
Journal of Ocean Engineering and Marine Energy
https://doi.org/10.1007/s40722-023-00295-w

RESEARCH

Benchmarking study of 10 MW TLB floating offshore wind turbine

Iman Ramzanpoor1 ·Martin Nuernberg2 · Longbin Tao1

Received: 23 December 2022 / Accepted: 11 July 2023
© Crown 2023

Abstract
This paper presents a benchmarking study of four floating wind platform’ motion and dynamic tension responses to verify an
innovative design with the intention of overall cost reduction of a durable, reliable, safe design. An aero-hydro-servo-elastic
code is applied to benchmark a 10 MW tension leg buoy (TLB) floating wind turbine to the current leading technology
types for floating offshore wind platforms, specifically spar buoy, Semi-submersible and tension leg platform (TLP) floating
wind turbines. This study assumes that the platforms will deploy in the northern region of the North Sea, with a water depth
of 110 m under various environmental conditions, including wind field descriptions covering uniform wind to fluctuating
turbulent wind. The obtained dynamic response results showed low motion responses for the TLB platform for all design
load cases. More specifically, the TLB surge and pitch motion responses are insignificant under both operational and survival
conditions, allowing decreased spacing between individual wind turbines and increasing wind farms’ total energy generation
capacity. An additional benefit is that the wind turbine systems can be installed without significant pitch modification to
the control system. The TLB platform is less complex which simplifies the construction process and has the potential for
significant cost reductions.

Keywords Floating wind turbines · Tension leg buoy (TLB) · Spar · Semi-submerisble · TLP · Aerodynamics and
hydrodynamics · Taut and catanery mooring
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FOWT Floating offshore wind turbine
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COB Centre of buoyancy
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SWL Still water level
NTM Normal turbulence wind
EWM Extreme wind model
DLC Design load case
NSS Normal sea state
SSS Severe sea state
ESS Extreme sea state
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1 Introduction

The use of floating foundations to support a wind turbine
represents an innovative solution to existing depth restraints
in the industry. Currently, most offshore wind turbines are
fixed to the seabed by monopile or jacket foundations and,
as a result, are restricted to a range of water depths of up to
40–60 m (Henderson et al. 2002; Carbon Trust 2015; CAT-
APULT 2018). It is estimated that approximately 80% of
offshore wind resources are located in water depths of 60 m
and beyond (Myhr et al. 2014; Zhao et al. 2012), where tradi-
tional bottomfixed offshorewind turbine is not economically
appealing (Henderson andWitcher 2010). In this context, the
offshore wind energy community must confront the chal-
lenge of developing cost-efficient support structures for a
broader scope of installation sites (Leimeister et al. 2018).
The design of such cost-efficient support structures strongly
depends on a proper prediction of extreme loads, which are
only possible with aero-hydro-elastic simulation codes that
can account for the entire system’s dynamic behaviour under
simultaneous aerodynamic hydrodynamic loading (CATA-
PULT 2018; Matha et al. 2015). The elimination of depth
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constraints and improved turbine setup could open other
power generation paths in deeper waters further offshore
(Zwick and Muskulus 2016).

Floating platforms for wind turbines have been proposed
for many years (Witte et al. 2003), but only recently has
the technology matured sufficiently to consider overcoming
the technical challenges required to design a commercial
system (Maciel 2010; Statoil 2017; Fukushima Offshore
2014). The long-term survivability of floating structures has
been successfully demonstrated over decades; however, the
economics that allowed the mass-production deployment
of offshore oil and gas rigs has yet to be demonstrated
for floating wind turbine platforms (CATAPULT 2015).
The offshore oil and gas industry has proven that techni-
cal challenges can be overcome. However, the economics of
implementing the oil and gas industry’s solution would not
be cost-effective for the deployment of a floating wind tur-
bine in a competitive wind energy market (Butterfield et al.
2007). Platform designs for offshore wind require adapta-
tion to accommodate different dynamic characteristics and a
distinct loading pattern. The three main concepts for float-
ing foundations (Spar-Buoy, Semi-submersible and TLP))
have varying dynamic characteristics, each with its pros and
cons concerning performance, cost and system complex-
ity (International renewable Energy Agency (IRENA) 2016;
Castro-Santos and Diaz-Casas 2016; Butterfield et al. 2007;
Borg and Collu 2015; Taboada 2015).

A Spar platform is a cylinder with a low waterplane area
that uses ballast to keep the centre of gravity below the cen-
tre of buoyancy. It is kept in position primarily by catenary
mooring lines with drag or suction anchors. It has a ten-
dency for lower critical wave-induced motions, a simple
design and low installed mooring cost. On the other hand,
offshore operations require heavy-lift vessels and currently
can be undertaken only in relatively sheltered, deep water.
The Spar platform needs deeper water than the other design
types, typically greater than 100 m (Bossler 2013; Nilsson
and Westin 2014; James and Rose 2015; Mast et al. 2015).
The first Spar wind turbine was demonstrated in Norway in
2009 (2.3 MW Hywind), and a number 5 MW version was
installed in the Hywind demonstrator farm in Scotland in
2017. A floating wind farm with a 30 MW power generation
capacity at more than 100 m water depth has been operated
(Equinor 2018). Following the Statoil (Hywind) demonstra-
tion in Norway in 2013, Japan Marine United demonstrated
an advanced (hybrid) 2 MW Spar, supporting floating sub-
stations, in partnership with Kyoto University, Sasebo Heavy
Industries, and Nippon Hume, amongst others. This was fol-
lowed by the installation of a 5 MW capacity Spar in 2016.
Other previous examples of this type of Spar include (Paulsen
et al. 2012), SeaTwirl (Singhal et al. 2021) and Windcrete
(Mahfouz et al. 2021).

Semi-submersible support platforms are made from sev-
eral large columns, each linked by connecting bracings and
submerged pontoons. Columns provide hydrostatic stabil-
ity, whilst the pontoons provide additional buoyancy. The
platform is usually positioned by catenary or taut spread
mooring lines and drag anchors. Fully outfitted platforms,
including turbines, can be floated with drafts below 10 m to
aid transportation using conventional tugs. It can be used in
water depths of approximately 40m but tends to be subjected
to higher critical wave-induced motions. These platforms
are generally larger structures with higher fabrication com-
plexity than other concepts, especially Spar buoys (Mast
et al. 2015; Kolios et al. 2016; James et al. 2018). Exam-
ples of this type include; the Principle Power (WindFloat),
demonstrated in Portugal in 2011 (2 MW) (Cermelli et al.
2012), and Fukushima FORWARD, demonstrated in Japan
in 2013 (2 MW) and 2015 (7 MW) (Rodrigues et al. 2015).
In addition, the 50 MW Kincardine offshore wind farm is
located Scotland operated since October 2021 (Principle-
Power 2022). The use of this design type continued with
Ideol (Floatgen) 2 MW (Alexandre et al. 2018), Hexicon
5 MW (Amano 2017), Pentland Floating Offshore Wind
Farm (PFOWF) (PFOWF 2022).

A TLP is a highly buoyant floating platform with a cen-
tral column and arms connected to tensioned tendons (Liu
et al. 2016). These tendons are usually connected to suc-
tion pile anchors, which secure the platform. TLPs generally
have a low mass, with a tendency for lower critical wave-
induced motions. It can be used in water depths of 50–60 m,
depending on metocean conditions (Henderson and Witcher
2010; Mast et al. 2015). Compared to other platforms, it
is harder to keep stable during transport and installation
depending on the design, and a special-purpose vessel may
be required. There remain uncertainties about the impact of
possible high-frequency dynamic effects on the turbine when
using this support platform design. In addition, the installed
mooring cost is higher compared to catenary mooring line
installation due to the complexity of pre-tensioning the ten-
dons (Musial et al. 2006; Butterfield et al. 2007). GICON
is the first TLP floating wind technology commercial oper-
ator, demonstrated in Germany in 2016, with a capacity of
2.3 MW (Adam et al. 2014). Another example is the PelaS-
tar (capacity 6 MW), developed by Glosten Associates (Vita
et al. 2015); the project involves designing and developing
advanced controls for a 12MWfloatingwind turbine in 2019.

Whilst these three concepts are widespread in academic
and industrial research, the optimum platform does not yet
exist. The challenges faced by platform designers include
design tool limitations and methodology, cost/complexity
of the support structure, design of the buoyancy tanks and
design of the mooring system. Other important challenges
concerning FOWT design is accurately predicting their time-
dependent power output, dynamic system responses and
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structural loadings under variable wind and wave conditions
(Liu et al. 2017).

The analysis of coupled dynamics of floating support
structures is complex. Jonkman (Jonkman and Sclavounos
2006) and Hansen (Jonkman and Buhl 2007a, b) proved
that the analysis could be done by combining wind turbine
aeroelastic codes with a hydrodynamic module. Recently,
various studies have used linear frequency-domain analysis,
commonly employed in the offshore oil and gas industry
(Bulder et al. 2002; Lee 2005; Wayman et al. 2006; Roald
et al. 2013). However, these studies have one obvious lim-
itation: the nonlinear dynamic characteristics and transient
events that are essential considerations in the analysis of
wind turbines cannot be captured. Several offshore float-
ing wind turbine studies have attempted to address this
knowledge gap (Jonkman and Buhl 2007a, b). For exam-
ple, Fulton et al. (2006) and Withee (2004) used different
time-domain aeroelastic wind turbine simulators to include
the effects of platform motion and hydrodynamic loading
of Semi-submersible and TLP designs for a 5 MW turbine,
respectively. This showed that platform motions have little
effect on power capture and rotor loads. Instead, these charac-
teristics are dominated by the aerodynamics of the rotor. The
limitations of previous time and frequency domain studies
on floating offshore wind turbines motivated the develop-
ment of simulation capability for modelling such systems in
fully coupled aero-hydro-servo-elastic response. This study
aims to introduce an investigation and verification of aero-
hydro-elastic codes for benchmarking 10 MWTLB offshore
floatingwind turbines by comparing the use of three common
floating offshore wind turbine (FOWT) types. Furthermore,
this study presents the dynamic responses and mooring line
loadings resulting from the aero-hydro-elastic code simula-
tion, where each design is exposed to variable wind andwave
conditions.

The paper is organised as follows: Sect. 2 describes the
floating systems, followed bySect. 3 introducing themethod-
ology and numerical methods that are used for fully coupled
aero-hydro-elastic analysis. Section 4 describes the environ-
mental loading conditions, followed by detailed results and
discussions of the findings in Sect. 5. The projects conclu-
sions are presented in Sect. 6.

2 Floating systems

Four types of floating systems (Spar, Semi-submersible, TLP,
and TLB) are considered in this study, with each design
scaled to support a 10 MW wind turbine using an appropri-
ate methodology (George 2014) to be able to have the same
energy generation. Each system is then attached to the seabed
bymooring lines to keep position, again using an appropriate
methodology (Al-Solihat et al. 2016). Figure 1 illustrates the

Fig. 1 Offshore floating concepts, clockwise from top-left: Spar, Semi-
Submersible, TLB, and TLP

four systems.

2.1 Wind turbine

The DTU 10 MW is frequently used as a reference design in
numerous research studies on offshore wind turbine simula-
tion and numerical tools benchmarks. The DTU 10MWwas
designed within the framework of the Light Rotor project
in 2012 (Bak et al. 2013). However, this development only
covers the details of an onshore-based turbine. Therefore, the
characteristics of the tower must be adjusted for floating off-
shore platform applications, primarily by shortening the total
tower length, measured as the distance between the top of the
floater and the underside of the nacelle. This study shortened
the total tower length to fit between the top of the floater
at 20 m above sea level and the underside of the nacelle at
116 m above sea level. Shortening the total tower length can
be achieved either by altering the ratio of the tower masses
or by modifying the height ratio (George 2014).
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2.2 Floating platforms

The process of scaling up the Semi-submersible and Spar
systems is based on George’s (2014) methodology. This uses
a mass-depending factor, resulting in the “scaled design” fol-
lowed by a modification to ensure the draft remains the same
as the original non-scaled design; this is after that referred to
as the “reduced draft design”. The main difference between
the scaled and the reduced draft design lies in the geometry
of the offset columns for a Semi-submersible system. The
offset columns’ relative position to each other and the cen-
tral columnof the platform stays unchanged for the respective
power rating of the system. The reduced draft design for both
is lighter and will reduce material costs. The overall weight
of the systems is kept constant by adjusting the amount of
ballast water.

The Semi-submersible systemwas developed based on the
5 MW platform used in the OC4- OC4-DeepCwind project
phase II (Offshore Code Comparison Collaboration Con-
tinuation) (Robertson et al. 2014). The Spar system was
basedon theOC3-HywindSpar-Buoy,whichused the turbine
specifications of the National Renewable Energy Laboratory
(NREL) offshore 5 MW baseline wind turbine (Jonkman
et al. 2010).

The TLP system is scaled up to support the 10 MW DTU
wind turbine based on a 5 MW TLP designed and devel-
oped from the Massachusetts Institute of Technology (MIT)
design (Tracy 2007), referred to as MIT/NREL TLP herein
(Coulling et al. 2013). Using methodology introduced as the
Aina Crozier TLP transported methodology (Crozier et al.
2011).

TLB systems are designed to rely on excess buoyancy and
mooring stiffness for their stability. Therefore, the most crit-
ical consideration when scaling this type of platform from
previous studies (Sclavounos et al. 2010) is ensuring its
excess buoyancy levels remain sufficient. The TLB platform
modelled in this paper is developed from the concept pro-
posed by Sclavounos et al. (2010), and later by Myhr et al.
(2011) and Myhr (2016). The platforms’ excess buoyancy
and mooring stiffness are gradually increased by varying
the dimensions of the platform and the mooring line’s radii
to ensure satisfactory performance concerning motion and
mooring characteristics in both operational and survival con-
ditions (Ramzanpoor et al. 2019). For the initial TLB model,
the ratio between excess buoyancy and weight is constant
between the 5 MW and 10 MW models. Later simulations
and design iteration are completed with various design mod-
ifications. These modifications to the preliminary design led
to improved performance of the platform in operating con-
ditions and its survival, given extreme events (Ramzanpoor
2023).

The platforms characteristics of the four different designs
are presented in Table 1. The mass value illustrates in Table 1

Table 1 10 MW offshore wind turbine support platforms description

Platform Draft (m) Mass (T) COG (m)

Semi-Submersible 20 2645.3 13.5

Spar 85 13,450.7 − 51.4

TLP 27 2068.8 22.6

TLB 52 791 50.8

includes the ballasting weight. Also shown is the calculated
centre of gravity for each, calculated for the complete system,
including the tower, rotor and nacelle, and mooring weights.

The schematic drawing of four systems is shown in
Fig. 2. One of the first proposed designs for large offshore
structures was the TLB concept, which met the challenges
highlighted whilst delivering the advantages of mass produc-
tion (Sclavounos et al. 2010). In the floating offshore wind
industry, the overriding focus is on driving costs down, and
mass production allows the reduction of the Levelized Cost
of Energy (LCOE). Therefore, simplicity and probabilistic
design become essential. The TLB has significantly lower
steel mass in the floater than other platform types applied to
water depths deeper than 50 m, and the cost is potentially
lower. However, the anchors are subject to relatively high
mean horizontal and vertical loads due to taut mooring lines
and excessive buoyancy. Furthermore, load variations due to
wind and waves are transferred directly to the anchors, lead-
ing to higher anchor costs than conceptual designs with a
catenary mooring line system. Additionally, TLB platforms
do not require any ballasting in their operational condition.
In comparison, Spar systems require solid and water ballast-
ing (typically using iron ore and water), Semi-submersible
systems use water ballast, and the TLP system uses concrete
ballast. The ballasting of each system, where required, is
shown in Fig. 2.

2.3 Mooring system

TheSpar andSemi-submersible platforms’ catenarymooring
systems are similar to the Hywind 6 MW. The platforms are
moored to the seabed using a conventional 3-line mooring.
Themooring system for aTLPsystemconsists of four tethers,
and themooring systemapplied to theTLB is a taut-legmoor-
ing system similar to that presented in Trolle and Hornbak
(2016). Mooring system configurations of the platforms are
shown in Fig. 3 (where L is an abbreviation form to represent
Line).Apart from theTLPmooring system, themooring lines
attach to the platform via a so-called “crowfoot” (delta con-
nection) to increase the moorings’ yaw stiffness (Robertson
and Jonkman 2011). To simplify the analysis of the mooring
system, several assumptions are made. Firstly, each multi-
segmented line is replaced with an equivalent homogenous
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Fig. 2 Schematic top and side
view of Semi-submersible (a),
Spar (b), TLP (c), and TLB
(d) platforms—all dimensions
are in mm

Table 2 Mooring systems
characteristics Platform Mooring

type
Dimension
(m)

Length (m) Weight
(kg/m)

MBL (N)

Semi-Submersible Chain 0.166 857.6 400 2.73E+07

Spar 904.7

TLP Wire rope 0.48 83 494.5 6.38E+07

Upper Lower

TLB 0.24 200.5 183.2 222 2.94E+07
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Fig. 3 Mooring system layout for Semi-submersible (a), Spar (b), TLP (c), and TLB (d) platforms—L, B, and T are the abbreviation formed of
line, bottom and top

line, with properties derived as the weighted-average values
of the mass, weight, and stiffness (weighted based on the
unstretched lengths of each segment). Secondly, all mooring
system damping, including the hydrodynamic and line-to-
seabed drag, is neglected. For simplicity, a single attachment
point for each mooring line was assumed and then modi-
fied according to the mooring system stiffness matrix, with
an assumed angle of 20° spread of the attachment points to
replicate the effects of a crowfoot connection to reduce the
yaw motion of the platform (Al-Solihat et al. 2016).

The Spar system fairleads are located 12.5 m below the
still water level (SWL) with a radius of 7.5 m from the plat-
form centreline. The anchors are located 110 m below the
SWL, at a radius of 853 m from the platform centreline. One
line is directed along the positive x-axis (in the XZ-plane),
with the two remaining lines distributed uniformly around the
platform, such that each line, the fairleads, and the anchors
are 120° apart when viewed from above (see Fig. 3b). Each
of the three studless chain lines has an unstretched length
of 902 m, a diameter of 0.166 m, an equivalent mass per
unit length of 400 kg/m, an equivalent axial stiffness of
3.84243E+08 N, bending stiffness of 8.02E+07 Nm, and tor-
sional stiffness of 6.3E+07 Nm/rad.

The Semi-submersible mooring system is similar to the
Spar mooring system, but fairleads are located at a depth of
16 m below the SWL and a radius of 52.32 m from the plat-
form centreline (see Fig. 3a). The anchor’s radius is 806.2 m

from the platform centreline, with an unstretched length of
857.6mand the same line properties as theSparmooring line.
The stiffness matrix for Spar and Semi-submersible is eval-
uated by the procedure presented in (Al-Solihat and Nahon
2016).

The mooring system designed for the TLP system uses
four tethers anchored on the seabed (see Fig. 3c). In the
horizontal plane of motion, the TLP behaves similarly to
a floating structure, while in the vertical plane of motion, it
is stiff and resembles a constrained fixed structure. A valid
assumption is that the draft does not change, so the tether
tension can be considered constant. In the taut leg mooring
system, where the line does not contact the seabed but is
taut due to the pretension caused by the excess buoyancy of
the platform, most of the restoring loads are generated by
line elasticity. The restoring coefficients are calculated by
applying a small angle approximation whilst neglecting the
tether mass. The procedure is presented in Crozier (2011).
The tether is constructed of an 83 m-long steel wire rope
with a diameter of 0.48 m. It has an equivalent mass per
unit length of 494.5 kg/m with axial stiffness of 1.73E+10N.
The TLP system fairleads are located 27 m below the SWL
along a radius 27 m from the platform centreline, with the
TLP stiffness matrix evaluated by the procedure presented in
Al-Solihat and Nahon (2016).

The TLB mooring system is modified from Trolle and
Hornbak (2016) by including a considerably larger anchor
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Fig. 4 Methodology flowchart

radius to allow anchor sharing in a farm of multiple float-
ing wind turbines. The stiffness matrix of a mooring system
composed ofmultiple lines is evaluated by summing the stiff-
ness matrices of the individual lines following the procedure
presented in Al-Solihat study (Al-Solihat and Nahon 2016).
Like theTLP systemmost of the restoring loads are generated
by line elasticity. As a result, the lines are inclined, and the
anchor experiences horizontal and vertical loads. The moor-
ing system comprises 12 polyester mooring lines distributed
in two clusters of lines positioned at 60° angles (see Fig. 3d).

The mooring lines are attached at two heights, one at the
bottom of the floater with an angle of attachment of 19° and
one 10 m below SWL with an angle of attachment of 30° to
give sufficient clearance with regards to the fairlead location
and free surface and manoeuvring of vessels near the plat-
form. Two sets of the TLB system fairleads are located at
10 m and 52 m below the SWL and have a radius of 6.25 m
from the platform centreline. At a depth of 110 m below,
the SWL anchors are located along a radius of 180 m from
the centreline. The lines are assumed to be steel wire rope
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Fig. 5 Mesh converged resolution of Semi-submersible (a), Spar (b),
TLP (c), and TLB (d) platforms

with a diameter of 0.24 m with 2.33E+09 N axial stiffness
having an equivalent mass per unit length of 222 kg/m in
air and 177 kg/m in water. BRIDON BEKAERT (2020) pro-
vided the data for steel wire rope. ACTEON (2021) provided
data for the R5 studdles mooring chain. The mooring system
characteristic for each platform is illustrated in Table 2.

3 Methodology and numerical analysis

Figure 4 shows themethodology andflowchart for the numer-
ical simulation. A coupled analysis is applied to investigate
the dynamic floater responses in the time domain, consider-
ingmooring lines and thewind turbine to capture all dynamic
interactions.

In this study, frequency domain and time domain anal-
yses are carried out, focusing on second-order velocity
potential. The numerical simulation is based on the poten-
tial flow theory. DNV-GL WADAM (Wave Analysis by
Diffraction and Morison Theory) is used to conduct the
frequency domain hydrodynamic analysis (Veritas 1994).
The frequency-domain hydrodynamic analysis is performed
without the mooring lines directly; however, the resulting
mooring systemstiffness is applied to the calculations. Forces
and moments are considered in terms of transfer functions.
Added mass and radiation damping of hydrodynamic coef-
ficients, wave excitation forces, and response operators are

calculated in WADAM, solved by potential theory based on
the implementation of a 3D panel method and Green’s theo-
rem in WAMIT (Lee and Newman 2005).

The general equations ofmotion describing the structure’s
response are analysed separately for mean, low, and wave
frequency responses. The coupled motion response of float-
ing platforms and mooring lines is computed in the time
domain in SIMA to provide the dynamic response regarding
motion and mooring forces. SIMO considers the linear and
potential quadratic forces on the body and Morison’s equa-
tion for slender parts. The elasticity of slender elements (such
as mooring lines) is considered, and the floating structure is
assumed rigid. The aerodynamic calculations are performed
using the Blade ElementMethod, considering numerical cor-
rections for stall and wake effects, including dynamic stall
and dynamic wake correction. This study also used the exter-
nal code in TurbSim (Jonkman 2009) to generate the Normal
Turbulence Wind (NTM) model for operational conditions
and the ExtremeWindModel (EWM) with turbulence inten-
sity for survival conditions.

Themost crucial advantage of running a time domain sim-
ulation is considering the non-linearities. The step-by-step
numerical integration of the incremental dynamic equilib-
rium equations allows for incorporating these non-linearities.
The numerical integration is solved with a Newton–Raphson
equilibrium at each time step. The downside of a time domain
simulation is that it is time-consuming due to the repeating
generation of the stiffness, mass, and damping matrices. The
hydrodynamic loading on the elements is computed using 2D
strip theory to calculate the hydrodynamic responses from
potential flow and the drag term in Morison’s equation. The
dynamic equilibrium equation is solved in time domain using
Newmark-β step-by-step integration. Using a constant time
step throughout the simulation. This method uses relation
between displacement, velocity, and acceleration at time t
and t +�t. This paper has utilized the constant average accel-
eration method with γ � 0.256 and β � 0.505, introducing
a small amount numerical damping to the simulation. This
numerical damping does not provide any significant damp-
ing to the system when performing the analyses but avoids
numerical instability in the calculations. The time step uti-
lized is 0.005 s, as recommended in SIMA for FOWTs. The
constant acceleration method is based on taking the accel-
eration to be constant in the time step. The boundary value
problems will be solved in the following part in both first
order and second-order to investigate the hydrodynamic char-
acteristics of the FOWTsystem.When a platform is not fixed,
the first-order motion affects the second-order solution. By
considering the quadratic interaction of the two linear wave
components of the frequencies ωi and ω j , the second-order
velocity potential,�(2)(x , y, z, t)which is decomposed into
sum (ωi +ω j ) and different (ωi −ω j ) frequency terms where
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Table 3 Mesh size converged and element number

Platform Mesh size (m) Element no

TLB 0.6 3200

Spar 0.5 5459

TLP 0.7 4992

Semi-Submersible 0.7 51,129

the φ+
i j and φ−

i j are referred to the sum and difference fre-
quency.

3.1 Discretization of Platforms

All platforms aremodelled inGeniE, a tool for concept (high-
level geometry) modelling. The concept model, or parts of
it, can be meshed using various finite element types. The
influence of different mesh sizes on the performance of each
platform was investigated, with Table 3 illustrates the total
number of panels and converged mesh size for the support
structure is shown in Fig. 5.

Figures 6, 7, 8 and 9 show the influence of different mesh
sizes on the performance of each platform type. It should
be noted that the bracing and pontoon spokes are not discre-
tised for both the TLP and Semi-submersible platforms since
their mass is negligible. In conclusion, mesh resolution was
selected to cover all the critical scales in the hydrodynamic
computation process. The mesh size options for TLB, Spar,
TLP, and Semi-submersible models illustrate in Tables 4, 5,
6, and 7, respectively. It should be noted that symmetry was
used in all models but the Semi-submersible. The influence
of different mesh sizes on the result of the motion response
of the TLB platform for surge, heave, and pitch motions (left
side) and forces (right side) is shown in Fig. 6. The system
motion responses have reached the stabilised peak amplitude
by the mesh size of 0.6 m and less. Hence, based on the mesh
convergence study, the final panel model of the TLB float-
ing structure is indicated in red colour in Table 4. The panel
model consists of 3200 elements per quarter (12,800 total
element numbers by having 0.6 m element size) to reduce
computational cost due to symmetric configuration.

Similarly, for Spar, Semi-submersible, and TLP, the influ-
ence of different mesh sizes on motion response and forces
is investigated. Table 5 illustrates the options considered for
investigating the influence of different mesh sizes on the
result of themotion response of the Spar platform. The results
of the mesh convergence of the Spar shown in Fig. 7 indicate
that the system motion responses have reached the stabilised
peak amplitude by the mesh size of 0.5 m and less. The final
panel model of the Spar floating structure consists of 5459
elements per quarter (21,836 total element numbers by hav-
ing 0.5 m element size). Table 6 presents the options for

investigating the effect of different mesh sizes on the motion
responses for the TLP panel model. The results of TLP mesh
convergence shown in Fig. 8 indicate that the TLP panel
model reached the stabilised peak amplitude by themesh size
of 0.7 m and less. The final panel model of the TLP platform
consists of 4992 elements per quarter (19,968 total element
numbers by having 0.7 m element size). The panel model of
the complete Semi-submersible floating structure modelled
with seven different mesh sizes illustrate in Table 7. Investi-
gating the influence of different mesh sizes on the result of
motion responses of the Semi-submersible platform shown
in Fig. 9 indicates that the model is converged by 0.7 mmesh
size. The final panel model of the Semi-submersible floating
structure consists of 51,129 total element numbers.

3.2 Software Verification andValidation

The properties of platforms were modelled and run against
available data sets to verify and validate the methodology
process. The comprehensive validation for the TLB platform
is carried out by Ramzanpoor et al. (2023). The software
verification and model validation of the Semi-submersible,
Spar, and TLP platforms present in the following.

3.2.1 Spar

Software validation for the Spar platform was carried out by
considering the OC3-Hywind Spar buoy (Jonkman 2010a, b)
due to the data being openly accessible. The comparison of
the hydrodynamic wave excitations from linear diffraction
is shown in Fig. 10. The hydrodynamic damping matrices
from the linear radiation problem for modes of motion of
the platform are shown as a function of oscillation frequency
in Fig. 11. It can see that the shape and magnitude of the
results achieved from SESAM software are similar to the
results obtained from the Jonkman study (Jonkman 2010a,
b). The dotted lines are the outcome of the results of SESAM
simulations.

3.2.2 Semi-submersible

The SESAM software is used to validate the Semi-
submersible system to test against published results from
George (2014). George evaluated the platform behaviour of a
scaled-up Semi-submersible 10 MWwind turbine compared
to a floating 5 MW system. The George study simulated the
model using FAST 8. The turbulent wind flow files were gen-
erated using TurbSim. Stochastic inflow turbulence code and
the computations ofWAMIT are applied to provide inputs for
the HydroDyn module of FAST.

The structural properties of a 10MW reduced draft scaled
Semi-submersible, including mass, COG, COB, and inertia,
are very close to that of George’s designed platform. Three
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Fig. 6 TLB platform motion response mesh convergence

studdles chain mooring lines are used to fix the FOWT to the
seabed. The diameter of the mooring line is 107 mm, with a
weight of 229 kg/m. Free decay tests are considered to verify
the validation. The comparison of the pitch, heave, and surge
motion responses is shown in Figs. 12, 13 and 14.

Comparing the pitch and heave motion responses in
Figs. 12 and 13 showed that the SESAM model’s ampli-
tude is minimally higher than the George model. This may
be due to the same reasons outlined above for the differences
in the surge response motions. Figure 14 shows the agree-
ment of results between both cases being excellent across
the responses for which data was available. Although the
damping is similar, the model simulated in SESAM has
approximately ~ 7% greater surge amplitude than the George
model. This could be due to weight differences between
the SESAM and the George model, as the George model

is slightly heavier. However, this weight variance could be
due to differences in the discretisation of the model.

3.2.3 TLP

This study considered the NREL 5 MW wind turbine and
MIT/NREL TLP HydroDyn input files (Jonkman 2010a, b;
Matha 2010) to validate the process and set up a simula-
tion case for the TLP platform. The excitation forces and
moments concerning phase angles from incident waves in
the surge direction are shown in Figs. 15 and 16. The calcu-
lations are based on the diffraction potential by applying the
total wave excitation force. The full excitation force is more
conveniently presented in complex form using frequency
domain analysis, as described by DNV-OS-J101 (Faltinsen
1993). The magnitude and shape of the results are identical,
but the peak magnitude of the surge motion obtained from

123



Journal of Ocean Engineering and Marine Energy

16.10
16.12
16.14
16.16
16.18
16.20
16.22
16.24
16.26

0 1 2 3 4

)
m( edutilp

mA kaeP

Element NO.

Surge

2.980E+06
2.985E+06
2.990E+06
2.995E+06
3.000E+06
3.005E+06
3.010E+06
3.015E+06
3.020E+06
3.025E+06
3.030E+06
3.035E+06

0 1 2 3 4

Pe
ak

 A
m

pl
itu

de
 (N

)

Element NO.

Surge Force

1.66
1.68
1.70
1.72
1.74
1.76
1.78
1.80
1.82
1.84
1.86

0 1 2 3 4

Pe
ak

 A
m

pl
itu

de
 (m

)

Element NO.

Heave

7.50E+05
7.55E+05
7.60E+05
7.65E+05
7.70E+05
7.75E+05
7.80E+05
7.85E+05
7.90E+05

0 1 2 3 4

Pe
ak

 A
m

pl
itu

de
 (N

)

Element NO.

Heave Force

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0 1 2 3 4

Pe
ak

 A
m

pl
itu

de
 (m

)

Element NO.

Pitch

0.E+00

1.E+08

2.E+08

3.E+08

4.E+08

5.E+08

6.E+08

7.E+08

0 1 2 3 4

Pe
ak

 A
m

pl
itu

de
 (N

)

Element NO.

Pitch Force

Fig. 7 Spar platform motion response mesh convergence

the SESAM simulation occurred earlier than the MIT/NREL
TLP model.

The results of both studies have the same shape and
agree very well throughout. The slight difference observed
in Figs. 15 and 16 could either be due to the mass matrix
input file or could be due to differences in the discretisation
of the model within the Matha study (Matha et al. 2010).
Figures 17, 18 and 19 compare the results from MIT/NREL
TLP HyroDyn input damping coefficients. The results show
a similar trend with a slight phase difference. The magnitude

of the damping coefficient in heave is close to zero because
of the value of the draft.

By overviewing the results comparison for all platforms,
this section has shown excellent agreement of SESAMmod-
elling to the studies across all platform designs, validating
the approach for further benchmark testing.
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Fig. 8 Semi-Submersible platform motion response mesh convergence

4 Environmental conditions

For specific design of the floater operational area, pre-defined
design load cases (DLCs) are required to benchmark response
and performance characteristics. The platforms are expected
to be deployed in the Northern North Sea, with a water depth
of 110 m. For this location, the DNVGL design standard
specifies several DLCs (Veritas 2013). Considering all the
load cases prescribed by the design standard for this prelim-
inary load analysis is unnecessary. Instead, this study aims
to benchmark the TLB and compare it with three platforms

by utilising the ultimate load type during survival and oper-
ational conditions. Therefore, four combined environmental
load cases are defined for this study, as shown in Table 8
based on DNV-OS-J101 (Veritas 2004), with these DLCs
representing operational and survival conditions. The com-
bined design load cases descriptions are shown in Table 8.

Wind conditions are considered using two sets of wind
models according to international standard IEC 61400–1
(Madsen and Risø 2008), which are Normal Turbulence
Model (NTM) and Extreme Wind Model (EWM). Created
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Fig. 9 TLP platform motion response mesh convergence

Table 4 TLB model mesh
options Mesh size (m) 3 1 0.7 0.6 0.5 0.45

Element no/quarter 113 1009 2182 3200 4482 5537
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Table 5 Spar model mesh
options Mesh size (m) 3 2 1 0.5 0.3 0.25

Element no/quarter 176 410 1314 5459 15,262 21,790

Table 6 TLP model mesh options
Mesh size (m) 5 3 1 0.8 0.7 0.5 0.3

Element no 5564 10,534 26,852 45,653 51,129 88,235 124,501

Table 7 Semi-sub model mesh
options Mesh size (m) 3 1 0.8 0.7 0.5 0.3

Element no/quarter 93 832 3665 4992 6015 8466

these models with the TurbSim [59] two NTM represent-
ing two operational condition wind scenarios, one at Vhub

� 11.4 m/s (rated wind speed), and one at Vhub � 18 m/s,
both within the operational window of the turbine. On the
other hand, coded two EWM in TurbSim, one with turbu-
lence and one with steady wind, represent the wind profile
for survival conditions. The wind velocity for survival con-
ditions is based on DNV-OS-J103, Appendix B (Regional
Environmental Data) (Veritas 2013).

Wave conditions and kinematics have been derived based
on northernNorth Sea data, provided inAppendix BTable B-
1 DNV-OS-J103 (Veritas 2013). The significant wave height
in 3 h stationary sea state for a return period of 50 years is
calculated for DLCs according to DNV rules and regulation,
apart from DLC1.1, where the wave heights were calculated
based on wind-generated according to the formula provided
in Sugianto et al. (2017). The average period was calculated
based onDNV-RP-C205 (Veritas 2010). Irregular waves rep-
resent certain sea state conditions that are modelled based on
spectra for sea surface elevations. The JONSWAP spectrum
for developing sea states is used for a peakedness factor of

γ � 3.3. To represent the current in the North Sea, con-
sider both surface tidal current, U tide, and wind-generated
current, Uwind. The maximum surface tidal current estima-
tion varies from 0.25 to 1.5 m/s over much of the northern
North Sea (Vindenes et al. 2018). The current velocity at
different heights for the current generated by wind and tidal
current for a 50-year return period is calculated based on the
formula provided by DNV-OS-J103 (Veritas 2013). Wind,
wave, and current loads calculation are illustrated in Table 9.

5 Results

The free decay tests were performed to document the natural
period of the system in all six degrees of freedom using the
base floater design and applying initial displacement in all
translational and rotational motions through specified forces
at the beginning of the time domain simulations.

The natural period and damping ratio of platforms are
calculated from free decay test as illustrate in Table 10.

Three hours of time-domain simulations are carried out to
provide numerical results for four FOWT platforms under all

Fig. 10 a Transitional and b rotational forces per unit amplitude
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Fig. 11 Hydrodynamics damping comparison

defined DLCs (see Tables 8 and 9). The results are presented
and discussed in terms of themotion and the dynamic tension
responses.

5.1 Operational Condition (Power Production)

DLC1.1 signifies Normal Sea State (NSS), and DLC1.6a
implies Severe Sea State (SSS) to investigate the FOWTs
performance during the power production state. The primary

Fig. 12 Pitch motion response comparison

Fig. 13 Heave motion response comparison

Fig. 14 Surge motion response comparison

objective of selecting two operational conditions is to inves-
tigate the environmental limitations of the floating offshore
wind turbines’ ability to operate. Table 11 presented the sum-
mary statistics of motion responses and maximum tension
of the maximum loaded line for Semi-submersible, Spar,
TLP, and TLB platforms under DLC1.1 and DLC1.6a. The
absolute value or magnitude is considered to represent the
maximum response.

Comparing the Semi-submersible platform with the Spar
under DLC1.1 shows it had increased response by 20% in
surge, 54% in sway, 19% in heave, and 21% in yaw motion
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Table 8 Combined environmental load cases

DLC Wind Wave Current

Power production (operational) 1.1 Normal turbulence model (NTM)
V in < U10, Hub < Vout

Normal sea state (NSS)
Hs � HS at U10, Hub

Wind Generated Current

1.6a Normal turbulence model (NTM)
V in < U10,Hub < Vout

Severe Sea State (SSS)
Hs � HS,50yr

Wind Generated Current

Parked (idling) (survival) 6.1a Extreme wind model (EWM)
Turbulent wind U10,Hub

Extreme Sea State (ESS)
Hs � HS,50yr

V50yr

6.2b Extreme wind model (EWM) steady
wind
U10,Hub

Extreme sea state (ESS)
Hs � HS,50yr

V50yr

Fig. 15 Forcemodes of TLP hydrodynamic excitation force coefficients
for β � 0°

Fig. 16 Moment modes of TLP hydrodynamic excitation force coeffi-
cients for β � 0°

response while the Spar platform experienced higher roll and
pitch responses by 43% and 54%. Similar trends are present
comparing the TLB and TLP responses. The TLP platform

Fig. 17 Force rotation modes damping coefficients

Fig. 18 Moment translation modes damping coefficients

recorded 71% increase in surge, 72% in sway, and 24% in
yaw compared to the TLB, while the TLB platform showed
higher heave, roll and pitch responses than the TLP platform
by 80%, 50%, and 50%, respectively.
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Fig. 19 Force-rotation modes damping coefficients

Analysing the summary statistics of DLC1.6a has shown
that the Semi-submersible and TLP surge, heave, and yaw
motion responses are coupled with the most loaded line ten-
sion. The Spar, surge, heave and dynamic tension of the
most loaded mooring line are strongly coupled and depen-
dent on environmental conditions with significant increases
seenbetweennormal and severe sea state load cases.Compar-
ing the Semi-submersible platformwith Spar underDLC1.6a
recognizes it had increased response by 31% in surge, 12% in

sway, 54% in heave, and 18% in yaw response while the Spar
had 13% roll and 57% pitch responses higher. Similarly, the
TLP had increased response by 43% in surge, 76% in sway,
56% in heave, and 69% in yaw compared to the TLB, whilst
the TLB experienced higher roll and pitch responses by 53%
and 9%. The maximum set-down heave for the TLP platform
occurred due to its surge offset. The Semi-submersible plat-
form recorded higher motion responses in both DLCs than
the Spar platform except for roll and pitch motion responses
due to the existence of multiple columns and pontoons for
Semi-submersible to achieve stability comparedwith a buoy-
ant cylinder with a deep draft. Apart from surge, the TLP and
TLB motion responses are similar under normal sea state
conditions. The TLP surge motion response is higher than
the TLB, especially in DLC1.6a, while the platform oper-
ates in a severe sea state. Due to the TLP platform flexibility
design, which is compliant, precluding motions horizontally
(surge and sway) and rotationally (yaw) and impact of severe
sea state, surge, sway, and yaw motion responses of the TLP
platform is higher than those for the TLB platform. As the
TLP is designed to be restrained in heave, roll, and pitch, the
maximum responses achieved for TLP in such directions are
smaller than that for TLB.

The maximum tension presented in Table 10 is for the
line that experienced the highest dynamic tension among all

Table 9 Summary of design load
combinations DLC Wind Wave Current

Model Speed (m/s) Model Hs (m) Tp (s) Max speed at SWL (m/s)

1.1 NTM 11.4 NSS 5.2 9.3 UWind, 50yr � 0.442

1.6a 18 SSS 8.8 12.1

6.1a EWM turbulence 51.6 ESS 16.8 16.6 UTidel, 50yr � 1.42

6.2a EMW steady 51.6 ESS 16.8 16.6

Table 10 Natural frequency
(rad/s) and damping ratio Platforms Surge Sway Heave Roll Pitch Yaw

Natural frequency (rad/s)

Semi-Submersible 0.0091 0.0088 0.3142 0.0571 0.0582 0.2992

Spar 0.0332 0.0269 0.1142 0.1122 0.1102 3.1416

TLP 0.0757 0.0731 2.0944 1.5708 1.5708 0.4833

TLB 0.7854 0.7854 1.2566 0.7854 0.8976 1.2566

Damping ratio

Semi-Submersible 0.0809 0.1373 0.0571 0.0719 0.0719 0.1180

Spar 0.0332 0.0269 0.1142 0.1122 0.1102 3.1416

TLP 0.0234 0.0232 0.0191 0.0704 0.0704 0.0261

TLB 0.0095 0.0098 0.0901 0.0232 0.0244 0.0435
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Table 11 Motions responses and maximum loaded line tension characteristics summary statistics of Semi-submersible, Spar, TLP, and TLB
Platforms under DLC1.1 & DLC1.6a events

DLC1.1 DLC1.6a

Time (s) Max Min Mean Std dev Time (s) Max Min Mean Std dev

Semi-Submersible

Surge (m) 8050 73.1 64.7 68.9 1.4 6776 106.9 0 93.7 7.4

Sway (m) 3065 0.8 − 0.7 0 0.3 6756 1.4 − 1.1 0 0.4

Heave (m) 8387 0.7 − 0.6 0 0.2 6773 4.8 − 4.7 − 0.1 1.3

Roll (°) 10,726 0.4 0 0.2 0.1 10,797 1.2 0 0.6 0.3

Pitch (°) 10,791 0.9 0 0.5 0.3 10,653 1.5 0 0.8 0.4

Yaw (°) 10,660 1.6 − 1.3 0.1 0.4 6775 4.6 − 5 − 0.1 1.2

Tension (ton) 8053 155.7 109.1 130.4 6.8 6775 991.7 0.1 285.7 157.7

Spar

Surge (m) 8043 58.8 56.1 57.1 0.3 6776 74.2 63.6 69.1 1.5

Sway (m) 3423 0.3 − 0.3 0 0.1 6184 1.2 − 1.1 0 0.3

Heave (m) 8042 0.5 − 0.4 0 0.1 6773 2.2 − 2.1 0 0.6

Roll (°) 10,794 0.8 0 0.4 0.2 10,800 1.3 0 0.7 0.4

Pitch (°) 10,797 2 0 1.0 0.6 10,799 3.5 0 1.8 1.0

Yaw (°) 8981 1.1 − 1.3 − 0.3 0.5 6925 4.1 − 3.8 0 1.1

Tension (ton) 8043 130.3 121.9 125.7 1.2 6774 763.7 602.5 672.2 18.9

TLP

Surge (m) 2487 4.2 − 2.2 0.3 0.8 6776 19.6 − 18.1 0.2 4.9

Sway (m) 2487 0.9 − 1.1 0 0.3 7906 1.5 − 1.8 0 0.5

Heave (m) 2487 0 − 0.1 0 0 6776 0 − 2.3 − 0.2 0.2

Roll (°) 5396 0.1 0 0.1 0 9513 0.3 0 0.2 0.1

Pitch (°) 10,161 0.2 0 0.2 0 9497 0.9 − 0.1 0.6 0.1

Yaw (°) 2487 0.7 − 0.8 0.1 0.2 6776 2.7 − 3.3 0.3 0.9

Tension (ton) 2485 1124.4 1088 1105.2 3.70 6776 2039.6 1142 1412.2 84.1

TLB

Surge (m) 10,227 1.2 − 0.4 0.5 0.2 10,224 2.2 − 1.2 0.7 0.4

Sway (m) 10,232 0.3 − 0.3 − 0.2 0.1 7683 0.4 − 0.4 − 0.3 0.1

Heave (m) 9678 0.4 − 0.5 − 0.1 0.1 6144 1 − 1.0 0 0.3

Roll (°) 8714 0.2 0 0.2 0.1 7689 0.5 0 0.4 0.1

Pitch (°) 10,794 0.5 0 0.4 0.1 10,794 1 0 0.7 0.3

Yaw (°) 10,438 0.6 − 0.5 − 0.1 0.3 8587 1.0 − 1 − 0.2 0.5

Tension (ton) 10,227 871 509.9 726.7 42.7 10,224 1089.4 499.8 831 73.2

mooring lines in the system. Line eight from the TLB sys-
tem and line three from Semi-submersible, Spar, and TLP
systems recorded the highest dynamic tension for the given
environmental loads’ direction. These are the mooring lines
in line with the coinciding wind, wave and current forces.

Comparing the maximum tension experienced showed
that semi sub mooring line forces were 19% and 23% higher
in DLC1.1 and DLC1.6a, respectively than those for the Spar
platform. Between TLP and TLB, the maximum force was

increased by 23% and 47%, respectively with higher forces
recorded in the TLP lines.

The Spar most loaded line maximum dynamic tension is
directly related to the maximum surge and heave motion
responses. The TLP maximum tension is strongly coupled
with the maximum surge, sway, heave, and yaw, coinciding
with maximum tension. The surge response and maximum
tension occurred concurrently in the TLB. The maximum
dynamic tension event of the Semi-submersible occurred 3 s
after the platform experienced the maximum surge but at
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Fig. 20 Time history of surge motion response for Semi-submersible
and Spar (a) and TLP and TLB (b) under DLC1.1 event

the same time as maximum yaw. This could be an indica-
tion of the complexmotion for the Semi-submersible causing
increasing tension due to displacement and rotation of amore
complex floater structure and missing symmetry.

Figures 20 and 21 show the Semi-submersible and Spar
(a) and TLP and TLB (b) surge motion response time history
under DLC1.1 and DLC1.6a, respectively.

The platformswith catenarymooring systems have higher
surge responses than thosewith tensionmooring systems and
show different behaviour of slow-frequency motion com-
pared to the high-frequency motions experienced by the
stiff mooring stabilised platforms. The Spar surge response
is dominated by high frequency motions, whilst the Semi-
submersible shows the combination of lower frequency
motion with higher frequency oscillation. The mean line
surge response of the Semi-submersible platform is higher
than the Spar. On the other hand, the TLB and TLP are dom-
inated by high-frequency motion, whilst the TLP has more
oscillation due to the nature of its surge motion; however, the
mean surge offset is almost similar. The TLBwith stiff moor-
ing characteristics results in low-magnitude motion response
at high frequency. By operating in harsh environmental con-
ditions, the magnitude of the surge response increased for
all platforms. The platforms with catenary mooring sys-
tems have higher frequency oscillation surge response with
higher magnitude in operational conditions while exposed to

Fig. 21 Time history of surge motion response for Semi-submersible
and Spar (a) and TLP and TLB (b) under DLC1.6a event

Fig. 22 Time history of sway motion response for Semi-submersible,
Spar, TLP, and TLB platforms under DLC1.1 (a) and DLC1.6a
(b) events

123



Journal of Ocean Engineering and Marine Energy

Fig. 23 TimeHistory ofHeaveMotionResponse for Semi-submersible,
Spar, TLP, and TLB platforms under DLC1.1 (a) and DLC1.6a
(b) events

harsher environments. The TLP platform has high frequency
with elevated magnitude surge response. The TLB system is
designed to limit the response motion, whilst the TLP is a
complaint design platform in surge direction; however, the
mean line surge motion response of both platforms is close
together. The platform design characteristics and its mooring
system design are essential to platform surge responses.

In terms of sway motion responses, Fig. 22a shows that
the maximum sway responses for four platforms under the
DLC1.1 event are small and less than a meter. Having a
small sway motion response is due to the assumed colinear
environmental condition and largely symmetrical design of
the platforms. However, the maximum magnitude of sway
response obtained for the Semi-submersible and TLP are
similar. The TLP platform is compliant in the horizontal
motions, which results in more oscillation in the sway direc-
tion. The slightest oscillated sway was computed for the
TLB platform due to the spread and stiff mooring systems.
Figure 22b shows that the TLP has a more fluctuating sway
motion response with a higher maximum absolute value than
the other platforms. The TLB has the most negligible sway
motion response among platforms due to its mooring system
physical design characteristics and the collinear directional-
ity of the environmental loads.

Figure 23 shows the heave motion responses of platforms
for DLC1.1 (a) and DLC1.6a (b). The Semi-submersible
experienced a higher heave motion response due to more
water plane area. Moreover, it could depend on the heave
plate, which did not assume for the Semi-submersible model
in this study. The TLB and TLP platforms oscillate with high
frequency with less magnitude in the heave direction com-
pared to platforms with catenary mooring systems due to
higher mooring line axial stiffness. The maximum set-down
heave for the TLP platform occurred due to its surge off-
set; the TLP has less heave response than the TLB due to
the higher axial stiffness of a larger mooring line diameter.
TLP tether is assumed to be vertically secure the platform to
the seabed and constructed of a larger and heavier steel wire
rope, whilst the taut lines ensure the TLB platform with an
angle of attachment to the seabed.

Figure 24 shows the roll motion responses obtained for
four platforms under DLC1.1 (a) and DLC1.6a (b) events.
The last 400 s of the platform’s roll motion response are pre-
sented on the right-hand side of Fig. 23. It can be noted that
the TLB platform rolled with higher frequency and lower
magnitude. The magnitude of the roll motion responses is
insignificant under both operational conditions due to the
inline wave, wind and current. The platforms with tension
mooring systems are seen settling at their rolling mean offset
quicker than with catenary mooring systems. The Spar plat-
form follows a linear trend increasing the roll motion with
increasing simulation time. Semi-submersible follows a sim-
ilar trend, although more high-frequency variations can be
seen towards the end of theDLCevent. The Spar platformhas
experiencedmore rolling than the Semi-submersible because
the Semi-submersible platform has multiple columns, which
means additional restoring moments. On the other hand,
TLB converges to a relatively constant roll position through-
out the simulation, reaching this state halfway through the
simulation. TLP converges faster, showing several low and
high-frequency variations around this roll motion angle.

In terms of the pitch motion, Figs. 25 and 26 shows
the pitch motion response time history for all platforms
under DLC1.1 and DLC 1.6a events, respectively. The pitch
response continued to increase for catenary mooring plat-
forms with increasing simulations time, especially for the
Spar platform, due to the restoring stiffness in pitch pro-
vided by the mooring systems and type of floater. Catenary
mooring systems provide little restoring for the pitchmotion,
whereas the pitch stiffness increases in both tensioned
mooring designs. With increasing stiffness, the tendency
for high-frequency motions increases. Therefore, the set-
tled pitching means offset occurred quicker because of the
platform’s structure configuration complexity and mooring
system characteristics. The Semi-submersible has less pitch-
ing response than the Spar because the Semi-submersible
has more columns and achieved stability by the restoring
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Fig. 24 Time history of roll
motion responses for
Semi-submersible, Spar, TLP,
and TLB platforms under
DLC1.1 (a) and DLC1.6a
(b) events
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Fig. 25 Full time history of pitch motion responses for Semi-submersible, Spar, TLP, and TLB platforms (a) and last 400 s (b) under DLC1.1 event

moment of its columns, whilst Spar has a more significant
draft, causing a more overturning bending moment.

Figure 27 shows the yaw motion responses of Semi-
submersible, Spar, TLP, and TLB platforms under DLC1.1
(a) and DLC1.6a (b). Spar, Semi-submersible and TLB show
the very typical behaviour in yaw, albeit at slightly different
periods. The Spar and TLB design show periodic behaviour
and could be linked to either the natural frequency of the
floater or the turbine operation. By comparing Figs. 27a and
b, it can be seen that the platform with a catenary moor-
ing system has high-frequency yaw motions while under the
harsh environmental condition. The maximum yaw response
of the Semi-submersible platform is the highest among other
platforms. Structural complexity and shorter mooring lines
compared to the less complex Spar structure contribute to
this response. Similarly, the TLP platform has slightly more
yaw motion than the TLB platform. A possible explanation
is that the TLP is compliant in the yaw direction, whilst TLB
can assume to be similar to a fixed platform. In addition, the

assumption of a 20° spread of the attachment point for the
TLB platform could be influential, whilst it must be adjusted
for Semi-submersible and Spar platforms. It should be noted
that due to the design characteristics of the TLP platform, a
20° spread of the attachment point did not apply.

Figures 28 and 29 present the time history maximum
tension for the line that experienced the highest tension
among all mooring lines in the system under DLC1.1 and
DLC1.6a, respectively. Line 8 from the TLB system and line
3 from Semi-submersible, Spar, and line 2 for TLP systems
recorded the highest tension for the given environmental
loads. As it was mentioned earlier, the Semi-submersible
surge response and maximum tension of the most loaded
line occurred concurrently, whilst the Spar most loaded line
maximum dynamic tension is directly related to the maxi-
mum surge and heave motion responses due to the colinear
environment, catenary mooring system and platform design
characteristics. From Fig. 28a, the line representing themean
tension response for the Spar platform is close to that for
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Fig. 26 Full time history of pitch motion responses for Semi-submersible, Spar, TLP, and TLB platforms (a) and last 400 s (b) under DLC1.6a
Event

Semi-submersible. In contrast, the Semi-submersible plat-
form has higher fluctuation from the mean. This means the
surge motion of both Semi-submersible and Spar platforms
and the dynamic tension of their most loaded mooring line
are strongly coupled and dependent on environmental con-
ditions.

The maximum tension carried by the Semi-submersible
most loaded line is more than that for the Spar due to expe-
riencing a higher surge by the Semi-submersible platform.
Due to the mooring system and platform design character-
istics, the TLB surge response and maximum tension of the
most loaded line occurred concurrently.Whilst the TLPmax-
imum tension is strongly coupled with the maximum surge,
sway, heave, and yaw, all maximums co-occur. Therefore,
the TLP most loaded mooring line experienced a higher ten-
sion response than that for the TLB platform. Figure 28b
shows that the TLB most loaded line experienced more

frequency with higher fluctuations compared to the low fre-
quency highermean line tension of the TLPmost loaded line.
The characteristics mooring system and mooring line feature
play an essential role. Furthermore, the TLP flexibility in the
surge, sway, and yaw directions is another case of higher
tension on the mooring line. The TLB mooring system is
designed to limit motion responses.

It can be seen from Fig. 29a that the Semi-submersible
has higher fluctuation with a higher maximum magnitude
than the Spar platform. The Spar platform mean value of
the dynamic tension response is higher than for the Semi-
submersible because the Semi-submersible due has a smaller
mooring line length, which causes more tension on the line.
Figure 29b shows that the TLP platform’s most loadedmoor-
ing line fluctuated more with higher frequency while the
platform operated in harsh environmental conditions. The
pattern of the most loaded line of the TLB platform is similar
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Table 12 Electrical generator
output of platforms under
DLC1.6a event

Platform Time (s) Max Min Mean SD

(MW)

Semi-Submersible 61.2 10 5.57 9.46 0.72

Spar 69.9 10 6.90 9.58 0.65

TLP 53.1 10 5.94 9.40 0.75

TLB 53.1 10 8.05 9.70 0.54

Table 13 Motions responses and maximum loaded line tension characteristics summary statistics of Semi-submersible, Spar, TLP, and TLB
platforms under survival events

DLC6.1a DLC6.2b

Time (s) Max Min Mean Std dev Time (s) Max Min Mean Std dev

Semi-Submersible

Surge (m) 3431 131.6 0.0 107.6 7.1 3431 124.7 0.0 99.9 7.0

Sway (m) 7455 1.3 − 1.3 0.0 0.6 3018 1.0 − 0.9 0.0 0.3

Heave (m) 3428 5.2 − 5.2 − 0.1 1.4 3428 4.4 − 3.9 − 0.1 1.1

Roll (°) 10,575 1.3 0.0 0.6 0.4 10,792 1.0 0.0 0.5 0.3

Pitch (°) 10,796 3.3 0.0 1.6 1.0 10,796 2.8 0.0 1.3 0.8

Yaw (°) 3428 10.0 − 9.3 − 0.1 2.5 3428 8.3 − 7.7 − 0.1 2.1

Tension (ton) 3430 1682.6 80.35 889.72 154.8 3430 1477.2 54.88 767.23 142.1

Spar

Surge (m) 6771 107.4 0.1 96.8 5.5 6771 102.9 0.1 92.9 5.1

Sway (m) 9717 1.1 − 0.7 0.0 0.2 6234 1.0 − 0.9 − 0.1 0.2

Heave (m) 6768 2.2 − 2.1 0.1 0.5 6768 1.9 − 1.8 0.1 0.6

Roll (°) 10,799 2.5 0.0 1.3 0.7 10,799 1.9 0.0 1.0 0.5

Pitch (°) 10,795 4.9 0.0 2.5 1.4 10,795 3.7 0.0 1.9 1.0

Yaw (°) 6786 6.2 − 6.4 − 0.6 2.1 6786 5.3 − 5.2 − 0.5 1.7

Tension (ton) 6770 1598 119.7 1199.8 103.7 6770 1506.5 125.1 1107.1 100.2

TLP

Surge (m) 3432 29.9 − 27.9 0.8 7.1 3432 24.6 − 22.5 1.1 5.9

Sway (m) 8159 2.1 − 2.3 0.0 0.6 6486 1.2 − 1.9 0.0 0.4

Heave (m) 3432 0.1 − 5.3 − 0.3 0.4 3432 0.1 − 5.0 − 0.2 0.4

Roll (°) 8794 0.6 − 0.1 0.2 0.1 1523 0.5 − 0.5 0.0 0.2

Pitch (°) 3436 0.7 0.0 0.6 0.1 3436 0.6 0.0 0.5 0.1

Yaw (°) 3428 4.4 − 4.1 0.0 1.1 3428 3.9 − 3.6 0.0 1.0

Tension (ton) 3431 2548.9 987.6 1516.0 128.8 3431 2286.9 916.5 1305.1 114.7

TLB

Surge (m) 6094 2.9 − 2.0 0.7 0.6 6094 2.5 − 1.3 0.5 0.5

Sway (m) 8546 1.0 − 0.7 0.0 0.2 8546 0.6 − 0.6 0.0 0.1

Heave (m) 6771 1.4 − 1.6 0.0 0.4 6772 1.4 − 1.5 − 0.1 0.4

Roll (°) 9273 0.3 − 0.9 − 0.3 0.2 9273 0.3 − 0.8 − 0.2 0.2

Pitch (°) 10,796 1.8 0.0 1.3 0.5 10,796 1.5 0.0 1.1 0.4

Yaw (°) 6094 1.0 − 1.6 − 0.1 0.3 6095 0.9 − 1.4 0.0 0.3

Tension (ton) 6094 1448.9 355.3 908.7 147.5 6094 1332.5 338.3 841.4 134.1

123



Journal of Ocean Engineering and Marine Energy

Fig. 27 Time history of yaw motion responses for Semi-submersible,
Spar, TLP, and TLB platforms under DLC1.1 (a) and DLC1.6a
(b) events

for both DLC1.1 and DLC1.6a, only with recording higher
magnitude with higher mean tension for DLC1.6a.

As the primary focus of this section was to investigate
what would be the environmental limitations of the floating
offshore wind turbines’ ability to operate, in the following
the results of electrical generator output of platforms under
DLC1.6a event will present.

The power performance of a FOWT depends on system
dynamics response under environmental condition and wind
turbine control system strategy. A similar wind turbine con-
trol system is considered for all platforms. Table 12 illustrates
the statistical characteristics of the platforms electrical gen-
erating under DLC1.6a. Figure 30 shows the time history of
power output generator for four platforms.

As demonstrated by Table 11, however, the average elec-
trical generator output of all platforms is similar, the TLB
platform generated slightly more power among other plat-
forms based on the simulation. The lowest power generated
from TLB platform within 3 h simulation is 8 MW due to its
motion responses.

5.2 Survival condition-parked (idling)

An extreme sea state (ESS) with a significant wave height of
16.8 m represents the survival condition wave model. Two

Fig. 28 Loaded line tension response time history for Semi-submersible
and Spar (a) and TLP and TLB (b) platforms under DLC1.1 event

Fig. 29 Loaded line tension response time history for Semi-submersible
and Spar (a) and TLP and TLB (b) platforms under DLC1.6a event
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Fig. 30 Power output generator time history of Semi-submersible, Spar, TLP, and TLB platform under DLC1.6a event

Fig. 31 Induced effect of wind
turbulence intensity on responses
for Semi-submersible, Spar, TLP,
and TLB platforms

wind models have been coded in TurbSim to describe the
EWM, one with the appearance of turbulence and another
with a steady profile. The maximum tidal speed of 1.42 m/s
with 50-year return period is assumed for both survival con-
ditions. The primary objective is to investigate the induced
effect of the wind turbulence intensity on each platform’s
motion response performance and maximum dynamic ten-
sion on most loaded lines. Table 13 shows motion responses
and most loaded line tension summary statistics of Semi-
submersible, Spar, TLP, and TLB platforms under survival
events with (DLC6.1a) and without (DLC6.2b) wind turbu-
lence.

The Semi-submersible platform has experienced maxi-
mum heave and yaw concurrently, followed by achieving
maximum surge response (after 3 s) consequence of hav-
ing maximum dynamic tension under both DLCs. First, the
Spar platform recorded maximum heave. Then, the highest
maximum dynamic tension of the most loaded line occurred
when themaximum surge response occurred, followed by the
peak yaw response for both environmental events. The TLP
platform underwent extreme yaw response, then experienced
maximum surge and heave responses (after 4 s) concurrently,
and the consequence recorded maximum dynamic tension
under survival conditions. The platform recorded the utmost
pitching after 4 s the most loaded line experienced the peak
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Fig. 32 DLC6.1a and DLC6.2b time history comparison of surge motion response for Semi-submersible (a), Spar (b), TLP (c), TLB (d)

Table 14 Maximum motion and
most loaded maximum dynamic
tension response of
Semi-submersible, Spar, TLP,
and TLB platforms under
DLC6.1a (wind turbulence) and
DLC6.2b (steady wind) events

Response Wind profile Semi-Submersible Spar TLP TLB

Surge (m) Turbulence 131.63 107.36 29.94 2.90

Steady 124.65 102.93 24.63 2.50

Sway (m) Turbulence 1.31 1.11 − 2.32 0.97

Steady 1.04 0.99 − 1.86 0.64

Heave (m) Turbulence 5.18 2.18 − 5.32 − 1.58

Steady 4.37 1.90 − 5.00 − 1.51

Roll (°) Turbulence 1.27 2.53 0.58 − 0.89

Steady 1.03 1.92 0.53 − 0.79

Pitch (°) Turbulence 3.34 4.95 0.70 1.81

Steady 2.78 3.71 0.65 1.53

Yaw (°) Turbulence 9.98 − 6.37 4.41 − 1.57

Steady 8.30 − 5.16 3.89 − 1.36

Tension (ton) Turbulence 1682.63 1597.54 2548.89 1448.90

Steady 1477.15 1432.06 2286.92 1332.48

tension. The surge and yaw motion responses are coupled
with the highest dynamic tension response for the TLB plat-
form under both DLCs events. The slight delay between
maximum dynamic tension and motion responses is due
to the different time steps in Simo and Riflex for motion
and line tension. The maximum motion responses of Semi-
submersible are higher than the Spar responses apart from
roll and pitch motion due to platform design characteristics.

Similarly, the TLP responses are higher than those for the
TLB platform except for roll and pitch motion responses due
to the mooring system and platform design characteristics.
Table 14 illustrates the maximum responses of the platforms
under both survival conditions. It is noted that all platforms
experienced higher response magnitude due to the wind tur-
bulence intensity.

123



Journal of Ocean Engineering and Marine Energy

Fig. 33 Time history of sway motion responses for Semi-submersible,
Spar, TLP, and TLB platforms under DLC6.1a (a) and DLC6.2b
(b) events

Including wind turbulence led to increases in the motion
response across all six degrees of freedom and the maximum
recorded tension, the extent of increase compared to steady
winds is shown in Fig. 31. This indicates a higher impact
on the TLP surge response (22%) and the most negligible
effect on the Spar surge motion responses (4%). The result
of wind turbulence on the sway motion response of the TLP
platform is 34% which is the highest among other platforms.
In terms of heave motion response, the effect of turbulence
on the TLP is the least (4%) and on the Semi-submersible is
the highest (18%). The turbulence effect on the roll motion
response of the Spar platform is 32% which is 8% more
than that for the Semi-submersible platform, and it has a
minor effect on the TLP platform by 8%. The induced effect
of wind turbulence intensity on the pitch response of the
Semi-submersible is 20% which is 13% less than that for the
Spar. The impact of turbulence on TLP heave, roll, and pitch
responses is less than that for the TLB due to the TLP design
restraint in such motion directions. The minor effect of the
wind turbulence intensity is shown on the TLB and TLP yaw
responses (14% and 15%) whilst the highest is occurred for
the Spar (23%). The wind turbulence has the highest impact
on the Semi-submersible mooring lines. By comparing the
dynamic tension of four platformsmost loadedmooring line,

Semi-submersible mooring line has experienced maximum
tension (14%).

The induced effect of thewind turbulence caused the surge
and sway motion responses increased for the stiff systems
more than the catenary, whilst wind turbulence has a more
evident effect on the catenary systems in all other degrees of
freedom.

Figure 32 shows the surge motion responses for all plat-
forms under DLC6.1a and DLC6.2b events.

The TLB experienced an incredibly modest surge mag-
nitude with high frequency among other platforms. The
frequency of the Semi-submersible and Spar platform’s surge
oscillation is similar, but an excess peak is noted for the
Semi-submersible platform. The effect of wind turbulence
intensity on the mean surge motion response of the platforms
with a catenary mooring system is more than that for plat-
forms with a tension mooring system. The platforms with
tension mooring lines had similar surge response behaviour,
whether exposed to wind turbulence or steady; however, the
peak magnitude is higher due to the wind turbulence inten-
sity.

Figure 33a shows the impact of wind turbulence intensity
on sway motion response, and Fig. 33b shows the time his-
tory of the surge motion response of four platforms under
the steady wind. The sway response fluctuates, and peak
response increases for all four platforms due to wind tur-
bulence. The mean value remains similar, but peaks are
clearly caused by wind turbulence. TLB shows a small
sway response among other platforms with slight variation
between turbulent and non-turbulence inflow, indicating that
survival condition is less affected by the input wind. As the
TLP platform is designed to be flexible in sway direction,
it has the highest maximum sway response under DLC6.1a
and is reduced to 1.9 m under the steady wind.

An apparent impact of wind turbulence on all platform
heave motion responses can be seen by comparing Fig. 34a
and b. It can be noted that the wind turbulence impact on
the Semi-submersible and Spar platform’s heave motion
responses is higher than for TLP and TLB platforms. How-
ever, the TLP platform is designed to be restricted in the
heave direction; a significant offset of the platform caused
a setdown. Hence, the TLP has 5.3 m set down due to the
platform offset. The TLP setdown caused the TLP maxi-
mum heave response to be more than the one for the TLB
platform. Similarly, due to platform structure configuration
and complexity, the Semi-submersible has more maximum
heave response than the Spar platform under DLC6.1a and
DLC6.2b.

Time history roll response for all platforms under
DLC6.1a and 6.2b shown in Fig. 35, indicate that the roll
amplitude for the Spar platform continued to increase at a
rate higher than those for the Semi-submersible platform.
The Semi-submersible roll motion response fluctuated more
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Fig. 34 Time history of heave motion response for Semi-submersible,
Spar, TLP, and TLB platforms under DLC6.1a (a) and DLC6.2b
(b) events

Fig. 35 Time history of roll motion responses for Semi-submersible,
Spar, TLP, and TLB platforms under DLC6.1a and DLC6.2b events

while wind turbulence operated than when applied steady
wind. Due to platform and mooring system designs and
configurations, the TLP and TLB have fluctuated rolling
under both survival conditions. The peak roll magnitude
achieved for the Spar platform under DLC6.1a is more than
the same case for the Semi-submersible platform due to mul-
tiple columns and pontoons for Semi-submersible to achieve
stability compared with a buoyant cylinder with a deep draft.
The TLB peak roll response is less than the TLP maximum

roll response because the TLP platform is designed to be
eliminated the roll motion. For the same reason, the impact
of wind turbulence on the TLP roll response is minor. The
design configuration complexity exposed against a travel-
ling wave direction played an essential role in roll motion
response.

The time history of pitch motion response for the plat-
forms under both design load cases in the survival condition
case is shown in Fig. 36. The last 400 s is shown in bottom
of Fig. 36. The pitch amplitude for the Spar platform contin-
ued to increase at a rate higher than those of other platforms.
However, the TLP and TLB platforms experienced a high
pitch response gradient at the early stage of the simulation,
reaching their equilibrium and stabilising pitch direction dur-
ing the simulation period. The Spar platform experienced
more effect from the wind turbulence, and the TLP had less
and changed minimally. The platforms with tension moor-
ing systems experienced more frequency oscillation and less
magnitude pitch response. Whilst the results showed that the
platforms with catenary mooring systems have high pitch
magnitude and less fluctuation, indicating that the mooring
system and platform design characteristics played an essen-
tial role in pitch response.

The time history comparison of the yaw responses of the
platforms under survival conditions with and without wind
turbulence is shown inFig. 37,where the impact of turbulence
on yawmotion tends to lead to the Semi-submersible oscillat-
ingmore than that for other platforms. The Semi-submersible
platform achieved the highest maximum yaw motion under
survival conditions, whilst TLB experienced a minor yaw
response. A possible explanation is an assumption made to
have a 20° spread of the fairlead attachment to replicate the
effects of a bridle/delta connection to reduce the yaw motion
of the TLB platform, which may not be the most suitable
arrangement for the Semi-submersible and Spar Platforms.
Hence, the methodology applied to the stiffness to model a
bridle/delta connection may have to be revised for the Semi-
submersible and Spar platforms to minimise the yaw motion
response. The catenary mooring platforms oscillate in the
yaw direction with higher amplitude than the tension moor-
ing system platforms. The wind turbulence has impacted the
magnitude of the platform’s yaw response while not influ-
encing the mean line yaw response. The impact of wind
turbulence on the TLP platform yaw response behaviour is
more evident than that for other platforms.

Figure 38 shows the most loaded line dynamic tension for
the Semi-submersible (a), Spar (b), TLP (c), and TLB (d)
platforms. shows the most loaded line dynamic tension for
the Semi-submersible (a), Spar (b), TLP (c), and TLB (d)
platforms. The Semi-submersible obtained more oscillation
with a higher magnitude of dynamic tension response than
the Spar platform because the Semi-submersible dynamic
tension is coupled with surge and heave, and yaw responses
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Fig. 36 Full time history (top) and last 400 s (bottom) of pitch motion responses for Semi-submersible, Spar, TLP, and TLB Platforms under
DLC6.1a and DLC6.2b events
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Fig. 37 Time history of yaw motion responses for Semi-submersible,
Spar, TLP, and TLB platforms under DLC6.1a and DLC6.2b events

whilst the surge and tension for theSpar platformare coupled.
However, the mean line tension for the Semi-submersible
platform is less than that for the Spar due to the smallermoor-
ing length. It is noted that wind turbulence has less effect on
TLBmean tension response than other platforms. The higher
impact of wind turbulence on the TLP platform than the TLB
is due to the TLP design characteristics and its mooring sys-
tem design. In addition, the TLB dynamic tension is coupled
with surge and yaw motion responses. The TLP platform
experienced maximum yaw response, then faced maximum

surge and heave responses concurrently followed by highest
pitching, which consequences maximum dynamic tension.

The most loaded line’s dynamic tension will evaluate
according to DNV-OS-J103 (Veritas 2013) rules and reg-
ulations. The characteristic capacity of the mooring lines,
SC, is given in DNV-OS-J103 (Veritas 2013) calculates as
SC � 0.95Smbs where Smbs is theminimumbreaking strength
(MBL). The design criterion for ULS is given in DNV-OS-
J103 express by SC > Td where Td is the design tension and
calculate as Td � γmean.Tc,mean + γdyn.Tc, dyn.γmean and γdyn
are load factors given in Table 15, Tc,mean is the character-
istic mean tension, and Tc, dyn is the characteristic dynamic
tension.

The design criteria for ULS given in DNV-OS-J103 (Veri-
tas 2013) is that the characteristic capacity of themooring line
should be greater than the mooring line design tension. The
design tension and characteristic capacity of each platform
mooring line were calculated using considering the normal
safety class load factor illustrated in Table 16.

The safety factor calculated shown in Table 17 indicates
that all platform mooring lines comply with DNV regulation
for mooring of FOWTs criteria. However, the design tension
of theSemi-submersiblemooring line is close to its character-
istic capacity due to experiencing higher motion responses.
The impact of wind turbulence intensity on the mooring line
dynamic tension is evident. Due to the high MBL of the TLP

Fig. 38 DLC6.1a and DLC6.2b time history comparison of dynamic tension response for Semi-submersible (a), Spar (b), TLP (c), TLB (d)
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Table 15 Mooring lines design load factor requirements

Limit state Load factor Safety class

Normal High

ULS γmean 1.30 1.50

ULS γdyn 1.75 2.2

Table 16 Characteristic capacity and the design tension calculations of
the mooring lines under survival conditions

Td(N )

Platform SC(N ) DLC6.1a DLC6.2b

Semi-Submersible 2.60E+07 2.50E+07 2.20E+07

Spar 2.60E+07 2.21E+07 1.99E+07

TLP 6.06E+07 3.71E+07 3.35E+07

TLB 2.80E+07 2.09E+07 1.92E+07

Table 17 The most loaded mooring line safety factors under survival
conditions

Platform DLC6.1a DLC6.2b

Semi-submersible 1.04 1.18

Spar 1.17 1.31

TLP 1.63 1.81

TLB 1.34 1.46

mooring line, the safety factor calculated for the TLP plat-
form is the highest amongother platforms under both survival
conditions.

6 Conclusion

This study has investigated four types of floating wind
turbine support structures under operational and survival
environmental conditions, including wind field descriptions
covering simple steady, uniformwind to fluctuating turbulent
wind. However, all four support platforms operate and main-
tain good motion in relatively severe sea states and satisfy
the DNVGL-RP-0286 (DNV 2019) criteria. The TLB sys-
tem has substantial advantages over the conventional floater
and mooring types. First, as the TLB motion responses
are reduced compared to other systems, specifically surge
and pitch responses, the TLB design will allow for ease
of adoption of land-based wind turbines without the need
to re-develop control systems. Second, the TLB design is
less prone to effects in wind turbulence, at least for the non-
operating conditions evaluated in this paper. Third, the TLB

design is less complex than the current leading technology
types for floating offshore wind platforms, simplifying the
construction process. The TLB design could be ready built
in the port, ballasted and then towed out to the deployed
location, and by de-ballasting, the TLB can hook into the
mooring lines. As a result, the expenditure on support ves-
selswill be reduced. Therefore, theTLBdesignwill provide a
cost-effective, flexible alternative platform solution for large-
scale FOWT development around the UK. Fourth, the design
comparison has shown long section of lines on the seabed in
the catenary mooring system. The innovative taut mooring
system designed for the TLB system is advantageous over
the catenary mooring line. The taut mooring system does
not touch the seabed. Another advantage of the taut mooring
system is that it can deploy more platforms in the limited
wind farm area due to the surge motion response being con-
siderably less than the platforms with catenary mooring and
TLP-type platforms. The maximum tension recorded for the
TLB maximum loaded line under survival conditions is the
lowest for other platforms and below the MBF of the respec-
tive line materials. The increased costs of additional lines
could be offset by savings in installation and the potential
for connecting multiple turbines mooring lines to a single
anchor, therefore achievingpotential reaction force reactions,
and reducing the number of anchors installed.

Finally, this study showed that the TLB platform will be
able to produce more power than other considered platforms.

Further study should be conducted to investigate the
system performance under non-collinear environmental con-
ditions and include turbulent windmodelling during offshore
wind turbine operation. A detailed cost analysis study should
also be performed to allow a clear perspective of the most
cost-effective design.
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