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Abstract

Wind energy is one of the most economical and clean energy sources in the world. Investments in wind
energy are getting increase. Besides, the construction of huge-sized wind turbine towers can result in high
costs. The safety in terms of stress and displacement values are also significant for a selected type of turbine
towers along with cost. In the design of a wind turbine, the dynamic loads such as wind and earthquake
which influence on the tower are also significant. In this regard, dynamic analyses performed for the selection
of a wind turbine tower type enable a convenient optimization. In this research, three different towers which
have 10 m high were designed. These towers with calculated wind forces and, the recorded acceleration data
of earthquakes took place in Chi-Chi, Diizce and Kobe were analyzed using ABAQUS software calculating
based on finite element method. The results show that the highest tensile and displacement values were
obtained from steel tower type. In terms of stress and displacement values, the most suitable tower type was
the hybrid tower.
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1. Introduction tower that can withstand the loads safely is also a
crucial issue [4-6]. Many wind turbine failure is
stemming from these loads. Therefore, this system
needs to be optimized and studied on its dynamic
reliability. Yang et al. (2015) study on dynamic
reliability of the tripod sub-structure of offshore
wind turbines by taking into account wind loads,
wave, seismic wave and turbine forces [7]. Patil et
al. (2016) evaluated the structural performance of a
typical wind turbine tower subjected to strong
ground motions [8].

Although wind forces are unsteady they are
considered as steady in most cases. Moreover, the
characteristic of the wind forces are different each
other. The types of hurricanes and storm bring
about sudden loads which give rise to huge
structural problems [1-3]. Therefore, the wind
forces must be taken into consideration as a
dynamic load. Wind turbines are continuously
exposed to dynamic loads. The most significant
loads are wind and seismic forces. In the case wind
and seismic loads on a tower, the design of the
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The structural performance of the wind turbine
tower was also investigated through seismic
fragility analysis. Quilligan et al. (2012)
investigated the performance of the steel and
concrete tower using a flapwise numerical model
for different tower heights and wind speeds [9].
They suggested that prestressed concrete towers
can provide a viable alternative and offer an
improved performance. Hsu et al. (2014) carry out
reliability analyses of large size wind turbine towers
[10]. They wused finite element method to
investigate its structural responses under static and
fatigue loads. They stated that the majority of loads
on the tower are the wind forces acting on the
rotational area of the wind turbine blades, and the
moments resulting from the non-uniform wind
speed [11-16].

The current study aims to compare the
displacement and stress values of different turbine
towers under wind loads and seismic forces
recorded from acceleration of Chi-Chi, Diizce and
Kobe earthquakes. In this study, finite element
model was developed to investigate dynamic
behaviour using ABAQUS software [17].

2. Mathematical model of wind turbine

The governing equation for a wind turbine tower
(Fig. 1) subjected to an earthquake excitation can be
given as equation (1-2) [18]. In order to do forced
vibration analysis of a tower, the mass, damping,
stiffness matrices and equivalent nodal loads vector
of the tower should be constructed.

Mi+Cu+Ku=F, +F,, (1)

F

dyn
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where M is the mass matrix, C is the damping
matrix, K is the stiffness matrix, respectively, u ,
u and U are the lateral displacement, lateral
velocity of and the lateral acceleration of the tower
with respect to time. F,. is the lateral wind force
acting on the turbine, F, is the dynamic forces

acting on the turbine, , is the earthquake

acceleration.
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Fig. 1. The multi-degree of freedom system

Analytical solution of wind turbine structures
displacements can be calculated by multi degree of
freedom (MDOF) system (Fig 1). The calculations
of the displacements and stresses of the structure by
neglecting the term damping (c) are shown in Egs.
(3) to (15).

2.1. Calculation of displacements

Dynamic-equilibrium  equations  based on
D’Alembert Principle can be expressed for each
mass. For unforced displacement of system, the
equation of motion for each mass can be written as

(3]

F =m

F, =m,l, ©)
Fy =m,d,

my, +kyu, —k, (u, —u,) =0
'mzuz+k2(u2—u1)—k3(u3—u2)=0 @

My Uy + Ky (Un —Uny ) =0

Here, m1, my, ..., my ; mass influence coefficient, k1,
ko, ... , kn stiffness influence coefficients, and
F1,F,..,Fn;  forces resulting from the maotion.
However, it is supposed that displacements of
motion; Ui, Uz, .., U, are defined in terms of
harmonic excitation response spectrums at the

K

frequency @), ,
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u, =g, sin(wt)
u, =q,sin(wt) 5)

u, =q,sin(at)

In which, g, @ and t indicate respectively as an
amplitude of displacement (m), frequency (1/sec),
and time (sec). The derivatives of displacement
functions (us, Uy, ..., Un) representing the displaced
shape of the structure can be written as
-mw*q, sin(awt)+k,q, sin(wt)

—k,q, sin(wt)+k,q, sin(wt) =0
-m,w’d, sin(wt)+k,q, sin(wt)

—k,0 sin (@t) + k0, sin(wt) =0 (6)

-m,°q, sin(wt)+k,g, sin(awt)
—k,0, sin(wt)=0

Matrix form resulting from dynamic-equilibrium
equations can be expressed as

k+k, — .. 0T7q
-k, kK, +k, -k, i ||q,
: _k3 . _kn .
0 _kn I(n a,
- (7

m 0 - 07 q] [0
dom - iq

- . . . =

. 0 : :

0 o mlq| [0

In matrix notation

([K]-@*[M])g =0 ®)
Matrix of modal amplitudes becomes below

Q= |:qi‘j ] )

In order to derive equation of motion on forced
system, the externally applied force F(t) must be
added to equation of motion on unforced system

(P=|:Qi,j] (10)

This can be expressed as in terms of modal matrix
@ and principal coordinates {7}

{u} =[e]{n} (1)

with coordinate transformation and multiplying by
[(p]T of each term, the equation of motion is derived
as follows

[o] M1t} +[o] [K]lel{u} =[] {F(O}  (12)

The forced motion equation in the above matrix
form can be solved and the motion of the structure
(u) can be obtained. The analytical solution of the
equation is well known in the literature [3,6].

2.2. Calculation of stresses

Mises stresses in the structure as a result of the
forces acting on the tower are calculated by the
following relations and their stresses are directly
related to the deviatoric components in the energy
equation.

1
W:Ecr:g (13)

The following expression known in Hooke's Law is
written in the equation,

1
E=—0 14
2G (14)
the energy equation is independent of

displacements. Here, W is the strain energy density,
G is the shear modulus, o is the stress, & is the
unit deformation.

Von Mises Stress equation is obtained by
writing the energy equation in terms of stresses
[19,20] as

Ow = \/go—ijo-ij _%(O—kk )2 (15)
In this study, the oscillation of the structure under
the influence of static and dynamic loads is
modeled and solved. The models are difficult to
solve analytically. Therefore, they are analyzed by
using finite element program. The analysis results
of the models are compare to each other.
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3. Design of an industrial wind turbine towers

In this section; steel, hybrid (reinforced concrete
and steel) and reinforced concrete wind turbine
towers with a cylindrical form, having a diameter
(D) of 45 cm and a high (L) of 10 m, are designed.
The thickness of steel tower is 5 mm. The steel type
is S-355. The compressive strength and a density of
the concrete mixture were 35 MPa and 2400 kg/m3
respectively and the ratio of poisson of concrete is
0.3. The reason of the selected design parameters is
because costs are very close to each other [21,22].
The analysis of the wind turbine towers was
performed using ABAQUS software [17]. The
deformations and stress that occur in the wind
turbine towers were, then, examined.

The reason to choose the industrial wind turbine
tower is due to large demand of smaller power
plants. Because, smaller power plants are enough to
provide energy necessary to be use small towns or
establishment. The greatest advantage of this type
of production is that it is realized at the moment of
consumption, the transmission and storage losses
are almost reduced to zero. The details of the
designs of the towers are given in Fig. 2.

3.1. Finite element model

Finite element analyzes of three different types of
wind towers were made using the ABAQUS
program. Due to the small dimensions of the wind
turbines considered, the dynamic effects caused by
the blades were neglected and only the wind force
affecting the tower was taken into account. Rotor
and blade weights are affected as a mass from the
peak.

7 Steel
I R. Concrete

L. A2

x a) —
Fig. 2. The section and model of the columns of (a)
Steel, (b) Hybrid and (c) Reinforced Concrete tower

The steel tower was modeled using 4-node shell
element (sr4), concrete material 8-node solid
element (C3D8), reinforcement 2-dimensional bar
element 2D trus elements. The tower parts were
connected to each other in geometry using a merge
process. The reinforcements were embedded in the
concrete. The steel tower is designed using
tetrahedron (4 corners) and concrete tower
hexahedron (6 corners) mesh models. For modeling
the turbine tower, 335 MPa yield stress and
modulus of elasticity 200 GPa was used. The
density of the steel is assumed to be 7850 kg/m?,
The material properties of the steel are listed in
Table 1.

4. Dynamic analysis

Wind turbine towers are randomly subjected to
wind and seismic loads. Due to the high tower
supported with structures, it requires sufficient
bending stiffness to avoid large deformation under
transverse load and to achieve the minimum natural
frequency [7].

4.1. Time-history analysis

Different methods are used for earthquake resistant
structures designs. One of the most up-to-date
methods is nonlinear analysis in the Time-history.
When performing seismic analysis with this
method, acceleration records of earthquakes that
have occurred before are used. These earthquake
acceleration records are obtained from different
sources with very different methods. These are:
Design acceleration spectrum compatible artificial
records, simulation records and records recorded
during the earthquake [29]. In this study, three
different earthquake acceleration records recorded
during the earthquake were used. Linear inelastic
behavior of single degree of freedom system was
compared using these records.

Table 1. Properties of steel (S-355) used for material
modeling.

Yield Ultimate Young’s . ,
stress stress Modulus PO;Z;%“ e
[MPa] [MPa] [GPa]

355 510 200 0.3
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5. Load conditions

Loads applied to wind turbine towers are estimated
according to the calculation methods of TIA/EIA-
222-F code. The loads are given in Table 2 [23-26].
These loads were applied to the same points in the
each model and then, analyzed in the same way in
this study. The records from Duzce, Chi-Chi, and
Kobe earthquakes were considered as earthquake
loads (Fig. 3).

5.1. Wind force

The horizontal force (F) applied to each section of
the structure shall be calculated by

F=q,+G,[Cc A +C, + A ](N) < 20,G,, A; (N)
(16)

where, Aa is the projected area of a linear
appurtenance, Ac is the projected area of a discrete
appurtenance, Ag is the gross area of one tower face
as if the face were solid, Ae is the effective projected
area of structural components in one face, Ca is the
linear or discrete appurtenance force coefficient, Ce
is the structure force coefficient, Gy is the gust
response factor for fastest-mile basic wind speed,
Dp is the average diameter or average least width of
a tubular pole structure and g, is the velocity
pressure.

The velocity pressure (g;) and the exposure
coefficient (K;) shall be calculated from the
equations 18:

g, =0.613x K, V? a7

_ 217
K, =[z/10]"" and 11<K, <2.58 18)

For tubular pole structures, the gust response
factor (Gw) shall be 1.69 according to TIA/EIA-
222-F standards.

Structure Force Coefficient (CF) (TIA/EIA-

222-F)

c, =JK,VD,

Here, Fc is a design wind load on a discrete

appurtenance calculated by
F =0q,G, [ZCAAb]

5.2. Turbine weight

The turbine weight for the 10 m high wind turbine

was calculated from Eq. (20) as

Turbine weight =m

rotor

5.3. Ice load

Wind turbines operating in cold climate are
sensitive to icing events. 2 cm thick ice added to all
sections has created an ice weight that will affect
the system on the y axis apart from the weight of
the tower itself. The ice weight formed on each
loads are
individually activated to the system from the center

tower piece was calculated. Ice
of gravity of the tower parts.

Table 2. Loads of wind turbine tower [23,28]

208

(19)

(20)

+ mflange + mshell = 45616N (17)

Load TIAJEIA-222-F
Direction Load Type Load
Wind Load
X-X (Turbine) 12890.81 N
y-y Turbine Weight 456.16 N
z-Z Ice Load (Tower) 2302.6 N
XX Wind L oad 2909.64 N/m
(Tower)

Chi-Chi
- Duzce
2 — Kobe

Displacement {cm)

Time(sec)

Fig. 3. Displacement-time curves of different earthquakes
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As seen in Fig. 4, the forces acting on the
structure include the wind and earthquake loads on
the tower, the turbine weight on the tower top.

The load distributions on the deformed models
of the towers made of Steel, Hybrid and Reinforced
Concrete towers are shown in Fig. 4.

6. Results

The maximum displacements for steel, hybrid and
reinforced concrete towers are shown in Table 3.
The largest displacements are shown in red contour
region. According to the displacement contours, the
maximum displacement at the top of the tower is
0.889 m (Figs. 5-10).

The maximum displacements of end points on
the towers which are reinforced concrete, hybrid
and steel, under Chi-Chi, Diizce and Kobe
earthquakes are illustrated in Figs. 5-7. As seen in
these figures, maximum displacement is obtained
as 0.889 m at Chi — chi earthquake when using steel
tower while the minimum displacement is 0.477 m
under Kobe earthquake for hybrid tower. In general,
the maximum displacement occurred at Chi—chi for
three type towers. Duzce earthquake results in an
average value of the displacement of Chi-Chi and
Kobe earthquakes. Besides, a minimum
displacement was obtained under Kobe earthquake
for each type of tower.

When examining the displacement-time records
of the earthquakes, given in Fig. 3, maximum
ground motion is seen as 0.669 m in Chi-Chi
earthquake, 0.421 m in Diizce earthquake and 0.357
m in Kobe earthquake. Relative horizontal
displacements between the top and bottom points of
the towers are given in Table 4. Relative horizontal
displacements were found by subtracting
earthquakes from absolute displacements of the
tower endpoint. The absolute displacements of the
top points of the towers under the earthquake loads
are shown in Table 3 and Figs. 4-9.

Dead L.

—leel ]
—> Axial L. J
Gravty L. —>

—3 Wind L. J
[] Steel
B Rein. Conc.

Fig. 4. Load distributions of (a) Steel, (b) Hybrid and (c)
Reinforced Concrete tower

Max: 0,803 55 Max: 0,595 Max: 0,535
U, Magnitude U, Magnitude U, Magnitude
0.868
0,595

0.795 i 0,545 0.490

D.723 0.496 0.445

0.651 0,446 0.401

0.578 0.397 0.356

0.506 0,347 0.312

0.434 0.297 0.267

0,362 0.248 0.223

0.239 o.io8 0.178

0.217 v .19 0.134

0.145 0.099 ¥ 0.089 ¥

0.000 % .00 0.000 |

% X

a) Chi-Chi b) Diizce c) Kobe

Fig. 5. Max. displacements for the reinforced concrete tower under the different earthquake loads (U (m)).
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Fig. 6. Max. displacements for the hybrid tower under the different earthquake loads (U (m)).
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Fig. 7. Max. displacements for the steel tower under the different earthquake loads (U (m)).
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Fig. 9. Displacement-time curves for the hybrid tower under the different earthquake loads
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Table 3. Max displacement and stress on towers

Time(sec)
Fig. 10. Displacement-time curves for the steel tower under the different earthquake loads

Loads/Tower Steel Hybrid RC Tower
Tower Tower
Under Static Loads 0.058 0.067 0.120
Maximum Chi-Chi 0.889 0.762 0.868
Displacement (m) Diizce 0.667 0.501 0.595
Kobe 0.599 0.477 0.535
Under Static Loads 168.203 94.711 72.029
Chi-Chi 313.154 127.384 282.156
Stress (MPa)
Diizce 333.062 159.351 215.816
Kobe 339.093 157.193 440.415
Table 4. Max relative displacement on towers
Earthquake Steel Hybrid
Loads/Tower Displacement Tower Tower RC Tower
. Under Static Loads 0 0.058 0.067 0.120
Maximum
Relative Chi-Chi 0.669 0.220 0.093 0.199
Displacement Diizce 0.421 0.246 0.102 0.174
(m) Kobe 0.357 0.242 0.120 0.178

As seen in Tables 3-4, the max displacement of
the steel tower is occurring by Chi-Chi earthquake
while the relative maximum displacement occurs at
Duzce earthquake. This situation explains the
occurrence of the maximum stress in the steel tower
by earthquake. In the hybrid tower, max absolute
displacement occurs with Chi-Chi earthquake.
Maximum relative displacement occurred in the
earthquake of Kobe, and the maximum stresses of
hybrid tower were greater than Kobe earthquake
due to the resultant of this displacements.

In the case the concrete tower, both the
maximum absolute and relative displacements
occurred in the Chi-Chi earthquake. Unlike other
towers, the max stress formed in the Kobe
earthquake. This is due to the fact that the

oscillation period of Kobe earthquake acting as
shown in Fig. 3 to the reinforced concrete tower
was shorter than half of the Chi-Chi and the periods
of Duzce earthquake caused more seismic force in
the reinforced concrete tower that has bigger a
weight than others.

Figs. 11-13 show the stress of each tower
subjected to Chi-Chi, Diizce and Kobe earthquakes.
When comparing the values of the stress, the
maximum value, about 440 GPa, was obtained at
the reinforced concrete tower and Kobe earthquake.
On the other hand, the minimum stress was
obtained as about 127 GPa at the hybrid tower and
Chi-Chi earthquake. These displacement values
depending on time are given in Figs. 14-16.
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Fig. 11. Max. stress for the reinforced concrete tower under the different earthquake loads (S (MPa)).
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Fig. 12. Max. stress for the hybrid tower under the different earthquake loads (S (MPa)).
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Fig. 13. Max. stress for the steel tower under the different earthquake loads (S (MPa)).
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Fig. 14. Stress-time curves for the reinforced concrete tower under the different earthquake loads
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Fig. 15. Stress-time curves for the hybrid tower under the different earthquake loads
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Fig. 16. Stress-time curves for the steel tower under the different earthquake loads

7. Conclusions

In this study, 3D model was used to simulate the
behavior of wind turbine under static and dynamic
loads. Maximum tower tip displacements were used
to compare the relative structural performance of
various towers. It was observed that the level of
varying dynamic forces had a significant effect on
the magnitude of the maximum end displacements.
In all cases, the largest displacements occurred in
the less rigid steel tower type. However, there was
no significant displacement difference in different
tower types. This is due to the fact that tower
heights are low. With the application of the
earthquake force, it was observed that the greatest

increase in stress occurred in the reinforced
concrete tower with the greatest weight. The reason
for this is that the earthquake shear force increased
proportionally with the weight of structure. At the
same time in order to better understand the behavior
of the wind turbine, a mathematical model has been
defined under static and dynamic loads for the wind
turbine.

Based on the results from ABAQUS analysis, it
was found that all of the tower types show a
reasonable performance under the loads given in
Tables 1 and 2. It was not detected any damage in
all types tower.

In this study, the maximum earthquake
displacements were found as 0.669 m, 0.421 m and
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0.357 m for Chi-Chi, Diizce and Kobe earthquakes
respectively.

Dynamic analysis of structure under complex
loads such as wind load and earthquake forces were
taken into account to find out dynamic
characteristics of the structure and get optimization
of tower type.

Steel wind turbine towers have been the most
common solution ever used in the wind industry.
The results in this article show that hybrid tower
and reinforced concrete towers can provide a
suitable  alternative and  offer improved
performance.
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