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A B S T R A C T

Floating offshore wind turbines (FOWTs) are the largest rotating structures on the earth. Dynamically sensitive
structures such as these must be protected in these environments to ensure that they can continue to operate
reliably and safely. In this paper structural dynamic models and probabilistic assessment tools are combined
to demonstrate improvements in structural reliability when FOWT towers are equipped with a new type of
damper — the tuned mass damper inerter (TMDI). A multi-body dynamic approach is used to model the wind
turbine and the TMDI installed in the tower. The model is subjected to stochastically generated wind and wave
loads of varying magnitudes to develop wind-induced probabilistic demand models for towers of FOWTs under
model and load uncertainties. A focus is placed on the impact of the wind-wave misalignment on the lightly
damped side-to-side mode. Numerical simulations are carried out to construct fragility curves which illustrate
reductions in the vulnerability of FOWTs to wind and wave loading owing to the inclusion of the new damper.
Results show that the TMDI delivers significant increases in structural reliability of FOWT towers.
1. Introduction

The race to replace fossil fuels with clean sources of energy has
been accelerated in the past decade leading to large growth in the
wind energy sector. This race is currently fuelled by two key driving
components, the first being the 2050 net zero emission goal set out
under the Paris Agreement in 2015. In order to achieve this goal, wind
generation must increase by at least 18% per year between 2020–
2030 [1]. The second driving factor is the cost of energy (COE). In
2020, 62% of the newly installed renewable energy sources produced
energy at a COE lower than the cheapest fossil fuel available [2]. This
has been made possible by the rapid decline in renewable prices in the
last decade, in 2020 alone the IRENA (International Renewable Energy
Agency) reported that the average cost of onshore wind production fell
by 13% while offshore production costs fell by 9% [2].

The rapid growth in demand for wind energy has led to many
new technological developments in wind turbine design. Since wind
power production depends on the cube of the inflow wind velocity and
the square of the turbine’s rotor diameter, there has been exponential
growth in the size of the blades and towers of wind turbines. An
increase in hub heights allows wind turbines to reach greater wind
speeds due to the wind shear effect, while also allowing the space for
greater diameter rotors to be fitted. Today’s modern multi-megawatt
wind turbines are tall slender structures with hub heights exceeding
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150 metres and rotor diameters in excess of 240 metres making them
the largest rotating structures in the world [3]. There is now a drive to
move these structures deeper offshore on floating platforms to expose
them to stronger and less turbulent winds.

The increased size of wind turbine blades and towers has led to
increasingly slender and flexible structures. The increase in flexibility
in addition to the increased wind loads has resulted in wind turbines
having a large blade and tower displacements. Introducing hydrody-
namic loads and platform motion in addition to aerodynamic loads
has led to instabilities in wind turbines introducing large vibrational
responses. Dueñas-Osorio and Basu [4] showed the extent to which
these vibrational responses can decrease the availability of wind tur-
bines with implications for power production and LCOE. In addition to
reduced power production, accelerations experienced by turbine towers
can cause damage to sensitive components in the nacelle leading to
large downtime, in particular for offshore wind turbines where repair
access is limited.

Many studies have investigated the installation of TMDs in wind
turbine blades and towers to mitigate vibration [5–12]. Despite encour-
aging results, the large mass ratios required and lack of adaptability
make TMDs an unideal vibration controller for offshore wind tur-
bines [13]. A wide array of different dampers have been investigated
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in recent years such as active TMDs [14–16], semi-active TMDs [17]
and tuned liquid column dampers [18–20] to name a few.

A novel damping device, which has been proposed in several recent
studies for FOWT vibration control is the Tuned Mass Damper Inerter
(TMDI). The TMDI which was first introduced by Smith [21] in 2002
is a new variant of the classical TMD. The TMDI works by including
an inerter in addition to the spring and damper in a classical TMD
system. The inerter is a mechanical device that converts linear motion
into high-speed rotational motion in a flywheel. This results in an
amplifying effect of the mass of the TMD. The presence of the inerter
virtually increases the mass of the damper leading to greater vibration
control capabilities without the burden of increasing the mass ratio. The
inerter enables one to achieve improved vibration control using a fixed
mass ratio or equal structural control using a lighter damper — which
is particularly beneficial for large flexible structures such as FOWTs.

In 2014 Marian [22] proposed governing equations for the optimal
design of a TMDI fitted in a stochastically support-excited structural
system that can be utilised in floating offshore wind turbines. The
research also suggests that smaller mass ratios (less than 3%) are
capable of producing larger response reductions than TMDIs with larger
mass ratios.

Hu et al. [23] employed an inerter-based dynamic vibration ab-
sorber (IDVA) in an attempt to mitigate wind loads experience by wind
turbines. The results of the research found that the IDVA was capable
of reducing the wind loads experienced by the wind turbine system
under various rotational frequencies. In a later paper, Hu et al. [24]
used a TMDI damping device to investigate load mitigation in barge-
type floating offshore wind turbines. The results showed that there is
a trade off between fore-aft tower deflections and TMD stroke space.
However, for a given stroke space a TMDI will have increased structural
control.

Ma et al. [25] used H2 optimisation in order to find the optimal
arameters for a tuned heave plate with the addition of an inerter in a
emi-submersible platform. Ma also proposed a novel inerter consisting
f a small waterwheel. The novel THPI was seen to reduce the heave
otion by 19% while the novel waterwheel inerter produced large

pparent masses in comparison with traditional mechanical devices.
arkar et al. [26] investigated the influence of a TMDI on the vi-
rational response of a spar-type offshore wind turbine. Significant
eductions in both tower fore-aft and side-to-side directions were ob-
erved while large reductions of up to 90% in the TMDI’s stroke were
bserved. Zhang et al. [27] proposed the use of tuned parallel inerter
ass systems (TPIMS) as retrofitting devices in wind turbines in an

ttempt to mitigate large seismic responses, the response of the tower
nd hence the tower base shear and bending moments are significantly
educed by introducing a TMDI to the system. Villoslada et al. [28]
sed NREL’s FAST SC software to install a TMDI in the nacelle of
REL’s 5 MW wind turbine supported by a barge-type platform. The

esults showed that the introduction of the TMDI had a significant
mprovement of the fatigue life of the turbine.

Zhang et al. [29] implemented the Euler–Lagrangian approach to
onstruct a multi-modal model of a modern multi-megawatt wind
urbine. Damping devices consisting of a TMD and TMDI were placed
lose to the tip of the three wind turbine blades and closed-form
xpressions were derived to calculate the optimal tuning and damping
atios of the damping devices. Zhang et al. [30] conducted a similar
tudy with an alternative damping device, the RIDTMD, this device
roposed by Garrido et al. [31], is similar to a traditional TMD however
he dashpot is replaced with a tuned viscous mass damper (TVMD).
he RIDTMD provided significant reductions in edgewise blade vibra-
ions in comparison with the conventional TMD at the expense of a
light increase in the damper stroke. Zhang et al. [32] extended their
esearch on the RIDTMD by implementing a RIDTMD in the nacelle
f a spar-type floating offshore wind turbine. This model utilised a
-degree-of-freedom model to perform a parameter optimisation. The
523

ptimised damping device is then compared with an optimal TMD. The
RIDTMD is observed to outperform the TMD in reducing the side-to-side
displacements of the tower, however, the TMD had a slightly decreased
stroke.

In a later paper, Zhang et al. [33] proposed an ungrounded tuned
mass inerter system (TMIS) for vibration mitigation of wind turbine
towers. The TMIS consists of a mass, spring and an inerter subsystem.
By testing the device on a 1.5 MW wind turbine the device was proven
to provide reduced vibration responses at a given device mass. Chen
et al. [34] performed numerical simulations on NRELs 5MW fixed-
based wind turbine with an inerter-based dynamic vibration absorber
in the nacelle (IDVA). The results demonstrated that smaller mass ratios
in the IDVA can achieve the same control in comparison to traditional
TMDs.

Sun et al. [35] implemented an inerter-based point absorber (IPA) in
a wave energy converter (WEC) which is fixed to the tower of NREL’s
5MW Monopile-based offshore wind turbine. Optimal parameters for
the IPA were obtained using analytical expressions. The IPA WEC was
seen to have greater energy absorption in comparison with a traditional
point absorber. The IPA demonstrated an ability to operate over a wider
range of wave peak frequencies increasing its operational bandwidth
and hence energy absorption.

Sarkar and Fitzgerald [36] proposed the use of a tuned mass damper
fluid inerter in a spar-type floating offshore wind turbine in order to
mitigate the vibrational response of the tower. The fluid inerter due to
its simplistic design and low maintenance costs can reduce downtimes
experienced by wind turbines with mechanical inerters. The TMDFI
greatly outperforms traditional TMDs while rivalling the performance
of traditional inerters.

In this paper, a tuned mass damper inerter (TMDI) is installed
in the tower of a spar-type FOWT. Previous work by the authors
has shown that inerter-based TMDs have great potential in vibration
control of FOWTs where enhanced vibration mitigation can be achieved
using a relatively lighter device [26,36]. However, the work presented
in [26,36] offered a deterministic evaluation of the capability of the
TMDI. A probabilistic evaluation of the damper performance subjected
to different limit states is unexplored. In this paper, we address this
gap by examining the improvement in structural reliability that can
be achieved when a TMDI is installed in the tower of a FOWT. The
reliability of the FOWT is assessed by performing a fragility analysis of
the turbine. Fragility analysis utilises a probabilistic approach which
assesses the demand of a structure with respect to limit states such
as displacements, accelerations or loads. Recent studies have utilised
fragility analysis to present the structural reliability of wind turbines in
a stochastic sense [16,37–46]. Particular attention is paid to misaligned
wind-wave loading which can excite the structure in its less damped
side-to-side mode.

Based on the literature presented above, this paper:

• Proposes a probabilistic methodology to evaluate TMDIs in FOWT
towers

• Demonstrates improvements in FOWT tower reliability when
tuned mass damper inerters (TMDIs) are installed.

• Examines the effect of misaligned wind-wave loading on the
less damped side-to-side tower mode in FOWTs in numerical
simulations.

Results indicate that the TMDI reduces the probability of exceeding
a given displacement limit for all examined met ocean conditions and
thus it improves the reliability of the tower response even in misaligned
conditions. The TMDI significantly improves the wind-induced fragility
of FOWT towers. For equal damper mass a TMDI is more effective than

traditional dampers.
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Fig. 1. Coordinate systems for FOWT.
2. Floating offshore wind turbine coupled with TMDI

A nonlinear aeroelastic multi-body dynamic model of a floating
offshore wind turbine (FOWT) is used in this study to examine the
effectiveness of TMDIs at reducing FOWT tower vibration and improv-
ing FOWT tower reliability when subjected to stochastic wind-wave
loading environments. This model has been developed previously by
the authors, see [47] for details. The full nonlinear FOWT model
has 22 degrees of freedom (DOFs), as listed in Appendix A. Aero-
dynamic and hydrodynamic loads on the wind turbine are estimated
using blade element momentum (BEM) theory and Morison’s equation,
respectively. The mooring cables are modelled using MoorDyn [48].
For brevity, details on the dynamic modelling of the 22-DOF system
are not presented in this work. The reader will find more details on
the modelling in [47]. The model has been developed using Kane’s
method [49], Fig. 1 shows the FOWT with coordinate systems defined
that are used by Kane’s approach to derive equations of motion.

By a direct result of Newton’s law of motion, Kane’s equations of
motion for a simple holonomic multi-body system can be stated as [49]

𝐹𝑘 + 𝐹 ∗
𝑘 = 0 for 𝑘 = 1, 2,… 𝑁 (1)

where 𝑁 is the total number of degrees of freedom required to describe
the complete kinematics of the FOWT system. With a set of 𝑀 rigid
bodies characterised by reference frame 𝑁𝑖 and centre of mass point 𝑋𝑖,
the generalised active force associated with the 𝑘th degree of freedom is
given by [49]

𝐹𝑘 =
𝑀
∑

𝑖=1

[

𝐸𝐯𝑋𝑖
𝑘 ⋅ 𝐅𝑋𝑖 + 𝐸𝝎𝑁𝑖

𝑘 ⋅𝐌𝑁𝑖
]

(2)

where 𝐅𝑋𝑖 is force vector acting on the centre of mass of point 𝑋𝑖 and
𝐌𝑁𝑖 is the moment vector acting on the 𝑁𝑖 rigid body. 𝐸𝐯𝑋𝑖

𝑘 and 𝐸𝝎𝑁𝑖
𝑘

are the partial linear and partial angular velocity of the point 𝑋𝑖 and
rigid body 𝑁𝑖 respectively associated with the 𝑘th degree of freedom
in the inertial (𝐸) reference frame. The generalised inertia force for 𝑘th
degree of freedom is given as

𝐹 ∗
𝑘 = −

𝑀
∑

[

𝐸𝐯𝑋𝑖
𝑘 ⋅

(

𝑚𝑁𝑖𝐸𝐚𝑋𝑖
)

+ 𝐸𝝎𝑁𝑖
𝑘 ⋅ 𝐸�̇�𝑁𝑖

]

(3)
524

𝑖=1
Fig. 2. Floating offshore wind turbine with TMDI.

where it is assumed that for each rigid body 𝑁𝑖, the inertia forces are
applied at the centre of the mass point 𝑋𝑖. 𝐸�̇�𝑁𝑖 is the time derivative
of the angular momentum of the rigid body 𝑁𝑖 about its centre of
mass 𝑋𝑖 in the inertial frame [49]. For the FOWT model, the mass of
the platform, tower, yaw bearing, nacelle, hub, blades and generator
contribute to the total generalised inertia forces. Generalised active
forces are the forces applied directly to the FOWT system, forces that
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ensure constraint relationships between the various rigid bodies and
internal forces within flexible members. Forces applied directly on
the FOWT system include aerodynamic forces on the blades and the
tower, hydrodynamic forces on the platform, mooring forces on the
platform, gravitational forces, generator torque forces and the high-
speed shaft brake. Gearbox friction forces have not been considered in
this model. Yaw springs and damper contribute to forces that enforce
the constraint relationship between rigid bodies. Internal forces within
flexible members include elasticity and damping in the tower, blades
and drivetrain [50].

In this work a tuned mass damper inerter (TMDI) has been installed
in the tower of the FOWT, the damper is placed at the tower-top as
shown in Fig. 2. The inclusion of the damper increases the degrees
of freedom in the model to 23. The incorporation of an auxiliary
damping device, i.e. a TMD or TDMI, into the FOWT model is quite
straightforward using Kane’s approach. It is evident from Eqs. (1) - (3)
that defining the kinematic description, i.e., the position, velocity and
acceleration vectors of all important points on the FOWT, is the key
requirement for modelling. Hence, one needs only to define the position
vector of the damper from the tower top to incorporate the damper into
the model. This position vector can be given as

𝑟𝑂𝐷 =
{

𝑞𝐷𝐛3 coupled to side-to-side direction
𝑞𝐷𝐛1 coupled to fore-aft direction (4)

here 𝐷 denotes the centre of mass of the damper and 𝑞𝐷 is the
isplacement of the damper from its neutral position. The mass of the
amper contributes to the generalised inertia forces and the spring,
amper and inerter contribute to the generalised active forces of the
ntire system. To describe the complete motion of the coupled FOWT-
MDI system the degrees of freedom/generalised coordinates used are
rovided in Eq. (5).

={𝑞𝑆𝑔 𝑞𝑆𝑤 𝑞𝐻𝑣 𝑞𝑅 𝑞𝑃 𝑞𝑌 𝑞𝑇𝐹𝐴1 𝑞𝑇𝑆𝑆1 𝑞𝑇𝐹𝐴2

𝑞𝑇𝑆𝑆2 𝑞𝑦𝑎𝑤 𝑞𝐺𝑒𝐴𝑧 𝑞𝐷𝑟𝑇 𝑟

𝑞𝐵1𝐹1 𝑞𝐵1𝐸1 𝑞𝐵1𝐹2 𝑞𝐵2𝐹1 𝑞𝐵2𝐸1 𝑞𝐵2𝐹2 𝑞𝐵3𝐹1 𝑞𝐵3𝐸1 𝑞𝐵3𝐹2 𝑞𝐷}

(5)

The subscripts define the degrees of freedom under consideration
nd are described in Appendix A. Once the linear and angular veloc-
ty vectors for every important point and rigid body in the system
re defined, the partial linear and angular velocities are obtained as
er [49] using the time derivatives of the generalised coordinates as the
eneralised speed (i.e., 𝑢𝑘 = �̇�𝑘). The complete non-linear time-domain
quations of motion for the FOWT in its general form can be written
s

(𝐪,𝐮, 𝑡)�̈� = −𝐟 (�̇�,𝐪,𝐮, 𝑡) (6)

here, 𝐌 is the inertial mass matrix that is a non-linear function of the
et of degrees of freedom 𝐪, control input 𝐮, and time 𝑡. The force vector
depends non-linearly on the degrees of freedom, the time derivative
f the degrees of freedom, control input and time.

For more details of the derivation of the multi-body FOWT model
ee previous works by the authors [26,47,50]. The FOWT model with-
ut the coupled damper has been benchmarked and verified against
he National Renewable Energy Laboratory’s (NREL) fully coupled
onlinear simulation code, OpenFAST [51] in [47].

. Vibration control of 5-MW FOWT tower — numerical simula-
ions

The nonlinear aeroelastic multi-body dynamic FOWT model is in-
tantiated with details from NREL’s 5 MW OC3-Hywind spar-type off-
hore reference wind turbine. This FOWT is defined in [52] while the
par platform is defined in [53]. The main properties of the considered
ind turbine model are provided in Table 1.
525
Simulations are performed for three cases: without a tower damper,
ith a classical TMD installed at the top of the tower, and with a
MDI installed at the top of the tower. The response of the structure

n each situation was compared and used to generate fragility curves
o perform reliability analysis. The non-linear numerical system was
olved in MATLAB® [54] utilising the Runge–Kutta ‘ODE 4’ method.

.1. TMD tuning parameters

The dampers are tuned to mitigate tower vibration in the less
amped side-to-side direction. Vibration in this mode is particularly
ensitive to the effects of wind-wave misalignment. The TMD is tuned
o the FOWT tower’s natural frequency in the side-to-side direction,
.312 Hz, with a tuning ratio of 𝜈𝑇𝑀𝐷 = 1.0. There are many ap-
roximate and empirical expressions available in the literature for
he evaluation of the optimal damping ratio of a TMD such as those
ormulated by Ghosh and Basu [55] and Hoang et al. [56]. In this paper
he following expression given by Luft [57] for optimal TMD damping
s used:

𝑇𝑀𝐷 =

√

𝜇𝑇𝑀𝐷

2
(7)

where 𝜉𝑇𝑀𝐷 is the TMD damping ratio and 𝜇𝑇𝑀𝐷 is the mass ratio of
the TMD. In this study a TMD mass ratio of 1% is used with respect to
the tower mass.

3.2. TMDI tuning parameters

In previous work, Sarkar and Fitzgerald [26] developed closed-form
expressions for optimum tuning and damping parameters for TMDIs
installed in FOWT towers. Considering the TMDI, let 𝜇 be the mass ratio
and 𝛽 the inerter ratio defined as

𝜇 =
𝑚𝑑
𝑚0

𝛽 = 𝑏
𝑚0

(8)

where 𝑚𝑑 is the TMDI mass and 𝑏 is the inertance [22], which has the
units of mass [22,29,58]. The tuning ratio and damping ratio of the
damper are defined as

𝜔𝑟 =
𝜔𝑑
𝜔𝑡

𝜁𝑑 =
𝑐𝑑

2𝑚𝑑𝜔𝑑
(9)

where 𝜔𝑡 and 𝜔𝑑 are the natural frequency of the tower and the
TMDI respectively, and 𝑐𝑑 is the damping coefficient of the TMDI. The
normalised (normalised to 1) displacement of the tower at a height 𝐻𝐼
from its base can be obtained directly from the primary mode shape as

𝜙 = 𝜙𝑡(𝐻𝐼 ) where 0 ≤ 𝜙 ≤ 1 (10)

where 𝜙𝑡 is the primary mode shape of the tower, see the schematic in
Fig. 3 for details.

The optimum tuning parameters for this system were obtained by
Sarkar and Fitzgerald [26] as:

𝜔𝑟 =

√

−𝐵 +
√

𝐵2 − 𝐴𝐶
2𝐴

(11)

here

𝐴 = 3𝜇2(𝜇2 + 2𝜇𝜙2𝛽 − 4𝜇𝜙𝛽 + 2𝜇𝛽 + 2𝜇 + 𝜙4𝛽2

− 4𝜙3𝛽2 + 6𝜙2𝛽2 + 2𝜙2𝛽 − 4𝜙𝛽2

− 4𝜙𝛽 + 𝛽2 + 2𝛽 + 1)

𝐵 = 𝜇(4𝜇2𝜁2𝑑 − 𝜇2 + 4𝜇𝜙2𝜁2𝑑𝛽 − 2𝜇𝜙2𝛽

− 8𝜇𝜙𝜁2𝑑𝛽 + 2𝜇𝜙𝛽 + 4𝜇𝜁2𝑑𝛽 + 4𝜇𝜁2𝑑 − 2𝜇𝛽

− 2𝜇 − 𝜙2𝛽2 + 2𝜙𝛽2

− 𝛽2 − 2𝛽)

= −(𝜇2 + 2𝜇𝛽 + 𝛽2)
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Table 1
Properties of NREL 5-MW OC3-Hywind spar-type FOWT [52].
NREL 5-MW OC3-Hywind spar-type FOWT properties

Basic description Max. rated power 5-MW
Rotor orientation, configuration Upwind, 3 blades
Rotor diameter 126 m
Hub height 90 m
Cut-in, rated, cut-out wind speed 3 m/s, 11.4 m/s, 25 m/s
Cut-in, rated rotor speed 6.9 rpm, 12.1 rpm

Blade 1st in-plane mode natural frequency 1.0606 Hz
1st out-of-plane mode natural frequency 0.6767 Hz
Structural-damping ratio(all modes) 0.48%

Tower 1st Fore-Aft mode natural frequency 0.324 Hz
1st Side-to-Side mode natural frequency 0.312 Hz
Structural-damping ratio(all modes) 1%
Fig. 3. Schematic diagram of a tower with a TMDI placed on the top.

The optimal damping ratio is given by:

𝜁𝑑 = 1
2𝜇𝜔𝑟

√

𝐷
𝐸

(12)

where

𝐷 = 𝜇4𝜔4 + 2𝜇3𝜙2𝛽𝜔4
𝑟 − 4𝜇3𝜙𝛽𝜔4

𝑟 + 2𝜇3𝛽𝜔4
𝑟 + 2𝜇3𝜔4

𝑟 − 𝜇3𝜔2
𝑟 + 𝜇2𝜙4𝛽2𝜔4

𝑟

− 4𝜇2𝜙3𝛽2𝜔4
𝑟 + 6𝜇2𝜙2𝛽2𝜔4

𝑟 + 2𝜇2𝜙2𝛽𝜔4
𝑟 − 2𝜇2𝜙2𝛽𝜔2

𝑟 − 4𝜇2𝜙𝛽2𝜔4
𝑟

− 4𝜇2𝜙𝛽𝜔4
𝑟 + 2𝜇2𝜙𝛽𝜔2

𝑟 + 𝜇2𝛽2𝜔4
𝑟 + 2𝜇2𝛽𝜔4

𝑟 − 2𝜇2𝛽𝜔2
𝑟 + 𝜇2𝜔4

𝑟 − 2𝜇2𝜔2
𝑟 + 𝜇2

− 𝜇𝜙2𝛽2𝜔2
𝑟 + 2𝜇𝜙𝛽2𝜔2

𝑟 − 𝜇𝛽2𝜔2
𝑟 − 2𝜇𝛽𝜔2

𝑟 + 2𝜇𝛽 + 𝛽2

𝐸 = 𝜇 + 𝜙2𝛽 − 2𝜙𝛽 + 𝛽 + 1

It has been shown that these tuning parameters are capable of
damping out the energy associated with the tower’s natural frequency
almost completely. Therefore, these optimal expressions are used to
tune the TMDIs in this study. For FOWTs it is not ideal to simply
increase the mass of the damper to attain better performance. The
increased mass on top of the tower can destabilise the platform and
cause excessive vibrations [26]. Therefore, in this paper, the total TMDI
mass is ≈ 1% of the mass of the tower, i.e. the same as the mass of the
TMD described in Section 3.1. It should be noted that Eqs. (11) and
(12) reduce to the optimal tuning parameters for classical TMD(s) when
𝑏 = 𝛽 = 0 and the primary structure is excited by white noise.
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3.3. Numerical simulations — design of experiment

A total of 40 wind speeds are selected as intensity measures to
produce fragility curves, surpassing Yuan’s recommended 36 intensity
measures [37] to provide a 95% confidence interval. The 40 wind
speeds were selected using Latin Hypercube Sampling (LHS) between
the values of 3 m/s and 25 m/s, the cut-in and cut-out wind speeds of
the 5-MW FOWT respectively [52]. 25 wind files are generated with
turbulence intensities of 0% and 10% for each of the wind speeds (50
files per wind speed). The wind files are generated using TurbSim [59]
a package distributed by NREL with each wind file being allocated a
unique random seed. TurbSim utilises spatial coherence and wind shear
to generate turbulent 3-D wind fields. The International Electrotechni-
cal Commission’s (IEC) Normal Turbulence Model (NTM) [60] is used
to model atmospheric turbulence. Blade Element Momentum (BEM)
theory [61] is then used with the turbulent wind file and the blade
and tower geometries to estimate the aerodynamic loads on the blades
and the tower.

Six different met-ocean scenarios are considered to produce environ-
mental loading conditions which can be seen in Table 2. The scenarios
model calm, moderate and rough met-ocean conditions. These con-
ditions are applied to the FOWT with both aligned and misaligned
wind-wave loading. The wave files are computed using linear Airy wave
theory with the stochastic sea modelled using the Pierson–Moskowitz
spectrum [62]. Morison’s equations are implemented to estimate the
hydrodynamic forces acting on the spar and tower while the open-
source software MoorDyn [48] is used to calculate forces acting on the
mooring cables.

To account for variation in material properties and construction
techniques a modification factor ranging from 0.97 to 1.03 (3% co-
efficient of variation), characterised by a uniform random variable, is
applied to the elastic modulus of the tower following [19].

For each environmental condition, numerical simulations are run
for three different cases: no damper (baseline uncontrolled), with an
optimally tuned classical TMD, and with an optimally tuned TMDI.
The TMD and TMDI were both assigned mass ratios of 1%. The TMDI
is assigned an inertance of 𝛽 = 0.4 since it has been shown that the
vibration control performance of TMDIs becomes saturated at inerter
ratios greater than 0.4 [26].

A total of 36 000 numerical simulations are carried out (40 wind
speeds × 25 random seeds/Elastic moduli × 2 turbulence intensities
× 6 wave conditions × 3 vibration control situations). The simulation
duration is selected as 225 s with the first 75 s removed in order to
eliminate the effect of the initial transient phase. The maximum side-
to-side tower displacement during the time history is recorded for each
of the conditions.
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Table 2
Met-ocean conditions.
Wave Conditions

Load
case

Significant
Height, Hs (m)

Peak Period,
Tp (s)

Wind-Wave
Misalignment

LC1 Calm Sea Aligned 0.75 6 0◦

LC2 Calm Sea Misaligned 0.75 6 90◦

LC3 Moderate Sea Aligned 2.25 6.25 0◦

LC4 Moderate Sea Misaligned 2.25 6.25 90◦

LC5 Rough Sea Aligned 6 8 0◦

LC6 Rough Sea Misaligned 6 8 90◦
3.4. Fragility analysis

Fragility curves for each environmental loading condition are pro-
duced following an approach developed by Baker [63], with the fragility
function defined as:

𝐩(𝐂|𝐈𝐌 = 𝐱) = 𝛷
(

𝑙𝑛(𝑥∕𝜃)
𝛽𝑓

)

(13)

here 𝐩(𝐂|𝐈𝐌 = 𝐱) is the probability that x, an environmental loading
ondition, will cause the FOWT to exceed C, a defined limit state.
n Eq. (13), 𝛷 is the normal cumulative distribution function, 𝜃 and 𝛽𝑓
re the fragility parameters; the median of the fragility function and
he standard deviation of 𝑙𝑛(𝐼𝑀) respectively. The intensity measures
𝑀 in this case is the wind speed.

The Maximum Likelihood Estimation (MLE) is used to find the best
stimate of the fragility parameters [63]:

𝐢𝐤𝐞𝐥𝐢𝐡𝐨𝐨𝐝 =
𝑚
∏

𝑗=1

(

𝑛𝑗
𝑧𝑗

)

𝑝
𝑧𝑗
𝑗 (1 − 𝑝𝑗 )

𝑛𝑗−𝑧𝑗 (14)

is the product of the sequence, 𝑚 is the number of wind speeds, 𝑛𝑗
s the number of wind files, and 𝑧𝑗 is the number of wind files where

the limit state is exceeded.
By substituting Eq. (13) into Eq. (14) the following formula is

produced:

𝐋𝐢𝐤𝐞𝐥𝐢𝐡𝐨𝐨𝐝 =
𝑚
∏

𝑗=1

(

𝑛𝑗
𝑧𝑗

)

×𝛷
( 𝑙𝑛(𝑥𝑗∕𝜃)

𝛽𝑓

)𝑧𝑗
×

[

1 −𝛷
( 𝑙𝑛(𝑥𝑗∕𝜃)

𝛽𝑓

)(𝑛𝑗−𝑧𝑗 )
]

(15)

By maximising the likelihood function, the best estimate of the
ragility parameters can be obtained:

̂ , 𝜷𝐟 = 𝑎𝑟𝑔𝑚𝑎𝑥
(𝜃,𝛽𝑓 )

𝑚
∑

𝑗=1

{

𝑙𝑛
(

𝑛𝑗
𝑧𝑗

)

+ 𝑧𝑗 𝑙𝑛 𝛷
( 𝑙𝑛(𝑥𝑗∕𝜃)

𝛽𝑓

)

+ (𝑛𝑗 − 𝑧𝑗 ) 𝑙𝑛
[

1 −𝛷
( 𝑙𝑛(𝑥𝑗∕𝜃)

𝛽𝑓

)]

}

(16)

The Confidence Intervals can then be formed for the Fragility curves
sing Eq. (17), which Trevlopoulos et al. [64] suggested as a simplis-
ic formula for the estimation of the error bounds of the confidence
nterval:

= 𝛷−1(0.025)
⎛

⎜

⎜

⎝

√

𝑃𝑓 (𝐼𝑀)(1 − 𝑃𝑓 (𝐼𝑀))
𝑛

⎞

⎟

⎟

⎠

,

𝛷−1(0.975)
⎛

⎜

⎜

⎝

√

𝑃𝑓 (𝐼𝑀)(1 − 𝑃𝑓 (𝐼𝑀))
𝑛

⎞

⎟

⎟

⎠

(17)

𝛷 is the cumulative density function of the standard normal distribution
and n is the number of samples computed for the given IM level. The
error bounds can be calculated and added to the MLE at each respective
wind speed thus giving the 95% confidence interval of the fragility
curve.
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Table 3
Limit States (Rotation in degrees about Roll DOF).

Limit States

Load Case Met-Ocean Conditions LS1 LS2 LS3 LS4

LC1 Calm Sea Aligned 0.03◦ 0.04◦ 0.05◦ 0.06◦

LC2 Calm Sea Misaligned 0.06◦ 0.07◦ 0.08◦ 0.09◦

LC3 Moderate Sea Aligned 0.03◦ 0.04◦ 0.05◦ 0.06◦

LC4 Moderate Sea Misaligned 0.06◦ 0.07◦ 0.08◦ 0.09◦

LC5 Rough Sea Aligned 0.03◦ 0.04◦ 0.05◦ 0.06◦

LC6 Rough Sea Misaligned 0.30◦ 0.31◦ 0.32◦ 0.33◦

3.4.1. Limit state selection for fragility analysis
The 36,000 numerical simulations produce a wide range of max-

imum displacement results. Large differences in displacement values
between various environmental conditions, such as calm met-ocean
conditions with aligned wind-wave loading (LC1) and rough met-ocean
conditions with misaligned wind-wave loading (LC6), make it difficult
and not very enlightening to define a single set of limit states across the
entire range of conditions. By attempting this, fragility curves with 0%
or 100% chance of limit state exceedance across the full range of wind
speeds are produced for many cases. By producing fragility curves with
either 0% or 100% chance of limit state exceedance, the effects of the
dampers can be disguised. In order to avoid this, a set of limit states
has been selected for each of the environmental conditions (LC1–LC6).
These sets of limit states seen in Table 3, contain displacement values
that are appropriate for the displacement ranges experienced in each
of the environmental conditions. This selection of limit states has been
carried out for illustrative purposes, hence allowing the fragility curves
to demonstrate the performance of the TMD and TMDI.

3.5. Fragility curves

The resulting fragility curves are presented in Figs. 4–7. The fragility
curves have been analysed at sample wind speeds of 11.4 m/s (rated
wind speed) and 15 m/s in order to demonstrate the performance of the
dampers operating at typical wind speeds. These results are presented
in Tables 4–9. In these tables, we present percentage reduction values.
These are percentage reductions of the FOWT tower fragility for the
TMD and TMDI-controlled cases when compared to the uncontrolled
case. It should be noted that the fragility curves produced from steady-
state wind conditions with low vibrational responses are influenced
highly by Young’s modulus variation, particularly at lower limit states.
As a result, fragility curves produced by these conditions may be
influenced more by Young’s modulus rather than the effects of damping
devices.

Table 10 illustrates the reduction in maximum displacements values
at the tower top as a result of the damping devices. Again, these
values are percentage reduction values comparing the TMD and TMDI-
controlled cases to the uncontrolled case.

Table 11 allows us to assess the impact that the misalignment of
wind-wave conditions has on the turbine tower. This table compares the
percentage increase of the maximum displacement experienced by the
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Fig. 4. LC1, Calm met-ocean conditions, 10% turbulence intensity, Aligned wind-wave loading, Wave significant height (0.75 m), Peak wave period (6 s).
Table 4
Percentage reductions in probability of limit state exceedance by controllers vs uncontrolled: Calm Met-ocean conditions,
Aligned Wind and Wave.
Calm Met-ocean conditions Aligned Wind and Wave

Controller LS1 (%) LS2 (%) LS3 (%) LS4 (%)

11.4 m/s, 0% Turb
BaseLine – – – –
TMD 69.92 −0.74 0.10 0
TMDI 95.13 −4.84 0.10 0

11.4 m/s, 10% Turb
BaseLine – – – –
TMD 0.79 30.16 10.82 0
TMDI 10.32 40.81 17.99 0

15 m/s, 0% Turb
BaseLine – – – –
TMD 0 1.44 7.92 0
TMDI 0 13.83 7.92 0

15 m/s, 10% Turb
BaseLine – – – –
TMD 0 0.59 14.12 0
TMDI 0.0023 0.41 26.95 0
turbine tower across the full range of wind speeds when the wind-wave
loadings are aligned in comparison to when they are misaligned.

In Table 11 wave conditions which differ only in wind-wave align-
ment are compared (LC1 with LC2, LC3 with LC4, LC5 with LC6). The
comparison is carried out for 0% and 10% wind turbulence intensities
for uncontrolled (Baseline), TMD and TMDI-controlled cases.

Fig. 8 displays time histories of the tower top displacements at
a wind speed of 11.0142 m/s (close to rated wind speed) with 10%
turbulence intensity. The time histories compare the uncontrolled case,
with the TMD and TMDI-controlled cases. Time histories are shown for
LC2, LC3, LC4 and LC6 for 100–200 s to illustrate the performance of
the dampers and the influence of wind-wave misalignment.

Fig. 9 displays the power output time history of the turbine at a
wind speed of 11.0142 m/s with 10% turbulence intensity. The time
histories compare the uncontrolled case, with the TMD and TMDI-
controlled cases. These time histories are again shown for LC2, LC3,
LC4 and LC6 for 100–200 s to illustrate the influence of wind-wave
misalignment and any effects that the dampers have on power fluctua-
tions.

4. TMDI performance assessment

Fig. 8 demonstrates the effects of the TMDI and TMD on the re-
sponse of the FOWT tower. The TMD and TMDI can be seen to greatly
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reduce and smoothen responses with the TMDI producing larger miti-
gation capabilities than the TMD. These reductions can be seen in some
capacity across all environmental conditions and will heavily influence
the fragility curves produced from these responses.

During calm met-ocean conditions with aligned wind and wave
loading (LC1) the response of the structure is relatively small. As the
dampers operate based on the response of the structure their true
potential is not realised here. Despite this, in Fig. 4 the dampers can be
seen to shift the fragility curves to the right, hence improving the FOWT
tower reliability over a range of wind speeds. The TMD provides a good
reduction in the fragility of the FOWT tower with the TMDI improving
this further. As presented in Table 4, for a given limit state and a
wind speed of 11.4 m/s, the TMDI can be seen to decrease fragility
by 40.81% in turbulent conditions. A similar reduction of 26.95% can
also be seen at a wind speed of 15 m/s for a higher limit state. Under
identical wind speeds and limit states the TMD can only reduce the
fragility by 30.16% and 14.12% respectively. Throughout Table 4 the
TMDI can be seen to almost always outperform the TMD across both
wind speeds and for both turbulent and steady-state conditions. The
steep fragility curves seen in Fig. 4, indicate that under LC1 conditions,
the tower top displacements are highly dependent on wind speed.

In a similar manner, when operating in moderate met-ocean condi-
tions with aligned wind and wave loading (LC3), the FOWT can be seen
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Fig. 5. LC2, Calm Met-ocean conditions, 10% turbulence intensity, Misaligned wind-wave loading, Wave significant height (0.75 m), Peak wave period (6 s).
Fig. 6. LC5, Rough Met-ocean conditions, 10% turbulence intensity, Aligned wind-wave loading, Wave significant height (6 m), Peak wave period (8 s).
in Fig. 8 to experience very low maximum tower displacements. The
TMDI again outperforms the TMD under these conditions shifting the
fragility curves further to the right in comparison with the TMD. The
superiority of the TMDI is confirmed in Table 6 where the TMDI can
be seen to give reductions in fragility much greater than the TMD. At a
wind speed of 11.4 m/s the TMDI gives a fragility reduction of 43.61%
outperforming the TMD which at the same wind speed and the limit
state provides a 29.93% fragility reduction. At a wind speed of 15 m/s
under turbulent conditions, the TMDI produces a 24.42% fragility
reduction for a given limit state in comparison to the TMD which only
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managed a 4.59% decrease. Similarly to LC1, the fragility curves under
these met-ocean conditions (LC3) are again heavily dependent on wind
speed represented by the steep fragility curves produced.

A response similar to LC1 and LC3 is observed when the turbine is
exposed to rough met-ocean conditions with aligned wind and wave
loading (LC5). The dominance of the TMDI over the TMD is again
illustrated under LC5 conditions in Fig. 6 and is further reinforced by
examining Table 8. At wind speeds of 11.4 m/s and 15 m/s fragility re-
ductions of 34.67% and 4.38% are observed when a TMD is applied. For
the same wind speeds and limit states the TMDI produces much greater
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Fig. 7. LC6, Rough Met-ocean conditions, 10% turbulence intensity, Misaligned wind-wave loading, Wave significant height (6 m), Peak wave period (8s).
Fig. 8. Tower Top Side-To-Side Displacement Time History, 11.0142 (m/s) Wind Speed, 10% turbulence intensity.
reductions of 48.71% and 23.46% outperforming the TMD across the
full range of wind speeds. Similarly to LC1 and LC3, the fragility curves
produced are steep in nature highlighting the side-to-side tower top
displacements dependence on wind speed.

Misaligned wind and wave loading can have a severe effect on
side-to-side vibrations of FOWTs with known instabilities in this direc-
tion. For this reason, these cases have been examined in detail. For
LC2, when wind-wave loading is misaligned during calm met-ocean
conditions, the magnitude of tower top displacements is increased in
comparison with the aligned cases’. However, as evident in Fig. 8,
LC2 conditions still result in relatively low vibrational responses. The
controllers can be seen in Fig. 5 to perform slightly more effectively
under these conditions resulting from the increased response. The TMDI
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can be seen in Table 5 to again outperform the TMD at both the
selected wind speeds of 11.4 m/s and 15 m/s. An example of this is for
limit state 3 under turbulent conditions, the TMDI produces fragility
reductions of 51.07% and 56.92% for the respective wind speeds, in
comparison to 43.29% and 27.09% reductions achieved by the tradi-
tional TMD. In contrast with the aligned wind-wave cases, the fragility
curves for LC2 are more gradual in nature and span over a wider range
of wind speeds. The misalignment of the wave loading, which now acts
in the side-to-side direction, influences the displacements of the turbine
tower. The result of this can be seen as the wind speed has a slightly
decreased influence on the fragility of the turbine hence producing
more gradual fragility curves.
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Fig. 9. Power Time History, 11.0142 (m/s) Wind Speed, 10% turbulence intensity.
Table 5
Percentage reductions in probability of limit state exceedance by controllers vs uncontrolled: Calm Met-ocean conditions,
Misaligned Wind and Wave.
Calm Met-ocean conditions Misaligned Wind and Wave

Controller LS1 (%) LS2 (%) LS3 (%) LS4 (%)

11.4 m/s, 0% Turb
BaseLine – – – –
TMD −1.25 77.79 32.51 0
TMDI 9.255 70.44 32.51 0

11.4 m/s, 10% Turb
BaseLine – – – –
TMD 1.25 38.31 43.29 0
TMDI 13.17 56.55 51.07 0

15 m/s, 0% Turb
BaseLine – – – –
TMD 0 −2.11 71.11 0
TMDI 0 22.22 74.89 0

15 m/s, 10% Turb
BaseLine – – – –
TMD 0 1.45 27.09 0
TMDI 0 8.33 56.92 0
Table 6
Percentage reductions in probability of limit state exceedance by controllers vs uncontrolled: Moderate Met-ocean conditions,
Aligned Wind and Wave.
Moderate Met-ocean conditions Aligned Wind and Wave

Controller LS1 (%) LS2 (%) LS3 (%) LS4 (%)

11.4 m/s, 0% Turb
BaseLine – – – –
TMD 0 0 1.62 0
TMDI 99.99 −0.43 1.62 0

11.4 m/s, 10% Turb
BaseLine – – – –
TMD 0.36 29.93 23.62 0
TMDI 8.87 43.61 31.62 0

15 m/s, 0% Turb
BaseLine – – – –
TMD 0 0 82.19 0
TMDI 0 0.69 89.09 0

15 m/s, 10% Turb
BaseLine – – – –
TMD 0 0.26 4.59 0
TMDI 0.0012 0.48 24.42 0
531
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Table 7
Percentage reductions in probability of limit state exceedance by controllers vs uncontrolled: Moderate Met-ocean conditions,
Misaligned Wind and Wave.
Moderate Met-ocean conditions Misaligned Wind and Wave

Controller LS1 (%) LS2 (%) LS3 (%) LS4 (%)

11.4 m/s, 0% Turb
BaseLine – – – –
TMD 58.62 69.16 44.64 0
TMDI 92.74 71.14 45.08 0

11.4 m/s, 10% Turb
BaseLine – – – –
TMD 53.26 63.16 49.98 0
TMDI 91.12 72.10 52.13 0

15 m/s, 0% Turb
BaseLine – – – –
TMD 5.15 61.40 59.08 0
TMDI 98.54 87.20 61.49 0

15 m/s, 10% Turb
BaseLine – – – –
TMD 26.27 54.86 57.10 0.0037
TMDI 94.86 85.26 66.90 0.0037
Table 8
Percentage reductions in probability of limit state exceedance by controllers vs uncontrolled: Rough Met-ocean conditions,
Aligned Wind and Wave.
Rough Met-ocean conditions Aligned Wind and Wave

Controller LS1 (%) LS2 (%) LS3 (%) LS4 (%)

11.4 m/s, 0% Turb
BaseLine – – – –
TMD 0.17 63.49 10.59 0
TMDI 0 59.80 10.69 0

11.4 m/s, 10% Turb
BaseLine – – – –
TMD 0.62 26.86 34.67 0
TMDI 7.71 43.29 48.71 0

15 m/s, 0% Turb
BaseLine – – – –
TMD 0 0 69.256 0
TMDI 0 0.0014 99.63 0

15 m/s, 10% Turb
BaseLine – – – –
TMD 0 0.18 4.38 0
TMDI 0 0.23 23.46 0
Table 9
Percentage reductions in probability of limit state exceedance by controllers vs uncontrolled: Rough Met-ocean conditions,
Misaligned Wind and Wave.
Rough Met-ocean conditions Misaligned Wind and Wave

Controller LS1 (%) LS2 (%) LS3 (%) LS4 (%)

11.4 m/s, 0% Turb
BaseLine – – – –
TMD 0.54 14.67 45.17 54.257
TMDI 0.64 70.15 91.95 59.097

11.4 m/s, 10% Turb
BaseLine – – – –
TMD 0.54 13.52 50.09 58.10
TMDI 0.88 60.59 92.64 63.70

15 m/s, 0% Turb
BaseLine – – – –
TMD 0.35 8.47 30.07 55.32
TMDI 0.41 60.90 93.62 64.28

15 m/s, 10% Turb
BaseLine – – – –
TMD 0.37 8.15 35.64 56.78
TMDI 0.62 49.04 90.41 70.20
As can be seen in Fig. 8, the tower top displacements under LC4
onditions have increased dramatically in comparison with the calm
et-ocean condition (LC2). The effects of wind-wave misalignment can

e more evidently seen in fragility curves produced by moderate met-
cean conditions with wind-wave misalignment (LC4). The increased
ave loading in the side-to-side direction induces larger tower dis-
lacements and thus has a large influence on the fragility curves.
his effect is increasingly evident for higher limit states where higher
esponses are observed. The increased response allows the controllers
o demonstrate their capacity to suppress vibrations. Reductions of
ragility of +60% can be seen in Table 7 across the range of wind
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speeds and limit states for the TMD. The full effect of the TMDI can
now be seen as it produces fragility reductions of +80%. The fragility
curves produced by the misaligned wind-wave loading are much less
steep in comparison with the aligned conditions. The fragility curves
span over a wider range of wind speeds due to the increased influence
of misaligned wave loading on the towers displacement. Wind loading
now has a less dramatic impact when compared to LC1, LC3 and LC5
when wind and wave loading’s are aligned.

The influence of wind-wave misalignment is heightened during
rough met-ocean conditions (LC6). Fig. 8 demonstrates that the re-
sponses of the turbine are greatly increased in comparison with the
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Table 10
Percentage reductions of maximum tower top side-to-side displacements by controllers vs uncontrolled.
Wave Conditions Control (%) 0% Turb (%) 10% Turb (%)

Calm Met-ocean Aligned
Baseline – –
TMD 13.38 17.912
TMDI 14.31 26.34

Calm Met-ocean misaligned
Baseline – –
TMD 19.59 13.175
TMDI 23.99 13.067

Moderate Met-ocean Aligned
Baseline – –
TMD 11.68 16.78
TMDI 13.14 21.00

Moderate Met-ocean misaligned
Baseline – –
TMD 19.59 13.16
TMDI 22.54 25.59

Rough Met-ocean Aligned
Baseline – –
TMD 15.034 6.49
TMDI 32.55 23.05

Rough Met-ocean Misaligned
Baseline – –
TMD 18.26 15.60
TMDI 22.52 26.35
Table 11
Percentage increase in tower top side-to-side displacements when subjected to misaligned wind-wave vs aligned wind-wave.

Hs (m) Tp (s) Misalignment Baseline (%) TMD (%) TMDI (%)

0% Turb LC1 0.75 6 0◦ – – –
LC2 0.75 6 90◦ 86.71 73.39 65.62

10% Turb LC1 0.75 6 0◦ – – –
LC2 0.75 6 90◦ 0.45 10.16 18.56

0% Turb LC3 2.25 6.25 0◦ – – –
LC4 2.25 6.25 90◦ 266.96 189.3 183.38

10% Turb LC3 2.25 6.25 0◦ – – –
LC4 2.25 6.25 90◦ 95.14 103.60 83.79

0% Turb LC5 6 8 0◦ – – –
LC6 6 8 90◦ 371.1 353.17 441.1

10% Turb LC5 6 8 0◦ – – –
LC6 6 8 90◦ 247.99 214.1 233.05
aligned conditions (LC3). The TMDI greatly outperforms the TMD in
these conditions as depicted in Fig. 7. This is reinforced in Table 9
where the TMDI can be seen to decrease fragility by +90% in com-
parison to the TMD which produces fragility reductions of +60%.
Similar to LC4, the fragility curves are much less steep in nature as
the misaligned wave loading becomes the dominant force influencing
tower top displacements.

The influence of misaligned wind-wave loading on FOWT’s is ev-
ident in Table 11 which is provided to demonstrate the impact that
wind-wave misalignment has on the response of the FOWT tower. It
can be seen that for moderate and rough conditions the displacements
are largely increased when wind and wave loading is misaligned. This
demonstrates the importance of including misalignment assessments in
the design of FOWTs.

The importance of devices such as TMDI’s and TMD’s in misaligned
conditions is furthered in Table 10 which shows the percentage by
which the maximum displacements are decreased by the controllers.
From viewing this table it can be seen that the TMDI provides larger
vibration mitigation for the same damper mass. This can be seen in
particular for conditions where the FOWT response is large such as in
misaligned rough met-ocean conditions (LC6).

The inclusion of a damping devices extends beyond structural as-
pects as seen in Fig. 9 which presents the power output time history of
the wind turbine. The sample of time histories is selected for a wind
speed of 11.0142 m/s (i.e below rated wind speed) with 10% turbu-
lence intensity. The TMD and TMDI can be seen to reduce fluctuations
in power output. The TMDI once again outperforms the TMD providing
a much smoother power output.
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4.1. A note on confidence intervals

When analysing a structural system, it is important to consider
all potential sources of uncertainty that could affect the system’s per-
formance, such as material properties, design assumptions, and envi-
ronmental loads. In this context, we have provided 95% confidence
intervals on the estimated fragility curves to ensure that the results and
conclusions we have drawn are statistically significant. The confidence
intervals can be seen in the fragility curves in Figs. 4–7. In Figs. 4–6
it can be seen that there are some overlapping confidence intervals on
the fragility curves. The overlap appears to occur mainly for low wind
speeds in calm met ocean conditions (Figs. 4 and 5). In these conditions
the structure is not excited as dynamically as in rough met ocean
conditions and as such there is less improvement apparent between
the TMD and TMDIs. It is interesting to note that in Fig. 6 there is a
smaller overlap between the confidence intervals within the operating
regime of the wind turbine and in Fig. 7 there is no overlap. Figs. 6
and 7 correspond to rough met ocean conditions, this suggests that the
difference observed between the different cases (uncontrolled, TMD,
TMDI) is unlikely to be due to chance and is likely due to a statistically
significant difference between the groups.

Generally, when comparing two parameter statistics, if the 95%
confidence intervals do not overlap, then the null hypothesis of zero
difference between the parameters will be rejected at the 0.05 level and
the statistics are significantly different. However, the converse is not
true. That is if the 95% confidence intervals do overlap, then we cannot
determine whether the null hypothesis of zero difference between the
parameters will be rejected at the 0.05 level. It is necessary to perform

the statistical test for this null hypothesis using the appropriate test
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statistic or compute the confidence interval of the difference. The
fragility curves in Figs. 4–6 in this paper display some overlapping
confidence intervals. As mentioned, for the overlapping confidence in-
tervals, it is not straightforward to conclude if the overlapping statistics
are significantly different. However, from Figs. 4–6 the overlap can be
observed between the ‘‘No TMD’’ and ‘‘TMD’’ cases and the ‘‘TMD’’
and ‘‘TMDI’’ cases. Therefore, further statistical tests are required to
determine the statistical difference between the ‘‘No TMD’’ and ‘‘TMD’’
cases and the ‘‘TMD’’ and the ‘‘TMDI’’ cases. The absence of overlap
between the ‘‘No TMD’’ and the ‘‘TMDI’’ cases clearly demonstrates
that the enhancement of reliability offered by the TMDI is statistically
significant. Also, the fact that in all of the 36,000 simulations performed
in this paper the TMDI has always outperformed TMDs (which is also
evident from the scattered data points used to fit the fragility curves)
is significant.

5. Conclusion

In this paper, the use of a TMDI for vibration control of floating
offshore wind turbine towers was demonstrated and its improvements
in reliability were investigated. A fully coupled 23 degrees of freedom
numerical model was implemented to run 36,000 simulations over a
range of wind speeds and environmental conditions. Fragility curves for
the turbine produced via the Maximum Likelihood Estimation (MLE)
were used to assess the performances of a traditional TMD in com-
parison with the novel TMDI. Both of the controllers displayed large
reductions in fragility hence improving the reliability of the turbine.
The TMDI outperformed the traditional TMD across the full range of
wind speeds and loading conditions, producing significantly increased
vibration mitigation for the same damper mass. The largest reductions
were observed when wind and wave loading were misaligned. During
rough met-ocean conditions, a maximum fragility reduction of 92.64%
was identified at the turbine’s rated wind speed.

The important conclusions are

1. The TMDI offers great potential in vibration mitigation for
floating offshore wind turbine towers. This novel damper per-
forms significantly better than the traditional TMD for the same
damper mass. Since the space available inside a wind turbine
tower is very limited, the reduction in damper mass is an ex-
tremely beneficial and practical advantage over classical TMDs
for application in FOWTs.

2. TMDIs can achieve impressive improvements in the reliability
of FOWT towers. Improvements of over 90% were demonstrated
for rough met-ocean conditions with wind-wave misalignment.

3. Wind-wave misalignment has a significant impact on the mag-
nitude of the side-to-side vibration response of FOWTs. Under
the same wind and wave loading conditions, the displacements
experienced by a turbine can be increased by over 400% when
the wind and waves are misaligned.

4. By installing a TMDI in a turbine tower, the vibration response
of the tower will be decreased having a number of important
effects: the reliability of the turbine will be increased hence
decreasing costly downtimes during repairs, accelerations in the
nacelle will be reduced protecting sensitive components and
decreased vibration response will allow for a reduction of fluc-
tuations in power production. By combining all these effects
turbines will produce better quality power for longer periods
thus decreasing their LCOE.
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Appendix A

Degrees of freedom:
𝑞𝑆𝑔 Platform surge
𝑞𝑆𝑤 Platform sway
𝑞𝐻𝑣 Platform heave
𝑞𝑅 Platform roll
𝑞𝑃 Platform pitch
𝑞𝑌 Platform yaw
𝑞𝑇𝐹𝐴1 First tower fore-aft bending mode
𝑞𝑇𝐹𝐴2 Second tower fore-aft bending mode
𝑞𝑇𝑆𝑆1 First tower side-to-side bending mode
𝑞𝑇𝑆𝑆2 Second tower side-to-side bending mode
𝑞𝑦𝑎𝑤 Nacelle yaw
𝑞𝐺𝑒𝐴𝑧 Generator azimuth angle
𝑞𝐷𝑟𝑇 𝑟 Drive-train torsional flexibility
𝑞𝐵𝑖𝐹1 First flapwise bending mode for 𝑖th blade
𝑞𝐵𝑖𝐹2 Second flapwise bending mode for 𝑖th blade
𝑞𝐵𝑖𝐸1 First edgewise bending mode for 𝑖th blade
𝑞𝐷 Damper

ppendix B. Benchmarking against FAST v8

All of the numerical codes used to model the FOWT in this paper are
eveloped in MATLAB®. In this section, the 22 DOF floating offshore
ind turbine model presented in this study is validated against the

tate-of-the-art wind turbine simulator FAST [51] using code-to-code
omparison. The spar type FOWT multi-body dynamic model developed
heoretically is instantiated using the details provided from the NREL
MW baseline offshore wind turbine [52]. The offshore wind turbine
s simulated under a steady (rated) wind speed of 11.4 m/s in still
ater for verification purposes. The aerodynamic loads are calculated
sing the Blade Element Momentum Theory (BEM). The verification
esults for the primary structural responses are shown in Fig. B.10.
he other responses of the offshore wind turbine are provided in
igs. B.11. A comparison of the time histories after the initial transient
hase (50 secs) is presented in terms of the mean, standard deviation,
nd max/min values in Table B.12. The numerical results compare
atisfactorily with FAST [51] which numerically verifies the developed
ulti-body model using Kane’s method.

The responses of the floating offshore wind turbine tower, blades,
acelle, and low-speed shaft match very well with the ones obtained
rom FAST [51] as shown in Fig. B.10. However, minor dissimilarities
re observed in the platform motion in Fig. B.11. A phase shift can
e observed in the floating platform response time histories. While
AST [51] includes radiation forces from the linear potential flow
heory together with viscous drag forces from Morison’s equation, the
odel derived here only includes the viscous drag forces from Mori-

on’s equation. The difference in the resulting hydrodynamic damping
orces manifests a phase shift in the response time histories. It is
lso noteworthy that the degrees of freedom that are subjected to
ower levels of hydrodynamic damping like the platform surge, the

latform heaves or reaches steady state quickly like platform pitch and
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Fig. B.10. Model verification: motion of the floating offshore wind turbine.
the platform yaw is less affected by this phase shift. The degrees of
freedom most affected by this phase shift are the platform sway and
roll degrees of freedom. However, it can be observed that the mean
535
and the frequency content of all of the responses match very well with
FAST [51] which is most important from a dynamic analysis point of
view.



Renewable Energy 211 (2023) 522–538B. Fitzgerald et al.
Fig. B.11. Model verification: motion of the floating offshore wind turbine platform.
Table B.12
Comparison of response statistic between FAST and the 22 DOF model.

Response Mean Min Max Std.

FAST DM FAST DM FAST DM FAST DM

Blade OOP displacement (m) 5.283 5.296 4.396 4.366 5.971 6.037 0.448 0.477
Blade IP displacement (m) −0.559 −0.565 −1.085 −1.090 −0.038 −0.046 0.354 0.353
Tower-top FA displacement (m) 0.460 0.458 0.436 0.431 0.481 0.478 0.011 0.011
Tower-top SS displacement (m) −0.051 −0.051 −0.058 −0.062 −0.040 −0.040 0.003 0.003

(continued on next page)
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Table B.12 (continued).
Response Mean Min Max Std.

FAST DM FAST DM FAST DM FAST DM

Nacelle yaw angle (◦) 2.2E−3 2.2E−3 7.1E−4 6.1E−4 3.8E−3 3.8E−3 1.0E−3 1.0E−3
Rotor speed (RPM) 11.910 11.899 11.840 11.834 11.970 11.959 0.035 0.035
Platform surge (m) 25.075 24.872 20.380 20.009 30.830 30.837 3.430 3.564
Platform sway (m) −0.319 −0.309 −0.359 −0.372 −0.261 −0.253 0.026 0.027
Platform heave (m) −0.589 −0.611 −0.961 −0.968 −0.377 −0.417 0.133 0.131
Platform roll (rad) 4.4E−3 4.4E−3 3.7E−3 3.4E−3 5.1E−3 5.3E−3 2.95E−4 4.45E−4
Platform pitch (rad) 0.085 0.086 0.079 0.079 0.090 0.090 3.1E−3 2.9E−3
Platform yaw (rad) 3.9E−3 3.9E−3 3.5E−3 3.6E−3 4.4E−3 4.5E−3 2.1E−4 2.1E−4
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