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ABSTRACT 
 

     Wind energy, being among the most popular sustainable energy, is promising to 
exploit for solving the lack of global energy. The tower part of a wind turbine, which acts 
as the important loading bearing components, is inevitable to suffer from a variety of 
natural disasters such as strong winds and occasional earthquakes, resulting in harmful 
vibrations and the shortening of their life cycles. Based on the finite element (FE) 
formulation, a customized model of wind turbine, which allows to simulate the behavior 
of a tuned mass damper (TMD), is derived and included into the self-developed toolbox 
of finite element analysis (TFEA). Then, a wind turbine tower modeled in TFEA is taken 
for a case study. From the time-domain analysis, it has been verified that the response 
of the wind turbine can effectively be reduced when equipped with the traditional TMD. 
 
1. INTRODUCTION 
 

Wind energy is among the most popular sustainable energy and tubular steel tower 
is the dominant support structure for wind turbines. Due to the high aspect ratio, these 
structures are rather weak concerning bending deformation. During the long-term 
operation, it is inevitable to encounter harsh environments such as strong winds and 
earthquakes form Zhao et al. (2019), resulting in harmful vibrations and the shortening 
of their life cycles. To tackle the above issues, vibration reduction for wind turbines has 
been extensively studied for several decades. On the one hand, with the vigorous 
development of electronic computing technology, the existing commercial finite element 
analysis software such as ANSYS and ABAQUS has been quite mature, which can 
flexibly perform refined modeling and efficient calculation and analysis of various 
complex structures, which can satisfy most scholars needs. A wind turbine with realistic 
geometric imperfections was modelled with finite elements using the commercial 
ABAQUS by Sadowski et al. (2017) to study the responses under 20 representative 
earthquakes. On the other hand, field test is also a very effective way to test the wind 
turbine. (Dai et al., 2015) proposed rapid seismic analysis methodology for in-service 
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wind turbine towers, which provides a basis for the research on the working status of the 
wind turbine. 

Finite element software is mainly used to establish the refined 3D model of a structure. 
And field experiments have relatively high requirements for test equipment and 
installation. The accuracy of the obtained test data usually needs to be coordinated with 
numerical simulation. To simplify the modeling process and analyze the dynamic 
response of a wind turbine with tuned mass damper (TMD). The TMD element is 
developed and included into the toolbox of finite element analysis (TFEA) from Zhang 
(2019). This paper consists of two main parts: the finite element formulations of the wind 
turbine with TMD are first derived in the TFEA; then the time history analysis under 
seismic load and wind load is performed on a wind turbine modeled in TFEA for a case 
study, confirming the feasibility of the traditional TMD on the vibration control. 
 
2. Finite element formulation 
 
     Generally, the dynamic equation of a wind turbine with TMD can be described as:  
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where M , K , C , and F  are the mass matrix, stiffness matrix, damping matrix and 

force matrix of the wind turbine, respectively; X  is the vector of DOF and 
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where 
opt

f  and 
opt

 are the optimal ratio of frequency and damping between the TMD 

and the wind turbine, respectively; u  is the mass ratio between the TMD and the wind 

turbine. Considering the boundary conditions the full displacement X  can be described 
by a reduced displacement vector with least DOF: 

bc
X PX                              (5) 

where P  is determined by the boundary conditions. By substituting Eq.(5) into 
Eq.(1), the FE equation becomes: 
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where T
M P MP , T

K P KP , and T
C P CP  are the mass matrix, stiffness 

matrix, and force matrix considering the boundary conditions, respectively. When 

F 0 , an eigenvalue problem is expected, which characterizes the dynamic behavior 

of TMD. The eigenvalue problem has to be solved in the state space matrix equation: 
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are the state-space vector and the system matrix, respectively. Assume that the solution 
of Eq.(7) takes the form of an exponential function of time: 

 t
Y Ye

 ˆ                                (9) 
The eigenvalue problem can be solved by: 

 ZY Y ˆ ˆ                               (10) 

where   and Y  are the eigenvalue and eigenvector, respectively, indicating the 

frequency and mode shape of the structure. Note that   and Y  are usually complex.  

 
3. Case study 
 
2.1 Numerical example - a wind turbine model 

To study the damping effect of TMD, a wind turbine model is created in TFEA for a 
representative case. The model information of the tower and the blades are taken from 
Holm-Jorgensen (2009). As shown in Fig.1(a), a wind turbine is presented for dynamic 
analysis. The wind turbine consists of 2D beam components. The height of the tower is 
68m, and the length of each blade is 48.8m. Each blade are discretized into 21 elements, 
the tower are discretized into 23 elements. Fig.2(b) is the tower's cross-section 
information. 

The tower part of the wind turbine is a steel structure with the material of S355 in 
Sadowski et al. (2017) and Dai et al. (2017), so the damping ratio of the structure is 0.01 
from Sadowski et al. (2017), Dai et al. (2017), and Valamanesh et al. (2014). While the 
material used for the blades is a high molecular polymer having an elastic modulus of 30 
GPa and a density of 2000 kg/m3. 

 
2.2 Modal analysis 

The complex modal analysis of the structure with TMD is performed. The natural 
frequency and mode vector of the tower are obtained. The first four orders of the natural 
frequencies are: 0.5275Hz, 1.1796Hz, 2.6415Hz, and 3.9503Hz, respectively, and the 
corresponding vibration modes are shown in Fig.2. In TFEA, the real part and the 
imaginary part of mode shapes are respected by red and green shown in Fig.2. 
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a)                          b) 

Fig. 1 The models of the wind turbine: a) the FE model b) the tower part 
 

 

 
a)                  b)                 c)                 d) 

Fig. 2 Mode shapes of the wind turbine: a) the first-order bending of the tower; b) the 
first-order bending of the blades; c) the second-order bending of the blades; d) coupling 
between the second-order bending of the tower and the third-order bending of the blades 
 
2.3 Time-domain analysis 
     A time-domain analysis is performed base on the wind turbine model, considering 
an earthquakes and a wind load. The earthquake is EI ground motion (Fig.3(a)) obtained 
from the Pacific Earthquake Engineering Research Center (PEER 2019). Considering 
the wind speeds of 42.5m/s (Fig. 3(b)), the wind forces acting on the blades and tower 
are evaluated by means of the beam momentum theory. This is implemented by the 
open-source package Fatigue Aerodynamic Structure Turbulence (FAST 2019) The 
response of the structure is calculated by means of the Newmark-  method.  

Time histories of the top displacement and acceleration of the tower are compared 
in Fig.4, with respect to the models without control, equipped with traditional TMD. The 
parameters of TMD are designed from Eq.2 with a mass ratio u  of 3%. By the 

calculation, the mass 
t

m , stiffness 
t

k , and damping coefficient 
t

c  of the TMD are 

10000 kg, 84403 N/m, and 7764.5 N.s/m, respectively. As shown in Fig.4, the root mean 
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square (RMS) of the displacement and acceleration damping rate reach up to a)31.6\%, 
b)24.7\%, c)28.3\%, and d)19.8\%, respectively, confirming the high efficiency of TMD 
under wind load and ground motion. 
 

 
a)                               b) 

Fig. 3 Ground motions: a) EI ground motion; b) wind load 
     

 
a)                                b) 

 
            c)                                d) 

Fig. 4 Top displacement and acceleration responses of the tower without and with TMD 
under a/b) EI ground motion and c/d) wind loadings with the wind speed of 42.5m/s 
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3. CONCLUSIONS 
 

In this paper the self-developed toolbox of finite element analysis (TFEA) is 
proposed to simulate a wind turbine. From this study, the following conclusions can be 
made:  

(1) It is convenient and reliable to utilize self-programming for complex modal analysis.  
(2) From the time-domain analysis, it has been verified that the response of the wind 
turbine can effectively be reduced when equipped with the traditional TMD. 
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