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Dynamic analysis 
of a small-sized wind 
turbine in the Midwest of Brazil
Abstract

Nowadays, despite the implementation of new wind farms in Brazil, it still 
is   difficult to form partnerships with companies in the sector, which significantly 
contributes to the gap in information provided by national literature and the lack of 
knowledge about the mechanical behavior of wind turbines subjected to transient 
wind effects. Therefore, through a Research and Development Project to optimize 
and improve modeling in wind systems, the Brazilian electric power company Ele-
trobras Furnas aims to facilitate the construction of smaller wind turbines to supply 
energy to regions far from the Brazilian coast that do not have high generation po-
tential due to the incidence of low-speed winds. Two relevant aspects directly linked 
to the performance of this kind of structures are: (i) determining their natural fre-
quency and (ii) ensuring that this frequency does not coincide with any external 
vibration frequency that the structure may experience in its lifetime. Wind turbines 
are complex systems with many degrees of freedom and their own frequencies as-
sociated with the respective mode shapes in which they naturally vibrate. These 
frequencies are inversely related to the mass and directly related to the stiffness of 
the structure. Thus, through numerical modeling using the Finite Element Method, 
the present article aims to list some of the main factors that can affect the predic-
tion of the natural frequency of a real-scale wind turbine prototype and to evaluate 
its dynamic behavior, considering its rotor revolution frequency, its blade passing 
frequency and the wind characteristics of its operating area.

Keywords: small-sized wind turbine, finite element method, natural frequencies, 
dynamic analysis.
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As the world's population density 
increases, access to energy has increasingly 
become a very important issue in modern 
society. There are many ways of producing 
energy, and each method has their own 
benefits and disadvantages. Ideally, the se-
lected method should be efficient, adapted 
to the characteristics of the region, while 
not affecting the environment in a bad 
manner, since the latter is one of the agents 
with the most fundamental role in energy 
production today (Svensson, 2010).

Among the different renewable 
energy sources, wind power stands out. 
In Brazil, wind energy has a great gen-

eration potential, besides being peren-
nial and complementary to hydropower, 
which is currently the predominant 
power matrix in the country. Regarding 
the onshore wind market, the Global 
Wind Energy Council (2022) indicated 
Brazil as the country with the third 
largest installed capacity in the world. 
According to the Brazilian Association 
of Wind Energy and New Technolo-
gies (ABEEólica, 2022), almost 90% of 
this generation was represented by the 
Northeastern region in the year 2021. 
However, despite the expansion of its 
generation capacity in recent years with 

the implementation of new wind farms, it 
is still difficult in Brazil to form partner-
ships with companies in the sector, which 
significantly contributes to a gap in the 
information available in national litera-
ture and the lack of knowledge about the 
mechanical behavior of wind turbines. 

Thus, the Brazilian electric power 
company Eletrobras Furnas aims to 
facilitate the construction of smaller 
wind turbines to supply energy to more 
remote regions of Brazil that do not have 
a high generation potential through 
a Research and Development Project 
to optimize and improve modeling in 

1. Introduction
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wind systems. The main objective is to 
evaluate the performance of this kind 
of structure to enable the implemen-
tation of wind farms in locations far 
from the Brazilian coast where there is 
an incidence of low-speed winds. Two 
relevant aspects directly linked to the 
performance of wind turbines are: (i) 
determining their natural frequency 
and (ii) ensuring that this frequency 

does not coincide with any external 
vibration frequency that the structure 
may experience in its life. Bouzid et al. 
(2018) stated that the accurate estima-
tion of the natural frequency is crucial 
for evaluating the fatigue failure of a 
wind turbine structure, since it enables 
designers to assess the strains generated 
by loading cycles and determine the 
working life of the system.

Therefore, through numerical mod-
eling using the Finite Element Method 
(FEM), the present article aims to list 
some of the main factors that can affect 
the prediction of the natural frequency of 
a real-scale wind turbine prototype and 
evaluate its dynamic behavior considering 
its rotor revolution frequency, its blade 
passing frequency and the wind charac-
teristics of its operating area.

2. Material and methods

3. Results and discussion

The EOL-10 prototype was imple-
mented in the Experimental Site I of the 
Furnas Civil Engineering Technology 
Center in Aparecida de Goiânia (GO) and 
is part of a project that aims for the opti-
mization and improvement of modeling in 
wind power systems with appropriate ex-
perimental surveys. Therefore, to enable its 
implementation, a geological-geotechnical 
characterization of the soil was first carried 
out with field and laboratory investiga-

tions. This characterization included Stan-
dard Penetration Tests (SPT), inspection 
shafts for in loco observation of the layers 
and soil sampling for an extensive labora-
tory testing campaign. More details about 
the whole testing campaign and its results 
can be found in Ferreira et al. (2019).

EOL-10 (Figure 1a) was assembled 
after site characterization. Its main com-
ponents are the nacelle, the rotor, the 
blades, the tower, its support plates, and 

its foundation, which is a single pile piled 
raft. The steel tower is a tubular type with 
an outer diameter of 115 mm, thickness of 
2.5 mm and height of 10 m. As can be seen 
in Figure 1b, the foundation is composed 
of an irregular hexagonal-shaped raft 
of 25 cm height with a 30 cm diameter 
circular pile embedded in its center and 
3 m length. The piled raft reinforcement 
is CA-50 steel and its details are described 
in Alva et al. (2019).

Prior to the natural frequency pre-
diction of EOL-10, a calibration was 
performed in order to properly define the 
geometry, dimensions, finite element type 
and mesh density of the numerical model. 
All numerical models were implemented 
in Abaqus, whose mode shapes and their 

respective natural frequencies are deter-
mined from eigenvalues and eigenvectors 
obtained through a representation of the 
structure by FEM. The calibration for wind 
turbine under free vibration was performed 
considering the first natural frequency, 
since, according to DNV-GL (2016), the 

knowledge of the first natural frequency 
of the system can be fundamental to avoid 
resonance. The results showed that ground 
dimensions, type of finite element and mesh 
density of the analyzed numerical models 
had no relevant influence on the prediction 
of the wind turbine natural frequency.

A sensitivity analysis of a wind 
turbine natural frequency was also per-
formed considering some of the main 
simplifications made during design that 
can interfere in its prediction, such as the 
way of considering the foundation, the soil, 
and the presence of the nacelle at the top 
of the tower. The first sensitivity analysis 
(Figure 2a) assumed four scenarios: (i) the 

tower embedded in its base; (ii) the tower 
and the embedded piled raft without any 
surrounding material; (iii) the tower, piled 
raft and surrounding soil; and finally (iv) 
the tower and piled raft embedded in rock 
with unit weight and Young's modulus 
equal to 24 kN/m³ and 20 GPa, respec-
tively. The following sensitivity analysis 
(Figure 2b) was performed by comparing 

the results of models with and without the 
nacelle. Therefore, three different models 
were used: (i) a full model considering the 
nacelle, the hub mass and three blades; (ii) 
a lumped mass model which replaced the 
nacelle, the rotor and the blades by a 100 kg 
point mass (sum of the mass of the system) 
at the top of the tower and (iii) a model 
without any mass at the top of the tower.

Figure 1 – EOL-10 prototype. (a) Wind turbine (Alva et al., 2019); (b) Foundation.

(a) (b)
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One can observe that the presence 
of the nacelle has a great influence on the 
natural frequency of the wind turbine. 
Despite using nacelle as a lumped mass 
may not capture natural mode shapes that 
can only be observed in the full model 
(Huang, 2022), this simplification did 
not interfere in the predictions of natural 
frequencies, since the absolute value of its 
mass was the same. Therefore, according 
to Huang (2022), lumped mass models 
are frequently used in communities when 
it comes to designing the wind turbine 
towers because computation time can be 
greatly saved compared to that by use of 
the full model.

On the other hand, although using 
higher values of unit weight and Young's 
modulus for the wind turbine embedded 
in rock, the predictions showed only 
small differences in the natural frequency 
obtained for the model that used soil prop-
erties. This difference was not significant, 
probably because of the inverse effects 
between mass and stiffness on the natural 
frequency, i.e., an increment in the former 
tends to reduce it while an increment in the 
latter tends to increase it. These conflicting 
effects were also observed by Futai et al. 
(2018) in centrifuge tests. Furthermore, 
the models with embedded piled raft and 
piled raft embedded in rock provided 
very close results. This can be attributed 
to the threshold beyond in which there is 

no additional influence of the surrounding 
material properties on the wind turbine 
natural frequency and the foundation can 
be assumed to be fixed. Similar results 
were reported by Ferreira & Futai (2016) 
for shallow foundations.

Based on previous results, EOL-10 
was modeled with the steel tower, sur-
rounding soil, concrete piled raft and 
its steel reinforcement (Figure 3), whose 
dimensions followed their design details. 
The tower was modelled by continuum 
shell elements, such as the piled raft and 
surrounding soil, whereas the concrete 
foundation steel reinforcement was mod-
elled by truss elements. A 40 kg point mass 
equivalent to the nacelle was placed at the 
top of the tower.

Usually for predominantly vertical 
structures, such as wind turbines, the 
mode shapes are evaluated in the wind 
load direction. Therefore, the first three 
bending modes of EOL-10 and their re-
spective frequencies, named f0,1, f0,2 e f0,3 
were chosen for investigation. Thus, two 
approaches were used: (i) employing the 
geotechnical parameter’s unit weight (γnat) 
and Young's modulus (E), obtained by lab-
oratory tests on undeformed samples and 
(ii) adopting correlations between these 
parameters and SPT, such as Godoy (1972) 
for γna and Ohsaki & Iwasaki (1973) for 
very small-strain Young's modulus E0. 
A cylinder with diameter and length 

equal to 6 m representing the subsoil 
was employed for both models. Table 1 
presents the most relevant information 
regarding the mesh adopted for these 
numerical analyses.

The formulation proposed by Ohsaki 
& Iwasaki (1973) is quite similar to the 
one recommended by Petrobras (2011) 
for machine foundation designs and 
calculates the maximum small-strain 
shear modulus (G0) as a function of the 
SPT blow count value (NSPT) without 
any soil type restriction. Thus, assum-
ing the soil as isotropic, the E0 can be 
obtained by its relationship with the G0 
and the Poisson's ratio (ν), considering 
the value of the latter as 0.3 for all soil 
layers. The geotechnical properties of 
each numerical model obtained from 
SPT and the laboratory testing campaign 
are summarized in Table 2. The natural 
frequencies (NF) and their correspond-
ing mode shapes (MS) are illustrated in 
Figure 4 for the two approaches used. It 
was observed that EOL-10 first natural 
frequency was not sensitive to the varia-
tion of E whose difference was approxi-
mately one order of magnitude between 
the two approaches. Similar results were 
obtained by Shi et al. (2023) who varied 
soil shear modulus from 10 to 160 MPa 
and observed that the wind turbine fre-
quency f0,1 only slightly increases with the 
increasing soil shear modulus.

Figure 2 – Natural frequency sensitivity analysis. (a) Soil and foundation, (b) Nacelle.

Figure 3 – EOL-10 numerical model parts.

(a) (b)
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SPT Laboratory

Layer Depth (m) γnat (kN/m³) E0 (MPa) ν Layer Depth (m) γnat (kN/m³) *Esecant (MPa) ν

1 0.0-1.0 18.00 142 0.3
1 0.0-2.3 17.70 12 0.3

2 1.0-2.0 18.00 158 0.3

3 2.0-3.0 19.00 189 0.3
2 2.3-3.6 17.90 18 0.3

4 3.0-4.0 19.00 173 0.3

5 4.0-5.0 18.00 142 0.3 3 3.6-4.8 17.70 16 0.3

6 5.0-6.0 19.00 204 0.3 4 4.8-6.0 18.10 18 0.3

As a comparison with the numerical 
models, a modal analysis was performed 
to determine the EOL-10 first natural 
frequency using an analytical formulation 
for a tubular profile tower with inside and 
outside diameters (ϕ) according to Equa-
tions 1, 2 and 3. Thus, a simplification 
of the prototype (Figure 5) was adopted, 

i.e., a 10 m length (L) weightless beam 
fixed to its base with a bending stiffness 
(keq) equivalent to that of the EOL-10 steel 
tower of, approximately, 881 N/m and 
with a mass (M) of 40 kg concentrated 
at its top. The solution revealed a natural 
frequency equal to 0.75 Hz, which was 
very close to the prediction of a numeri-

cal model of the tower embedded in its 
base with zero density (d ≈ 0) and a 40 kg 
fixed mass at its top, but 21% higher than 
EOL-10 first natural frequency (0.62 Hz). 
This difference corroborates the warning 
of DNV & Risø (2002) about the error 
in the natural frequency prediction when 
assuming a completely fixed tower.

Figure 4 – EOL-10 natural frequencies and mode shapes.

Figure 5 – Simplified model of the EOL-10.

*Secant Young's modulus at 50% strength obtained from consolidated undrained triaxial tests (triaxial CU).

Part Element type Number of elements

Soil Eight-node brick element (C3D8) 13290

Tower C3D8 with reduced integration (C3D8R) 10387

Piled raft C3D8 with reduced integration (C3D8R) 9002

Rebars and stirrups Two-node linear displacement (T3D2) 860

Table 1 – General mesh details of numerical models.

Table 2 – Geotechnical parameters of numerical models.
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Finally, to examine the resonance 
of EOL-10, the first natural frequency 
associated with its first bending mode 
(f0,1) was compared with its rotor revolu-
tion frequency (f1P) and the blade passing 
frequency (f3P). According to the manu-
facturer's information and the prototype's 
monitoring data set, the EOL-10 rotor 
frequency is in the range of 0.3 to 2 Hz. 
Thus, f3P, which is the frequency of the 
aerodynamic pulses induced by the pas-
sage of each blade, should vary between 
0.9 and 6 Hz. Figure 6 indicates that f0,1 of 
EOL-10 is within the range of f1P and f3P. 

Is can be observed that the EOL-10 
first natural frequency is not within the 
safety margin indicated in the DNV-GL 
(2016) guidelines. However, this require-
ment may be omitted if countermeasures 
are in place to prevent resonance effects, 
in particular an operational vibration 
monitoring system or damping devices 

(DNV-GL, 2016). EOL-10 is instru-
mented with sensors distributed along 
its tower height that provide real-time 
acceleration, tilt, and force measure-
ments to monitor its structural integrity.

It is also necessary to verify that 
the natural frequency of the system does 
not coincide with any external vibration 
force that the structure may experience 
during its service life and can cause large 
displacements. As an example, a steady-
state dynamic analysis was performed 
in Abaqus, which calculates EOL-10 
response based on its natural frequencies 
and mode shapes. Such analysis is done 
as a frequency sweep by applying the 
loading at a series of different frequen-
cies. Thus, there was considered a set 
of forces composed of (i) a horizontal 
load concentrated at its top equal to  
60 N and (ii) a triangular distributed load 
on half of the tower lateral area varying 

from zero at its base to approximately  
55 N/m² at its top. Figure 7 shows the 
displacements at the top of the EOL-10 
tower, if the prototype is subjected to 
forces with application frequencies close 
to its f0,1. These forces were computed 
considering the wind characteristics 
obtained from the meteorological data 
system of the Furnas experimental site. 
Thereby, they were calculated consider-
ing the highest wind speeds recorded so 
far, i.e., 3.6 m/s. Assuming a structural 
damping of 5% for the whole system, the 
predictions showed that if wind loads 
act on the tower with a frequency close 
to 0.6 Hz, the displacement at the top 
of the tower can reach almost 1 m. It is 
worth mentioning that, since y-axis rep-
resents the magnitude of displacements, 
the sudden drop to zero displacement 
around 0.6 Hz in Figure 7 was caused 
by a change of displacement sign.

Through numerical modeling, the 
present research studied the dynamic 
behavior of a wind turbine prototype 
located in the Midwestern Region of 
Brazil, considering its rotor revolution 
frequency, its blade passing frequency and 
the wind characteristics of its operating 
area, together with investigating some of 

the main factors that may interfere with 
the prediction of its natural frequency. 
When studying the natural vibration 
frequencies, it was evidenced that the 
consideration of the nacelle interfered sub-
stantially in the natural frequency of the 
tower, and that the influence of the sur-
rounding soil properties on the frequency 

of the whole system was not very expres-
sive, probably because of the inverse ef-
fects between mass and stiffness on the 
natural frequency, i.e., an increment in 
the former tends to reduce it, while an 
increment in the latter tends to increase it. 
Soils with higher unit weights are usually 
stiffer. Furthermore, it is assumed that 

4. Conclusions

Figure 6 – Resonance check for EOL-10.

Figure 7 – Tower top displacements after wind loads at different application frequencies.
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the completely fixed tower may induce a 
relevant difference during the prediction 
of a wind turbine first natural frequency.

To examine the resonance accord-
ing to DNV-GL (2016), although the 
first natural frequency of the EOL-10 
is within the range of the excitation fre-
quencies of its rotor and the passing fre-

quencies of its blades, it is instrumented 
with sensors to monitor its structural 
integrity in real time. A dynamic analysis 
of the wind effects showed that, if the 
loads act on the tower with a frequency 
close to its natural frequency, the dis-
placements at its top can be significant. 
Finally, although clarifying some aspects 

about geotechnical design of wind tur-
bines, the conclusions presented in this 
article are still limited to EOL-10 and its 
operating area. Further analyses should 
be carried out for different wind turbine 
configurations, foundations and sites 
with the main purpose of corroborating 
the results obtained.
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