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Wind turbines have been increasingly erected in earthquake regions to harvest abundant wind energy. However, the wind turbine
tower is slender and lightly damping, which exhibits high susceptibility to earthquake-induced vibration. It is challenging to
mitigate the seismic vibration of the tower. In this study, a bi-directional tuned mass damper (BTMD) is proposed to mitigate the
seismic vibration of the wind turbine tower. Meanwhile, a lumped-mass finite element model (LFEM) and a coupled blade tower
finite element model (CBFEM) are used to investigate the vibration mitigation performance of the BTMD. First, the BTMD and
corresponding dynamic equilibrium equations are systemically introduced. Accordingly, the optimum stiffness and damping of
the BTMD at different mass ratios are investigated. Then, the dynamic prosperities of the LFEM and CBFEM are compared.
Subsequently, the seismic responses of the wind turbine with the BTMD are conducted using the LFEM and CBFEM. Meanwhile,
the mitigation performances of the BITMD under uni- and bi-directional earthquakes are investigated. The displacement, ac-
celeration, and bending moment of the wind turbine tower are analyzed in time domain and frequency domain. Note that the
influential factors, including mass ratio and structural frequency, on the vibration mitigation performance of the BTMD are
investigated. Results show that the proposed BTMD can significantly mitigate the peak values of the top displacement and bottom
bending moment. However, the blade tower coupling effect and frequency variation of the tower would have influences on the
mitigation efficiency of the BTMD. The results enable a better understanding of the seismic vibration mitigation of the wind
turbine tower using tuned mass dampers.

1. Introduction

Wind generation overgrows with the merits of fine environ-
ment pollution, technology maturation, and sustainability.
Numerous wind turbines have been developed in harsh en-
vironments and seismic hazard zones to harvest abundant
wind energy. These tall and slender wind turbines are vul-
nerable to wind- and earthquake-induced vibrations, which
can be devastating. Numerous vibration control techniques
have been developed for building and bridge vibration miti-
gation, including passive tuned mass damper (PTMD) [1-6],
active tuned mass damper (ATMD) [7, 8], semiactive control
system [9-11], and hybrid control system [12, 13], which can

provide references for the vibration mitigation of the wind
turbine. Numerous researchers and engineers devote their
attention to the vibration mitigation of wind turbines using
enhanced building utilized vibration control devices. In the
aspect of using TMD, Stewart and Lackner [14] examined the
performance of tuned mass damper (TMD) on the vibration
control of wind turbines, and the results demonstrated that the
TMD could reduce tower fatigue load efficiently, particularly in
side-to-side directions. Altay et al. [15] utilized TMD to mit-
igate the seismic-induced vibration of the wind turbine tower
considering soil-structure interaction. The results showed that
TMD could reduce resonant tower vibrations and improve the
fatigue life of wind turbines effectively. Zhao et al. [16]
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investigated the vibration control effects of a TMD on the
monopole offshore wind turbine tower subjected to wind-wave
excitations and seismic excitations. The shaking table tests on a
1/13-scaled test model equipped without or with bi-directional
TMD, whose mass ratio and frequency ratio were properly
designed, are conducted to verify the effectiveness of the bi-
directional TMD. It concluded that TMD effectively weakens
the dynamic responses of the monopole offshore wind turbine
undergoing a variety of earthquake inputs and equivalent
wind-wave loads, and the performance is highly dependent on
the frequency contents of external excitations.

In addition, tuned liquid column damper (TLCD) and
tuned liquid damper (TLD) are employed to mitigate the
seismic vibration of wind turbines. Colwell and Basu [17]
investigated the performance of the offshore wind turbine
with TLCD under wind and wave loadings. It was found that
the peak response reductions of the wind turbine with TLCD
may be up to 55% of those the wind turbine without TLCD
when it is subjected to wind and wave forces. Buckley et al.
[18] employed a TLCD to reduce structural vibrations of a
wind turbine tower while considering the interaction of the
tower and the foundation soil. The efficiency of TLCDs was
investigated numerically and experimentally. Results found
that soil-structure interaction played a critical role in de-
signing TLCD for wind turbine tower vibration control, and
the optimal tuning of the TLCD may need readjustment over
the lifespan of turbines. Hemmati et al. [19] conducted
TLCD and TMD to study the vibration suppression in
oftshore wind turbine foundations. Their findings indicated
that the standard deviation of the dynamic response could be
significantly reduced by using all structural control devices.
TMDs were more efficient in operational conditions, and
TLCDs showed better performances in parked conditions.
Dai et al. [20] studied the performance of the tuned liquid
particle damper (TL-PD) on wind turbine vibration, which
combines the tuned liquid damping and particle damping
technology. The authors concluded that the structural dy-
namic response could be reduced effectively. Chen et al. [21]
proposed a spherical tuned liquid damper (TLD) to reduce
the earthquake-induced vibration of wind turbines and
investigated its performance of controlling the structural
vibration via a 1/20-scale shaking table test. The authors
found that the effectiveness of spherical TLDs did not in-
crease linearly as the mass of water in containers and was
influenced greatly by the frequency components of earth-
quake excitations. Zhang et al. [22] utilized real-time hybrid
testing to evaluate full-scale tuned liquid dampers (TLDs) in
controlling large wind turbine vibration. Van et al. [23]
explored vibration isolation in wind turbine structures and
proposed vibration isolators for turbine towers, which are
mounted below the nacelle. The author demonstrated that
implementing an isolation system may be beneficial to re-
duce certain key parameters of the wind turbine structural
response.

As mentioned above, the vibration control system is
installed at the location where the peak displacement ap-
pears, which is the most effective way to reduce wind-
induced vibrations. However, many wind farms are con-
structed in the areas with high seismic potentials. Seismic
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load can be another vibration source during their lifetimes
in these regions [24]. The higher vibration modes might
also be excited as the seismic energy has a broader fre-
quency range, which can further contribute to or even
govern the structural responses of the wind turbine. In this
case, using a single TMD in the nacelle and tuning it to the
fundamental vibration frequency of the tower are not ef-
fective, and the damper should be installed at the location
where the largest displacement occurs. Researchers employ
multiple TMD to mitigate wind turbine tower vibration.
Zuo et al. [25] proposed multiple TMDs (MTMDs) to
control vibrations of the fundamental and higher modes of
offshore wind turbine tower under multiple hazards, and
the validity was examined numerically. Hussan et al. [26]
installed MTMD at the top and base of the turbine tower
corresponding to the mode shapes of the structure to
mitigate the first two vibrational modes of jacket-support
offshore wind turbine tower under seismic excitations.
Gaur et al. [27] compared the control efficiency of the single
tuned mass damper (STMD) and distributed multiple
tuned mass dampers (d-MTMDs) on the wind turbine with
consideration of blade coupling and soil-structure inter-
action (SSI).

Through the above research works, the same con-
clusion is obtained where the MTMDs are suitable for
multimode control, while STMD is useful for suppressing
a single vibration mode. However, due to the limited spare
space in the nacelle for additional TMD mass, the control
efficiency of the TMD is restrained. Hence, lightweight
and small volume are more feasible for the wind turbine.
Some scholars proposed an inerter-based TMD system to
reduce the physical mass of a conventional TMD system.
An inerter device can transform the linear motion into the
high-speed rotational motion, which can significantly
amplify the physical mass of the system. Hu et al. [28]
proposed an inerter-based structural control system,
consisting of a parallel connection of a spring, a damper,
and an inerter-based network. Three different configu-
rations were employed to constitute the inerter-based
network. The effectiveness of the proposed method on
controlling the dynamic responses of a barge-type floating
offshore wind turbine was investigated numerically by the
modified nonlinear FAST-SC code. Results showed that
the proposed novel system could effectively mitigate the
displacement at the top of the tower while having similar
TMD working space as the system without inerter. Zhang
et al. [29] conducted the tuned parallel inerter mass
system (TPIMS), consisting of a tuned mass, a spring, and
parallel inerter subsystem, to mitigate the seismic re-
sponse of the wind turbine tower. The results found that
TPIMS can effectively reduce the seismic response of the
wind turbine tower. Furthermore, a much smaller tuned
mass of the TPIMS can realize the same target displace-
ment reduction compared with that of the traditional
tuned mass dampers done. Although inerter-based
structural control system has been verified effectively on
wind turbine vibration mitigation, it is in the initial stage
and needs to be further studied, such as the working space
and parameters of optimal design.
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Numerous researches are also explored to use the ATMD
and semiactive TMD to control the vibration of the wind
turbine. Brodersen et al. [30] employed an ATMD, which is
controlled by the feedback of the tower top displacement and
the relative velocity of the damper mass to reduce the tower
vibration. They concluded that the ATMD provided a
considerable decrease in the frequency response, and it was
also superior in reducing vibration in transient conditions
compared to passive TMD. Sun [31] introduced a semiactive
TMD with tuneable natural frequency and damping ratio to
control the dynamic response of monopole offshore wind
turbines subjected to multihazards consisting of wind, wave,
and earthquake. Results showed that, considering the soil
effects, damage, and multihazards, the STMD was consis-
tently effective in controlling the response of the tower,
whereas the passive TMD may become completely inef-
fective and induce a potential threat to the structure. Results
showed that active structural control could provide better
performance than passive control. However, passive struc-
tural control has its unique advantages, such as high reli-
ability and low cost, which is particularly essential for
offshore wind turbines due to their long lifespan.

Most of the aforementioned references focused on uni-
directional response (fore-aft motion) mitigation, while the
real wind turbines suffer from bi-directional vibration (fore-
aft and side-side) due to wind misalignment, vortex-induced
crosswind vibration, and other misaligned loadings, such as
earthquakes. The bi-directional vibration control of the wind
turbine is relatively scarce. Sun and Jahangiri [32] proposed a
three-dimensional pendulum tuned mass damper (3d-
PTMD) to mitigate the tower and nacelle dynamic response in
the fore-aft and side-side directions. The authors found that
the proposed 3d-PTMD was more effective than that of the
dual linear TMDs in mitigating the bi-directional vibration of
the offshore wind turbine under misaligned loading con-
sidering some uncertainty from soil effects. Tong et al. [33]
employed two linear TMDs, which shared the same mass
component and were installed in both the fore-aft and side-
to-side directions of the tower, to reduce the vibration of the
tower. The infinite-dimensional model of the monopile wind
turbine tower-TMD system was made. The parameters of the
TMD were optimized by minimizing the frequency-limited
H2-norm of the transfer function matrix. It is concluded that
the performance of the optimal TMDs was similar to that of
[14]. Although the preliminary exploring works have been
done and some researchers have reviewed astate-of-the-art
current vibration control techniques and their applications to
wind turbines [34, 35], there is still great progress needed to
the technology maturation and practical application.
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In this study, a bi-directional tuned mass damper
(BTMD) is proposed to mitigate the seismic vibration of
the wind turbine tower. Meanwhile, a lumped-mass finite
element model (LFEM) and a coupled blade tower finite
element model (CBFEM) are used to investigate the vi-
bration mitigation performance of the BTMD. First, the
BTMD and corresponding dynamic equilibrium equations
are systemically introduced. Accordingly, the optimum
stiffness and damping of TMD at different mass ratios are
investigated. Then, the dynamic prosperities of LFEM and
CBFEM are compared. Afterward, the seismic responses of
the wind turbine with the BTMD are conducted using the
LFEM and CBFEM. Meanwhile, the mitigation perfor-
mances of the BTMD under uni- and bi-directional
earthquakes are investigated. The displacement, accelera-
tion, and bending moment of wind turbine towers are
analyzed in time-domain and frequency-domain. Note that
the influential factors, including mass ratio and structural
frequency variation, on the vibration mitigation perfor-
mance are investigated. Results show that the proposed
BTMD can significantly mitigate the peak values of the top
displacement and bottom bending moment. However, the
blade tower coupling effect and frequency variation would
influence the mitigation efliciency of the BTMD.

2. Bi-Directional Tuned Mass
Dampers (BTMDs)

2.1. The BTMD Model. The proposed BTMD is shown in
Figure 1, which consists of a mass block, two sets of spring-
damping systems, slide rails, and two sets of rollers. The slide
rail is set on the inside wall of the device, and the mass block
can move along the two directions slide rail independently. The
spring-damping system dissipates the kinetic energy of the
mass block. Two sets of mutually perpendicular rollers are
arranged at the bottom of the device to reduce the friction force
between the mass block and bottom plate. The configuration of
the BTMD is streamlined, which does not disturb the airflow
characteristics of the wind field. The BTMD is installed on the
roof of the nacelle. The parameters of the BTMD, including the
spring stiffness and the mass of the block, are tuned according
to the frequency of controlled structures.

2.2. The Mechanical Model. The mechanical model of the
BTMD-equipped wind turbine is shown in Figure 2, and the
corresponding equation of motion is written as equation (1).
Note that the coupling effect between two directional vi-
brations is ignored.

RN Y v

the damping of the wind turbine and BTMD, respectively; K
and k are the stiffness of the wind turbine and TMD, re-
spectively; P(t) is the load applied to the wind turbine.
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F1GURE 1: The BTMD model. (a) The diagram of the BTMD. (b) The planform of the BTMD. (c) Lateral view of the BTMD. (d) Aerial view of
the BTMD.
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FIGURE 2: Diagram of the wind turbine with TMD system.
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Accordingly, the displacement amplification factor, R, can
be calculated using

(2 = B) + 20ap)’

R= 2 2 2 2
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where « is the ratio of the natural frequency of the BTMD to
that of the wind turbine, § is the ratio of the frequency of
external load to the natural frequency of wind turbine, y is the
mass ratio of BTMD to that of the wind turbine, and { is the
damping ratio of the wind turbine. The amplification factor, R,
reaches the minimum value when «, y, and ( satisfy the fol-
lowing equations:
1

L+y

_ 3
gopt - 8(1 +‘L£)’ (4)

where a, and §, represent the optimal frequency ratio and
damping ratio of the BTMD, respectively. Accordingly, the
relationships between BTMD parameters and the amplification
factor are shown in Figure 3. Note that five mass ratios, varying
from 0.01 to 0.05, are utilized to investigate the influence of the
mass ratio.

According to Figure 3, the amplification factor decreases
with the increase of mass ratio. Meanwhile, the peak amplifi-
cation ratio is significantly suppressed due to the BTMD. Hence,
the optimal mass, stiffness, and damping of the BTMD can be
calculated using the following equations:

(3)

Xopt =

my = umy, (5)
2 2

kopt = “optwlmd’ (6)

Copt = 2E()pt()copt“‘)lr’/lal’ (7)

where m,, k., and ¢, are the optimal mass, stiffness, and
damping of the BITMD, respectively, w, is the first-order
natural frequency of the wind turbine, and m, is the first-
order modal mass of the wind turbine.

3. The Wind Turbine Model

3.1. Description of the Wind Turbine. A 2.5 MW three-blade
horizontal wind turbine, which is commonly constructed in
the Western of China, is shown in Figure 4. The tower is a
cylindrical hollow single steel tube with the wheel hub height
of 98.12m. The diameter and thickness of the tower vary
across the height. The diameter and thickness of the bottom
tower are 3.9 m and 67 mm, respectively, while the diameter
and thickness of the top tower are 2.55m and 20 mm, re-
spectively. The nacelle is mounted on the tower top where
the rotor shaft holding turbine blades is connected. The
nacelle height and weight are 3.2 m and 52 tons, respectively.
The sum weight of the blade and hub is 31.155 tons.
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F1GURre 3: The influence of BTMD parameters on the amplification
factor.

3.2. Numerical Model of the Wind Turbine. The finite element
model (FEM) of the wind turbine is developed in terms of
design drawings. A refined 3D FEM is not economical for
the seismic vibration mitigation analysis of numerous wind
turbine structures. Hence, a simple FEM is realistic. An
acceptable accuracy for seismic performance could be ob-
tained by using simplified models [36, 37]. However, the
motion of the tower is strongly associated with the motion of
the blades, which reduces the natural frequency and ulti-
mately alters the response of the tower [38]. It may sig-
nificantly underestimate the structural response [39] and
misunderstand the control efficiency of the BTMD without
considering the blade tower coupling. Hence, two FEMs of a
wind turbine, including an LFEM and a CBFEM, are
modeled, as shown in Figure 5. The blades, hub, and nacelle
are modeled as a lumped mass of 83.155 tons, whose gravity
center shifts by 0.8 m. The tower and lumped mass in the
LFEM are modeled using the element Shell 93 and Mass 21,
respectively. The connection between the tower and lump
mass is modeled using the element MPC 184. The blade and
nacelle in the CBFEM are modeled using the element Beam
189. The hub, which connected the blade and nacelle, is
modeled as a lumped mass with infinity rigid. Generally, the
wind turbine is adjusted to the parked condition (i.e., the
rotor rotational speed remains zero and the electric gen-
erator does not work) under extreme events using brake
rigging to reduce potential rotor motions. Therefore, the
parked condition is considered in this work. The Rayleigh
damping, which combines the mass and stiffness propor-
tional damping, is used to model the recommended 1%
damping [40]. The elasticity modulus of steel is 2 x 10° MPa.

The modal parameters of the first six modes, including
frequency and mode shape related to the global flexure of the
wind turbine tower and blade coupling, are summarized in
Table 1 and Figures 6 and 7. The modal parameters of the
LFEM (without blade) are comparable to that of the CBFEM
(with blade), especially the first two natural frequencies.
However, the blade coupling is obvious in the CBFEM. Note
that blade tower coupling effects alter the third and fourth



QINGHAI

Mathematical Problems in Engineering

SR

BININGXIAT

SHAANXI

China

F1GURE 4: The schematic and location of wind turbine (Map Data © 2020 Google, Imagery © 2020 Maxar Technologies) (image by Wanrun Li).
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F1GURE 5: Numerical models of the wind turbine. (a) The LFEM. (b) The CBFEM.

TaBLE 1: The modal parameters of the LFEM and CBFEM.

LFEM CBFEM

Mode Mode

Mode shape f (Hz) Mode shape f (Hz)
1 1* tower side-to-side 0.3347 1 1** tower side-to-side + 1* blade edgewise 0.3287
2 1** tower fore-aft 0.3348 2 1* tower fore-aft + 1°" blade flap-wise 0.3314
3 2" tower side-to-side 1.7534 3 2" tower side-to-side + 1°* blade edgewise 1.3973
4 2" tower fore-aft 1.7535 4 1** blade torsion 1.4678
5 3™ tower side-to-side 4.8185 5 2" tower fore-aft + 1°* blade flap-wise 1.5294
6 3" tower fore-aft 4.8203 6 2% blade torsion 2.7268

natural frequency of the wind turbine. The frequencies
decrease from 1.7534 and 1.7535 to 1.3973 and 1.4678,
respectively, whose reduction ratios are 20.31% and 16.29%.
Hence, the coupling effect would have significant influences
on the mitigation efficiency of the BTMD.

3.3. The Finite Element Model of the BTMD. The BTMD is
simplified into a bi-directional mass-spring-damper model
in the FEM, as shown in Figure 8. The element Combin 14 is

selected for modeling the spring-damper of the BTMD,
which provides the stiffness and damping. The element Mass
21 is selected for modeling the mass block of the BTMD.
Points 1, 2, 3, and 4 represent the connection points, which
are located on the wind turbine. The points 5, 6, 7, and 8
represent the connection points which are located on the
BTMD. Point 9 represents the mass of the BTMD. The first-
order modal mass of the investigated wind turbine is 208.678
tons. Hence, the parameters of BTMD are obtained
according to equations (1) to (5), as listed in Table 2.
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FIGURE 6: First six vibration mode shapes of the LFEM. (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4. (¢) Mode 5. (f) Mode 6.
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FIGURE 7: First six vibration mode shapes of the CBFEM. (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4. (e) Mode 5. (f) Mode 6.

FiGure 8: The mechanical model and finite element model of BTMD.



8 Mathematical Problems in Engineering
TABLE 2: Parameters of BTMD.
Mass ratio Frequency ratio Damping ratio (%) Mass (kg) Stiffness (N/m) Damping (N-s/m)
1 0.01 0.9900 6.09 2086.78 9269.53 535.69
2 0.02 0.9804 8.58 4173.56 18181.25 1493.93
3 0.03 0.9709 10.45 6260.34 26744.00 2704.34
4 0.04 0.9615 12.00 8347.12 34974.04 4100.65
5 0.05 0.9523 13.36 10433.90 42884.94 5652.13

4, Structural Responses of Wind Turbines under
Uni-Directional Ground Motions

According to the Chinese code for seismic design of
buildings GB 50011-2010 [41], the seismic fortification
intensity of the region, in which the wind turbine pro-
totype is located, is 8 degrees. The peak acceleration of the
design earthquake is 0.2 g. The predominant period of the
site is 0.45s. Several studies have been conducted to
investigate the simulations of the stochastic excitations
for studying the dynamic responses of infrastructures,
e.g., the simulation of stochastic wind field for wind-
induced response analysis [42-45] and artificial seismic
ground motion simulations [46, 47]. To provide reliable
results considering the randomness of the ground mo-
tions, two natural waves (El-Centro 1940 and Chalfant
1986) and one artificial wave, which is achieved based on
the site conditions of the wind turbine prototype, are
selected to investigate the seismic responses and clarify
the effectiveness of the BTMD. The time histories of the
selected ground motion are shown in Figure 9. The peak
acceleration of the three selected ground motions is
scaled to 4 m/s>. Meanwhile, the spectra of these selected
ground motions are shown in Figure 10, compared with
the design spectrum of Chinese code. The design spec-
trum and the spectra of these selected ground motion
records are statistically compatible. Accordingly, the
displacement, acceleration, and bottom bending moment
of the wind turbine tower are calculated to evaluate the
vibration mitigation performance of the BTMD. The
reduction ratio of structural responses is written as

n= Dy =Dc 100%, (8)

Dy

where Dy and D¢ are the responses of the wind turbine
without and with the BTMD, respectively.

4.1. Displacement of the Wind Turbine Tower. The seismic
responses of the wind turbine with different mass ratios
BTMD are calculated using the LFEM and CBFEM. The top
displacements of the wind turbine with different mass ratios
BTMD are shown in Figure 11 and Table 3. Meanwhile, the
reduction ratios of peak values and standard deviations with
the different mass ratios are shown in Figure 12. The top
displacements and corresponding reduction ratio, produced
by the CBFEM and LFEM, are similar to each other. The
peak value and standard deviation of the displacement
significantly decrease with the increase of the mass ratio.

However, the increases in the reduction ratio slow down
with the increase of mass ratio. The maximum reduction
ratios of the peak value and the standard deviation exceed
50% and 40%, respectively. Hence, the BTMD can signifi-
cantly mitigate the vibration of the tower, and it can be used
to depress the fatigue load. Note that the reduction ratio of
displacement is dependent on the characteristic of the
ground motion, which is mainly influenced by the domi-
nated frequency of the ground motion.

The peak values of the horizontal displacement along the
height of the wind turbine are shown in Figure 13. The cal-
culation of the LFEM under different ground motions is similar
to that of the CBFEM. The maximum displacement occurs at
the top of the wind turbine tower. The displacement of the wind
turbine tower is dominated by the first mode. Hence, the re-
duction ratio reaches the largest when the BTMD is installed on
the roof of the nacelle.

4.2. Acceleration of the Wind Turbine Tower. The accelerations
of the wind turbine with different mass ratios BTMD are shown
in Figure 14 and Table 4. Meanwhile, the reduction ratios of
peak value and standard deviation of the top acceleration are
shown in Figure 15. Compared with the displacement, the
BTMD shows weak efficiency in controlling peak acceleration
value, especially in the initial stage. However, the reduction ratio
of the standard deviation increases with the increase of mass
ratio, which can exceed 20%. Hence, the BTMD can be used to
depress the fatigue load.

4.3. The Bottom Bending Moment. The reduction ratios of the
bottom bending moment of the wind turbine with different
mass ratios BTMD are shown in Figure 16 and Table 5. The
reduction ratio variation trend of the bottom bending
moment is similar to that of the displacement. The BTMD
can significantly mitigate the bottom bending moment, and
it can be used to depress the fatigue load.

4.4. The Fourier Spectrum of Wind Turbine Response

4.4.1. The Fourier Spectrum of the Displacement. The
Fourier spectra of the top displacement produced by the
LFEM and CBFEM with different mass ratios BTMD are
shown in Figure 17. The Fourier spectra of the LFEM are
similar to those of the CBFEM. The structural response is
mainly concentrated around the first natural frequency.
One distinct peak around the fundamental frequency can
be observed in the Fourier spectrum of the wind turbine
without the BTMD. However, there are two peaks in the
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FIGURE 10: The spectra of the selected ground motions.

Fourier spectra of the wind turbine with the BTMD. The
phenomenon is similar to the variation of the amplifi-
cation factor, as shown in Figure 3. Note that the am-
plitude of the peak frequency decreases with the increase
of mass ratio due to the excellent mitigation performance
of the BTMD. The vibration energy of the wind turbine
can be dissipated effectively by the BTMD.

4.4.2. The Fourier Spectrum of the Acceleration. The Fourier
spectra of the LFEM and CBFEM with different mass ratios of
BTMD subjected to different ground motions are shown in

Figure 18. The Fourier spectra of the LFEM are similar to those of
the CBFEM. Compared with the Fourier spectra of the displace-
ment, the frequency peaks appear around the first two natural
frequencies. The amplitude around the first natural frequency
decreases significantly with the increase of mass ratio, whereas the
amplitude variation around the second natural frequency is small. It
may be illustrated by the reason that the BTMD is designed
according to the foundational frequency of the wind turbine.
Hence, the BTMD can significantly mitigate the amplitude of the
controlled frequency. However, it shows weak efficiency on the
amplitude mitigation of other frequencies.
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Figure 11: The displacement of wind turbine. (a) LFEM under the El-Centro. (b) CBFEM under the El-Centro. (c) LFEM under the
Chalfant. (d) CBFEM under the Chalfant. (¢) LFEM under artificial wave. (f) CBFEM under artificial wave.

5. Seismic Response of the Wind Turbine under
Bi-Directional Ground Motion

The wind turbine would suffer bi-directional vibration
(fore-aft and side-side) due to bi-directional earthquakes.
It is meaningful to investigate the effectiveness of the
BTMD in the vibration control of wind turbines under bi-
directional earthquakes. According to the Chinese code
for the seismic design of buildings, the amplitude ratios of

two direction ground motions are modulated to 1.0:0.85.
The seismic responses of the wind turbine under bi-di-
rectional ground motion are calculated using the LFEM
and CBFEM.

5.1. The Structural Responses Reduction. The reduction ratios of
the displacement, acceleration, and bottom bending moment in the
two directions calculated using the LFEM and CBFEM are shown
in Figures 19-21, respectively. The reduction ratios of the peak value
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TaBLE 3: The displacement of the wind turbine with different mass ratios BTMD.

. El-Centro Chalfant Artificial wave
Mass ratio
LFEM CBFEM LFEM CBFEM LFEM CBFEM
Without 0.65 0.63 0.56 0.53 0.83 0.81
0.01 0.56 0.52 0.49 0.45 0.69 0.67
0.02 0.38 0.37 0.38 0.37 0.59 0.58
0.03 0.35 0.33 0.31 0.31 0.55 0.54
0.04 0.31 0.30 0.29 0.28 0.53 0.52
0.05 0.30 0.28 0.27 0.27 0.52 0.51
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FIGURE 12: The reduction ratio of displacements. (a) Peak displacement. (b) The standard deviation of displacement.
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FiGgure 13: Continued.
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F1GURE 13: The peak displacement of wind turbine along the height. (a) LFEM under the EI-Centro. (b) LFEM under the Chalfant. (c) LFEM
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FiGURrE 14: The acceleration of the wind turbine with different mass ratios BTMD. (a) LFEM under El-Centro. (b) CBFEM under the El-
Centro. (¢) LFEM under the Chalfant. (d) CBFEM under the Chalfant. (¢) LFEM under artificial wave. (f) CBFEM under artificial wave.

TaBLE 4: The peak acceleration of the wind turbine with different mass ratios BTMD.

) El-Centro Chalfant Artificial wave
Mass ratio
LFEM CBFEM LFEM CBFEM LFEM CBFEM
Without 6.68 5.87 6.12 5.73 6.08 5.71
0.01 6.67 5.85 6.04 5.61 5.66 5.58
0.02 6.66 5.83 5.97 5.52 5.44 5.37
0.03 6.64 5.81 5.90 5.46 5.43 513
0.04 6.63 5.80 5.83 5.41 5.43 511
0.05 6.62 5.78 5.76 5.37 5.42 5.09
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Ficure 15: The reduction ratio of (a) the peak acceleration and (b) the peak acceleration standard deviation.

and standard deviation in two directions are similar to each other, ~ reduce the peak acceleration using the BTMD. Meanwhile, the
which increase with the augment of the mass ratio. The reduction ~ standard deviation reduction ratios of the displacement, accelera-
ratio of the peak displacement exceeds 20%. The BTMD can ef-  tion, and bottom bending moment can exceed 40%, 20%, and 30%,
ficiently reduce the bi-directional peak displacement. However, the ~ respectively. Hence, the proposed BTMD can efficiently depress the
reduction ratios of peak acceleration are small. It is challenging to ~ fatigue load of wind turbines. Note that the reduction ratio
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FIGURE 16: The reduction ratio of (a) the peak bending moment and (b) the standard deviation of bending moment.
TaBLE 5: The bottom bending moment of the wind turbine with different mass ratios of BTMD.
. El-Centro Chalfant Artificial wave
Mass ratio
LFEM CBFEM LFEM CBFEM LFEM CBFEM
Without 50989.6 48402.90 39391.70 36431.90 64822.80 62616.90
0.01 44702.4 41204.40 36846.60 35289.10 57728.02 58764.70
0.02 40158.8 31663.20 36374.10 34873.00 51209.89 52848.00
0.03 39741.6 29572.00 35905.60 34463.80 48794.62 49514.90
0.04 39347.7 28437.10 35443.00 34059.20 47383.48 47441.00
0.05 38957.2 27424.70 34987.60 33661.30 46466.11 46423.00
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Figure 17: Continued.
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F1GURE 17: The Fourier spectra of the top displacement. (a) LFEM under the El-Centro. (b) CBFEM under the El-Centro. (c) LFEM under
the Chalfant. (d) CBFEM under the Chalfant. (¢) LFEM under artificial wave. (f) CBFEM under artificial wave.
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FiGure 18: The Fourier spectrum of the top acceleration. (a) LFEM under the El-Centro. (b) CBFEM under the El-Centro. (¢) LFEM under
the Chalfant. (d) CBFEM under the Chalfant. (¢) LFEM under artificial wave. (f) CBFEM under artificial wave.
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FIGURE 19: The reduction ratio of displacement produced by bi-directional ground motion. (a) Displacement in fore-aft direction.
(b) Displacement in side-side direction. (c) Displacement standard deviation in fore-aft direction. (d) Displacement standard deviation in
side-side direction.
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F1GURre 20: The reduction ratio of acceleration induced by bi-directional earthquakes. (a) Acceleration in fore-aft direction. (b) Acceleration
in side-side direction. (c) Acceleration standard deviation in fore-aft direction. (d) Acceleration standard deviation in side-side direction.
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FiGure 21: The reduction ratio of the bottom bending moments induced by bi-directional earthquakes. (a) The peak value in fore-aft
direction. (b) The peak value in side-side direction. (c) The standard deviation in fore-aft direction. (d) The standard deviation in side-side

direction.
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FIGURE 22: The reduction ratio of structural responses induced by bi-directional earthquakes. (a) Fore-aft direction displacement. (b) Side-
side direction displacement. (c) Fore-aft direction acceleration. (d) Side-side direction acceleration. (e) Fore-aft direction moment. (f) Side-

side direction moment.

calculated using the CBFEM is lower than those calculated using the
LFEM due to the blade tower coupling effect.

5.2. The Influence of Wind Turbine Frequency on the Response
Reduction. The natural frequency of the wind turbine is
time-varying, which is influenced by many factors, in-
cluding the centrifugal stiffening effect of the blade, ice,
snow, and temperature. The BTMD might be mistuned
due to the frequency variation. The mistuning effect
would lead to the malfunction of the BTMD, even the
amplification of structural responses. Therefore, the in-
fluence of frequency variation on the mitigation efficiency
of the BTMD is investigated using the LFEM and CBFEM.
The fundamental structural frequency varies from 0.8 w,

to 1.3 wy, where wy is the initial fundamental frequency of
the wind turbine. Accordingly, the displacement, accel-
eration, and bending moment reduction ratios of the
wind turbine with different mass ratios BTMD are shown
in Figure 22.

The structural response reduction ratios increase with
the increase of structural frequency before the structural
frequency reaches 1.05 w,. The opposite situation applies
to the situation that the structural frequency exceeds 1.05
wo. The phenomenon is caused by the reason that the
system wind turbine and TMD cannot resonate when the
structural frequency is far from w,, which causes smaller
movement of the mass block. Generally, the BTMD can
reduce effectively when the wind turbine frequency
changed slightly.
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6. Conclusions

In this study, a BTMD is proposed to mitigate the seismic
vibration of the wind turbine tower. Accordingly, the
LFEM and CBFEM are used to investigate the vibration
mitigation performance of the proposed BTMD. After-
ward, the mitigation performances of the BTMD under
uni- and bi-directional earthquakes are investigated. The
displacement, acceleration, and bending moment of the
wind turbine tower are analyzed in time-domain and
frequency-domain. The following conclusions can be
drawn from this study:

(1) The first two natural frequencies of the LFEM and
CBFEM are similar to each other. However, the other
natural frequencies of the LFEM are larger than that
of the CBFEM due to the blade tower coupling effect.
Meanwhile, the blade coupling effect is evident in the
mode shape of the CBFEM. Accordingly, the re-
duction ratio calculated using the CBFEM is lower
than those calculated using the LFEM. Hence, the
coupling effect may have significant influences on
the mitigation efficiency of the BTMD.

(2) The reduction ratios of the structural responses in
two directions are similar to each other, which grow
with the increase of the mass ratio. The proposed
BTMD can significantly mitigate the peak values of
the top displacement and bottom bending moment.
However, it shows weak efliciency in controlling the
peak acceleration, especially in the initial stage. Note
that the BTMD can effectively depress the fatigue
load of the wind turbines.

(3) The Fourier spectra of the displacement are mainly
concentrated around the first natural frequency.
However, the frequency peak of acceleration appears
around the first two natural frequencies. The amplitude
around the controlled frequency decreases significantly
with the increase of the mass ratio. The mitigation
efficiency of the BTMD would decrease with the
structural frequency far away from the controlled
frequency.
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