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ABSTRACT: Today, due to the importance of the environment, the use of renewable energy-generating
structures has received more attention. Therefore, dynamic analysis of such structures under natural
hazards, especially earthquakes, is important. One of these structures is the wind turbine. In this article,
its vibration is controlled by an active mass damper equipped with a magnetic fluid damper. The mass
values used for tuned mass dampers are equal to 10, 20, 40 and 60 tons. In addition, two types of MR
dampers are considered. Dynamic analysis of the wind turbine subjected to different earthquakes is
studied and appropriate evaluation indexes are defined. The performance of the active mass dampers is
compared according to the evaluation indexes and the optimal active damper is introduced. In this article,
a SMW wind turbine constructed by the National Energy Laboratory Renewable is considered. the multi-
degree freedom model structure used for this wind turbine is linear. The wind turbine is subjected to
near and far field earthquakes in an out-of-plane direction, then its vibration is mitigated by using the
proposed active mass dampers. Finally, the results show a significant reduction in displacement and
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velocity of the wind turbine tower which is equipped with the optimal active mass damper.

Renewable energy

1- Introduction

One of the devices that can be used to generate renewable
energy is wind turbine structure. Since onshore wind turbines
are more widely used in Iran, this model of wind turbine is
discussed in this study. Wind turbine modeling is possible
in various methods, the simplest method is single-degree
freedom [1, 2]. Another method is multi-degree freedom [3,
4], which is more accurate than the single-degree free model
and because the blade stiffness in the out-of-plane direction
is less than in-plane direction, the possibility of damage in
the out-of-plane is more than in-plane direction. so the wind
turbine vibration in the out-of-plane direction has attracted
more researchers’ attention [5, 6]. In order to control the
vibration of wind turbine, various researches have been
done and generally devices are divided into three general
categories of active, passive and semi-active control devices
[7]. The wind turbine is subjected to conventional loads
and the amplitude of vibrations should remain in the linear
range. it is also important to note that the nonlinearity of this
structure causes structural damage.In this study active mass
damper is added to wind turbine which causes reduction in
the amplitude of vibrations and ensures that wind turbine has
linear behavior. The active mass damper is made of a passive
mass damper with a magnetic fluid damper and also, the
focus of this paper is on controlling the vibration of wind
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turbines just caused by earthquakes.

2- Methodology

A multi-degree freedom model is used for wind turbine
[4], which consist of 8 degrees of freedom. Degrees of
freedom from 1 to 3 related to the edgewise displacement of
the blades, degrees of freedom from 4 to 6 related to the flap-
wise displacement of the blades and degrees of freedom 7 and
8 related to fore-aft and side-side displacement of the tower,
respectively and a SMW wind turbine is used for modeling
[8]. Figure 1 shows the degrees of freedom.

The matrix equation of motion for the wind turbine is
presented in equation (1) and (2). First Equation is for wind
turbine without a mass damper. In the second equation, the
wind turbine is equipped with a mass damper.

Mq:—i_cqﬁ:_'—Kq:Qseismic (1)

M5+C§+K42Qseismic (2)
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Fig. 1. Degrees of freedom [4]

In these two equations M, C, K and Q_, . represent in
order Mass matrix, Damping matrix, stiffness matrix and
Earthquake vector.

Due to the ease of modeling, the wind turbine is assumed
to be off. This modeling is done by MATLAB and Simulink
software. In this wind turbine, 2 magnetic dampers are
utilized along with mass damper in order to make active mass
dampers. The first MR damper is made in 2002 [9] and the
second one in 2011 [10], mass damper is used with different
masses of 10, 20, 40 and 60 tons which are equivalent to
1.5%, 3%, 6% and 9% of the structure weight, respectively.
The seismic force is considered in out of plane direction.

3- Results and Discussion

To compare these two magnetic dampers the currency
is set to 2 Amps. Three particular indexes are introduced
to evaluate the performance of dampers under earthquakes.
The first index is the ratio of the maximum displacement of
the wind turbine equipped with a damper to the maximum
displacement of a wind turbine without a damper. This is
also the most important index, because the base shear of the
wind turbine is determined by this index. The second and
third indexes respectively are the ratio of maximum velocity
and maximum acceleration of wind turbine equipped with
a damper to maximum velocity and acceleration of wind
turbine without a damper. In order to control the vibration
of this wind turbine under near and far field earthquakes, the
active mass damper is put on the top of the tower beside the
nacelle.

3- 1- Displacement index

Except for Tabas earthquake, the results show that the
displacement index for the first damper has decreased with
the increase of the tuned mass in the majority of the near-field
earthquakes, but the displacement index for second damper
has decreased in all near-field earthquakes; and in both cases,
the 20-ton mass damper has the same performance as the
40-ton mass damper. In far-field earthquakes, the second
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Fig. 2. Displacement index values of the wind turbine
tower equipped with the second active mass damper

active damper works better than the first active damper.
Therefore, based on this index, the performance of the first
active damper is better than the second one. Figure 2 shows
the displacement index of the wind turbine tower equipped
with the second active mass damper which is subjected to
near-field earthquakes.

3- 2- Velocity index

The velocity index in most near-field earthquakes for
the first damper is less than the second damper. But in most
far-field earthquakes the second damper has shown better
performance. The active first damper has not performed
well in the velocity index and by increasing the mass of the
dampers in far-field earthquakes, the velocity index increases
too.

3- 3- Acceleration index

The acceleration index in near-field and far-field
earthquakes doesn’t differ in both 10 and 20-ton active mass
dampers, but if the mass increases, the performance of the
first damper gets better than the second one. Therefore,
based on the acceleration index, both active dampers have
shown almost the same performance.

4- Conclusions

In this study, active and passive mass dampers are
compared with each other. The results show that the proposed
active dampers performed better than the passive dampers.
The used dampers have masses equal to 1.5%, 3%, 6% and
9% of the mass of the structure and the damper with a mass
equal to 3% of the mass of the structure is more efficient
than the other dampers. Among active dampers, the second
MR damper has shown better performance in far-field
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earthquakes, but the performance of these two types of MR
dampers in near-field earthquakes has been very close to each
other. Therefore, in total, the second active mass damper
which has 20-ton masses is introduced as the optimal damper.
Based on the results of this study, the following conclusion
remarks can be obtained:

1. In case of near and far field earthquakes, by using the
proposed optimal active mass damper, the displacement and
velocity indexes are reduced.

2. By using the proposed optimal active mass damper, the
dynamic behavior of the wind turbine in some earthquakes
such as El Centro earthquake, is improved. however, in a
number of earthquakes, it may increase the value of the
acceleration index.
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Table 1. General properties of wind turbines [24]
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Table 2. First Damper parameters [27]

Flhb Hlado Flhb Jlade
A 2679.0 m’! Ko 137810 N/m
L.y 647.46 m™! N 10
Xo 0.18 m Ky 617.31 N/m
[T 093 g9 (cumblite 51 a0 laduive ¥ Jgua

Table 3. Properties of the s

econd magnetic damper [26]
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a. -934.3 kN Coc -184.4 kKN.S/m Ko 0.0559 kKN/m A 336.56
a,  09376kN  C,, -1.13 kKN.S/m Ki 0.0641 kN/m n 2
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Fig. 2. Location of mass damper [4]
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Fig. 4. Displacement index related to the el-Centro earthquake
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Fig. 5. Comparison between displacement of wind turbine tower equipped with active 20- ton second damper and

displacement of wind turbine tower without damper under Centro earthquake

£€4¢



Foye U FFAY axaw NF-) Jl.w MY b)‘.m\ﬁ O 0)9d ;)g..s)m‘ LJ‘)"& L;u)._\a.g(c 4.1).»&)

Sle H9%0 g0 S aiiin 4 Sle 4 jemme @ 2 e Al S

gyiund] )5 COT (ymty98 E oyt S8 b b o b L F S

Fig. 6. velocity index of tower under the el-Centro earthquake
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Fig. 7. Comparison between velocity of wind turbine tower equipped with active 20- ton second damper and veloc-
ity of wind turbine tower without damper under el-Centro earthquake
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Fig. 8. Acceleration index of tower under the el-Centro earthquake
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Fig. 9. Comparison between acceleration of wind turbine tower equipped with active 20- ton second damper and
acceleration of wind turbine tower without damper under el-Centro earthquake
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Fig. 10. Relative displacement of the active 20-ton second mass damper under el-Centro earthquake
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Fig. 11. The force generated by the active 20-ton second mass damper under el-Centro earthquake
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Table 4. Minimum values of near-field earthquake parameters

. . Frequency pyrati E Lower
Ground motion parameters Amplitude content uration nergy Bound
PGA (e 88 Sl pornS o) v 0.2g
CA (ce s @lbs rex) v v 0.3 g.sec
PGV (o 88l sy oS o) v v 20 cm/sec
Ia (o ub,D v v v 0.4 m/sec
[ (ol iy 2al)) v v 30 cm.sec*’s
Aams) (Sled H5dome pgo aly ) v v v 0.5 m/sec?
SUa 3 038 sl Olasuin b Jos
Table 5. Characteristics of near-field earthquakes
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Table 6. Characteristics of far-field earthquakes

&b

R DI R i S S R
. olbss L 2003 1333 66 0025 145 11271 0012 0.0045 3.0
Jemie oS L 1990 933 737 008 893 5572 024  0.02  20.1
b o L 1978 15033 735 026 349 15777 0.017 0.0054 8.1
e Af;i‘:ﬁga L 1994 6584 669 0067 321 25053 007 001 6.0
S MZH L 1995 69.04 69 0068 501 32753 0069 0.005 11.1
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Fig. 13. Tower displacement index equipped with first active dampers under near-field earthquakes
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Fig. 14. Tower displacement index equipped with second active dampers under near-field earthquakes
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Fig. 15. Tower velocity index equipped with first active dampers under near-field earthquakes
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Fig. 16. Tower velocity index equipped with second active dampers under near-field earthquakes

£0.Y



FOYe B FFAY aan M) JLM: MY b)‘.o.aﬁ O 0)9d ‘)2.5),.5\ u‘)@& ‘_{u)_\a.p(c 4.1)..3;:

Slree Do Pl a4 Jol 9 Jlad 8500 4 Somme @ DD Al o

ﬁ’\’\\" o 8 ) (&
s N <% F',.v- o

S35 8595 S5 ot gl 95 JUad ST e 4 jeome g2 P (aS LS Y UKW

Fig. 17. Tower acceleration index equipped with first active dampers under near-field earthquakes
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Fig. 18. Tower acceleration index equipped with second active dampers under near-field earthquakes
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Fig. 19. Tower displacement index equipped with first active dampers under far-field earthquakes
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Fig. 20. Tower displacement index equipped with second active dampers under far-field earthquakes
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Fig. 21. Tower velocity index equipped with first active dampers under far-field earthquakes
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Fig. 22. Tower velocity index equipped with second active dampers under far-field earthquakes
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Fig. 23. Tower acceleration index equipped with first active dampers under far-field earthquakes
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Fig. 24. Tower acceleration index equipped with second active dampers under far-field earthquakes
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