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Abstract: In this paper we present a study on the mitigation of dynamic responses of a 10
MW monopile offshore wind turbine under coupled wind-wave-earthquake excitations. We
have developed and validated the generic seismic coupled analysis and structural control
architecture tool to overcome the limitation of numerical tools when examining the
wind-wave-earthquake coupling effects. We investigated the dynamic responses of a 10 MW
monopile offshore wind turbine under different loading combinations and found that the
earthquake loading increases the tower-top displacement and pile-cap moment by 47.6% and
95.1%, respectively, compared to the wind-wave-only condition. It is found that the
earthquake-induced vibration in the fore-aft direction is mitigated by the wind and wave
loadings due to the energy dissipated by the aerodynamic and hydrodynamic damping. In
addition, the tower responses are dominated by the earthquake excitation. In order to alleviate
the tower vibration induced by the earthquake, we implemented the structural control
capability within the tool using tuned mass dampers. The tuned mass dampers with

appropriately selected design parameters achieve a larger mitigation on the tower-top
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displacement for the earthquake-only condition compared to the coupled-loading scenario.
The reason is that the tuned mass damper is only effective in mitigating tower vibration, and it
is not capable of reducing the tower elastic deformation which is the major contribution of the
tower displacement for the coupled-loading condition. In addition, we have found that a
heavier tuned mass damper requires a lower tuned frequency to achieve a larger mitigation. A
configuration for the mitigation control of the 10 MW offshore wind turbine is suggested by

using a 5% mass ratio of the tuned mass damper.

Keywords: Offshore Wind Turbines; Tuned Mass Dampers; Wind-Wave-Earthquake

Analysis; Structural Control; Earthquake Excitation;

1 Introduction

The climate action demands lower emissions of greenhouse gases by decreasing energy
consumption and transitioning to low-carbon or zero-carbon resources. Development of
renewable energy resources offers the most efficient action in reducing carbon emissions for
moderating the global warming [1]. According to the study by Liang et al. [2], the average
CO2 abatement cost decreases by 0.7 EUR for every 1% increase of the capacity factor of
renewable power resources. Moreover, the renewable energy sector has been at the forefront
of realizing the sustainability goals by playing a significant role in providing access to basic
and clean electric power to people, especially those living in developing countries and remote
areas with huge difficulties in accessing electricity grid facilities. In addition, the renewable
energy sector has continued to serve as a vehicle for social mobility in providing 10.3 million

jobs worldwide as estimated by the International Renewable Energy Agency (IRENA) [3].
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Further development of renewable energy technologies will produce significant economic and
environmental benefits in moving humanity towards achieving sustainability goals.

Offshore wind offers a promising pathway to accelerating transitions to sustainability
goals due to its availability and high capacity factor. As indicated in the outlook report of the
International Energy Agency (IEA) [4], the offshore wind energy market has expanded by
nearly 30% per year between 2010 and 2018, and the global offshore wind capacity is
expected to increase by over 20 GW per year in the coming decade. It is noted that there are
more than 40% of Offshore Wind Turbines (OWTSs) expecting to be installed in the coastal
areas of China, Mediterranean and the United States, which are earthquake-prone. The
seismic hazards necessitate the examination of the coupling effects between wind, wave and
earthquake loadings in the design of OWTs operating in these areas.

Early-stage seismic studies employed the response spectrum method [5-6] to estimate the
load demand of a wind turbine under an earthquake event. The linear modal properties
including the mode shapes and mass distribution were used as recommended in the seismic
design codes of conventional buildings [7]. However, the difference between a wind turbine
and conventional buildings is that the aerodynamic load acting on the rotor is as significant as
earthquake excitations. In order to consider the wind effect, these studies [8-11] simplified the
aerodynamic loads as time-varying rotor thrusts that were calculated externally in an
uncoupled manner, meaning that the pitch velocity of the rotor induced by the tower vibration
under an earthquake event was neglected. The aerodynamic load, however, is sensitive to the
relative speed between inflow wind and rotor, especially for large-scale OWTs. The coupled

effect of wind and earthquake loadings must be examined in the seismic analysis of wind
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turbines.

In order to address the research need, a seismic module was added into the commercial
software tool, Bladed [12]. A recent study by Santangelo et al. [13] investigated the influence
of the coupling effect between wind and earthquake for a 5 MW wind turbine using Bladed.
Similarly, Asareh [14-15] implemented the seismic analysis capability into FAST by
developing an additional module that used the big-mass method to calculate earthquake
excitations [16-17]. A fictive platform with big-mass rigidly connecting the wind turbine base
was placed beneath the ground. The stiffness and damping of the platform, depending on the
mass, were used to determine the earthquake loads. Asareh et al. [18] investigated the
dynamic behaviours of a 5 MW wind turbine influenced by earthquake intensity and wind
speed using the FAST-Seismic. However, it is noted that the definition of the fictive mass
depends on the experience of users. Furthermore, this method is incapable of considering the
soil-structure interaction (SSI) effect that would be more significant under an earthquake
event. Yang et al. [19] further improved the method of earthquake load calculation used in
FAST-Seismic by using the Wolf model. The influence of aerodynamic damping on the
seismic behaviour of a 5 MW wind turbine was investigated for different earthquake loading
scenarios.

The studies reviewed above investigated the seismic behaviour of land-based wind
turbines. As numerous offshore wind farms are located in earthquake-prone sites such as
south-eastern coastal areas of China, coastal areas of south-eastern Europe and the west
coastal areas of the US, it is vital to perform seismic analysis of OWTs. Kim et al. [20]

conducted a fragility analysis of a 5 MW monopile OWT subjected to earthquake loadings
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under the parked state. The SSI was modelled using p-y curves. Mo et al. [21] developed a
weak-coupled model of a5 MW OWT in OpenSees. The fragility of the support structure was
investigated under different operating conditions. Alati et al. [22] compared the dynamic
responses of two types of fixed-bottom OWTs subjected to wind and earthquake loadings
using Bladed. The SSI effect was examined using the linear coupled-springs model. Yang et al.
[23-24] investigated the linear and nonlinear SSI effects on the seismic behaviour of a 5 MW
OWT using a newly developed numerical tool based on FAST. The dominance of wind, wave
and earthquake loadings was discussed for the 5 MW wind turbine.

However, in all the above mentioned literatures the focus has been on wind turbines
whose capacity is up to 5 MW. Due to the demand for reducing installation and maintenance
costs of OWTs as part of requirements for reducing Levelised Cost of Electricity (LCoE), the
development of 10 MW-class wind turbines is attracting significant attention. Consequently, it
is imperative to investigate the coupling effects of wind, wave and earthquake loadings for 10
MW OWTs located within earthquake-prone areas including some particular coastal areas of
Europe, China and the US. Furthermore, mitigation studies are required to reduce the risk of
potential damage caused by an earthquake.

In order to address the identified research gap, this study aims to investigate the dynamic
behaviour of a 10 MW OWT subjected to coupled wind wave and earthquake loadings. In
addition, a study on mitigation of the coupled dynamic responses is examined to reduce the
risk of potential damage during an earthquake event. In order to conduct the research and
achieve its aims, a generic Seismic Coupled Analysis and Structural Control Architecture

(SCASCA) is developed to conduct fully coupled simulations of OWTs subjected to wind,
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wave and earthquake loadings. The seismic analysis capability is implemented into an open
source numerical tool, FAST (version 7.02) [25], by modifying its source code with regards to
the structural modelling. In addition, the SCASCA tool is further improved to be capable of
performing structural control analysis based on the Tuned Mass Damper (TMD) [26] for
mitigating the coupled responses. The SCASCA offers a generic capability of performing
seismic analysis of different wind turbines compared to FAST-Seismic developed by Asareh
et al. [14], since the approach of earthquake load calculation employed in SCASCA is
independent of the researcher’s experience. The superiority of SCASCA compared to Bladed
is that SCASCA is capable of examining the vertical excitation of an earthquake. In addition,
the frequency contents of the input ground motion can be adjusted in order to be consistent
with the target response spectrum of a specific site.

Fig. 1 presents the research tasks and objectives of this paper. With the use of SCASCA,
dynamic responses of the 10 MW monopile OWT [27] under different loading combinations
are obtained and compared in order to illustrate the dominance of the environmental loadings.
The effectiveness of a TMD in alleviating tower vibration caused by the coupled loads is
investigated. Rational parameters of a TMD with a specified mass ratio are obtained by
conducting parametric and sensitivity analyses of the control parameters. The maximum
tower-top displacement is reduced significantly by an appropriate TMD under both coupled

and earthquake-only environmental conditions.
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To evaluate the dominance of environmental
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ma Dehaviours under different
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Task 1 -
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Development of
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am g Structural control TMD using different mitigation on the coupled
using TMD control parameters dynamic responses

Fig. 1: Research tasks and objectives of this paper

2 Development of SCASCA

A generic tool named SCASCA is developed in order to investigate and moderate the
seismic behaviour of a 10 MW OWT under coupled wind-wave-earthquake loadings. The
capabilities of seismic analysis and structural control are implemented within the FAST
(version 7.02) numerical tool [25]. The subsequent sections present an overview of the

original FAST as well as of the development of SCASCA.

2.1 Overview of FAST

National Renewable Energy Laboratory (NREL) developed a fully coupled
aero-hydro-servo-elastic tool, FAST, for the design of horizontal axis wind turbines [25]. The
original version of FASTv7.02 used in this study integrates four major modules: AeroDyn,
ElastDyn, ServoDyn and HydroDyn. Aerodynamic and hydrodynamic loads are computed in
the AeroDyn and HydroDyn modules, respectively. The ServoDyn module deals with the
adjustments of blade pitch angles and generator speed for normal power production through a
dynamic link library. In the ElastDyn module, the wind turbine is modelled as a multi-body
dynamic system consisting of rigid and flexible structural elements. The equation of motion

of the dynamic system is derived using the Kane method [28]. The linear modal approach is
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used to predict aero-elastic responses of the blades and tower. The capabilities of seismic
analysis and structural control can be implemented by modifying the source code of the
ElastDyn module.

FAST has been extensively used in industrial and academic studies due to its
well-validated accuracy and credibility. The open source nature of FAST encourages
researchers to implement new capabilities for the design of wind turbines. FAST is an ideal

option to be used as the foundation for the development of SCASCA.

2.2 Implementation of seismic analysis capability

The big-mass method is one of the commonly-used approaches in the calculation of
seismic loads of civil engineering structures. It assumes that the structure above the ground
behaves as a rigid body under the influence of a fictive big-mass body beneath the ground.
The fictive big-mass body follows the input ground motion, resulting in seismic load acting
on the structure. This method is efficient in capturing intense variations of structural responses
during an earthquake event. The implementation of this method only requires an estimation of
the seismic load based on simple equations and without the need to modify the equation of
motion of the wind turbine. Asareh et al. [14] used this method to develop the Seismic module
and integrated it into FAST. However, it is noted that the definition of the fictive mass
depends on the experience of the users. Furthermore, this method is incapable of considering
the SSI effect that would be more significant under an earthquake event.

In order to address the limitations of the big-mass method, this study modifies the
equation of motion of the wind turbine in FAST based on a generic theory that has been

extensively applied in civil engineering. For a monopile OWT, FAST treats the pile and tower
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as one integrated support structure. FAST employs the linear modal approach in the structural
modelling of the support structure. The equation of motion for each of the considered i
modal degrees of freedom (DOFs) of the support structure subjected to wind, wave and
earthquake loadings is derived as follows:

a)lzqi+2§ia)|qi+qi :(aeq7/i+F +HF

aero,i hydro,i + I:gra,i) / mi (1)
where 0;, C; and G are, respectively, the modal displacement, velocity and acceleration
of the i" mode. @ and & are the angular frequency and damping ratio of the i mode,

respectively. d, is the input earthquake acceleration. Faem,i, thdm,i and F

gra,i

are,
respectively, the generalized aerodynamic, hydrodynamic and gravity loads corresponding to
the i"™ mode. m; is the modal mass associated with the i mode. ¥; is the earthquake
participation factor associated with the i"" mode that is denoted as:
7= ph)-(h)-ch @
where H is the length of the support structure. o(h) is the mass density of the support
structure and ¢ (h) is the normalized modal shape of the i mode of the support structure.
The rotor-nacelle-assembly (RNA) is simply treated as a lumped mass atop the support
structure for the seismic load calculation. The corresponding seismic load of the RNA,
Feqrna , i derived as:
Feq,RNA = 8y - Mana 3
where Mgy, is the total mass of RNA.
It is apparent that the prediction of seismic load only depends on the modal shapes of the
structure and the input earthquake acceleration. The method implemented in this study is

generic and applicable to an arbitrary wind turbine. Furthermore, the SSI effect is considered
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properly using the Winkler spring-dashpot model when calculating the modal shapes of the
structures.

The seismic loads are added into the generalized forces within FAST when modelling the
equation of motion of the wind turbine. The source code of FAST is modified accordingly
based on the equations presented above in order to implement the fully coupled seismic

analysis capability.

2.3 Structural control

In order to moderate and mitigate the dynamic responses of an OWT subjected to
earthquake loadings, a passive structural control module is developed using the TMD method.
The basic concept of the TMD method is to place a mass damper at an appropriate location
for dissipation of energy from external excitations. In this study, two independent TMDs are
orthogonally placed at the tower-top to mitigate longitudinal and lateral responses of the

support structure due to coupled wind-wave-earthquake loadings as presented in Fig. 2.

f Nacelle

s Blade CT fTower

Fig. 2: Schematic diagram of TMD location

The implementation of TMD requires modifications in the modelling of the equation of
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motion of the wind turbine in FAST. The force produced due to the motion of the TMD is
added into the generalized forces, i.e. the right terms in EqQ. (1). The TMD force Fryp in each
direction is derived as follows:

FTMD :_kT' Xmvp ~Cr - XTMD 4)
where X;p and ¥, are the TMD displacement and velocity, respectively. M, kT and
C; are the mass, stiffness and damping of the TMD, respectively.

The motion of the TMD is influenced by the nacelle dynamics associated with
centrifugal force, Euler force and Coriolis force. The TMD acceleration X;,,, can be denoted
as follows:

Kenp = =Xy = @y X (@ X Xpyp ) = Oy X Xy = 20y X Ky = Fryp /My (%)
where Xy is the nacelle acceleration. ®, and @, are, respectively, the translational and

rotational angular velocities of the nacelle. @y XXqyp, Oy XXpup and 2@y X Xpyp denote

the contributions of the centrifugal force, Euler force and Coriolis force, respectively.

2.4 Validation of the SCASCA tool

Fig. 3 presents the flowchart of SCASCA for every time step of an analysis. In every
time step, dt, of a simulation in SCASCA, the earthquake loads acting on the support structure
are calculated based on the input ground motion. The TMD kinematics and kinetics are
coupled with the dynamics of the nacelle and support structure when solving the equations of

motion of the offshore wind turbine.
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Fig. 3: Flowchart of SCASCA for every time step of an analysis

In order to validate SCASCA, a comparison of the horizontal excitation of an earthquake
against Bladed is presented. Fig. 4 presents the tower-top displacements of the NREL 5 MW
monopile OWT [23] obtained by Bladed and SCASCA, respectively, for different earthquake
loadings. For each of the simulations, the earthquake is assumed to occur at the 20" s. To
avoid the influence of the difference between FAST and Bladed in predicting aerodynamic
loads, the wind turbine is only subjected to the earthquake loading. As can be seen from Fig. 4,
the earthquake-induced responses of the wind turbine calculated by SCASCA agree very well
with the results from Bladed for each level of the ground motions. SCASCA efficiently
captures the drastic variation of the tower response under an earthquake scenario as confirmed

by the agreements between the two numerical analysis tools.
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Fig. 4: Comparison of tower-top responses of the NREL 5 MW wind turbine subjected to
different ground motions between Bladed and SCASCA

It is noted that SCASCA addresses the limitation of the commonly-used commercial
software, Bladed [9], in handling the vertical earthquake excitation. The accuracy of SCASCA
in examining the vertical earthquake excitation is validated by comparing it with
NREL-Seismic tool that employed the big-mass approach for earthquake load prediction. Fig.
5 presents the tower-base vertical shear-force of the wind turbine under different earthquake
loadings. The mass of the fictive platform adopted in NREL-Seismic code is 7.0x10° kg, that
is the value recommended for the land-based NREL 5 MW wind turbine. As can be seen from
Fig. 5, the vertical shear-force at the tower-base predicted by SCASCA follows the same trend
with similar magnitudes compared to the results calculated by NREL-Seismic for each of the
earthquake events. The result of SCASCA is slightly larger than the result of NREL-Seismic

for the Irpinia earthquake record. The minor discrepancy between the results is due to the fact
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that the fictive platform mass defined in NREL-Seismic program was for the land-based wind
turbine, resulting in a relatively smaller prediction of the earthquake load. For the other two
earthquake events, the differences between the results of SCASCA and NREL-Seismic are
insignificant. The overall agreements between the results are good, indicating that the

capability of examining vertical earthquake excitation is well implemented within SCASCA.

Irpinia, 1980, Italy ---- SCASCA
1 ---- NREL-Seismic
! it djWQva\“:ﬁry‘fv_b\v«Zj‘\;'M,.’v,“;lAvso.Jt}r,':N-\l‘%‘M

Tower-base
vertical shear
force/MN

Tower-base
vertical shear
force/MN

Tower-base
vertical shear
force/MN

Time/s

Fig. 5: Comparison of tower-base vertical shear-force of the NREL 5 MW wind turbine

subjected to different vertical ground motions between NREL-Seismic and SCASCA

The comparisons above verify that SCASCA has a high accuracy in performing seismic
analysis of OWTs. Since the linear modal approach is used for the structural modelling, the
stiffness of the structures is assumed to remain unchanged under an earthquake event,
implying that SCASCA tool is incapable of examining nonlinear material characteristics in

the determination of a plastic damage.
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3 Numerical modelling of the 10 MW offshore wind turbine
3.1 Design characteristics of the 10 MW monopile wind turbine

The 2012 Light Rotor project carried out in the collaboration between Technical
University of Denmark (DTU) and Vestas was aimed at developing a light-weight blade for
10+ MW wind turbines [29]. BECAS and HAWCStab2 were used to conduct the lay-up
design and aero-elastic stability analysis of the blades. The DTU reference land-based wind
turbine was developed by assembling the blades with other essential structural components
including hub, tower and nacelle.

Offshore application of the DTU 10 MW wind turbine requires structural strength
enhancements on the support system to guarantee safety and integrity of the entire wind
turbine system. Velarde [27] developed four monopiles for the DTU 10 MW wind turbine
operating in different water depths (20 m ~ 50 m) by considering the nonlinear SSI effects.
The dimensions of the baseline land-based tower were enlarged against more severe offshore
environmental loadings. Since monopile type OWTs are more suitable for water depths within
15 m to 30 m, the monopile designed for the 30 m water depth is adopted in this study. The
corresponding up-scaling factors for the tower diameter and thickness are 1.25 and 1.3,
respectively. The diameter and thickness at tower top are modified to 6.25 m and 35.0 mm,
respectively. The diameter and thickness at tower base are changed to 9.00 m and 66.5 mm,
respectively. The schematic diagram and a summary of main specifications of the DTU 10

MW monopile OWT are presented in Fig. 6 and Table 1, respectively.
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Fig. 6: Schematic diagrams of the DTU 10 MW OWT

Table 1: Main specifications of the DTU 10 MW OWT

Specification (Unit) Value Specification (Unit) Value
Rated power (MW) 10.0 Nacelle mass (kg) 4.46x10°
Cut-in/cut-out speeds (m/s) 4/25 Tower mass (kg) 1.20x10°
Rated wind speed (m/) 11.4 Tower height (m) 115.63
Cut-in/rated rotor speeds (rpm) 6/9.6 Tower top diameter (m) 6.25
Rotor diameter (m) 178.3 Tower base diameter (m) 9.0

Hub diameter (m) 5.6 Tower top thickness (mm)  35.0
Gear box ratio(-) 50 Tower base thickness (mm) 66.5
Shaft tilt angle (°) 5.0 Monopile diameter (m) 9.0

Hub height (m) 119.0 Monopile thickness (mm)  110.0
Rotor mass (kg) 227,962 Monopile length (m) 75

Blade pre-cone angle (°) -2.5 Monopile mass (kg) 1.96x10°

3.2 Modelling of soil-structure interaction (SSI) effects

The selected site of the wind turbine has a single soil layer of sand with a saturated soil
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represented by the Winkler spring-dashpot model [24Error! Bookmark not defined.] to
consider the soil effect. The stiffness of each spring is derived by force-displacement
relationships (p-y curves). By applying different cyclic loads at the mudline of the monopile,
the p-y curves along the embedded length of the monopile were obtained using the finite
element software Plaxis 3D. Regarding the soil damping due to radiation and hysteretic

effects, the model developed by Gazetas et al. [30] is used to determine the soil damping as

follows:
C =6«/pG D (——=—= )*1’4+2,B —ks 6
S S S m GS/ . S . ()

where Cs is the soil damping; p,and Gs are the density and shear modulus of the soil,
respectively. Dy, is the monopile diameter. @, is the 1¥-order natural angular frequency of
the support structure. kS is the stiffness derived from the p-y curves and f; is the hysteresis
damping ratio with a value of 5%.

The stiffness and damping distributions along the embedded pile subjected to a lateral
force of 30 MN are presented in Fig. 7. The stiffness close to the seabed level is about two
orders lower than that at the bottom of the monopile. The soil reaction F, due to relative
displacement dsand velocity V. between the soil and monopile under external loadings is

given as:

Fs :_ks'ds_cs'vs (7)
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318 4 Seismic behaviour of the 10 MW wind turbine

319 4.1 Scaling of the ground motion

320 The monopile used in this study was designed for a typical medium-stiff soil with an
321
322

internal friction angle of 36°. The saturated and effective unit weight of the soil are 20 kN/m?®

and 17 kN/m?®, respectively. In order to be consistent with the design of the monopile, a

323 medium-stiff site in the eastern coast of China is chosen for the case study of the 10 MW
324  monopile OWT.

325

326

The ground motion recorded in the 1979 Imperial Valley earthquake event is chosen as

the input earthquake acceleration. In order to ensure that the frequency contents of the
327

selected ground motion is consistent with the geological characteristics of the specific area,
328

the response spectrum of the ground motion is modified to match a target response spectrum
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329 that is defined in accordance with the seismic design code. Fig. 8 presents a seismic response
330 spectrum with a design acceleration of 0.40 g and a damping ratio of 5 % defined in
331 accordance with the Chinese code for seismic design of buildings [31]. Ty is a site depended
332 characteristic parameter that denotes the ratio between the design spectral acceleration (amax)
333  and the spectral acceleration at 1.0 s. According to the Chinese seismic design code, the value
334 of Ty is chosen as 0.43 s for a medium-stiff site in the eastern coastal areas of China. For the
335 ninth-level seismic design intensity, the longitudinal design acceleration is chosen as 0.40 g.
336  The ratio between the design acceleration magnitudes of the longitudinal and lateral ground
337  motions is 1:0.85. The target response spectra corresponding to the horizontal ground motions

338  are obtained accordingly.
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341
342 The application of the ground motion scaling is to eliminate the spectral misfits between

343  the initial and the target response spectra. The scaling of the longitudinal and lateral ground
344  motions is conducted using the “RspMatch” code developed by Atik et al. [32]. In the scaling

345  process, different wavelet components are iteratively added into the initial earthquake record
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to adjust its frequency characteristics until the spectral misfit to the target spectrum falls
below a given tolerance value. Fig. 9 presents the response spectra and accelerograms of the
initial and adjusted ground motions. The initial response spectrum is the spectral acceleration
of the 1979 Imperial Valley earthquake recorded by EI Centro Array #6 station. The adjusted
response spectrum corresponds to the earthquake acceleogram modified by the “RspMatch”
code in the scaling process.

From Fig. 9-(a) and Fig. 9-(b), it is observed that the response spectrum of the adjusted
ground motion in each of the horizontal directions agrees very well with the target spectrum.
It means that the adjusted ground motion is capable of representing the earthquakes in the
target site. The accelerograms indicate that the peak of ground acceleration (PGA) of the
adjusted ground motion in the longitudinal direction is around 0.40 g. This means that the

adjusted ground motion has satisfied the requirement of the scaling process.
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Fig. 9: Response spectra and accelerograms of the initial and adjusted ground motions in the

longitudinal (x-aligned with wind and wave) and lateral (y) directions

4.2 Coupled responses due to wind-wave-earthquake loadings

In order to evaluate the contribution of the earthquake loading to the coupled responses

of the 10 MW OWT, three different loading scenarios examined in this study are presented in

Table 2. The wave direction is assumed to be aligned with the inflow direction of the wind.

Table 2: Loading scenarios for the simulations

Load cases Wind speed Wave Wave Earthquake
(m/s) height (m)  period (s) )
Imperial
Earthquake-only () ) ) Valley
Wind-wave-only 11.4 6.0 125 -
. Imperial
Coupled-loading 11.4 6.0 125 Valley
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The full-field turbulent wind is generated using TurbSim [33] based on the Kaimal
spectrum. Fig. 10 presents the wind speeds at the hub height. The spatial and time-domain

variations of the wind speed have confirmed the turbulent features of the generated wind

field.
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Fig. 10: Wind speed at the hub height

The baseline FAST is only capable of generating linear waves based on Airy wave theory

but accepts user-defined waves in a specific format. In order to consider nonlinearity of the

waves, the kinematics of the nonlinear waves are reproduced based on the third-order Stokes

wave theory [34]. Fig. 11 presents the wave kinematics versus depth.
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Fig. 11: Wave elevation and kinematics of the nonlinear wave. (a) wave elevation; (b)
enlarged vision of wave elevation; (c) longitudinal velocity; (d) vertical velocity; (e)
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Each of the simulations has a duration of 600 s and a time step of 0.002 s. The
earthquake excitation is added at the 400™ s to avoid the influence of the transient behaviour
of the wind turbine. Fig. 12 presents a comparison of the tower-top displacements of the 10

MW monopile OWT under the three loading scenarios.
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Fig. 12: Tower-top displacement time series of the 10 MW OWT subjected to different
loading combinations

For the earthquake-only scenario, both the tower-top’s fore-aft and side-side
displacements fluctuate periodically with large amplitude after the earthquake occurred. The
variation ranges of the tower-top’s fore-aft and side-side displacement are -0.66 m~0.62 m
and -0.55 m~0.52 m, respectively. The tower vibrates more severely in the fore-aft direction
due to the stronger component of the ground motion. After the high intensity excitation (>440
s), the tower-top displacements start to decay. The decay ratio of the fore-aft tower-top
displacement under the earthquake-only condition is smaller than that of the coupled-loading

condition. Moreover, the fore-aft tower-top displacement resulted from the coupled-loading

varies within the range of 0.04 m to 0.94 m. This is comparatively smaller than the variation
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range corresponding to the earthquake-only condition. The observations indicate that the
tower vibration in the fore-aft direction is mitigated by the wind and wave loadings. The
reason behind this is that the presences of wind and wave provide aerodynamic and
hydrodynamic damping for dissipating the energy from the earthquake excitation. The fore-aft
tower-top displacement fluctuates within the range of 0.48 m to 0.71 m when the wind turbine
operates under the wind-wave-only condition. The fluctuation over the simulation is much
smaller than that of the other two loading scenarios. This implies that the vibration induced by
the wind and wave is much less severe compared to the vibration caused by the earthquake,
although the average displacement contributed by the elastic deformation is higher.

The spectral curves of the tower-top accelerations of the 10 MW monopile OWT under

the three loading scenarios are obtained using the Welch spectrum method and are presented

in Fig. 13.
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Fig. 13: Welch spectral curves of the tower-top accelerations of the 10 MW OWT under

different loading scenarios for: (a) fore-aft direction and (b) side-side direction.

The first-order natural mode of the support structure is the main contributor to the
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tower-top vibration for both the fore-aft and side-side directions as confirmed by the peak
magnitude presence at 0.254 Hz. It is noted that the fore-aft magnitude of the coupled-loading
condition is much lower than that of the earthquake-only scenario. This further confirms that
wind and wave loadings have positive effects in mitigating the earthquake-induced vibration.
Due to the absence of wind in the side-side direction, the peak magnitudes at the first-order
natural frequency of the support structure agree well between the coupled-loading and
earthquake-only conditions. In addition, the spectral magnitudes of the tower-top acceleration
from the wind-wave condition are significantly smaller than those from the remaining two
loading conditions. This observation confirms that the earthquake is the dominant loading of
the tower vibration.

Fig. 14 presents the maximum resultant displacement and bending moment along the
support structure elevation for the three examined loading conditions. The tower-top
displacement resulting from the earthquake-only condition is slightly larger than that of the
wind-wave condition. This implies that the magnitude of the tower vibration caused by the
earthquake excitation is larger than the elastic deformation due to the wind-wave loading. The
tower-top displacement resulting from the coupled-loading exceeds 1.0 m, which is much
larger than the values of the other two loading scenarios. Compared with the wind-wave
condition, the earthquake enhances the tower-top displacement by 47.6% and the pile-cap

bending moment by 95.1%.
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Fig. 14: Maximum responses along the support structure elevation of the three examined

loading scenarios: (a) displacement and (b) bending moment

The maximum tower bending moment due to wind-wave condition increases linearly
with the support structure elevation, which is significantly different from the variation trend
corresponding to an earthquake event. The tower bending moment varies more severely with
the elevation of the embedded portion when the wind turbine is subjected to the earthquake
loading. For an arbitrary elevation, the bending moment of the support structure under the
earthquake-only condition is slightly larger than that of the wind-wave condition. This
indicates that the earthquake loading is the dominant excitation of the OWT. The maximum
bending moments of the support structure at the seabed and pile-cap locations under the
coupled-loading condition are 428 MN-m and 808 MN-m, respectively. For the wind-wave
scenario, the bending moments at the seabed and pile-cap are 288 MN-m and 414 MN-m,

respectively. The earthquake enhances the loads by 48.7% and 95.1%, respectively. It means
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that the monopile beneath the seabed suffers much stronger loads compared to the portion
above the ground. It is noted that the thickness of the monopile remains unchanged for the
embedded portion in the original design [24]. The results obtained in this study suggest that
the monopile thickness should increase with soil depth for the seismic resistance design of

wind turbines operating in earthquake-prone sites.

5 Mitigation control using TMDs

The previous results have indicated that the earthquake loading significantly enhances
tower vibration and bending moment of the OWT. In order to reduce the risk of structural
damage potentially caused by earthquake loadings, TMD is employed to mitigate the tower

vibration and loads on the 10 MW monopile OWT under an earthquake event.

5.1 Sensitivity of control parameters

For the TMD with a mass, M, and a stiffness, k;, the tuned frequency f; can be
denoted as:
fr=gke/(m -47%) ®)
The mass and first-order natural frequency of the 10 MW OWT are m,; and f.,
respectively. The tuned frequency ratio A and mass ratio # are defined as follows:

A=1./f
{ v/ fwr )

=M /My
The mitigation effect on the seismic behaviour of the wind turbine is sensitive to the
control parameters including the tuned frequency and damping of a TMD. To obtain the best

mitigation effect, a sensitivity analysis of the control parameters is performed for the

27142



471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

earthquake-only condition. Fig. 15 presents the maximum tower-top displacement of the
OWT under the control of a 5% mass ratio TMD with different tuned parameters. The
maximum tower-top displacement of the OWT without the TMD is 0.76 m. All the examined
TMDs are effective in reducing the tower-top displacement as can be observed from Fig. 15.
The mitigation effect is sensitive to the damping ratio for the frequency ratio within the range
from 0.88 to 1.1. A higher damping ratio leads to a relatively larger reduction of tower-top
displacement. The mitigation effect of the TMD is more sensitive on the frequency ratio. The
tower-top displacement decreases significantly with decrease in the frequency ratio. The TMD
with a frequency ratio lower than 0.85 has similar mitigation effects on the tower-top
displacement. The largest mitigation is achieved at 42.5% by using the TMD with a frequency

ratio of 0.87 and a damping ratio of 0.12.
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Fig. 15: Tower-top displacement versus frequency and damping ratios of TMDs
Fig. 16 presents the tower-top displacements of the OWT under the control of an optimal
TMD against an ordinary TMD for the coupled-loading condition. Both of the TMDs are
effective in reducing the peak of the fore-aft tower-top displacement. The TMDs accelerate
the decay process to a more stable level after the strong ground motion (>410 s). It is noted

that the tower-top displacement over the simulation of the optimal TMD scenario is smaller
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compared to the ordinary TMD with a frequency ratio of 1.0 and a damping ratio of 0.1. The
tower-top trajectories imply that the tower vibrates in a smaller range under the control of the
optimal TMD. The observations indicate that the optimal TMD can better alleviate the

earthquake-induced responses compared to the ordinary TMD.

(a) (b)
Earthquake occurred —No TMD —No TMD

=
(N

----Ordinary TMD (3=1.0, £&=0.10) [ ---Ordinary TMD (=1.0, £&=0.10)

[~ ;,f \/\‘P\LA\]\ Jf\ vx\} Optimal TMD (=0.87, &=0.12) Optimal TMD (12047, o012,
QAAAAAAAAAAAAAAAA

WanwAApm \
| f"““‘\[ I P l\/ VTV

o
=)
.
e
3

V'

o
>
s
t

Tower-top
displacement
(fore-aft)/m
!

i

o
©
w
o

[od

3
o

.

+

Tower-top displacement
(side-side)/m

o
w
o
w
o
s

Tower-top
displacement
(side-side)/m

o
=

Il

-0.7
410 43

-0.2 0.2 0.6 1
Tower-top displacement
(fore-aft)/m

o
2

w
©
o

450 470 490
Time/s

Fig. 16: Tower-top displacements of the coupled-loading scenario: (a) time-domain variation
and (b) tower-top trajectory

The tower-top displacements under the earthquake-only condition for different TMD
configurations are presented in Fig. 17. The fluctuations of the tower-top displacements in
both fore-aft and side-side directions are significantly mitigated by the TMDs. The standard
deviations of the fore-aft and side-side tower-top displacements are reduced by 70.4% and
56.8 % respectively. Similar to the results of the coupled-loading scenario, the optimal TMD
is more efficient in eliminating the fluctuation of the tower-top displacement caused by the

earthquake, resulting in a narrower range of the tower-top motion trajectory.
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Fig. 17: Tower-top displacements of the earthquake-only scenario: (a) time-domain variation

and (b) tower-top trajectory

5.2 Effects of mass ratio on response mitigation

Mitigation of the dynamic responses of the wind turbine subjected to an earthquake

excitation is also affected by the mass ratio of the TMD. In order to investigate the influence

of the mass ratio with respect to the mitigation effect, sensitivity analysis of the frequency and

damping ratios is performed on the TMDs with different mass ratios. The optimal frequency

and damping ratios corresponding to different mass ratios are presented in Fig. 18. The linear

fitted lines of frequency and damping ratios can be used to obtain the optimal control

parameters corresponding to an arbitrary mass ratio without performing numerous parametric

analysis.
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Fig. 18: Optimal frequency ratio and damping ratio versus mass ratio

It is noted that the optimal frequency ratio decreases with increase in the mass ratio,
which is opposed to the variation trend of the optimal damping ratio. This is because the TMD
located at the tower-top affects the natural frequency of the wind turbine system, which
decreases with increase in the TMD mass. The mitigation of structural responses is achieved
only when the tuned frequency of the TMD is close to the natural frequency of the OWT.
Therefore, a smaller tuned frequency is required to obtain the best mitigation effectiveness for
a heavier TMD.

Fig. 19 presents the mitigation effect of the TMDs with different mass ratios for both the
coupled-loading and earthquake-only scenarios. For the coupled-loading scenario, the
reduction in the maximum tower-top displacement increases with the mass ratio. The
maximum tower-top displacement can be reduced by over 10% if the mass ratio of the TMD
is larger than 0.01. It is noted that the alleviation effect of the TMD is insignificant when the
mass ratio is larger than 0.06. The same observation can be made for the earthquake-only

condition. In addition, the TMD with a mass ratio of 0.05 is able to reduce the maximum
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tower-top displacement by 39%, implying that TMD has much better effect on reducing the
tower displacement for the earthquake-only condition. The reason is that the TMD is effective
in mitigating tower vibration caused by an earthquake, and it is not capable of reducing the
tower elastic deformation which is the major contribution of tower displacement for the

coupled-loading condition.
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Fig. 19: Optimal control parameters of the TMDs with different mass ratios. (a)

coupled-loading and (b) earthquake-only condition

Fig. 20 presents the tower-top displacement variations of the OWT under the control of
different optimal TMDs. Although the TMD with a mass ratio of 0.07 leads to a smaller
resultant tower-top displacement, the TMD with a mass ratio of 0.05 can better alleviate the
vibration in the side-side direction for both examined loading cases. The results indicate that

the TMD with a lower mass ratio could be a better option.
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Fig. 20: Comparison between tower-top displacements controlled by different TMDs for (a)

coupled-loading and (b) earthquake-only scenarios

Fig. 21 presents the spectral curves of the tower-top displacement of the 10 MW OWT

for different optimal TMDs under the earthquake-only condition. The magnitude of the
fore-aft tower-top displacement at the 1%-order natural frequency (0.254 Hz) has been reduced

significantly by the TMDs. It is also noted that the vibration frequency decreases with the
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increase in the TMD mass ratio. This further confirms the conclusion that a heavier TMD
requires lower tuned frequency for the best mitigation effect. The TMDs have comparatively
insignificant effect in mitigating the vibration of the side-side direction. Nonetheless, the peak
magnitude of the TMD with a mass ratio of 0.05 is reduced significantly as the fore-aft
displacement. This implies that the 0.05 mass ratio TMD is the optimum configuration for use

in the mitigation control of the 10 MW OWT in earthquake-prone areas.
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Fig. 21: Magnitude of tower-top displacements of the (a) fore-aft and (b) side-side directions

in frequency domain for the earthquake-only condition

6 Discussions

The results of the coupled-loading condition indicate that the earthquake excitation
increases the tower-top displacements in the fore-aft and side-side directions. An interesting
observation is that the spectral magnitude of the fore-aft tower-top displacement at the
first-order natural frequency under the coupled-loading condition is much smaller than that of
the earthquake-only condition. It means that aerodynamic load is effective in mitigating the

earthquake-induced vibration. The explanation to this result is that the interaction between
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rotor and wind dissipates the energy from the earthquake excitation. The presence of
aerodynamic damping has positive effect in alleviating the tower vibration under an
earthquake event. Moreover, it is noted that the monopile beneath the seabed suffers much
stronger loads compared to the portion above the ground when the earthquake excitation is
examined. However, this observation was not present in the wind-wave condition. This is
attributed to the fact that there is only soil reaction force acting on the monopile beneath the
seabed in the wind-wave-only condition. But when the earthquake loading is considered, the
earthquake excitation makes significant contribution to the loads on the embedded monopile.
As a result, the slope of the bending moment varying with the monopile elevation is
significantly increased.

The results of the structural control analysis indicate that a TMD with rational
parameters is efficient in mitigating the tower vibration. The coupling between the dynamics
of the TMD and tower results in smaller tower responses, since the TMD dissipates energy
from the external excitations. The results also show that a heavier TMD with a smaller tuned
frequency is capable of achieving a larger mitigation on the tower responses. An explanation
to this observation is that a heavier TMD can dissipate more energy from the wind turbine
system. It is noted that the vibration mitigation is achieved only when the tuned frequency of
the TMD is close to the natural frequency of the wind turbine system which decreases with
the increase of TMD mass. This explanation is further confirmed by the spectral results of the
tower-top responses where the peak spectral magnitude corresponds to a lower frequency for

a heavier TMD.
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7 Conclusions

This study investigates the use of TMD for the mitigation of the coupled responses of a
10 MW monopile OWT due to wind, wave and earthquake loadings. A generic tool, SCASCA,
has been developed to examine the coupling effects of multiple loadings. The comparisons of
the tool’s outputs against Bladed and NREL-Seismic have validated the accuracy and
capability of SCASCA in performing fully coupled seismic analysis of OWTs. Furthermore,
SCASCA is also capable of performing structural control analysis using TMDs. The effect of
TMDs in mitigating the dynamic responses of the 10 MW monopile OWT subjected to a
scaled ground motion is investigated. This study offers the following conclusions:

(1) Comparisons of SCASCA’s results against Bladed and NREL-Seismic have validated
its accuracy and capability in performing fully coupled seismic analysis. The generic
SCASCA is independent of the user’s experience compared to FAST-Seismic for design of
different wind turbines. In addition, SCASCA addresses the limitation of FAST-Seismic in
considering the SSI effect and the limitation of Bladed in examining the vertical earthquake
excitation.

(2) Coupled responses of the 10 MW OWT due to wind, wave and earthquake loadings
are investigated while the SSI effect is examined using the nonlinear p-y curves. The
earthquake-induced vibration in the fore-aft direction is mitigated by the wind and wave
loadings due to the energy dissipation by aerodynamic and hydrodynamic damping. The
spectral magnitude at the first-order natural frequency of the fore-aft tower-top displacement
is mitigated from 22.6 dB to -20.4 dB. In addition, the tower vibration is dominated by the

earthquake as indicated by the Welch spectral results.
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(3) The tower-top displacement and pile-cap bending moment increase, respectively, by
47.6% and 95.1% due to the earthquake loading mainly. The bending moment along the
embedded pile increases significantly with the soil depth, suggesting that the structural
strength of the embedded portion shall be enhanced against earthquake events.

(4) The TMD with appropriate control parameters is effective in mitigating the tower-top
displacements for both the coupled-loading and earthquake-only conditions. The standard
deviations of the fore-aft and side-side tower-top displacements are reduced by 70.4% and
56.8 % respectively for earthquake-only conditions. The large fluctuations caused by an
earthquake can be eliminated efficiently by the TMDs when the design parameters are
appropriately selected.

(5) Rational control parameters corresponding to different mass ratios of the TMD are
obtained by conducting a sensitivity analysis. It is noted that a heavier TMD requires a lower
tuned frequency to achieve a larger mitigation. The 0.05 mass ratio TMD mitigates the
maximum tower-top displacement by 13.7% and 39.0% for the coupled-loading and
earthquake-only conditions, respectively. The vibration magnitude corresponding to the
1*“order natural frequency is reduced significantly for both of the fore-aft and side-side
directions. The 0.05 mass ratio TMD is the recommended configuration for use in the

mitigation control of the 10 MW monopile OWT in earthquake-prone areas.
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EUR
IEA
IRENA
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OWT
PGA
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Degree of Freedom

Technical University of Denmark

Currency of the European Union

International Energy Agency

International Renewable Energy Agency
Levelised Cost of Electricity

National Renewable Energy Laboratory
Offshore Wind Turbine

Peak of Ground Acceleration
Rotor-Nacelle-Assembly

Seismic Coupled Analysis and Structural Control Architecture
Sustainable Development Goal

Soil-Structure Interaction

Tuned Mass Damper

Earthquake acceleration

Soil damping

TMD damping

Diameter of the monopile

Structure displacement for soil force calculation
Tuned frequency of the TMD

Dominant vibration frequency of the wind turbine
Generalized aerodynamic loads of the i™ mode
Seismic load of the RNA

Generalized hydrodynamic loads of the i mode
Generalized gravity loads of the i mode

Soil force

TMD force

Soil shear modulus

Length of the support structure

Modal mass associated with the i" mode
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651
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656

Mana Total mass of RNA
m

T TMD mass
My Wind turbine mass
kT TMD stiffness
K, Soil stiffness
o Modal displacement of the i mode
d; Modal velocity of the i mode
g; Modal acceleration of the i mode
Vv Structure velocity for soil force calculation
Xtvp TMD displacement
Xrvp TMD velocity
Xrvp TMD acceleration
Xy Nacelle acceleration
ay Nacelle angular velocity
JiA Hysteresis damping ratio of the soil
A Tuned frequency ratio
H Tuned mass ratio
a, First-order natural angular frequency of the support structure
0y, Nacelle translational velocity
@, Angular frequency of the i"" mode
P Soil density
p(h) Mass density of the support structure at the height of h
¢.(h) Normalized modal shape of the i mode of the support structure.
& Damping ratio of the i"" mode
Vi Earthquake participation factor associated with the i mode
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