
SIZE 

Mesh Type 

Mixed mesh 
Shell with 6ddl/node 
Solid with 3ddl/node 

(translations) 
Max element Size 179.149 mm 
Min element Size 35.8298 mm 

Quality high 
Number of elements 147585 

Number of Nodes 72983 
Number of Degrees of 

Freedom 
6ddl/node for shell 
3ddl/node for solid 

 

B. Boundary Conditions (Imposed Displacements and 
Applied Loadings) 

Boundary conditions are essential for defining the 
operational environment of the model. The specified applied 
loads and imposed displacements significantly influence the 

analysis results [20]. In this study, imposed displacements were 
applied to the six central blade/mast attachment arms. 
Subsequently, all displacements were constrained (set to zero). 
These boundary conditions are depicted in Figure 8. 

 

 
Fig. 8.  The imposed displacements and applied loadings. 

C. Critical Loading Conditions 

The structure of the wind turbine rotor is subject to three 
primary types of stresses: 

 Mechanical stresses, such as gust forces and storm-included 
loads. 

 Thermal stresses, caused by temperature variations. 

 Hygrometric stresses, resulting from changes in humidity 
levels. 

For this study, only mechanical loads were considered. The 
mechanical loads applied during the analysis include: 

1) Aerodynamic Loading 

The aerodynamic loading on the rotor due to wind is 
calculated using the equation recommended by IEC 61400-
2:2006 [21]: 

21

2
x T air windP C V     (1) 

where: CT = 0.5 is the trust coefficient [22], ρair = 1.225 kg/m3 
is the mass density of air, and Vwind is the wind speed in m/s. 

2) Centrifugal Force (Fc) 

The centrifugal force caused by the turbine's rotation is 
expressed as: 

2
cF mR      (2) 

where Fc is the centrifugal force in N, m is the mass of the 
rotor in kg, ω is the angular speed in rad/s calculated at the 
four different wind speed values of Vwind (in service 10 and 15 
and out of service 20 and 25 m/s) and R is the distance (the 
turbine's radius) between the blade's center of gravity and its 
axis of rotation. All the results of the aerodynamic loads due to 
wind on the rotor and centrifugal forces caused by the rotation 
of the turbine for three different wind speed values are detailed 
in Table IV. 
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TABLE IV.  AERODYNAMIC WIND LOADS ON THE ROTOR 

Wind speed 
Vwind (m/s) 

Pressure 
Px (N/m2) 

Centrifugal force 

Fc (kN) 

10 30.62 392 

15 68.90 882 

20 122.50 1568 

25 191.40 2450 
 

D. Dynamic Parameters Analysis 

The dynamic performance indices of the wind turbine 
provide insights into its vibration behavior and structural 
stability. The key parameters analyzed are: 

1) Mass Participation Ratio 

The Mass Participation Ratio (MPR) SolidWorks 
Simulation quantifies the proportion of mass participating in 
the vibration response of the system in each principal direction 
of the wind turbine structure. It is calculated using SolidWorks 
Simulation according to [23]: 

 
2
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  (3) 

2) Amplification Factor 

The amplification factor measures the ratio of total 
vibration energy to energy lost due to tight connections, 
internal interactions, dry friction in joints, material hysteresis, 
viscous damping, and the propagation of acoustic waves lost 
during the vibration cycle is measured by this indicator. For 
light-damping structures, this factor typically ranges between 5 
and 50, depending on the materials and accessories used. 

For metal structures, the vibration mode indicator rQ can be 

determined using the formula provided in [24]: 

2

1 1

21
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   (4) 

The damping ratio r for ductile materials can be 

approximated by [25]: 

1

10 0.05
r

r







    (5) 

3) Amplitude Ratios of Resonance Modes 

The natural frequencies of the structure and the maximum 
responses are connected since the force, mass, and the 
damping generalized for all modes are the same [18]: 

2 2
1

1

r max
r

max

A

A
      (6) 

4) Excitation Frequencies 

The excitation frequencies Ω� of the wind turbine, induced 
by wind speeds (m/s), can be expressed as a function of the 
following parameters : turbine radius �� = 3.6 m, number of 
blades �� = 3, and specific design speed ratio �� = 2.8. The 
expression for excitation frequencies is: 

2
b d w

f

t

N V

R





     (7) 

IV. RESULTS AND DICUSSION 

The simulation results of the first five vibration modes of 
the wind turbine rotor are presented in Figures 9(a)-9(e) and the 
simulation results of the modal analysis of the three-blade wind 
turbine are listed in Tables V and VI. 

TABLE V.  WIND TURBINE STRUCTURAL CHARACTERISTICS AND QUALITY FACTORS 

 MPR  
Mode Ω� (Hz) ��=Ω��� (m/s) X Y Z �� (%) �� |��|�/|�1|�  (%) 

1 14.675 52.830 1.64E-2 6.82E-12 5.47E-3 9.31 5.3705 100.0000 
2 14.79 53.244 1.61E-2 9.26E-10 5.39E-3 9.31 5.3720 98.4509 
3 14.882 53.575 1.22E-9 2.28E-12 2.22E-2 9.30 5.3763 97.2374 
4 16.792 61.099 1.11E-4 6.96E-3 6.94E-4 9.21 5.4288 74.7635 
5 16.792 61.099 2.22E-3 2.87E-4 5.26E-3 9.21 5.4288 74.7635 
34 33.792 121.651 1.16E-3 2.19E-2 4.14E-4 8.54 5.8548 18.7952 
43 46.769 168.368 1.85E-18 2.24E-19 5.96E-19 8.10 6.1728 9.8455 
67 70.515 253.854 4.33E-3 1.84E-09 1.29E-05 7.39 6.7658 4.3310 

TABLE VI.  EXCITATION FREQUENCIES IN HERTZ OF THE WIND TURBINE DUE TO TSR AND WIND SPEEDS 

                λ� 

Vw 
1.5 2 2.5 2.8 3 3.5 4 4.5 

5 0.994 1.326 1.657 1.856 1.989 2.321 2.652 2.984 
10 1.989 2.652 3.315 3.713 3.978 4.642 5.305 5.968 
15 2.984 3.978 4.973 5.570 5.968 6.963 7.957 8.952 
20 3.978 5.305 6.631 7.427 7.957 9.284 10.610 11.936 
25 4.973 6.631 8.281 9.284 9.947 11.605 13.262 14.920 
30 5.968 7.957 9.947 11.140 11.936 13.926 15.915 17.804 
35 6.963 9.284 11.605 12.997 13.926 16.247 18.568 20.889 
40 7.957 10.610 13.262 14.854 15.915 18.568 21.220 23.873 
45 8.952 11.936 14.920 16.711 17.904 20.889 23.873 26.857 
50 9.947 13.262 16.578 18.568 19.894 23.210 26.525 29.841 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

Fig. 9.  The first five mode shapes. 

The results of the simulation of the 3D FEA of the three-
blade H-Darrieus wind provide valuable insights into its 
dynamic behavior and structural characteristics. The key 
findings are: 

 The first three bending modes of the blades occur at natural 
frequencies of approximately 14.675 Hz, 14.79 Hz, and 
14.88 Hz, as evidenced in Figure 9. These frequencies arise 
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from the structural symmetry of the turbine in the X and Z 
directions.  

 For the bending vibration modes, these results align with 
the basic vibration theory of a Euler-Bernoulli beam with 
lamped masses. 

 The symmetrical responses observed in Figures 9(a)-9(c) 
show that the blades exhibit bending primarily in the X and 
Z directions. 

 In the fourth and fifth modes, as can be seen in Figures 9(d) 
and 9(e), the blades remain straight, while the structure 
demonstrates bending in the lower arms in the Z direction. 
These modes are observed at a natural frequency of 16.97 
Hz. 

Frequency versus the cumulative effective mass 
participation factor is presented in Figure 10. 

 

 

Fig. 10.  Frequency versus cumulative effective mass participation factor. 

 The MPR is negligible for the first three modes in the Y 
direction but becomes significant for the fourth and fifth 
modes, as displayed in Figure 10. 

 The MPR significantly influences the first and second 
bending modes in the X direction, as well as the third 
bending mode in the Z direction, with the latter showing an 
MPR of approximately 2.2%. 

 Table V highlights that the vibration modes are associated 
with wind speeds between 52.83 m/s and 61.09 m/s for the 
first five modes. For higher modes (e.g., modes 34, 43, and 
67), the wind speeds range from 121.65 to 253.85 m/s. 

 As natural frequencies increase, the corresponding resonant 
amplitudes decline significantly beyond the 34th mode. 
This indicates a stable and reliable dynamic response in 
accordance with the structural dynamics standards. 

 The amplification factor Qr progressively increases with 
natural frequency, peaking at Ω� = Ω�, where resonance 
occurs. The maximum Qr based on the simulation results, 

does not exceed 7, indicating that the HDWT is a lightly 
damp structure. 

 Table VI reveals that the HDWT exhibits a dense clustering 
of natural vibration frequencies between 14 Hz and 17 Hz, 
with a tip-speed ratio (TSR) of approximately 2.8. 

 Dangerous excitation frequencies, 14.92 Hz and 16.71 Hz, 
emerge at wind speeds of 40 m/s and 45 m/s, respectively, 
corresponding to a TSR of 2.8. 

 The reference wind speed for the Adrar region, Algeria 
(Wind Zone II), does not exceed 28 m/s [26]. At this wind 
speed, the HDWT structure remains free from resonance 
issues. 

 If the turbine operates at wind speeds above 28 m/s, 
effective control mechanisms are required to mitigate 
deformations and dynamic stresses, and thus ensure 
structural safety and functionality. 

V. CONCLUSIONS 

This study focused on the simulation and modal dynamic 
analysis of the rotor structure of a three bladed H-Darrieus 
wind turbine using the SolidWorks software. The modal 
simulation and analysis enabled a detailed evaluation of the 
structure, identifying its optimal structural parameters 
including the frequencies, the associated natural modes and the 
rates of mass participation of the structure free from any stress, 
which are essential for mitigating dynamic resonance. The 
findings validate the structural stability and reliability of the 
wind turbine rotor, as all tested dynamic quality criteria align 
with established standards in the field of structural dynamics. 
These results demonstrate the suitability of the rotor design for 
safe operation under typical wind conditions. To enhance 
performance, this work proposed a novel blade design for the 
H-Darrieus vertical-axis rotor, achieving a balance between 
reduced weight and increased robustness. This advancement 
represents a significant contribution to the rotor technology, 
potentially improving its efficiency and durability. 

Future efforts should focus on experimentally validating the 
numerical results presented in this study. Such experimental 
verification would further refine the rotor's structural 
parameters, leading to enhanced operational reliability and 
performance of the designed model. 
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