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Abstract

With the increase in size and flexibility of wind turbines, the safety of large wind turbines
becomes a major issue. For this reason, a novel 15-degree-of-freedom (DOF) large wind tur-
bine reduced-order model is proposed in this paper based on the Euler-Lagrange equation.
Considering rated speed and parking operating conditions, the dynamic response of the
large wind turbine under multidimensional seismic excitation is studied. The 5 MW fixed-
bottom wind turbine developed by the National Renewable Energy Laboratory (NREL) is
used to testify to the effectiveness of the proposed model. The simulation results indicate
that the modal frequencies of the new 15-DOF dimensionality reduction model have a
relative error of 0.128-7.820% compared with FAST results, the maximum displacement in
the flapwise direction of the blade is 64.93% greater than that in the edgewise direction,
and the maximum acceleration is 91.47%. Considering the vertical seismic excitation, the
maximum displacement of the edgewise direction is increased by 48.45%, the maximum
acceleration of the edgewise direction is increased by 161.17%, the maximum vertical
displacement at the top of the tower is within 0.07-0.50% of the horizontal displacement,
and the maximum vertical acceleration at the top of the tower is within 5.01-14.42% of
the horizontal acceleration. The rated speed state is the worst operating condition in the
edgewise direction of the blade, and the maximum blade edgewise acceleration is increased
by 180.36% compared with the parking state. The parking state is the worst operating con-
dition in the flapwise direction of the blade, and the maximum blade flapwise acceleration
is increased by 365.51% compared with the rated speed state.

Keywords: wind turbine; dimensionality reduction model; dynamic analysis; multidimensional
seismic excitation

1. Introduction

Wind energy has been paid more and more attention by virtue of its advantages
of stable power generation efficiency and no site limitation. In recent years, the total
installations of global wind turbines have reached nearly 117 GW, and they are moving
toward higher slenderness and flexibility of structures; for example, the largest wind turbine
has a tower height of 150 m and a blade diameter of 220 m [1-3]. Slenderer structures
will show stronger dynamic response and even damage under external loads such as
seismic excitation [4]. It is proposed in some specifications and studies that the influence of
seismic excitation should be considered when installing wind turbines in seismically active
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areas [5-8]. Therefore, in the structural design, the influence of multidimensional seismic
excitation on the dynamic response of large wind turbines should be considered.

Some studies have used the finite element program to establish wind turbine models or on-
site monitoring to realize the analysis of the dynamic response of wind turbines under seismic
excitation [9-12]. However, with the increasing size and more complex shape of the wind turbine
structure, it is time-consuming to use the complete finite element model to analyze the dynamic
response of the structure subjected to the complex coupling loads, non-unique solutions, and
non-convergence problems that often occur in the solving process [13,14]. Therefore, some
researchers have concentrated the mass and loads of the blades on top of the tower, and
simplified the wind field into a uniform distribution to study the dynamic response of the wind
turbines. Based on this type of model, Banerjee, A. et al. studied the dynamic response of
a fixed OWT under wind and wave loads [15]. Wang, P. et al. used this model to study the
dynamic response of an OWT supported on a movable foundation in clay under the influence
of coupling wind, wave, and earthquake loads, but this type of model is unable to consider the
impact of the blades on the OWT [16]. Subsequent studies have optimized the simplified model
by introducing the condition that the wind load changes along the height and circumference
of the tower [17]. However, in addition to being unable to study the dynamic response of the
blade, the model also ignores the spatial distribution of the actual wind field and the influence
of the interaction between the tower and the blade. A simplified model considering the flapwise
and edgewise directions of the blade is established, and the vibration reduction performance of
the active tuned mass damper in blade vibration control is studied. However, the model cannot
be used to study the dynamic response of the tower [18]. Zhang, ]. W. et al. have established a
reduced-order model that considers the DOFs of the translation and rotation of the tower, and
the edgewise and flapwise directions of the blades, but it does not consider the vertical DOFs of
the foundation [19]. In addition, some researchers have studied the dynamic response of OWTs
based on the FAST platform, but it is difficult for the platform to meet the needs of vibration
control technology [20,21].

In the study of multidimensional seismic excitation, Kim, D. H. et al. considered
the nonlinear soil-pile interaction and studied the dynamic effect of an OWT subjected
to a one-dimensional horizontal earthquake; static pushover analyses were performed to
obtain the critical displacement for the wind turbine [22]. Asareh, M. A. et al. considered
four operating conditions of a wind turbine and studied the influence of two-dimensional
horizontal earthquakes on the dynamic response of the wind turbine; the results show
that the seismic excitation led to a significant increase in the torque and shear force of
the structure [23,24]. Patil, A. et al. studied the structural performance of a wind turbine
under two-dimensional horizontal earthquakes; the results show that the dynamic response
of the tower is mainly affected by the first mode [25]. Yuan, C. et al. have studied the
effect of a one-dimensional horizontal earthquake on an onshore wind turbine, and the
results show that the effect of aerodynamic damping on structural response of the wind
turbine during normal operation results in a reduction in the maximum values of dynamic
response compared to the parking condition [26]. Kjerlaug, R. A. et al. found that there
exists a significant excitation response in the vertical direction for the nacelle of a wind
turbine under an earthquake [9]. Johansson, J. et al. studied the dynamic response of a
vertically oscillating OWT monopile in a realistic soil profile [27]. Elmas, F. et al. studied
the soil-turbine interaction characteristics based on nonlinear time history response under
bidirectional seismic excitation and wind-wave environmental loads [28]. However, the
dynamic responses of the monopile for OWTs subjected to an earthquake, especially the
influence of vertical seismic action on the dynamic response of wind turbines in different
directions, have not received the necessary attention [29]. Table 1 shows the comparison of
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key characteristics between the 15-DOF reduced-order model proposed in this paper and
existing representative models.

Table 1. Comparison of key characteristics between the 15-DOF reduced-order model proposed in

this study and existing representative models.

Model Source

DOF Distribution

Modeling Assumptions

Load Coupling Capability

Lavassas, L. et al. (2003) [17]

Tower translation and
rotation, blade DOFs are
ignored.

Wind load is assumed to
vary along tower height,
but blade DOFs and
tower-blade coupling are
still ignored.

Does not consider vertical
earthquakes.

Wang, P. et al. (2018) [16] and
Banerjee, A. et al. (2019) [15]

Tower translation and
rotation, blade DOFs are
ignored.

Blade mass is lumped at
the top of the tower,
tower-blade coupling is
neglected, and the
foundation is treated as
rigidly fixed.

Only coupling horizontal
wind-wave loads, without
considering vertical
earthquakes.

Zhang, T. et al. (2023) [4]

Including tower
translation and rotation,
as well as blade flapwise
and edgewise DOFs,
without mentioning
tower vertical DOFs.

Built on the FAST v8
platform, the foundation
is treated as rigidly fixed,
and tower vertical
deformation is not
considered.

Unable to solve the impact
of vertical seismic action
on the structure.

This paper’s 15-DOF
reduced-order model

Blade flapping/edgewise,
tower top transla-
tion/rotation/vertical,
foundation transla-
tion/rotation/vertical.

The blade root is rigidly
connected to the hub
(only 1st-order vibration
retained), the foundation
and tower are connected
with elastic constraints
(including vertical
stiffness), and there is full
coupling of the
tower-blade-foundation.

Coupling x/y horizontal +
z vertical multidimensional
earthquakes, compatible
with wind loads.

It can be seen from the above research overview that although the dynamic response
of wind turbines under seismic excitation has been extensively studied, the influence of
multidimensional excitation on wind turbines is not considered comprehensively. A novel
15-DOF dimensionality reduction model of a fixed wind turbine, shown in Figure 1, is
proposed in this paper, which includes the edgewise and flapwise directions of the three
blades, the vertical, horizontal, and rotation directions of the top of the tower, and the
aforementioned three directions of the foundation. The two operating conditions of the
wind turbine under rated speed and parking conditions are considered, and the dynamic
response of the wind turbine under multidimensional seismic excitation is analyzed. This
paper is organized as follows: The theoretical derivation process of the 15-DOF dimension-
ality reduction model of the fixed wind turbine and the construction of the motion equation
based on multidimensional earthquakes are presented in Section 2, the dynamic responses
of the wind turbine under multidimensional seismic excitation are discussed based on a
real NREL 5 MW wind turbine in Section 3, and some conclusions and recommendations
are given in Section 4.
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Figure 1. 15-DOF dimensionality reduction model of fixed wind turbine with (a) fore-aft direction
and (b) side-to-side direction.

2. Materials and Methods
2.1. Construction of 15-DOF Dimensionality Reduction Dynamic Model

It can be seen from Figure 1 that each blade is related to two DOFs, g; and g;,3,
with j =1, 2, 3, indicating the edgewise and flapwise tip displacements, respectively.
The tower-top translational motions are defined by the DOFs g7 and gg, indicating the
fore-aft and side-to-side vibrations, respectively. The foundation rotational motions are
represented by q19 and g1, indicating the fore-aft and side-to-side vibrations, respec-
tively. The foundation translational motions are represented by g9 and 411, indicating
the fore—aft and side-to-side vibrations, respectively. The vertical motion of the tower
top is represented by g13. The foundation vertical motion is represented by g14. The fore—
aft rotation at the tower top is represented by g15. () is the rotor speed. The azimuthal
angle of blade j relative to the nacelle is written as

g =0+ (- )2 =1,23) )

The Euler-Lagrange equation is used to construct the dimensionality reduction dy-
namic model of the fixed wind turbine:

d (oT oT dV
i(5) 5 o O @
where g = [q1,42, - -.,q15] is a 15-dimensional DOF vector, T is total kinetic energy, V is
total potential energy, and Q is the external dynamic load vector work conjugated to g,
which is composed of the nonlinear loads, such as seismic load and wind load.

Figure 2 shows the detailed diagram of blade displacement. From Figure 2b, it can be
seen that as the blade azimuth angle changes, the vertical dynamic response of the blade
and the edgewise dynamic response of the blade interact with each other; that is, when
external loads act in the vertical direction (such as vertical seismic motion), they will have
an impact on the dynamic response of the blade edgewise direction.
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Figure 2. Detailed diagram of blade absolute displacement with (a) fore-aft direction and

(b) side-to-side direction.

Absolute displacement of each blade is shown in Figure 2 as follows:

Mﬁj = g7 4+ q9 + htang19 + rsingys cos P+ qj+3fP1f(V) ©)
), = s+ q11 + i tan quz + rsin g + 4 1e(r) cos ¢ “)
®)

uﬁ] = 13 + q14 +rcos lP] —qjP1e (1’) sin I,D]

where tangyo, tangip, and singys are simplified as 19, 412, and g5, respectively, ¢1(7) and
¢1¢(r) are the mode shape functions of the first edgewise and flapwise mode, respectively,
h is the tower height, and r is the distance from the blade along the axial direction to the

blade root.
The absolute velocity of the blade is as follows:
Uﬁj = q; +q9 + hgqo + ‘7j+34’1f(”) + 1415 cos(y;) — rq15sin(yh;) (6)
vgj = qg + 41 + gy +1Qcos P — Qgipre(r) sinp; + é]j(ple(r) cos i 7)
Upj = 13 + J14 — Qrsing; — 4,¢1e(r) sinyh; — Qg pre(r) cos P (8)
The composite absolute velocity of each blade is as follows:
2
vy = \ 057+ (et + () ©
Similarly, the absolute velocity between the nacelle and the hub is as follows:
(10)

Ohacthub = G 411 T hdqn
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Z)]rllac-&-hub = 177 + 179 + h‘710 (11)
Unac+hub = 913 T 914 (12)

Equations (10)-(12) allow for the following calculation of the nacelle and hub compos-
ite absolute velocity:

2 2 2
Onac+hub = \/(vﬁac—&-hub) + (vry1ac+hub) + (vflac—&-hub) (13)

The absolute velocity of the tower is as follows:

v = qgP1e(z) + 2415 + 4y (14)
o = 4,01(2) + 210 + Go — 1592 (2) (15)
Vf = 14 (16)

where z is the distance from the tower along the axial direction to the tower root, and ¢;¢(z)
and ¢y (z) are two types of normalized vibration mode functions of the tower.
The composite absolute velocity of the tower is as follows:

2
o= /(1) + (1) + (o0 )
The system’s kinetic energy is defined as follows:

h

R
_ 1 1/ 1 . . 1 . .
/ b (r)op dr + Emnac-&-hubviac-i-hub + 5/ mi(z)vpdz + S (q% + 17%1) + ilf(‘ﬁo + ’ﬁz) (18)
0 0

»

j=1

T =

N~

where Myac i hub = Mnac + Mpyp 1S the total mass of the nacelle and hub, 7, (z) is the mass
density of the tower, 7, () is the mass density of the blade, m¢ and If are the foundation
mass and moment of inertia, and R is the blade length.

As illustrated in Figure 3, the bending strain energy, centrifugal effect, and gravita-
tional potential energy of the blade must be taken into account when determining the
potential energy of the blade.

Figure 3. Schematic diagram of blade potential energy.

The centrifugal force and gravity components of blade micro unit dr can be expressed

as follows:
R

F(r) = 02 [ m(g)ede (19)

7
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R

Fyi(r) = —gcosy; [ m(@)ae 20)

r

where ¢ is the distance from r to R.
The total potential energy of the blade is

3 R
3y Y [ [Eleg(r) 0611 + Elgy (1) (07591(r)) P+ (Fe(r) + Fyg (1) @61e(1)* + (Fe(r) + Fi (1)) @j4304¢(r) - (21)
0

NI

where Eleg(r) and Elf, (r) are the blade edgewise and flapwise bending stiffness, respectively.
The system’s potential energy is defined as follows:

h
71 1 1 1 1 1 1 1 1
V=W +/ {Ektx(z)‘ﬁ + Ekty(z)qé + Ektz(z)‘ﬁs + Ek{"(z)qu dz+ Ekxyphi‘ﬁo + Qkxyzqg + Ekxyzfﬁl + Ekxyphi‘ﬁz + Ekxyzqﬁ (22)
0

where kix(z) = kiy(z) are the tower bending stiffness in both fore-aft and side-to-side di-
rections, k™ (z) is the tower top corner stiffness, ki, (z) is the tensile stiffness of the tower,
kxyphi is the rotational stiffness of the foundation, and kyy is the translational stiffness of
the foundation.

2.2. Structural Dynamic Equation Under Multidimensional Seismic Excitations

Substitution of Equations (18) and (22) into Equation (2) leads to the following struc-
tural dynamic equation:
Mg+Cq+Kqg=Q (23)

where M is the mass matrix, C is the damping matrix, and K is the stiffness matrix.

my 0 0 0 0 0 0 mg 0 0 My My Mz Mg 0

0 mxp 0 0 0 0 0  mpg 0 0 M1 Mo Moz My 0

0 0 mz3 0 0 0 0 1m3g 0 0 mz11 M3z M3z M314 0

0 0 0 Mmyq 0 0 Mmyy 0 MmMy9 mg10 0 0 0 0 my15

0 0 0 0 Mmss 0 msy 0 msg ms10 0 0 0 0 ms15

0 0 0 0 0 Mege Mgy 0 Mmeg me10 0 0 0 0 Me15

0 0 0 mgy mps mzpe my; 0 myg My 0 0 0 0 myz15

M= mgy mgp mg3 0 0 0 0 mgg 0 0 mgi1 mgio 0 0 0 (24)

0 0 0 Moy  Mgs5 Mg Mgy 0 Mgg  MM910 0 0 0 0 mo15

0 0 0 myos migs M Moz 0 myge M0 O 0 0 0 ms
myp mip mpz 0 0 0 0 mpg O 0 min M 0 0 0
mipy  Mipp Mz 0 0 0 0 mpg O 0 mppn mp2 0 0 0
myzy myzp Mgz 0 0 0 0 0 0 0 0 0 mi313  M1314 0
migy My Mz 0 0 0 0 0 0 0 0 0 mi413  Mi414 0

0 0 0  myss miss myse mis; 0 mysg myse 0 0 0 0 msi5 |

where M is the symmetric matrix, and the elements in the upper right can be calculated
using the expression in Appendix A.
The stiffness matrix K is

K = diag[kq1, ko, k33, kaa, kss, kee, k77, kss, koo, k1010, k1111, k1212, k1313, k1414, K1515]  (25)

where the elements in K can be calculated using the expression in Appendix A.
The damping matrix is constructed using Rayleigh damping and expressed by

C = agM + byK (26)
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where ag and by are the proportional coefficient, and their calculation formula is as follows:

ap\ _  2C wiwy
(bo) o w1 +WQ< 1 ) 27)

where ( is the damping ratio of the structure, and w; and wy are the 1st and 2nd natural
frequencies of the structure.

In terms of the principles of work and energy, the generalized force can be determined
as follows:
I(0W)

d(dq)

where W is the virtual work of external load and is derived in the following.

Q= (28)

When deriving the generalized forces corresponding to seismic loads based on the
principle of virtual work, it is first necessary to clarify the boundary conditions of the
15-DOF model:

(1) Structural geometric boundaries.

The root of each blade is rigidly fixed to the hub, with only the 1st-order flap-
wise/edgewise DOFs (q1~g¢) retained at the blade tip, and the bottom of the tower is
elastically constrained to the foundation. The foundation retains translational degrees of
freedom in the x/y/z directions and rotational DOFs around the x/y axes, with the con-
straint stiffness parameters shown in Table 2 used to simulate the soil-structure interaction.

Table 2. Parameters employed in the 15-DOF fixed wind turbine model.

Designation Basic Description Value
h Tower height 87.6m
R Blade length 61.5m
Mnac Mass of nacelle 240,000 kg
Mhub Mass of hub 56,780 kg
My, Mass of blade 17,740 kg
I Foundation moment of inertia 1,679,166.2 kg-m?
my Mass of foundation 190,342.8 kg
kxyz Foundation translational stiffness 3.89-10° N/m
Kxyzphi Foundation rotational stiffness 1.14-10" N-m/rad
Cb Blade damping ratio 0.00477465
G Tower damping ratio 0.01
Q Rated speed 12.1 rpm

(2) Load transfer boundaries.

Seismic excitation is transmitted to the superstructure only through the foundation,
acting sequentially on the inertial masses of the foundation, tower, nacelle /hub, and blades.

(3) Displacement constraint boundaries.

The virtual displacement at rigid connection locations (blade-hub, tower—nacelle-hub)
is zero, while the virtual displacement at elastic constraint locations (tower—foundation) is
directly associated with the generalized coordinates.

The acceleration of seismic loads in the x, y, and z directions is gy, ilgy, and iy,
respectively. The virtual work generated by seismic loads on the blade, nacelle/hub, and
tower is Wy, 6 Whac+hup, and dWiow; the specific expressions are as follows:
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Wy = {f — 1y, (1 )tigx [P1£(7) 04743 + 7 cOs ;6415 + 5(q7 + g9 + hqro)]dr+
R R (29)
/ —Wb(r)ﬁgy[%e(f)% cos ; +6(qs + qu1 + hqu2))dr + [ =7, (r)iigz [¢p1e(r)0q; sin p; + 6(q13 + 1714)1117}
0 0
Whacthub = — (Mnac + Mnub) [ilgxd (97 + G0 + hqio) + iigyd(qs + q11 + hq12) + 1igz6(q13 + 914)] (30)
h s h .
OWr = [ —igy Tt (2)8[q7¢,(2) + g9 + 2010 — G15¢h(2)]dz + [ —iigy Tt (2)6]gs} (2) + q11 + 2q12]dz+
; 0 0 (31)
[ —iig: 7 (2)6(q13 + 2q14)dz
0
The total virtual work is
SW = Wi + Waac. b + oW (32)

Substituting Equation (32) into Equation (28) yields the generalized forces correspond-
ing to an earthquake:

Q= —ugyf 1y (1) 1e () cos ydr — ung 1y (1) 1e(r) sing;dr (j=1,2,3),

Q= ngf 1y (r)pre(r)dr (j = 4,5,6), Q7 = —iigx

3f mb dr + Mnac + Mpup + f mt (Plt( ) ‘|

R
Qs = —”gy |?f mb dT’ =+ Mnac + Mhup + f m’f ¢1t( ) ‘|

h
Qo = —ilgy [3[ iy, (1)dr + Mnpac + Mpup + fmt(z)dz]
0 0

h
Qw:_ﬁgx{h 3. Ty (1) i + iy | + ()2
0

h
Qll = —ngy 3 b(f’)d?’ + mnac + mhub + ft(Z)dZ‘|
0

O\W o%% =)

le = _ﬁgy{h

h
( )d?’ + Mnac + Mhub fﬁ Zdz}
0

< i
Qi3 = ugz f 7)dr + Mnac + Mpyp

0

R
Qus = _ugz 3f mb dT + Mnac + Mpup + f mt

’ h
+ [ e(z) ¢ (2 }

0

.. 3 R
Q15 = —Ugx { [f rmb )COS l[)]di’
j=1

It should be noted that Equations (29)—(32) focus on calculating the virtual work of
seismic inertial forces and do not directly include damping terms. This is because damping
forces are “internal forces related to velocity,” and their contribution has already been inte-
grated into the overall Equation (23) via the damping matrix C in Equation (26). The seismic

generalized forces (as external force terms) and damping terms coexist independently in
the equation.

https:/ /doi.org/10.3390/buildings16010009


https://doi.org/10.3390/buildings16010009

Buildings 2026, 16, 9

10 of 26

Defining the state vector ;(t) = [q(t),4q(t)] T Equation (23) can be expressed in the
following state space manner:

q(t) =Aq(t) +F (33)

where
0 I

A =
-M 'k —-M1c

3. Results and Discussions
3.1. Model and Seismic Excitation Selection

The NREL 5 MW fixed wind turbine is used to calibrate the proposed 15-DOF dimen-
sionality reduction model [30]. The related data of the blades, the mass of the hub and
nacelle, the distributed properties of the tower, the bending stiffness, and the mass per unit
length of the blade are also given by Ref. [30]. Table 2 shows the main parameters of the
15-DOF fixed wind turbine.

P1e(r), P15(7), P1t(z), and ot (z) are calculated using BModes_v3.00.0.exe software [31]:

r6 rb5 r4 r3 r2
Pre(r) = —0.6973E + 2.392E — 3.6354E + 2.598E + 0.3651E (34)
r6 rd r4 r3 r2
= 247681 " +52128L — 347921 + 171071 + 0.0534
Pre(r) = —24768% +52128% — 347920 +17107% +00534 (35)
26 z5 4 z3 z2
P1e(z) = —0.172E + 0.2982ﬁ — 0.38875 + 0.2689ﬁ + 0.9756ﬁ (36)
z 3 z 2
o2 =((E) — ) @)

Based on research experience in seismic design for the fixed wind turbine, and consid-
ering the site conditions of wind farms, the seismic fortification intensity of wind farm sites,
and the frequency-domain characteristics of seismic excitations, the fixed wind turbine
typical fundamental frequencies depend on the turbine size, and are typically in the range
of 0.22-0.33 Hz [32]. This study is based on the actual site conditions of a wind farm in
China. The wind farm should be classified as a Class B site, and the local fortification
intensity is 7 degrees, corresponding to the seismic hazard having a probability of ex-
ceedance of 63% in 50 years. The Peak Ground Accelerations (PGAs) of all waves are set
to 0.15 g [33]. Moreover, during the time history analysis, the PGAs should be modulated
to 0.55 m/s? [33]. Table 3 shows the seismic sequence number. Figure 4 shows the time
histories and Fourier amplitude of seismic excitations. It can be seen from Figure 4 that the
seven kinds of seismic waves have rich low-frequency characteristics.

Then, to evaluate the validity and feasibility of the proposed 15-DOF model, compar-
isons of natural frequencies obtained from the present model and from the FAST program
are carried out [30]. The agreement between FAST and the 15-DOF model is acceptable
based on Table 4. Subsequently, a time-domain validation under seismic excitation (El
Centro wave) is performed. The input direction of seismic motion is in the x-direction. The
dynamic responses of the tower are directly compared with a detailed finite element model
(as shown in Figure 5a). For the blades, a simplified thin-walled beam model, preserving
equivalent mass distribution and flexural rigidity, is established for a feasible yet rigorous
comparison (as shown in Figure 5b). The results, detailed in Figure 6, demonstrate excellent
agreement in both cases, confirming the model’s accuracy.
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Figure 4. Time histories and Fourier amplitude of seismic excitations: (a) time histories;
(b) Fourier amplitude.

Table 3. Seismic sequence number.

Serial Number 1 2 3 4 5 6 7
Earthquake Name  El Centro Taft Northridge Friuli Hollister Kobe Loma Prieta

Table 4. Comparison of natural frequencies.

Mode FAST/Hz 15-DOF/Hz Relative Error/%
1 0.3240 0.3106 4.136
2 0.3120 0.3116 0.128
3 0.6205 0.6664 7.397
4 0.6664 0.7104 6.603
5 0.6675 0.7197 7.820

\

)

@) (b) (0)

Figure 5. Simplified finite element model of wind turbine with (a) integrated model, (b) tower model,
and (c) blade model.
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Figure 6. Comparison of dynamic response time histories of the tip of the blade and top of the tower
with (a) tip displacement of the blade, (b) tip acceleration of the blade, and (c) tower-top displacement
and (d) acceleration.

3.2. Analysis of Wind Turbine Dynamic Response Based on Multidimensional Seismic Excitations

As shown in Table 5, Based on the above 15-DOF fixed wind turbine model and seismic
excitations, five working cases are set up to analyze the influence of multidimensional
seismic excitations on the dynamic response of the fixed wind turbine, analyzing the effects
of operating conditions under rated speed and parking conditions on it. In seismic dynamic
response analysis, the seismic excitations in each direction are adjusted at a ratio of 1 (main
horizontal direction): 0.85 (secondary horizontal direction): 0.65 (vertical direction) [32].

Table 5. Different operating conditions.

Direction Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
X MHD 0 MHD SHD MHD SHD
y 0 MHD SHD MHD SHD MHD
z 0 0 0 0 V4 vV

“MHD” is “main horizontal direction”; “SHD” is “secondary horizontal direction”. ‘0" indicates no z-direction
seismic motion is applied to the structure, ’/” indicates z-direction seismic motion is applied to the structure.

The dynamic response time histories of the tip-of-blade flapwise direction and tower-
top fore-aft direction based on different working cases under ‘El Centro wave’ are shown in
Figure 7. Applying multi-directional seismic excitations to the structure has no effect on the
dynamic responses of the tip-of-blade flapwise direction and tower-top fore-aft direction.
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Figure 7. Dynamic response time histories of blade flapwise direction and tower-top fore—-aft direction
in “El Centro wave’ with (a) tip displacement of blade, (b) tip acceleration of blade, and (c) tower-top
displacement and (d) acceleration.

In Figure 8, only x-direction seismic excitations, xy-direction seismic excitations, and
xyz-direction seismic excitations are applied to the structure, respectively. The peak dis-
placement response of the tip-of-blade flapwise direction is 0.138 m under the ‘El Centro
wave’; 0.04 m under the ‘Taft wave’; 0.033 m under the ‘Northridge wave’; 0.019 m under
the ‘Friuli wave’; 0.023 m under the ‘Hollister wave’; 0.028 m under the ‘Kobe wave’;
and 0.069 m under the ‘Loma Prieta wave’. The peak acceleration response of the tip-of-
blade flapwise direction is 2.532 m/ s2 under the ‘El Centro wave’; 1.861 m/s? under the
‘Taft wave’; 2.438 m/s? under the ‘Northridge wave’; 5.694 m/ s2 under the ‘Friuli wave’;
0.99 m/s? under the ‘Hollister wave’; 2.373 m/s? under the ‘Kobe wave’; and 3.883 m/s?
under the ‘Loma Prieta wave’. It is shown that the dynamic responses of the tip-of-blade
flapwise direction do not change after the seismic excitations are applied to the structure in
the y-direction and z-direction, respectively.

Considering the “El Centro wave’ as exterior excitation, the dynamic response time
histories of the tip of the blade and tower top under case 2, case 4, and case 6 are shown in
Figure 9. Applying multi-directional seismic excitations to the structure has no effect on
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the dynamic response of the tower-top side-to-side direction, but there is an increase in the
tip-of-blade edgewise direction.
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(b)

Figure 8. Comparison of peak values of tip-of-blade flapwise and tower-top fore-aft directions with
(a) displacement and (b) acceleration.

Figure 10 shows the comparison of peak values of tip-of-blade edgewise direction and

tower-top side-to-side direction dynamic responses under case 2, case 4, and case 6. From
Figure 8, it can be seen that when applying xy-direction seismic excitations to the structure,
the dynamic response in the tip-of-blade edgewise direction does not increase. However,
when applying xyz-direction seismic excitations to the structure, the peak displacement in
the tip-of-blade edgewise direction is increased by 1.34-48.45%, and the peak acceleration
is increased by 63.41-161.17%. These indicate that seismic excitations in the z-direction will
increase the dynamic response of the tip-of-blade edgewise direction.
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Figure 9. Dynamic response time histories of blade edgewise direction and tower-top side-to-side

direction under ‘El Centro wave’ with (a) tip-of-blade displacement, (b) tip-of-blade acceleration,

(c) tower-top displacement, and (d) tower-top acceleration.
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Figure 10. Comparison of peak values of blade edgewise direction and tower-top side-to-side
direction with (a) displacement and (b) acceleration.

Figure 11 provides the dynamic response time histories of the tip of the blade under
case 3/4 and case 5/6. During the whole time histories, the dynamic response of the
tip-of-blade flapwise direction is greater than that of the edgewise direction.
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Figure 11. Dynamic response time histories of the tip of the blade in the ‘El Centro wave’ with
(a) cases 3 and 4, and (b) cases 5 and 6.
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Figures 12 and 13 indicate that when the xy-direction seismic excitations are applied
to the fixed wind turbine, and the x-direction and y-direction are, respectively, set as
the main direction, the peak displacement of the tip-of-blade edgewise direction is 17.55-
64.93% smaller than that of the flapwise direction, and the acceleration is 63.02-91.47%
smaller than that of the flapwise direction. When the xyz-direction seismic excitations are
applied to the fixed wind turbine, the peak displacement of the blade edgewise direction is
4.28-50.0% smaller than that of the flapwise direction. The acceleration peak value of the
blade edgewise direction is 19.50-83.94% smaller than that of the flapwise direction. The
dynamic response peak of the tip-of-blade edgewise direction is smaller than that of the
tip-of-blade flapwise direction. The reason is that the stiffness difference between the blade
flapwise direction and the edgewise direction will lead to the anisotropy of the dynamic
characteristics of the tip of the blade. The stiffness of the blade flapwise direction is always
lower than that of the edgewise direction, and the flapwise direction with low stiffness is
more prone to displacement and acceleration, which is the core reason for the difference.
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Figure 12. Comparison of peak values of tip-of-blade dynamic response with (a) displacement and
(b) acceleration.
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Figure 13. Comparison of peak values of blade dynamic response with (a) displacement and
(b) acceleration.

Figure 14 shows that the vertical dynamic response at the tower top is significantly
smaller than the horizontal dynamic response after the xyz-direction seismic excitations are
applied. The peak values of the vertical displacement dynamic responses are 0.072-0.50% of
the horizontal direction, and the peak values of the vertical acceleration dynamic responses
are 5.01-14.42% of the horizontal direction. The vertical seismic excitations have little
influence on the vertical displacement of the tower top, and an obvious influence on the
vertical acceleration response of the tower top.
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Figure 14. Dynamic response time histories of the horizontal and vertical directions at the tower

top under case 5 with (a) El Centro, (b) Taft, (c) Northridge, (d) Friuli, (e) Hollister, (f) Kobe, and
(g) Loma Prieta.

3.3. Multidimensional Seismic Excitation Response in Different Operational Conditions

According to the previous section’s examination of the dynamic response of wind
turbines under multidimensional seismic excitations, case 5 is the worst operating condition.
As a result, the influence of fixed wind turbine operation on the dynamic response of the
fixed wind turbine is examined using case 5. After referring to the fixed wind turbine design
specifications [34], the seismic analysis conditions for fixed wind turbines are determined
as follows:

(1) Seismic excitations + structure in rated speed condition;
(2) Seismic excitations + structure in parking condition.

From Figure 15, it can be seen that under multidimensional seismic excitation, the
operating state of a fixed offshore wind turbine has a significant impact on the dynamic
response of the blade tip, but has no significant effect on the displacement response of
the tower top and blade tip. In the blade flapwise direction, the parking condition is the
most unfavorable working condition. Compared with the rated speed condition, the peak
acceleration in the flapwise direction of the blade tip increased by 149.95-365.51%. In
the blade flapwise direction, the rated speed condition is the most unfavorable condition.
Compared with the parking condition, the peak acceleration in the blade tip flapwise
direction increased by 67.91-180.39%. From the calculation formula of the elements related
to the flapwise direction in the structural stiffness matrix K in Appendix A, it can be seen
that when the wind turbine is at rated speed, the gravity component will be generated,
which is the reason that the rated speed is the most unfavorable operating condition
in the flapwise direction. The influence of rated speed on the blade edgewise direction
is reflected in two aspects: firstly, the formula for the seismic generalized force in the
blade edgewise direction is related to rotational speed; secondly, the formula for the blade
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flapwise direction in the stiffness matrix K contains two terms related to rotational speed—
though one is positive and the other is negative, rotational speed still reduces the stiffness
of the edgewise direction after calculation. Therefore, the blade edgewise direction is in the
most unfavorable operating condition at rated rotational speed.
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Figure 15. Peak value of tip of blade and tower top for each earthquake serial number: (a) tip of blade
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Acceleration amplitude spectra of the tip-of-blade edgewise and flapwise directions
are shown in Figure 16. It can be found that the rotor speed has a promoting effect on the
acceleration dynamic response of the tip-of-blade flapwise direction, and the rotor speed
has an inhibitory effect on the acceleration of the tip-of-blade edgewise direction.

El centro Taft

ing
— — —Rated Speed

2

Amplitude/m/s*

ing
— — — Rated Speed

Amplitude/m/s>

2 4 6 8 0 5 0 15 20
Frequency/Hz Frequency/Hz
Northridge Friuli

o
o

Parking

2

Amplitude/m/s®

Amplitude/m/s>

-

o

5 10 15 20 0 5 10 15 20

Frequency/Hz Frequency/Hz

Figure 16. Cont.

(a)

2

Amplitude/m/s”

0.

2

Amplitude/m/s?

Hollister Kobe
0.1 0.1
| Kin, | in
2 3
— Rated Speed W | — — — Rated Speed
E |
2 )
2005t
=L
£ 1 |
<
0
10 15 20 0 5 10 15 20
Frequency/Hz Frequency/Hz

Loma Prieta
12

Frequency/Hz

https://doi.org/10.3390 /buildings16010009


https://doi.org/10.3390/buildings16010009

Buildings 2026, 16, 9

22 of 26

Hollister

El centro

0 5 10 15 20 0 5 10 15 20
Frequency/Hz Frequency/Hz Frequency/Hz Frequency/Hz

Northridge Friuli Loma Prieta
0.06

0.06

Parking
— — — Rated Speed

Parking
— — — Rated Speed

Amplitude/m, s?
Amplitude/m/s>
Amplitude/m/s>

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Frequency/Hz Frequency/Hz Frequency/Hz

(b)

Figure 16. Acceleration amplitude spectra of tip of blade with (a) edgewise direction and
(b) flapwise direction.

4. Conclusions

Based on the Euler-Lagrange equation, a 15-DOF fixed wind turbine model is pro-
posed. The NREL 5 MW fixed wind turbine is taken as the research object, and the modal
response obtained by the FAST platform is compared to verify the correctness of the
proposed dimensionality reduction model; the relative error of its natural frequencies is
0.128-7.820%. Considering the rated speed condition and parking condition of the fixed
wind turbine, the dynamic response of the fixed wind turbine under multidimensional seis-
mic excitations is studied. Through the analysis of parameters such as dynamic response of
the blade and tower, the key conclusions can be summarized as follows:

The dynamic response of the tip of the blade in the flapwise direction is greater
than that in the edgewise direction, which is independent of the loading position in
the main direction of the seismic excitations. The maximum displacement difference is
64.93%, and the maximum acceleration difference is 91.47%. After the vertical seismic
excitations are applied, the maximum displacement of the tip-of-blade flapwise direction is
increased by 48.45%, and the maximum acceleration is increased by 161.17%, indicating
that the vertical seismic excitations will cause an increase in the dynamic response of
the tip-of-blade edgewise direction. The peak vertical displacement at the tower top is
0.072-0.50% of the horizontal direction, and the peak vertical acceleration is 5.09-14.41%
of the horizontal direction. Because the nacelle at the top of the tower usually contains
sophisticated electronic instruments and equipment, minimal vibration may also affect it.
Therefore, the vertical dynamic response cannot be ignored. The addition of control devices
in the nacelle to suppress its excessive dynamic response can be considered.

Under the action of multidimensional seismic excitations, the operating state of the
fixed wind turbine has no significant effect on the dynamic response of the tower, while the
dynamic response of the blade is significantly affected, especially the acceleration response.
In the tip-of-blade edgewise direction, the rated speed state is the worst operating condition.
Compared with the parking state, the maximum value of tip-of-blade edgewise acceleration
is increased by 180.36%. In the tip-of-blade flapwise direction, the parking state is the
worst operating condition. Compared with the rated speed state, the maximum value of
tip-of-blade flapwise acceleration is increased by 365.51%.

The findings highlighted in this article reveal the differences in the dynamic response of
wind turbines under multidimensional seismic motion and different operating conditions.
Given the unpredictability of seismic waves, it is necessary to take subsequent control
measures; otherwise, based on the analysis of our existing dynamic response results, it
may be difficult to guarantee the safety of wind turbines. This can provide reference for
the design of wind turbines in earthquake-prone areas. Based on this study, wind turbine
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dynamic response under multi-field coupling (e.g., wind—wave—earthquake, etc.) and
corresponding vibration control measures (such as a tuned mass damper or tuned mass
damper inerter, which, due to its small travel distance and high output, is more suitable
for small spaces inside the cabin to control vertical seismic effects) will be the focus of
subsequent research.
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