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ABSTRACT

The combined offshore wind and wave energy on an integrated platform is an economical
solution for the offshore energy industry as they share the infrastructure and ocean space. The
study presents the dynamic analysis of the Submerged Tension-Leg Platform (STLP) and
Frustum Tension-Leg Platform (FTLP) combined with a heaving-type point absorber wave
energy converter (WEC). The feasibility study of the hybrid concept is performed using the
aero-servo-hydro-elastic simulation. The study analyses the responses of the combined system
to understand the influence of the WECs on the STLP and FTLP platforms for various
operating conditions of the wind turbine under regular and irregular waves. The platform
responses are analysed for the North Atlantic wave region. A positive synergy is observed
between the platform and the WECs, and the study focuses on the forces and moments
developed at the interface of the tower and platform to understand the effect of wind energy on
the turbine tower and the importance of motion amplitudes on the performance of the combined
platform system. Further, the hydrodynamic performance of circular and concentric
arrangements of cone-cylinder-type heaving WECs around STLP and FTLP is analysed. The
influence of the hydrodynamic coefficients is analysed by determining the ratio of the
hydrodynamic coefficients for a single WEC system to those for a hybrid system. The study
analyses the instantaneous wave power absorbed and the wave power under the influence of
PTO for the WECs arranged around the TLP floaters. The rigid body analysis observed reduced
motion response for the STLP+6WECs and FTLP+8WECs configurations.

The dynamic responses of the hybrid platforms for different mooring layouts are studied for
different met ocean conditions. The time history and spectrum of the generator power are
analysed to observe the effect of second-order wave load and turbulent wind loads on the power
production of the hybrid floater under different mooring configurations. Further, the most
probable values of the motion amplitudes are calculated using long-term response analysis for
the hybrid wave and wind energy system. The long-term distribution is performed using the
short-term responses based on Rayleigh distribution and North Atlantic wave data. The transfer
function for the long-term analysis of the floater is obtained using the numerical simulation
tool FAST. The analysis is performed for zero-degree wave heading angle and different
operational conditions of the wind turbine. Thereafter, the reliability of hybrid floating wind
turbine platforms against extreme loads is established using the Inverse First Order Reliability
Method (IFORM) which includes the randomness in the gross wind environment and the
extreme response given wind conditions. The maximum values of the responses for both 1-D
and 2-D models are studied and compared. The probability of the exceedance of the responses
(Surge, sway, and yaw) for the platforms is studied for different return periods. The study
suggests the best possible arrangement pattern for wave power absorption and power
uniformity among the floaters in the array. The study performed will be helpful in the design
and analysis of the combined wave and wind energy device for wave power absorption.

Keywords: Submerged Tension-Leg Platform (STLP),; Frustum Tension-Leg Platform (FTLP),
Wave energy converter (WEC); Aero-servo-hydro-elastic simulation;, Long-term response;
Environmental Contour Method.
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ABBREVIATIONS AND NOMENCLATURE

DOF Degree of Freedom

FAST Fatigue Aerodynamic Structure Turbulence
FEA Finite Element Analysis

FOWT Floating offshore wind turbine

FPSO Floating Production Storage and Offloading
HAWC2 Horizontal Axis Wind turbine simulation Code 2™ generation
HOBEM Higher-Order Boundary Element Method
JONSWAP Joint North Sea Wave Project

NREL National Renewable Energy Laboratory
0C3 Offshore Code Comparison Collaboration
OoOwC Oscillating Water Column

PTO Power Take-Off

STC Spar Torus Combination

STLP Submerged Tension Leg Platform

TLP Tension Leg-Platform

TWWC Tension-leg platform with a heaving-type wave energy converter
W2Pp W2Power

WAMIT Wave Analysis MIT

WEC Wave energy converter

A Added Mass

A, Water Line Area

B Damping coefficient

bext external damping coefficient

bhyd Hydrodynamic damping

CoV Coefficient of Variation

¢, Lift coefficient

Cp Drag coefficient

c Chord length

Ar Radial length of the blade section
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Probability density function for response variance
Probability density function for the significant wave height

Acceleration due to gravity
Peak enhancement factor

Significant wave height
Transfer function
Retardation function

Impulse Function

Linear spring constant
Unstretched length of the tethers
Mass

Supplementary mass

Number of WECs

Unit vector normal to wetted surface

Absorbed power

Wave power absorbed by an isolated WEC

Total wave power absorbed by the array of WECs

Velocity Potential

Vi



O, (%) Probability of exceeding amplitude

o, Probability of Exceedance
Mean Interaction factor

qmean

R Variance

RAO( a)) Response amplitude operator

R, Radial distance to the tether fairled
Rij Restoring coefficient

Pair Air density

P Density of water

S, Body Structure

S{ (a)) Wave Amplitude spectra

S, (0)) Input wave spectrum

I Significant wave period

Tp peak wave period

I Peak period

T, Peak spectral period

Toro PTO Torque

U, Wind speed

V Wind Velocity

Vi Relative velocity

V( t) Instantaneous submerged floater volume
w( T, ) Weighing factor

w Wave frequency

0, Peak frequency

o, Rotational velocity of WEC arm
X Hydrodynamic pressure
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Velocity
Acceleration

Wave Elevation
Floater acceleration

Heave Amplitude

Wave Amplitude
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CHAPTER 1
GENERAL INTRODUCTION

1.1 PREAMBLE

The demand for clean, renewable energy resources has increased due to the limited availability
of fossil fuels and increased global warming. Many researchers have devoted their studies
towards the potential renewable resources like wind, wave, tidal, solar, biomass, geothermal
and hydropower. Wind energy has been used for many years for generating power on land.
With the maximum impregnation of wind power on land, the impact of noise, destruction of
the ecological environment and radiation on residents has increased the demand to shift the
wind turbines to the sea. The shift of the wind turbines towards the sea has helped reduce the
impacts of visual and noise pollution. In offshore regions, the water depth rapidly increases
with the distance from the land. So the cost of traditional jacket type or gravity-based
foundation increases with the increase in water depth. So, the initiative has been carried out to
derive wind energy from offshore wind farms having larger sea areas with steadier and stronger
winds with the aid of floating offshore wind turbines (Berlo et al., 2010). The Hywind,
equipped with a 2.3 MW wind turbine installed on the west coast of Norway, has been quite
promising with success in its power production and has inspired the development of floating
offshore wind turbines (Goupee et al., 2014).

The concept of combining a wind turbine with WECs has come into existence, allowing for a
reduced cost by sharing mooring systems and electrical cables and making better use of the
ocean area. In addition to the reduced cost, the combined concept also allows for increased
power production. The offshore renewable energy industry is still in its initial stage of
development. Still, a significant study explores hybrid renewable energy concepts such as
wind-wave, wind-current, wind-solar and wind-aquamarine. The offshore hybrid concepts are
very useful in reducing the overall project and logistic costs, further allowing for increased
renewable energy yield per unit square kilometre of ocean space (Wang et al., 2010). Roddier
et al. (2010) developed the semisubmersible WindFloat hull fitted with heave plates, which
provides acceptable static and dynamic motions for the operation of large wind turbines while
limiting expensive offshore installation and maintenance procedures. Lopez et al. (2013)

categorised hybrid devices based on the installed location, the principle on which they operate
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and the directional characteristics of the devices. To have sufficient energy production, the best
facilities are required to be provided for the wind turbine. Myhr et al. (2014) showed that, with
the depletion of shallow water resources, the study on exploration and production of offshore
energy is shifted towards the deep and ultra-deep water region. Karimirad et al. (2015)
suggested that compared to other renewable energy resources, the resources in the ocean, such
as waves and tides, wind energy and its associated technology, are considered as matured and
rather well established for offshore FWTSs.

1.1.1 Offshore Floating Wind Turbine Platforms

The increasing number of fixed-type wind turbines on land and in shallow water regions makes
the requirement of space harder to fulfil. Further, as the water depth increases, the resources
obtained are uneconomical. Butterfield et al. (2007) classified floating offshore platforms into
three general categories based on the physical principle or strategy for achieving static stability.
The study addressed that some floating platforms achieve stability by using ballast weights that
hang below a central buoyancy by creating a righting moment, high inertial resistance to pitch
and roll and usually enough draft to offset heave motion. On the other hand, some platforms
achieve stability through mooring line tension, and some platforms achieve stability through
distributed buoyancy, taking advantage of the weighted water plane area for the righting
moment. Jonkman and Matha (2009) studied the three primary concepts of offshore platforms,
which includes the Tension-Leg platform (TLP), Spar buoy configuration and Barge

configuration.

In the case of TLP platforms, the restoring moments are provided primarily through the
mooring system combined with excess buoyancy in the platform. Whereas, a deep draft
combined with ballast and a shallow draft combined with water plane area is considered for
the other two concepts of the spar and barge-type platforms. The power performance is greatly
influenced by the selection of offshore platforms, as explained by Bagbanci et al. (2012). The
floating platforms should be capable of satisfying the increasing needs for energy and securing
global needs. Myhr et al. (2014) suggested that every possible site for installing offshore wind
turbines depends on the wave and wind characteristics, sea bed properties and social conditions.
Further, the usage of floating wind turbines at some water depth is most important due to the
cost-related issues. Karimirad and Michailides (2016) briefed the issues related to the design
configuration of these support structures, installation, grid connection, operation and

maintenance, significantly affecting the cost of electricity production. Hence, the feasibility of
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different floating concepts needs to be addressed, and innovative support structures for mature
offshore wind technology need to be developed.

The disadvantage of all TLP designs is the expensive tension leg mooring system and
expensive anchors needed. Matha (2010) observed that TLP has a large amount of ballast and
a very high volume of the platform. The big cross-section at mean sea level also poses a
significant obstacle for incident-waves and adds to drag. The long spokes are a source of
failure; to build them with the necessary strength requires additional costly material and
manufacturing work. Installation also is the most difficult because the design is fairly deep
drafted, the tension leg anchors are difficult to install, and without adding additional ballast the
design is quite unstable without a mooring system (which makes the towing-out process
challenging). Chandrasakeran and Koshti (2013) suggested that TLPs may experience
increased dynamic response and motion in deeper waters due to longer tether lengths and
greater water depths. This could lead to higher fatigue loads on the structure and mooring
system, potentially affecting the platform's structural integrity and long-term reliability. Wang
et al. (2014) observed that as water depth increases, the length of the tension legs also needs to
increase to maintain adequate tension and stability. This poses engineering challenges and cost
implications. Beyond a certain depth, the length and weight of the tension legs become

impractical, making TLPs unsuitable for ultra-deep water environments.

1.1.2 Offshore Wave Energy Converters

Wave energy converters (WECS) are devices that can generate electricity from ocean wave
energy. There are various technologies developed to capture wave energy to generate
electricity. However, these technologies are at a very early stage of development to analyse or
combine but it will be useful in future commercial marketing. Compared to other renewable
energy resources, the wave energy conversion concepts are large in number. WECs are
classified by location, type and mode of operation (Falnes, 2007). Wave energy conversion
based on location is divided into shoreline devices, nearshore devices and offshore devices.
The shoreline devices are near the utility network, making them easy to maintain and repair.
As the waves travel from the deepwater region towards the shoreline, the speed of waves will
be reduced, resulting in less damage to the shoreline-mounted WEC devices. The devices
which are located in shallow water depth regions are called nearshore devices. Devices in such
locations are usually attached to the sea bed, which gives space against which the oscillating
device works. The devices located in deep water regions are called offshore devices.
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The main advantage of offshore devices is that wave power extraction from waves exceeds the
above two types of devices. As the waves in deep water zones exhibit greater velocity, hence
resulting in a higher magnitude of kinetic energy. Depending upon the orientation of devices
among the waves, the WEC is broadly classified as Attenuator, Point absorber and Terminator
(Beherens et al., 2012). These are WECS, and the orientation of these devices is parallel to the
propagating wave direction. The point absorber WEC possesses a small dimension compared
to its incident wavelength. As these devices are small, the wave direction is unimportant, and
they can absorb wave energy from all directions (Ozkop and Altas, 2017). These devices are,
in general, floating types moving up and down on the free surface of the ocean and absorbing
the wave energy. Terminators are similar to attenuators, but the orientation of the device is kept
perpendicular to the direction of the propagating wave and physically intercepts the wave to

absorb the wave power (Zhang et al., 2021).

1.1.3 Hybrid Offshore Floating Wind Turbine Platforms

The power generation mostly comes from the wind turbine, and WEC is still auxiliary. The
floating support structures have been well thought out and considered more suitable to be
integrated with auxiliary devices like WEC. However, until now, for the specific hybrid design,
there is no guideline for selecting floating support structures and WECs. Even for existing
hybrid systems, no device performs superior to others. Some concepts for combining wind and
wave are Spar-tours combination (STC), Semi-submersible with flap type WEC, TLP with
heaving WEC, TLP with torus WEC and Windfloat (Roddier, 2010, Muliawan, 2012, Wan,
2015). The hybrid STC system integrates the spar-type FWT with the torus (doughnut-shaped
WEQC). In the STC hybrid system, the torus WEC will move up and down in the heave direction
along with the Spar platform to capture energy from the incident waves, while wind turbines
generate energy from the wind. So the point absorber will benefit not only from using a floating
wind turbine mooring system but also from power cable for power transmission (Muliawan,
2013). TLP with heaving WEC consist of TLP combined with a heave buoy-type WEC. The
TLP has a very high pretension per pontoon. Due to this, at each pontoon, a single large tendon
is used (Zhou, 2016). The TLP with torus WEC combines a TLP type FWT and a heaving type
WEC (TWWC) (Ren, 2020). In this concept, WEC slips along TLP to extract energy by relative
heave motions through the PTO system from the incident waves, while the wind turbine
produces electrical energy from the wind. The semi-submersible type wind turbine with flap-
type WEC is an integrated concept that combines a semi-submersible type wind turbine and a
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flap-type WEC (Lee et al., 2023). The measured responses examined included semi-
submersible motions, flap-type WECs rotation, mooring line tension, internal loads of WECs
arms, and the energy produced by WECs. Structural responses for the mooring lines and the
tower bending moment are affected by wind load, while structural responses related to WEC

are not affected by wind load.

1.2 MOTIVATION

In recent years there has been a significant increase in the interest in floating offshore wind
turbines from the wind energy industry, governments and academia. Partially driven by the
higher consumption of fossil fuels and warnings for global warming, also by the lack or
complete absence of shallow waters in various countries around the globe, making fixed
offshore wind turbines infeasible, different types of floating offshore wind turbines have been
proposed. The most well-known of these is Hywind by Statoil, which has been operational off
the coast of Norway since the end of 2009. The offshore wind industry has now achieved
notable achievements in emerging offshore markets. The GWEC and IRENA have signed a
UN Energy compact pledging to work together to deploy 2000 GW of offshore wind needed
by 2050, which requires a huge upsurge in the annual installation of 35 GW offshore wind
turbines globally (GWEC, 2023). The operating offshore wind capacity in China has reached
31.4 GW and accounts for approximately 10% of the country’s wind capacity (Zhou et al.,
2022). With an active development in wind energy, researchers found a new concept of
combining the wind and WEC on a single platform, utilising the ocean space and the resources
more effectively, thus ensuring the sustainable development of renewable resources. The first
practical solution for the combined extraction of wind and wave energy is W2Power in
Norway, which supports two 3.6 MW wind turbines and hydraulic pump-type WECs to
produce 10 MW power. Further, studies have shown that combining wind and wave energy
can make the system cost-effective with shared survey and maintenance charges, subsea cables,

mooring and anchor systems, reducing the cost of produced power.

The first Offshore Wind Project of India (FOWPI) part of the “Clean Energy Cooperation with
India" (CECI), funded by the European Union (EU), aims at enhancing India's capacity to
improve energy efficiency by deploying an offshore wind farm near the coast of Gujarat, 25
km off Jafarabad. Recent studies by researchers have observed that the west coast of India has
a maximum of 9 m/s wind speed during the monsoon season and a wave height of 0.4 to 1.0 m

in deep water areas. Further, combining the WECs with the wind turbine platform might
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improve the response behaviour of the floating platform, improving the wind energy
absorption. Hence, the study focuses on floating-type combined wind and wave extraction
platforms installed in deep waters to utilise wind and wave energy.

1.3 AIM AND OBJECTIVES

The proposed work focuses on the brief description of combined concepts of TLP-type floating
wind turbines combined with an array of WECs. The coupled dynamic analysis of the
combined floating system for a set of environmental conditions will be discussed and calculates
the power absorbed by WECs for multiple body interactions. The study examines the influence
of the WECs on platform behaviour. Further, the study analyses the importance of mooring
lines for the hybrid floating system changing the number of mooring lines. The study will also
predict the most probable values of motion amplitudes for the hybrid floating system. The

following objectives are framed to achieve the proposed work:

e Coupled dynamic analysis is performed for the TLP-type floating wind turbine combined
with the array of WECs.

v" Hydrodynamic and coupled dynamic analysis of the different configurations is
performed to understand the responses of the system under wave load for zero-degree
wave heading angle to understand the responses, platform forces and moments at the
tower base and the mooring line tension under the wind and wave load for 5 MW wind
turbine.

e Multibody analysis is performed for the TLP-type floating wind turbine combined with
the array of WECs.

v' Multibody analysis of the combined wave and wind energy platform is performed to
understand the interaction between the floating platform and the attached WECs by
analysing the hydrodynamic coefficients.

v" Power absorbed by the WECs in the circular and concentric pattern is performed under
regular and irregular waves for the TLP Platforms.

v Design of PTO control is performed to improve the wave power absorption of the

WECs when arranged in circular and concentric patterns.

e The numerical simulation of the TLP platforms with the different number of mooring lines
is analysed. The motion responses of the hybrid system, tower base forces and moments

and the tension developed on the mooring lines are discussed.
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e Long-term analysis and reliability analysis using the Environmental Contour Method are
performed to predict the most probable maximum values of motion amplitudes for the TLP

Platforms for the North Atlantic wave data.

1.3.1 Scope of the Work

The offshore wind sector is rapidly developing with intense research and technological
advancements to attain a low-carbon economy and sustainable development. The wind turbines
have moved to deeper waters by installing three floating wind farms in the North Baltic and
Iberian seas. The wave energy sector, however remains relatively immature, and there are over
1000 reported patents which show the diversity of the concepts available. Unlike the wind
industry, the wave energy sector does not have a converged technology. The cost of energy
from waves is still far higher than most renewable energy sources, including offshore wind.
Combining offshore wind with wave energy offers a solution to many of the hurdles faced by
both sectors. The symbiosis of the systems is mutually beneficial, reducing the need for
separate substructures, mooring systems, power grids, logistics, maintenance, etc. The
combination of suitable WECs with a wind platform has been reported to reduce the platform
motions improving the hydrodynamic performance of both systems, thus increasing the overall
energy yield. The waves are more predictable compared to offshore wind, and the downtime
of the combined system can also be reduced, which is advantageous. The EU has funded several
research programmes to develop hybrid systems like MARINA, TROPOS, POSEIDON, etc.
The optimisation and implementation of hybrid systems require characterisation of the
dynamics of various combination options of the available concepts. In addition, experience has
shown that the sector presents unique technical challenges that must be addressed through

research and development.

The present study combines a TLP-type floating platform supporting 5 MW with a point
absorber-type WEC. The addition of WEC to the platform ensures a continuous supply of
energy. The study analyses the motion amplitudes of the system to observe the inertia load
acting on the structure. The response analysis forms the basis for the preliminary design of the
combined system, as the orientation of the wind turbine is dependent on the system’s motion.
The influence of the wind and wave load on the system is analysed by investigating the forces
and moments developed on the base of the turbine tower. Further, the tension developed on the
mooring cables is examined to understand the influence of the WEC on the floating system and

the structural integrity of the combined system. The study further calculates the maximum
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probable value of motion amplitude to be developed on the system for the lifetime of the
structure. The present work will give an insight into the power performance, structural integrity
and dynamic motions of the hybrid floating wind turbine platforms under different operational

conditions, which will help the designers to develop better design standards.

1.4 COMBINED WIND-WAVE ENERGY CONCEPTS

Sustainable utilisation of natural marine resources, together with the need for reduction in the
cost of the energy derived, enhances the need to combine the exploitation of offshore wind and
wave energy. The researchers have shown two main groups of synergies between the wind and
wave energy technologies, namely the legislative synergies and the technological synergies
(Pérez-Collazo et al., 2015). The synergies define the advantages of combining both offshore
wind and wave energy. The individual cost of WECs and floating offshore wind turbines are
also very high. So, to reduce the initial investment and maintenance cost, there is a need for a
hybrid concept. As wind and waves are closely related to the ocean, the hybrid concept for

extracting offshore renewable energy will be beneficial.

1.4.1 Rigid Body Analysis of Hybrid Wind-Wave Concepts

There are a lot of scopes in exploring the hybrid concepts of renewable energy, such as wind-
wave, wind-current, wind-solar, and wind-aquamarine. Hence, utilising the offshore hybrid
concepts to extract offshore energy is very useful to reduce the overall project cost and logistics
cost, increasing the renewable energy yield per unit square kilometre of ocean space. Bachynski
and Moan (2012) studied the dynamic responses of a single-column TLP supporting a 5 MW
wind turbine. The floating platform is integrated with three-point absorber WECs in the time
domain using Simo-Riflex-Aerodyn. Muliawan et al. (2012) studied the spar torus combination
(STC) and concluded that STC produces 6% higher power than a spar-type FWT. It can
increase up to 15% more than spar-type FWT when combined with the WEC. Further,
Muliawan et al. (2013) observed that the torus WEC is subjected to severe loads in case of
extreme conditions. Three survival modes are proposed for the STC, and two modes are
numerically simulated to estimate forces on the structure and its motion. Jeon et al. (2013)
showed that the dynamic response of a spar-type offshore wind turbine to wind and wave
excitations is usually evaluated in terms of the rigid body degrees of freedom of the floating
substructure. Naess and Moan (2013) established a hybrid frequency and time domain model

to predict the dynamic responses of STC. The STC consists of a spar-floater with a permanent
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ballast, a doughnut-shaped torus ballasted with water, a WEC Power Take-Off system (PTO),
awind turbine, a bearing system, end stops, and three main mooring lines. Bachynski and Moan
(2013) investigated the heave-type point absorber WEC combined with a TLP. The effect of
WEC on the wind turbine PTO is studied, and the platform motions are discussed. Several
benefits, such as reduced surge and pitch motions, minimal tendon tension, and reduced
bending moment, are observed when compared to TLP-type wind turbines. Boo et al. (2016)
discussed the design challenges of the combined platform utilising multiple energy. The study
presents the motion response analysis, power cable analysis, mooring analysis and structural
analysis of the hybrid system. The comparative study between numerical motion responses and
experimental data is performed to validate the numerical model. Gao et al. (2016) compared
two combined concepts of wind and wave energy converters. Numerical analysis of the Spar
torus combination and semi-submersible flap combination indicates that the SIMO-RIFLEX-
AeroDyn numerical model can predict responses very well. Crudu et al. (2016) evaluated the
forces in the mooring lines for a moored offshore structure to analyse the mooring forces acting
on the structure and also to predict the motions of the floating offshore structure under different
environmental conditions. The analysis of the moored structure and the dynamic behaviour of

the mooring chain is considered for five different scales.

Further, Chen et al. (2016) established a W2P of single row wind-wave power plant layout
method with one large floating platform, one wind turbine generator, 3-DOF mechanism
hemispherical shaped oscillating body along with the accumulators, hydraulic motors and the
electrical generators to extract both wind and wave power effectively. The wind turbines are
designed with retractable blades to capture maximum wind energy with minimum wind load
on the wind turbine by adjusting the diameter of the turbine and the velocity. The power
performance of the WECs was tested by calculating the g-factor to understand the wave effect
on the WEC device. Pan et al. (2016) numerically modelled the responses of mooring lines for
large floating structures. The study considered a water depth of 100m and used the Deep-C
module of SESAM to forecast the motions on large platforms with the impact of mooring
systems. The study proved that the responses are sensitive to the length of the mooring line,
and the dynamic responses of the platform are observed to increase with the decrease in the
responses of the mooring system. Karimirad and Koushan (2016) performed feasibility studies
for operational conditions of a combined spar-type floating offshore wind turbine with a WEC
using numerical simulations. The power production and motion responses are investigated for

PTO systems of wave energy devices and wind turbines showed a positive synergy for hybrid
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systems. Zhou et al. (2017) presented a novel concept by combining a TLP and heaving-type
wave energy converter (TWWC). Time domain simulations were performed to understand the
feasibility of the system. Hydrodynamic analysis was conducted using AQWA code, where
multibody modelling, including the hydrodynamic and mechanical coupling between the TLP
and WEC is evaluated. The study investigated the effect of wave period and different power
take of systems on the performance of the proposed system carrying an NREL 5 MW wind
turbine. Tabeshpour et al. (2018) investigated the influence of the TLP's damaged tendon state
on tendon tensions and behaviour in the range of wave frequencies. The equilibrium of TLP is
examined, and its stiffness matrix is generated under conditions of tendon injury using the
boundary element method to calculate wave loads and hydrodynamic coefficients. The study
demonstrated that, despite having a relatively minor impact on response amplitude
magnification, the condition of damaged tendons significantly affects the tension of tendons

that are close to failing.

A simulation model is developed by Yang et al. (2020) to calculate the motion responses and
forces of WEC to ensure the reliability and long-term performance of a floating-point absorber
WEC moored using a three-legged mooring system. The study is performed for the 1:20 scale
model to validate the numerical model in the deepwater basin. The study also observed the
axial force developed at the top of the mooring system. Le et al. (2020) studied a submerged
FOWT for an intermediate water depth. The coupled dynamic response of the FOWT under
different mooring conditions is analysed using a numerical aero-servo-hydro-elastic-mooring
tool for irregular wave environments. The study observed the significance of tether length on
the motion responses of the surge, heave, pitch and yaw. Zhang et al. (2020) conducted the
hydrodynamic analysis of VV-shaped semi-submersible, braceless semi-submersible and OC4-
DeepCwind semi-submersible supporting 5 MW reference wind turbine. The hydrodynamic
responses of the platform for two different water depths are observed to influence the second-
order wave loads on the platform motions and mooring tensions using the Newmans
approximation and Quadratic transfer function. Wan et al. (2020) studied three integrated
concepts of column-type wind turbines and heaving wave energy converters (WEC) for deep,
shallow, and intermediate water conditions. Spar-type wind turbines with long and short
floaters are proposed for deep and intermediate water depth conditions. The study analysed and
compared the dynamic motion responses, forces, and moments for the three different
configurations and observed the significant influence of environmental conditions on the

responses of the hybrid system. Jin et al. (2020) developed a full-time 2-D numerical model
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for the coupled dynamic response analysis of tension-leg submerged floating tunnel structures.
The equation of motion of the hull and the dynamic equations of the mooring lines is solved
simultaneously to determine the tension on the mooring lines and the influence of viscous

damping and mooring stiffness on first and second-order motion responses.

The semi-submersible platform consisting of four different mooring arrangements is modelled
by Tabeshpour and Abbasian (2021). The impact of the failure on the platform responses is
examined after one of the four mooring lines is damaged during the storm. The six degrees of
freedom responses are compared, and the ideal mooring configuration is selected to minimise
structural vibrations following the mooring failure. Gaspar et al. (2021) proposed a hybrid
floating concept combining a wind turbine with WECSs. The study is performed on the synergies
for utilising the WECs to assist the platform water ballast system in compensation for variations
of five different sea state conditions. The study concluded that the WECs on the downwind and
upwind sides of the platform have different roles in the dynamics of the floating system. Zhao
et al. (2021) analysed the intact stability of a semi-submersible floating platform supporting a
10 MW wind turbine using the aero-servo-hydro-elastic simulation. The study examined the
dynamic responses of the floating platform under different operational and fault conditions of
the wind turbine. The study also observed the effect of mooring line damping on the dynamic
behaviour of the floating system. Li and Liu (2021) illustrated the effect of wave directionality
on the dynamic response of an offshore floating wind turbine. The study observed the
longitudinal response, tower base fore-aft bending moment and mooring line tension force

developed under the short-crested wave.

The damage diagnosis problem of damage detection, identification of damaged tendons and
quantification of precise damage is studied by Sakaris et al. (2021) under various operating
conditions for a 10 MW multibody FOWT supported on a platform having two rigid bodies
supported by 12 tendons. Dynamic responses of the WT under different damage states are
obtained based on the stimulated FOWT. Niranjan et al. (2022) carried out the ultimate load
analysis and coupled dynamic analysis for a 15 MW wind turbine mounted on UMaine
VolturnUS-S semi-submersible floating platform. Time-domain coupled dynamic simulation
uses OpenFAST to determine the power production under parked and fault conditions. The
study presented the mean, minimum and maximum values of characteristic loads and platform
motions for different environmental conditions. Further, the impact of yaw misalignment,

wind-wave misalignment, and wave forces on the dynamic motions of the floating system is
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discussed. Amaechi et al. (2022) studied the mooring dynamics, mooring line tensions, and the
global performance of a paired semi-submersible column using a dynamic coupled approach.
The numerical simulation tool ANSYS-AQWA and Orcaflex is used for the hydrodynamic
study to observe the behaviour of mooring lines. The study followed the importance of the
mooring line tension and the increase in mooring line tension when the cables are damaged.
Hu et al. (2022) integrated a 10 MW wind turbine on a fully submerged TLP and studied the
dynamic responses of the floating system. The study concluded the closeness of results
obtained from the potential flow theory and the Morrison equation with tuned added mass

coefficient.

1.4.2 Coupled Dynamic Analysis using FAST

Coupled and uncoupled modelling approaches are used to study FOWTSs, though the actual
system exhibits highly coupled physical behaviour. The most studied coupled model for the
floating structure includes the FAST (Fatigue, Aerodynamics, Structures, and Turbulence)
code developed by NREL, now named openFAST. Ramachandran et al. (2013) examined the
consistency between the RAOs computed using WAMIT, a linear frequency domain tool, to
RAOs derived using FAST code, a nonlinear aero-servo-hydro-elastic tool. The study is further
extended to examine the changes in RAQs for flexible and operational wind turbine conditions.
The result showed that the RAOs computed from FAST and WAMIT are similar for the rigid
turbine configuration subjected to only waves. Coulling et al. (2013) validated the FAST model
using a DeepCwind semi-submersible platform supporting a 5 MW wind turbine. Experiment
investigation of the dynamic responses of the system under combined wind and wave loading
was conducted on a 1:50 scale model in the MARIN'soffshore basin. The DeepCwind semi-
submersible FWT's coupled aero-hydro-elastic response performed as estimated in the
validation study, according to FAST. Karimi et al. (2017) present a frequency domain approach
for the numerical analysis of coupled wind turbines, floating platforms and mooring systems.
FAST and WAMIT are used to generate frequency domain aerodynamic and hydrodynamic
characteristics for OC3 hywind spar, TLP and OC4 DeepCwind floaters. Han et al. (2017)
proposed the concept of a STLP for the offshore wind turbine. The platform is self-stable during
the transportation phase due to the large water plane area and is stable during the operation
phase due to the submergence. The stability during the transportation and installation phase is
studied and observed to have safe wet towing during the transportation phase. The dynamic
response study was conducted to analyse the effect of second-order wave loads, water depths
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and wind wave misalignment. The analysis showed that the effect of second-order wave loads
on the dynamics of STLP is slightly higher in the parked conditions than that in the normal
operation condition.The platform stability during the operation phase is observed to depend on
the surge, sway, roll and pitch motions. Oguz et al. (2018) examined the Iberdrola TLP wind
turbine concept, TLPWIND, experimentally and numerically under real-world wind and wave
conditions. The free oscillation, tests in regular and irregular waves, and simulations of wind
conditions were all examined numerically using the simulation tool FAST. Comparing the
results of physical and numerical simulations shows that, while in some cases, the numerical
predictions made by FAST were extremely near to the results of the experiments, in another

case, the numerical model could not effectively anticipate the platform response.

The dynamic responses of the spar platform is analysed by Wang et al. (2018) under different
wind and wave conditions using fully coupled FAST code, and the results were validated using
the model test. Minor discrepancies are observed as the FAST code underestimates the impact
of low frequency on the heave and mooring tension. The study concluded that the wind and
current induce low-frequency average responses though wave induces the fluctuation range of
responses. Yang et al. (2021) investigated the dynamic response of a 10MW offshore wind
turbine supported by a multibody floating platform consisting of a cylindrical platform
supported by six tendons to observe the different tendon breakage scenarios. Numerical
simulation tool F2A based on AQWA and FAST is used to perform coupled analysis of FOWT.
The study observed the influence of platform response on the health of tendons. Guo et al.
(2022) conducted the dynamic response analysis for the IEA 10-MW Spar Floating Offshore
platform supporting a 10-MW reference wind turbine. The numerical simulation FAST tool
builds a nonlinear aero-hydro-servo-elastic numerical model. The study examines the natural
periods by free-decay experiments. Further, the wind turbine's accuracy and controller's
sensitivity are studied. The platform's natural periods in its six degrees of freedom are within
the permitted range. Zhang et al. (2023) conducted the dynamic response analysis of a hybrid
semi-submersible floating wind turbine and two types of WECs DBSC (DeepCwind-Wavebob-
Wavestar Combination) system. The study examines the dynamic responses, power generation

and pitch performance of the hybrid systems using the simulation tool FAST and AQWA.

1.4.3 Multibody Analysis of Hybrid Wind-Wave Concepts

Hydrodynamic study of multiple bodies is generally carried out for a WEC farm and for an
array of WECs combined with the floating platform to analyse the responses of each system
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under the action of waves. The study is essential to understand the influence of one device on
other devices, further investigating the overall performance of the array. Child and Venugopal
(2010) studied the optimal configurations of wave energy device arrays using parabolic
intersection and a genetic algorithm. Hydrodynamic interactions occurring in an array of WECs
are determined considering radiation and scattering from the WEC devices moving
independently incorporating energy extraction. Sinha et al. (2015) studied the power absorption
of different arrangements of point absorbers. Three different shaped floaters are considered to
study the effect of change of shape in power absorption, and WAMIT (Lee et al., 1995) is used
for the analysis of hydrodynamic forces and coefficients. Konispoliatis and Mavrakos (2016)
performed the hydrodynamic analysis of an array of interacting free oscillating water column
(OWC) devices exposed to finite water depths and regular surface waves. The interaction
phenomenon with neighbouring bodies is observed, and the added mass, damping coefficient,
air flow rate, and wave power efficiency for each device are evaluated. Zheng and Zhang
(2018) performed a theoretical study of a hybrid wave energy system consisting of oscillating
water columns and several oscillating floats hinged around the device. The hydrodynamic
analysis is performed to assess the dynamic response and power absorption of a hybrid WEC

in the frequency domain.

A simulation model of floating WECs to calculate the responses, forces and moments, and
mooring forces are developed by Yang et al. (2020). The study examined the reliability and
long-term performance of floating WECs. A 1:20 scaled model is tested in the deepwater
offshore basin to compare the numerically simulated coupled hydrodynamic responses. Ren et
al. (2020) studied a novel concept combining a TLP type FOWT and a heaving type wave
energy converter termed TWWC. The study analysed the dynamic responses of the combined
system numerically in time-domain and by using a 1:50 scaled model under operational
conditions of the 5SMW reference wind turbine. The hydrodynamic numerical code AQWA is
used to model the mechanical and hydrodynamic coupling of the TLP and the WEC.
Kamarlouei et al. (2020) experimentally studied the responses of the floating platform with
WECSs arranged in circular and concentric patterns. The heave and pitch response of the floating
platform is observed to reduce with the addition of WECs. Different floater shapes are studied
and better hydrodynamic performance is observed for the cone-cylinder-shaped WEC, where
minimum variation in average power absorption is noted. Howey et al. (2021) experimentally
examined the power production performance of different configurations of a five-device array

of IST spar-buoy OWC WECs in a wave basin. The study compared the performance of a
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single isolated WEC, an array of independently moored WECSs and three arrays with interbody
connections, with mooring arranged at different levels. The power performance is observed to
be better for the array of WECs with interconnected moorings, though the mooring load was
on the higher side. Silva et al. (2022) examined the motion suppression characteristics and
wave power absorption of hybrid floating platforms. A semisubmersible floater with three-
point absorbers in the floating and submerged conditions under turbulent wind and wave loads
is used to observe the dynamic non-linear characteristics of the hybrid system. Kamarlouei et
al. (2022) proposed an axisymmetric concentric two-body WEC by combining a torus-shaped
WEC with a floater whose energy extraction is through the relative heave motion. The study
analysed the hydrodynamic properties of the system in the frequency domain, and further, a
coupled hydrodynamic model was developed in the hybrid time-frequency domain. The
optimization maximises the pressure and power in the hydraulic power take-off system while

considering the hydrodynamic efficiency of various torus forms.

The power take-off (PTO) system is one of the components of WEC with significant room for
optimization, and many researchers are working to create and improve power absorption
through the PTO system. Wave power extraction uses different wave energy conversion
systems based on working principles (Mayrakos, 1991). Kofoed et al. (2006) documented the
prototype testing of Wave Dragon placed at Nissum Bredning, Denmark. The prototype
efficiency in terms of power production and stability is examined. Drew et al. (2009) identified
the possible power take-off systems and considered control strategies to increase the efficiency
of point absorber WECs. Hals et al. (2011) discussed the comparison strategies to control
WECs. The comparative study is performed for the absorbed energy, reactive energy flow,
peak-to-average power ratios, and the complexity of execution. Cho et al. (2012) suggested a
PTO through an inner dynamic system inside a floating buoy. The study investigated the
optimal condition of the dynamic system for maximum PTO and observed that maximum
power could be derived at optimal spring and damper conditions. The study suggested that the
bandwidth of high-performance regions need not be higher at the maximum PTO condition.
Luan et al. (2014) explored the possibility of combining the wind and wave energy on the semi-
submersible platform and presented the concept of combining 5 MW semi-submersible wind
turbines and three rotating flap-type WECs. Numerical simulation is conducted using the time
domain simulation model Simo/Riflex/Aerodyn. The system is made nonlinear with the
introduction of PTO system. The study observed that the selection of PTO and the mass of the

WECs have a significant effect on power generation. Lee et al. (2016) simulated the one-way
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coupled dynamics of offshore floating platforms with WECSs. The study concentrated on the
PTO damping of static WECs on the platform and concluded that the WECs might develop
significant damping of the platform motions in heave, roll and pitch. Negahdari et al. (2018)
developed a two-body wave power transformer by incorporating the effect of hydraulic PTO
parameters. Experimental studies on the motion properties of the WEC are performed by Kim
et al. (2019). The study analysed the rotation, speed, and acceleration of the wave energy
system. Si et al. (2021) proposed a combined floating wind and WECs by integrating a semi-
submersible floating platform and three-point absorber WECs. The study also observed the
dynamics of different power take off (PTO) control strategies which showed considerable
influence on the motions of the combined system. Chandrasekaran and Sricharan (2021)
performed the numerical analysis of a new, bean-shaped, multibody floating wave energy
converter (BFWEC) using WEC-Sim. Multiple bodies produce more power due to the
increased net excitation force. The novel device extracted a more significant excitation force,
which better radiates capabilities. Ghafari et al. (2021) investigated the effect of Wavestar
WECs on the wave power production and the platform motions of an OC3- Hywind spar
platform. The study observed increased surge, heave and pitch RAO for the floating platform

under regular waves of 1.2 m height and wave period varying from 4 s to 16 s.

A numerical model of WEC using the open-source CFD platform, OpenFOAM, is developed
by Katsidoniotaki et al. (2022) to study the wave interaction of the Humboldt Bay site in
California. The study used the overset method to evaluate the body motions and compared
them with the morphing method. The study observed the importance of wave steepness that
tends to develop wave loads on the WEC. Further, Katsidoniotaki et al. (2022) assessed the
viability of a point-absorber WEC using CFD models for a chosen site in the North Sea. The
extreme waves are modelled by focused wave groups, and the analytical breaking criterion
shows that the numerical breaking waves precisely estimate the breaking state. Windt et al.
(2022) examined the significance of high-fidelity numerical modelling of WECs under
controlled conditions using two separate test scenarios for two different WECs. The study
observed that high-fidelity hydrodynamic models must be used to evaluate the performance of
the aggressive energy maximum control (EMCS) for WEC control, which pushes the system
further away from the assumptions in the linear hydrodynamic model. Sun and Zhang (2022)
investigated the optimal parameter and the performance of an inverter-based point absorber
WEC. The analytical expression for the optimal parameters is derived for regular wave

conditions, and further performance under irregular waves is conducted for optimised
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parameters with constraints on system modal frequencies. Amini et al. (2022) observed that
adjusting PTO parameters is a difficult optimization challenge as there is a complex and
nonlinear relationship between various parameters of the PTO systems used for the WEC and
the absorbed power output. The study seeks to improve the PTO system parameters of a point
absorber WEC using several optimisation approaches to analyse the optimal parameters by
solving non-linear problems. Liu et al. (2022) discussed a novel discrete control strategy to
improve the power-capture performance of WECs with a hydraulic PTO system. A high-
pressure gas accumulator or a low-pressure gas accumulator can be actively and independently
connected to each chamber of hydraulic cylinders using this unique discrete control technique,
which introduces separate switching valves. The switching action of the switching valves is
controlled, which boosts the PTO system's flexibility and improves its controllability.

1.4.4 Long-Term Analysis of Hybrid Floating Wind-Wave Concepts

In order to have sufficient energy production, the best facilities should be provided for the wind
turbine. The performance is greatly influenced by the selection of offshore floaters. Hence, the
assessment of the performance of the floater is an important phenomenon for the design of the
floater. Prediction of the most probable maximum values of accelerations, displacements or
relative motions which are likely to occur during the lifetime of the floater is necessary to have
reference values for design targets. The long-term formulation for predicting the wave-induced
response of offshore floating structures was initially proposed by Fukuda (1967) and further
adopted and developed by Guedes Soares and Moan (1991). The study observed the importance
of the long-term probability distribution of wave-induced load effects on the design of fatigue
loads on ships by studying the long-term distribution of the wave-induced wave-bending
moments in ships. Guedes Soares (1993) further explained the importance of considering the
non-linearity of wave-induced load effects in long-term predictions. The study observed that
the long-term prediction of nonlinear wave-induced vertical bending moments depends on ship
characteristics. Guedes Soares et al. (2004) developed a long-term linear prediction method
that generates from summing the short-range distribution of the maximum estimated
probability of occurrence is used to predict the vertical bending moments during the operating
life of the Floating Production Storage and Offloading (FPSO) acted upon by abnormal waves.
Saha et al. (2014) investigated the long-term extreme responses of the spar-torus type system.
The investigation considers the largest peak values that follow the Gumbel distribution in short-

term cases. The estimation of a 50-year extreme response is conducted based on a simplified
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contour line method. Karmakar et al. (2016) discussed the inverse reliability technique to
predict the extreme loads on the offshore floating wind turbine. The study estimates long-term
joint probability distribution of the extreme loads using the environmental contour method for
spar and semi-submersible floating wind turbines holding 5 MW wind turbines. The study
observed that the out-of-plane bending moment at the blade root and tower base of the wind
turbine is less for the spar-type floating wind turbine platform. Wandiji et al. (2016) developed
a semi-floater concept of a floating offshore wind turbine support structure for installation
under moderate water depth. The reliability analysis and fatigue load calculations are
performed to ensure the desired life expectancy of the structure. Low and Huang (2017) studied
the long-term extreme response analysis of offshore structures considering all possible sea
states, where each sea state involves a stochastic dynamic analysis. The environmental contour
lines approach appeared as a practical method for drawing the extreme responses of the floating

system.

A reliability assessment framework by combining finite element analysis (FEA) modelling, is
developed by Kolios et al. (2018) to analyse the response surface modelling and reliability
assessment for point absorber WEC. The study developed an analytical model to analyse the
wave load and validate the FEA model. The study observed that the floater is prone to fatigue
failure during the nominal service life. Li et al. (2018) compared different methods to forecast
the long-term extreme responses of semi-submersible platforms combined with flap-type wave
energy devices. Numerical as well as experimental studies are carried out for the integrated
concept. In adverse conditions, the wind and wave power converters are converted in a safety
mode that minimizes dynamic forces and motions. Different methods for predicting the long-
term responses considering the wind and wave conditions at two European sites are carried out.
Further, the structural response quantities are analysed and compared. The response quantities
analysed are the axial forces and bending moments of the semisubmersible wind energy and
flap-type WEC, including those of the wind turbine, arms of the flap-type WECs and mooring
lines, also the six degrees of freedom platform motions. The study shows that the
environmental contour method gives an under-prediction of the long-term extreme responses
of quantities related to the wind turbine. Vijay et al. (2018) investigated the long-term response
analysis of various configurations of TLP-type offshore wind turbines. The long-term
distribution is obtained for the transfer functions. Preliminary analysis of the performance of
wave-induced response of floaters is performed using long-term analysis. The long-term

analysis is also performed for the vertical motions along with tower base bending moments to
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ensure safety against overturning in high waves and wind speed. Xu et al. (2020) analysed the
extreme responses of a semi-submersible platform using efficient Monte Carlo computational
simulations. The study adopts averaged conditional exceedance rate (ACER) method for the

efficient use of measured data.

1.4.5 Reliability Analysis using Environmental Contour Method

Extreme responses of offshore wind turbines are of major importance, and efforts are made to
design the structure so that it can withstand such extreme conditions of loading during its
service life. Using probabilistic design approaches for obtaining extreme limit states is a
method that has been used by researchers over time but involves a considerable number of
simulations of wind turbines. Long-term extreme response for any offshore structure needs to
be estimated for a given return period. Offshore structures use this design methodology, of
which the full long-term analysis yields correct results but is very time-consuming and tedious.
For the structural analysis and design, the probabilistic approach is beneficial by using only
limited environmental conditions to ensure sufficient capacity. The Inverse First Order
Reliability Method (IFORM) is suggested by Winterstein et al. (1993), which involves finding
contours of environmental parameters that are independent of the structure with the variables
decoupled with the response. Extreme sea states can be determined by this method, and IFORM
is introduced over the FORM method, which proves to be beneficial. Winterstein (1998)
presented the reliability-based prediction of design loads and responses for floating structures,
including the Tension-Leg-platform and Spar buoy, which can be an alternative to the full long-
term analysis. The environmental contour method is used by Christensen and Arnbjerg-Nielsen
(2000) to obtain the design shear force and overturning moment at the seabed for an active
stall-regulated wind turbine at two sites. Fitzwater et al. (2003) presented the background of
the development of the EC applied to wind energy systems. The theory is applied to develop
contours based on design code descriptions of environmental conditions or measured data for
a site-specific application. The study observed that the ECM provides reasonable estimates of
the expected extreme load compared with the full integration method. Saranyasoontorn and
Manuel (2004, 2005) demonstrated how the environmental contour method could be applied
to establish ultimate wind turbine blade bending design loads for various wind turbines. The
values thus obtained are compared with the solution by full integration over the failure domain,
and its accuracy is tested. A full random characterisation of both wind conditions and short-

term maximum response, given the wind conditions, will yield extreme design loads that might
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be approximated reasonably well by models that include the randomness in the wind
environment. Alternative modelling assumptions for randomness in the gross environment and
in the extreme response given wind conditions to establish nominal design loads are studied.
The study examined the accuracy of the derived design loads by comparing full integration
over the random variables and by accurately describing the failure domain.

The reliability analysis of DeepCWind semi-submersible offshore floating wind turbine using
1-D model and 2-D model for 10-min mean wind speed is discussed in Karmakar et al. (2014).
The out-of-the-plane bending moment loads at the blade root and tower base moment loads for
the DeepCwind FWT was analysed. The inverse reliability techniques are used to estimate the
joint wind and wave design loads for the wind turbine. Karmakar et al. (2015) compared the
design loads of the floating wind turbine for I-D, 2-D and 3-D environmental contour methods
by performing reliability analysis on spar-type, DeepCWind and WindFloat semi-submersible
floater. The estimation of the long-term joint probability distribution of extreme loads for
different types of offshore floating wind turbines is studied using the environmental contour
(EC) method. The out-of-plane bending moment loads at the blade root and tower base moment
loads for the offshore floating wind turbine of different floater configuration like spar-type,
DeepCWind and WindFloat semi-submersible floater is presented. The dynamic behaviour of
a coupled platform turbine system and the statistics of tower and rotor loads and platform
motions is studied by Sultania et al. (2018) using time domain analysis. The 2-D and 3-D
IFORM method is used considering wind speed and wave height for the environmental
parameters for extreme loading. This helps understand the comparison of the different methods
used and their accuracy. The environmental contour method is used to obtain the extreme
responses under certain misalignment conditions adopted, and the uncertainties in response are
studied by correcting the two-dimensional EC method. Further, different mooring patterns are
studied to know the characteristics under different aligned wind-wave conditions and the
structural properties.

The short-term response of an integrated system using the EC method is obtained by Liu et al.
(2019), and the long-term response is extrapolated based on these loads. The 3D approach is
used considering the uncertainties and is noted to give more accurate long-term analysis
responses. Raed et al. (2019) obtained the 1D and 2D environmental contours for employing
the inverse first-order reliability method to derive the extreme responses on a semi-submersible
floating wind turbine. The environmental random variables, significant wave height and peak

period, are used to estimate the contour. The results thus obtained by 1D and 2D environmental
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contour methods are compared by performing a full long-term analysis. This study gives a
broader view and comparison of the full long-term analysis compared to the approximate
methods used. Recently, Konispoliatis et al. (2021) studied a multi-purpose floating TLP
concept suitable for the combined offshore wind and wave energy resources exploitation,
considering the prevailing environmental conditions. The environmental contours are
developed by computing the joint distribution of environmental parameters using the statistical
characteristics of wind and wave time series at the examined location. Zhao et al. (2022) studied
extreme tension developed on the mooring cables of semi-submersible platforms using the
Environmental Contour (EC) method. In addition to the traditional EC method, the study
considered the short-term uncertainties and developed a parametric model based on numerical

simulations combined with a linear interpolation technique.

1.4.6 Physical Model Studies of Offshore Floating Wind-Wave Platforms

Model tests under controlled environmental conditions in laboratories are important steps to
study the dynamic behaviour of offshore wind turbines and WECSs. In recent years, significant
model tests have been conducted for floating wind turbines with different types of floaters. The
hydrodynamic responses of the Spar-Torus combination are analysed by Wan et al. (2015)
using both numerical and experimental studies. The numerical study observed a positive
synergy with the combination of spar with torus wave energy converter though it was
challenging to maintain structural integrity between the platform and the WEC. The study is
performed for a 1:50 scale model for two survival modes, torus locked to spar and kept at mean
water level (MWL) and torus locked to spar and submerged below MWL. The model test
analysed the six degrees of freedom (DOF) motions, mooring line tension and force between
spar and torus for three directions and compared them with the numerical simulations. The test
was conducted under regular wave conditions, irregular wave conditions and also with
combined wind and wave conditions to understand the importance of wind wave misalignment
for the motions of the platform. Perez-Collazo et al. (2018) conducted an experimental study
to define a simplified version of the WEC-sub-system hybrid converter. The hydrodynamic
response of the 1:37.5 scaled model is studied for both regular and irregular waves. The
responses are characterised by incident and reflected waves through RAOs of the free surface
elevation to understand the influence of incident waves on the device response. The point
absorbers are WECs with dimensions smaller than the wavelength and are capable of deriving
energy from the wavefront much greater than the physical dimensions of the device. Zabihi et
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al. (2019) studied a 1:15 scaled fixed offshore OWC model in a large towing tank to observe
the effect of wave spectrum shape on the efficiency of the model. The study examines how
geometric and hydrodynamic parameters affect the effectiveness of the OWC device and
identifies novel locations where nonlinear interaction, or sloshing, takes place inside the
chamber. The type of incident wave spectrum was observed to have an impact on the form of
the spectrum inside the chamber, particularly for long waves. Further, for longer incident wave
periods, the Pierson-Moskowitz spectrum led to higher device efficiency compared to the
JONSWAP spectrum.

The dynamic responses of the TLP structure is studied by Riefolo et al. (2019) using
experimental investigation. The structure was modelled using Froude’s scale to test the
structure under regular waves for steady wind. Free vibration and hammer test was conducted
to study the natural frequency of the system. Further, displacements, rotations and the forces
developed at the mooring lines were investigated for rated and parked condition of the wind
turbine. The study observed that the responses for the parked conditions are higher compared
to the operation condition due to the aerodynamic effect of the turbine. The responses of the
combined system of TLP and a series of buoys around the structure together named SerBouys-
TLP are analysed by Ma et al. (2019). Numerical and experimental studies are conducted to
investigate the motion amplitudes of the system. The numerical simulations are conducted
using a time domain simulation (DUTMST) based on MATLAB. The model test was
conducted on wave flume for a 1:50 scaled model, and the scaling down was done using
Froude’s law. The study observed that the addition of buoys on the TLP significantly reduces
the horizontal motions of the system. Further, the responses of the combined system are

investigated for different wave factors and buoy parameters.

The performance of a semi-submersible platform combined with WECs is experimentally
analysed by Sarmiento et al. (2019). The global responses and the performance of the OWC
WEC are studied using the wave tank test. The model was subject to regular waves under wind
and no wind conditions for survival and operational conditions of the wind turbine. The
dynamic response of a moored floating oscillating water column under realistic wave states is
experimentally investigated by Singh et al. (2020). The experimental setup was modelled with
wave trains developed using a piston-type wave maker. Global response motions, dynamic
tendon response, wave elevation, and air chamber pressure were measured using the

experimental setup. The study observed to have stiff heave and pitch motion and significant
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surge motions. Ruehl et al. (2020) analysed the 1:33 scaled model of the floating oscillating
wave surge converter (FOSWEC). The WEC system was tested for a different range of
conditions like static offset, forced oscillation, free decay, wave excitation and the responses
for four different configurations of the converter system. The numerical simulations are
conducted using open-source WEC-sim code, and the simulation results are validated using
experimental data. Kim and Shin (2020) examined a 750 kW semi-submersible FOWT model
numerically and with experimental data set to understand the stability and motion performance
of the system. The dynamic response simulation was conducted using FAST, developed by
NREL, to validate the experimental study under regular and irregular waves with the rotation
effect of the blades of the turbine. The comparison of result showed that the model tests agreed
with the numerical study for the regular wave condition. Ren et al. (2020) studied a novel
combined concept of TLP with heaving WEC. Coupled dynamic responses of the combined
system was analysed numerically using the simulation tool AQWA and was experimentally
validated using 1:50 scale model. Two non-linear air dampers were used to simulate the PTOs
and a rotating wind turbine was used to develop the mean thrust effect. Zhou et al. (2021)
conducted a numerical and experimental study on semi-submersible FWT. The study compared
the dynamic responses developed by both the structures mounting 5SMW wind turbines as well

as the tower base loads and nacelle acceleration for the two structures.

1.5 CRITICAL REVIEW AND RESEARCH GAP

Sustainable offshore wind and ocean development requires efficient use of natural resources,
which could optimise their exploitation. The challenge thus arises for both the wind and wave
industries that incentive the integration of wind and wave energy converters. The exploitation
of the combined wave and wind energy device is a very recent research topic with a limited
number of studies on the combination of wave and offshore wind energy focussing mainly on
the combined electricity production, proposing new alternatives to combine the exploitation of
wave-wind energies. Most of the work on the combined wind and wave energy concepts is
performed by EU-funded projects trying to enhance industrial and scientific collaboration to
develop sustainable energy. As a result, many concepts of combined exploration of wind and
wave energy were explained. The present literature study highlighted the concept of hybrid

platforms for exploring wind and wave energy resources.

The researchers showed the importance of response analysis of the hybrid platform to compute
the load developing onto the combined system for the preliminary design of the platform. The
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researchers have developed different numerical simulation tools in both the time and frequency
domains for the response analysis of the combined concept of wind and wave energy. The
researchers have also highlighted the importance of hybrid frequency and time domain
simulations for global response analysis. The researchers examined the performance of point
absorbers in capturing the wave energy for the heaving point absorbers combined with a
floating wind turbine platform. The researchers showed the importance of site selection for the
substantial availability of wind and waves. The system must be designed in the ultimate limit
state based on load effects corresponding to 50-year wind and wave conditions. Hence extreme
response analysis of the offshore structures was performed with full long-term analysis using
short-term responses for all environmental conditions. Further extreme responses are also
analysed using the contour surface method when two environmental variables are present.
Different floating hybrid concepts, namely spar-torus combination (combining spar platform
with torus-shaped heaving WEC), semi-submersible flap combination (providing three rotating
flaps at three pontoons), oscillating water column array with a wind turbine, W2Power, Wind

wave Float and Poseidon floating plant is studied intensively by previous researchers.

With limited research on the combined wind and WEC concept, the hybrid platform of wind
and wave energy converter is a less exploited area. Most of the hybrid concepts are based on
the combination of a spar platform with WECSs and also on the semi-submersible platform with
additional attachments for extraction of wave energy. The studies are limited to the combined
concept of a TLP with WECs. Further, the TLP being stabilised by tensioned tendons, the
addition of WECSs will develop only minimum variation of the responses of the system but can
improve the power production, also ensuring a continuous supply of energy. Hence, point
absorber-type heaving WECSs can be attached to a TLP-type floating platform supporting a 5
MW wind turbine for smooth conversion of wind and wave energy. The present study
numerically analyses a Submerged Tension Leg Platform (STLP) integrated with cone-
cylinder-shaped WECs. The researchers observed better stability for the STLP floating system
in both the transportation phase and the installation phase. Further, the cone-cylinder-shaped
WEGCs in the array were observed to have maximum energy extraction. The study further
models a new concept of the Frustum Tension Leg Platform (FTLP) system and examines the
performance of the system under different environmental conditions. The STLP and FTLP are
combined with cone-cylinder WECs to study the influence of the WECs on the floating system

and observe the efficiency of the wind and wave power extraction.
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1.6 BRIEF OVERVIEW OF THE THESIS

The thesis is structured into seven chapters, each focusing on a specific aspect of the physical
problem investigated and the approach taken to formulate a solution. The detailed description
of each chapter are as follows:

In Chapter 1, the introduction and motivation for the present study are discussed along with the
detailed literature review on the dynamic analysis of the hybrid floating wind-wave system, the
performance of the WECSs in array with the floating wind turbine platform and also on the long-
term response and reliability analysis of the combined floating systems are presented. The
numerical and experimental findings relating to the response behaviour of the combined wind-
wave system are examined. The chapter discusses the aim and objectives derived from the
literature along with the scope of the research work. In addition, the research gap and a critical
review based on the literature review is described.

In Chapter 2, the coupled dynamic analysis of the STLP and FTLP combined with WECs most
suitable for deep water conditions is analysed. The natural frequency and rigid body motions
of the STLP and FTLP supporting the 5 MW wind turbine are studied and compared. A circular
array of cone-cylinder-shaped point absorber WECSs is provided around STLP and FTLP to
absorb wind and wave energy. Further, the study observed the forces and moments developed
at the base of the turbine tower and the tension developed on the mooring cables to understand
the performance of the floating hybrid TLP concepts against wind and wave.

In Chapter 3, the hydrodynamic performance of six different arrays of cone-cylinder point
absorber WECs placed around an STLP and FTLP supporting a 5 MW wind turbine platform
is examined. The heaving point absorber-type WEC in concentric and circular arrays are
studied to observe the influence of the TLP and other WECs on the platform’s stability and
wave power absorption. instantaneous power absorbed by the wave energy device in the
circular and concentric pattern is then calculated for several specified ocean conditions of the
North Sea. The study then examines the influence of a hydraulic PTO system by analysing the
power absorbed by the WEC using two different control strategies of the PTO system. In
addition, the mean interaction factor (q-factor) and the capture width ratio (CWR) are studied
to observe the efficiency of the hybrid system and also the utilization of the incident wave.

In Chapter 4, the STLP+6WECs and FTLP+8WECs hybrid floating wind turbine platforms are
studied for different mooring layouts. The combined TLP-WEC is supported with tensioned
mooring cables to stabilize the system against wind and waves. The study identifies a novel

hybrid TLP-WEC concept with the optimum number of mooring lines for stabilizing the
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combined system by studying the responses, forces and moments and tension developed on the
mooring cables of the hybrid system. The forces and moments developed on the base of the
floating wind turbine are further examined to analyse the impact of wind and wave loading on
the responses of the hybrid floater.

In Chapter 5, the most probable values of motion amplitude of a hybrid wind-wave energy
converter system are studied using long-term analysis. The long-term response analysis is
obtained using short-term responses represented using Rayleigh distribution. The aero-servo-
hydro-elastic simulation is performed for the combined concept of STLP and FTLP with a
heaving cone-cylinder point absorber WEC. The performance of the combined system is based
on the transfer functions and the choice of wave spectrum model. The study preferred the
JONSWAP spectrum to predict the most probable values as it follows the Rayleigh distribution
and incorporates wave refraction for partially developed sea states.

In Chapter 6, the reliability of hybrid floating wind turbine platforms against extreme loads is
established using the IFORM that includes the randomness in the gross wind environment and
the extreme response given wind conditions. The extreme responses on different configurations
of hybrid STLP and FTLP-type floating offshore wind turbines are analysed using the
Environmental Contour Method. The maximum values of the responses for both 1-D and 2-D
models are studied and compared. The probability of the exceedance of the responses (Surge,
sway, and yaw) for the platforms is studied for different return periods. The study further
analyses the maximum values of tower base bending moment load at the platform-tower
junction to observe the influence of the wind load on the floating wind turbine.

Finally, Chapter 7 summarizes the major findings of the thesis and restates the research
objectives and contributions. It emphasizes the main conclusions drawn from the study and
their implications. The chapter discusses the research's importance in a wider context and
suggests potential directions for future studies. The brief outline of the thesis is presented as a
flow chart in Figure. 1.1.
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Fig. 1.1: Flow chart of the outline of the thesis.
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1.7 CLOSURE

The chapter briefly overviews the global wind energy scenario, offshore floating platforms,
WECs and hybrid wind-wave platforms. Different concepts of hybrid floating wind-wave
combined systems supporting the wind turbine and the WECs are discussed. The hybrid time
and frequency domain simulation technique for the coupled dynamic analysis of the combined
floating systems studied by the researchers is discussed in detail. The researchers discussed the
importance of response analysis of the integrated system for the preliminary design of the
system. The literature review also examined the interaction of WECs with the platform and
discussed the power performance of the same. Further, the PTO system for optimising the
power absorption of the WECs studied by the researchers is detailed. Different control
parameters of the PTO are discussed. The studies presented the importance of the station-
keeping system for the floating system, with analysis also being carried out to calculate the
tension developed on the tether. The chapter also highlighted the importance of predicting
maximum values of motion amplitude for the combined system using different techniques.
With limited research on the combining wind and wave energy converter concept, the hybrid

platform of wind and wave energy converter is a less exploited area.
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CHAPTER 2

COUPLED DYNAMIC ANALYSIS OF HYBRID TENSION-
LEG PLATFORM FLOATING WIND TURBINE

2.1 GENERAL INTRODUCTION

The studies on offshore floating foundations for generating wind power in the deep-sea gained
interest in recent decades as the deep-water foundations proved more economical than
conventional land-based and shallow-water fixed foundations. Further, the initial investment
and maintenance cost for independent Wave Energy Converter (WEC) and floating offshore
wind turbines are high (Weiss et al., 2018). As a result, the need for hybrid concepts came into
existence. As winds and waves are closely related in the ocean, a hybrid concept for energy
extraction is found to be beneficial. The hybrid structures are designed by combining WEC
with Offshore Wind Turbines (OWT). They are observed to have less construction and
maintenance costs when compared to independent OWT/WECSs. The coupled dynamic analysis
of a Tension-Leg Platform (TLP) combined with WECs, most suitable for deep-water
conditions is examined. Two different forms of TLP combined with circular arrays of cone-
cylinder-shaped point absorber WECs are analysed to understand the importance of hybrid
systems. The influence of the WECs on the rigid body motions of the platform is studied in the
time domain using the numerical simulation tool FAST. Further, the study observed the forces
and moments developed at the base of the turbine tower and the tension developed on the
mooring cables to understand the performance of the floating FTLP concept against wind and

wave.
2.2 NUMERICAL MODELLING

The numerical model based on the aero-servo-hydro-elastic simulation is adopted to analyse
the influence of WECs on the floating offshore wind turbine platforms under regular wave
conditions. The complex system, including the floating wind turbine, the point absorber WEC
and the mooring system for both hydrodynamic and aerodynamic analysis, is considered in the
present study. An integrated aero-hydro-servo-elastic analysis is performed to predict the
forces and the motion response. The hydrodynamic properties of the rigid body, including the

six Degrees of Freedom (DOF), excitation force, potential damping, added mass and the
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coupling terms of the body due to hydrodynamic interaction are simulated using WAMIT. The

equation of motion is given by

~&’ (M + A(@)) X (@) +ioC(w) X (0)+ RX (@) = F (), (2.1)
where M gives the structural mass, A(a)) Is the added mass, X (a)) is the displacement vector,
C(w) is the damping co-efficient, Ris the restoring co-efficient and F(w)is the external

force. The equation of motion, as in Eq. 2.1 is based on the linear potential flow theory, but to
incorporate the non-linear effects, the time domain analysis is required. The equation of motion

considering the quadratic viscous damping with six DOF for a rigid body is expressed as

{M+A(0)} X (t)+ BX\X\+jk(t—7)x(r)dr+Rx (t)=f(t,X,X), (2.2)

where A(oo)is the added mass at infinite frequency, X ,X and X are the displacement,
velocity and acceleration in the time domain, B is the quadratic viscous damping co-efficient,

k(r) is the retardation function and f(t, X,X) is the external force vector which is the
function of displacement and velocity in the time domain
2.2.1 General Equation of Motion

The equation of motion in FAST is derived using Kane’s dynamics method. It is based on the
principle that all generalised active and inertial forces acting on the complex system of the
coupled RNA, the tower, and the support platform are balanced. The time-domain equation of

motion (Jonkman, 2009) for the support platform and the coupled wind turbine is given by
M; (g.u,t)d; = f(g.0,u.t), (2.3)
where M represents the inertia mass matrix depending on degrees of freedom g, control input

and time t. The expression in Eq. (2.3) considers the contributions from aerodynamics,
platform mass and inertia, gravity, hydrodynamics and the reactional loads of the mooring

system.
2.2.2 Aerodynamic Loading

The aerodynamic load on the wind turbine is based on the blade element momentum theory,
which is based on the blade momentum theory and the blade element theory. The blade
momentum theory finds the forces at the blade based on the conservation of linear and angular

momentum. The blade element theory is based on the forces at the section of the blade at the
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blade geometry. The relative velocity of the airflow (Jonkman, 2009) that moves the blade

element is given by

V., =V \/(1—a)2 J{r\?f (1+a )T, 2.4)

where V is the upstream wind velocity, a and a are the axial and angular induction factors,

respectively, Q. is the angular velocity and r is the distance of the airfoil section from the blade
root. The angle of attack « and the relative angle of the wind ¢ is given by

V 1-a
=¢— B and tang=———, 2.5
a=9=p ¢ rQ, 1+a (25)

where £ is the section pitch angle. For maximum power to be developed, the axial and angular

induction factors are related as

1-3a

a = . 2.6
4a -1 (26)

The axial force developed on the rotor is the combination of lift force F, and drag force F, is
given by
F, = F_cos¢+ F,sing. (2.7)

The lift force expressed in terms of the lift coefficientC,, air density p,; , airfoil chord length

¢, radial length of blade section Ar, and relative velocity V,,, is given by
.C
F = p;f VAC, (a)Ar. (2.8)

The drag force expressed in terms of the drag co-efficient is given by

F, = paT"Cv;lc:D (t)Ar. 2.9)

2.2.3 Hydrodynamic Loading

The total external load acting on the platform other than the weight of the support platform and
the load transmitted (Jonkman and Matha, 2011) from the wind turbine is given by

FiPIatfrom :_qu-j +FiHydrodynamic+FiLines’ (210)
Where A, represents the contribution from added mass component, F™&¥™ s the

hydrodynamic load on the support platform and F"™ is the load from the mooring lines. To

obtain the equation of motion for the hydrodynamic load developed on the system, the
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radiation, diffraction and hydrostatic loads are considered, and the hydrodynamic load is given
by

Fi Hydrodynamic _ FiWaves 4 FiViscous 4 Fi Hydrostatic (2. 11)
The hydrodynamic load equation considers the total excitation load on the support platform
from the incident waves F"*"* which is closely related to the wave elevation ¢ . The Airy’s
wave theory describes the kinematics of regular waves, whose periodic elevation is a sinusoidal
wave propagating at a single amplitude and frequency (period) or wavelength. The contribution
to the linear potential wave force on the support platform is expressed as

[ Waves — [ Radiation e Diffraction (2.12)

The force due to radiation F ™" is due to the forced oscillations of the support platform in
all DOF when no incident wave is present. The resulting radiation force includes contributions
from added mass and force, which is proportional to accelerations and contributions from the
radiation damping, which is proportional to platform velocity.

R =—A (@) 4 () - B; (@), (). (2.13)
The total radiation load can be obtained by the inverse transformation of the radiation loads in
the frequency domain and is given by

F Rediation _ A, () d, (t)_J‘hij (t- z-)qj (t)dr, (2.14)

where A, (o) is the added mass coefficient at the infinite frequency and h, (7 )is the retardation

function. The retardation function is given by
hy (7)== [ B, (@)cos(wr)de. (2.15)
4 0

The irregular or random waves representing various stochastic sea states are modelled as the
summation or superposition of multiple wave components, as determined by an appropriate
wave spectrum. The HydroDyn module includes the Pierson-Moskowitz spectrum for the fully
developed sea state, the JONSWAP spectrum for the limited fetch conditions, and is also
equipped with user prescribed site-specific wave spectrum. The excitation load to determine
the diffraction force F.°™"" is given by

£(6) === [W(0){2787 (@)e ™ do, (2.16)

—00
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Fi Diffraction _ Zi JW ((0) 27[S§_Sided (G))XI (a),ﬂ)ethda). (217)
T

The relation as in Eg. (19) is an inverse transform depending on the 2-sided power spectral
density of the wave per unit time Sj‘“de" , Fourier transforms of a realisation of white Gaussian
noise time series process with zero mean and unit variance W(a)) and the complex-valued

array representing the wave excitation force on support platform normalised per unit wave

amplitude X, (a) ,B) depending on frequency @ and direction g of incident wave. To animate

the wave surface around the floating platform, the wave elevation is given by

£(6X,Y)= zi W () [278Z5% (@)e X0 e Pging g, (2.18)
T —o0

which is valid for any location along with the mean position. (X,Y) represents the initial

reference plane on the still water level, and k(a)) represents the wave number for any wave

direction . The wave number, water depth, incident wave frequency and the gravitational
constant are co-related by the dispersion relation given by
o’ = gk(w)tanhk (w)h. (2.19)

The viscous drag load is modelled using the Morison equation and is expressed as
iscous 1 . .
R = =Gy A (1)=& () v (0) =4 (1) (220
where ¢; (t) is the undisturbed flow velocity taken at the instantaneous position of the centre

of gravity, v, (t) is the velocity of the support platform, C, is the viscous co-efficient having

projection area A and p,, is the water density. The hydrostatic force includes the buoyancy

force from the Archimedes principle and the linear hydrostatic restoring force from the water
plane area, and the centre of buoyancy is given by

Fi Hydrostatic _ pgvo 6}3 _ Ci:_*ydrostaticq_ . (221)

]

The linear hydrostatic force (ngo5i3)is acting directly upward and is equal to the weight of

the displaced fluid when the support platform is un-displaced. This term is nonzero only for
the vertical heave-displacement DOF of the support platform because the centre of buoyancy
of the platform is assumed to lie on the centre line of the undeflected tower (or z-axis of the

platform).
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The change in the hydrostatic force and moment resulting from the effects of the water pane

area and the centre of buoyancy,

C;V "™ is the same as in Jonkman (2007). The relation for

the centre of buoyancy, CinVd“’S‘a“C

suggests that the hydrostatics provide restoring only for the

heave pitch and roll motions, and the rest is restored by the mooring lines. The numerical
convolution in time domain is also implemented in the hydrodynamic load to capture the
memory effect directly. In general, the memory effect decays to zero after a certain amount of
elapsed time. Hence HydroDyn is enabled to truncate the numerical convolution after a user-
specified amount of time, thus allowing faster calculations of the memory effect. Thus, the
HydroDyn module accounts for the linear hydrostatic restoring, non-linear viscous drag from
incident-wave kinematics, sea currents, and platform motion. The added mass and damping
contributions are from linear wave radiation, including free surface memory effects and

incident-wave excitation from linear diffraction in regular or irregular seas.
2.2.4 Mooring Load

The mooring lines hold the platform against winds, waves, and currents. In the case of the TLP,
the mooring cables are tensioned and hence provide extra stability. The total load on the support

platform due to mooring lines (Hall and Goupee, 2015) is given by
Lines Lines,0 Lines
F'™ =F -C;™q; (2.22)
where F“"™° is the i component of the total mooring system load acting on the support
platform in its un-displaced position and Cij“”esis the component of the linearised restoring

matrix from all mooring lines. In the case of catenary mooring lines F“"*°takes the pre-
tension at the fairlead from the weight of the cable not resting on the sea floor. If the catenary
mooring lines are neutrally buoyant, then the pre-tension developed is zero. In the case of taut

mooring system, F.“"*° is calculated based on the excess buoyancy in the tank in an un-
displaced position, including the weight of the cable in water. The component of the linearised

restoring matrix Cij“”es is calculated based on the elastic stiffness of the mooring lines and the

effective geometric stiffness with the weight of the cable in water depending on the system
layout. As the responses of the mooring system include non-linearities in force-displacement
relationships, a quasi-static model is developed to model the non-linear restoring loads from
the mooring system of the floating platforms. In FAST, tension mooring system is designed by

using the MoorDyn module. The MoorDyn module can model the taut mooring (Jonkman,

36



Chapter 2: Coupled Dynamic Analysis of Hybrid Tension-Leg Platform Floating Wind Turbine

2007) and the effects of interaction between the seabed and mooring lines. The coupled
restoring stiffness matrix for the TLP platform is discussed by Zhao et al. (2016). The steady-
state displacement of the floating platform (Wayman et al., 2006) is given by

I:l

& = . (2.23)

The pretension of the mooring cable is thus reached by limiting the system’s steady state
displacement. The tension thus obtained for the tethers must satisfy the condition that it should
not be more than the maximum allowable for the windward side tether and should not fall
below the minimum value for the leeward side tether. Also, the position of the fairlead tension
is an important factor to sustain the tension in the mooring lines. Moving the fairlead positions
further from the centre line of the structure leads to reduced line tension oscillating amplitudes
and therefore decreases the probability of the lines going slack under heavy wind and wave

conditions.
2.2.5 Response Amplitude Operator

FAST code uses cross spectral-auto spectral method to compute the Response Amplitude
Operator (RAO) for the floating structures. Squared RAO is expressed as an absolute value of
ratio of the cross spectral density between the input wave spectrum and responses of the system,

to the auto spectral density of the input wave spectrum is given by
bt
S
RAO = |H ()| = {M} (2.24)
Sy (@)
where the auto spectral density S,, isequal to the Fourier transform of the power-based auto-

correlation function S,, =FT(R,) and S,, is the cross power spectral density

S,y = FT (R, ) expressed as the Fourier transform of the cross-correlation function R, . The

cross-spectral method avoids the issue of spectral leakage leading to uncorrelated noise at the
start and end of the spectrum, and has the added advantage of providing information on the

phase relationship between the two signals.
2.3 GEOMETRIC MODELLING

Geometric modelling is a critical step in numerical simulation for creating a digital
representation of the physical structure of the floating wind turbine system. Geometric

modelling plays a crucial role in accurately predicting the dynamic behaviour and performance
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of the floating wind turbine system under various environmental conditions. The study

considers two types of TLP combined with heaving point absorber WECS.
2.3.1 Submerged Tension-Leg Platform Combined with Point Absorber WEC

The Submerged Tension-Leg Platform (STLP) combined with a different number of WECs in
a circular pattern that supports the NREL 5-MW reference wind turbine is modelled. The STLP
consists of four vertical pontoons at four square corners connected by horizontal pontoons.
Each vertical pontoons are kept at a distance of 40 m. The wind turbine is placed on the central
column connected to the vertical pontoon through cross braces. The diameter of the central
column is 6.5 m, which ensures the better hydrodynamic performance of the platform during
the operation phase due to the small water plane area (Han et al., 2017). To the central column,
the point absorber-type WECs are connected. The study considers a cone-cylinder floater with
a cone having an apex angle of 90° to be attached to the STLP platform. The cone-cylinder
floater ensures maximum power extracted from waves when arranged in a circular pattern, as
discussed in Sinha et al. (2015). The structural dimensions of the STLP platform and the cone-
cylinder heaving point absorber shown in Fig. 2.1(a,b) are listed in Table 2.1 and Table 2.2,

respectively, and the inertial properties are listed in Table 2.3 and Table 2.4.

(a) (b)

Fig. 2.1: Schematic representation of (a) STLP and (b) STLP with 5MW wind turbine and
WECs.
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Table 2.1: Dimensions of the STLP floater (Han et al., 2017).

Parameter Dimensions
Column Diameter 6.5m
Diameter of vertical pontoon 9.0m
Height of vertical pontoon 12.0m
Distance between Vertical pontoons 40.0m
Width of horizontal pontoon 5.0m
Height of horizontal pontoon 3.0m

Table 2.2: Dimensions of the cone-cylinder floater.

Parameters Dimensions

Base radius of the cone-cylinder floater | 5.0 m

Apex angle of the cone portion 90°

Height of cylindrical portion 1.0m

Table 2.3: Inertia properties of the Platform and WEC.

Parameters Platform WEC

Mass 7.721x 10°kg | 9.43 x 10° kg
CM below MSL -18.23 m -1.47m

Roll inertia about CM 1.73E10 kg m? | 1.12 x 10° kg m?
Pitch inertia about CM 1.73E10 kg m? | 1.12 x 10° kg m?
Yaw inertia about CM 3.24E10 kg m? | 2.13 x 10° kg m?

Table 2.4: Inertia properties of the hybrid concept.

Parameters STLP+2WEC | STLP+4WEC |STLP+6WEC |STLP+8WEC
Mass 8.099 x 10° kg | 8.47 x 108 kg |7.854 x 10° kg |9.23 x 10° kg
CM below MSL -17.42m -16.68 m -16.02m -1543m

Roll inertia about CM | 1.91E10 kg m? | 2.64E10 kg m? [3.08E10 kg m? |3.59E10 kg m?
Pitch inertia about CM | 2.46E10 kg m? | 2.65E10 kg m? |3.08E10 kg m? [3.59E10 kg m?
Yaw inertia about CM | 4.02E10 kg m? | 4.81E10 kg m? |5.56E10 kg m? |6.45E10 kg m?

Mooring cables are paramount for TLPs, providing load transfer, dynamic response, station
keeping, safety, reliability, redundancy, and risk reduction. They are critical components that
ensure the stability, performance, and safety of TLPs during their operational lifespan in deep-
water environments. The STLP-WEC hybrid system is kept in position with the help of
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tensioned mooring cables, which ensures that the platform is placed at 150 m water depth with
a negligible heave, pitch and roll motions. Four tensioned cables are used for the stability of

the hybrid system, and the properties of the mooring system are presented in Table 2.5.

Table 2.5: Properties of mooring system.

Parameters Values
Number of mooring lines 4
Fairlead distance from centre 25m

Unstretched mooring-line length 130.978 m

Line diameter 0.12m

Line mass per unit length 115.9248 kg/m
Line extensional stiffness 31.359E9 N
Average steel density 7850 kg/m3
Average concrete density 2562.5 kg/m3

2.3.1.1 Arrangement Pattern

The point absorbers WEC operate in arrays to produce a large amount of power from ocean
waves. The study considers STLP with two, four, six and eight numbers of WECs arranged in
a circular array. The WECSs in line with the central column of the STLP are placed at 40 m in
the x-direction such that there is no interaction between the platform and the WECs when
arranged in a circular pattern. The floater and the WECs are considered a single body moving
together in wind and wave. The circular arrangement pattern of the WECs around STLP is
detailed in Table 2.6.

Table 2.6: Different configurations of hybrid STLP-WEC system.

Configuration Description Schematic representation

STLP+2WECs | Two WECs around STLP in the
direction of wave.
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STLP+4WECs | Four WECs equally spaced

around STLP. 4 ’,n ’
\/l. J \»’
. < »
- o
-

STLP+6WECs | Six WECs equally spaced around
STLP.

STLP+8WECs | Eight WECs equally spaced
around STLP.

2.3.2 Frustum Tension-Leg Platform Combined with Point Absorber WEC

The Frustum Tension-Leg Platform (FTLP) concept for a moderate water depth of 70 — 150 m
bounding the deep-water condition is designed to hold a 5 MW wind turbine. The hexagon-
shaped structure consists of six vertical pontoons of frustum shape placed 50 m apart. The outer
frustum-shaped vertical pontoons have a diameter of 10 m at the bottom and 6.5 m at the top,
with a total height of 20 m. Horizontal pontoons connect these vertical pontoons. The central
column supporting the 5 MW wind turbine is frustum-shaped and is having same dimensions.
The central column and the vertical pontoons are further connected by rectangular-shaped
supporting braces of 2.0 m x 1.0 m at the bottom and 1.0 m x 1.0 m at the top. The supporting
braces are further stiffened with horizontal braces at the top and bottom to provide better

stability. The FTLP floater of height 20 m is provided with a draft of 12.5 m below mean sea
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level (MSL). The symmetry of the offshore floating platform helps in improving its stability.
The geometric dimensions of the FTLP are detailed in Table 2.7, and the schematic
representation of FTLP is shown in Fig. 2.2(a,b). The FTLP floating wind turbine floater is
provided with different arrays of heaving point absorber WECs in a circular pattern to absorb

wave energy. The study provides centro-symmetrically distributed WECs to ensure better

power quality and smoothness when the waves pass through the system.

Table 2.7: Dimensions of the FTLP floater.

Parameters Dimensions
Diameter of the central column at the top 6.5m
Diameter of the central column at the bottom 10.0 m
Diameter of the vertical pontoon at top 6.5m
Diameter of the vertical pontoon at bottom 10.0m
Height of vertical pontoon 20.0m
Draft of the platform 125 m
Centre-to-centre distance between vertical pontoons 50.0 m
Width and height of horizontal pontoons 4.0m
Width and height of supporting braces at the top 1.0m
Width and height of supporting braces at the bottom 1.0m
Width and Height of horizontal braces at the top 1.0m
Width of Inclined Braces at bottom 1.0m
Height of Inclined Braces at bottom 20m

Table 2.8: Inertia properties of the FTLP floater and Cone-cylinder point absorber WEC.

Parameters FTLP floater WEC

Mass 5.121 x 108 kg | 9.43 x 10° kg
CM below MSL -6.824 m -1.47m

Roll inertia about CM 4.22E09 kg m? | 1.12 x 10° kg m?
Pitch inertia about CM 4.22E09 kg m? | 1.12 x 10° kg m?
Yaw inertia about CM 8.01E09 kg m? | 2.13 x 10° kg m?

The cone-cylinder-shaped point absorber with a cone having an apex angle of 90° is provided
around the FTLP to examine the influence of WECs on the dynamic response of the FTLP,
further to analyse the efficiency of the wind power absorption of the hybrid FTLP-WEC

floating platform. The structural dimensions of the cone-cylinder heaving point absorber WEC
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are detailed in Table 2.2, and the inertial properties of the FTLP and the cone-cylinder WEC

are described in Table 2.8.

(@) (b)

Fig. 2.2: Pictorial representation of (a) Frustum-TLP supporting 5SMW wind turbine (b)
Frustum-TLP.

Table 2.9: Properties of mooring system

Characteristics Values

Number of mooring lines 6

Unstretched mooring-line length | 130.978 m

Line diameter 0.12m

Line mass per unit length 115.9248 kg/m
Line extensional stiffness 31.359E8 N
Average steel density 7850 kg/m®
Average concrete density 2562.5 kg/m?®

The submerged FTLP with excess buoyancy is vertically moored to the seabed using taut
mooring lines called tendons or tethers. The submerged floating structure is vertically
restrained, precluding the motions vertically (heave) and rotationally (pitch and roll). The
FOWT is compliant in the horizontal direction permitting lateral surge and sway motions. The
present study provides six mooring cables for the FTLP, each on the centre portion of the outer
Frustum-shaped vertical pontoons. The properties of the mooring cables are detailed in
Table 2.9.
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2.3.2.1 Arrangement Pattern

The heaving cone-cylinder point absorber WECSs operate in arrays to absorb tremendous wave
power from oceans. The study combines FTLP with two, four, six, and eight numbers of
heaving WECs in a circular pattern at 65 m from the centre of the FTLP. The floater and the
WECs are considered a single body moving together in the wind and wave. Table 2.10

describes different arrangement patterns of WEC around the FTLP.

Table 2.10: Different configurations of hybrid FTLP-WEC system.

Configuration Description Schematic representation
FTLP+2WECsx Two WECs around FTLP in the
direction of wave
] ©
FTLP+2WECsy Two WECs around FTLP in the
perpendicular direction of the
wave
(4] [
FTLP+4WECs Four WECs equally spaced ®
around FTLP
® @
®
FTLP+6WECs Six WECs equally spaced ® ®
around FTLP
e o
o o
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FTLP+8WECs Eight WECs equally spaced
around FTLP

2.3.3 Integration of TLP-type Wind Turbine Platform with WEC

The study considers TLP with two, four, six and eight numbers of WECSs in a circular array.
The WECs are connected through connecting arms, as shown in Fig. 2.3(a,b). A hinged
structure is provided between the connecting arm and the column, which limits the relative
motion and allows rotation around the hinged shaft that drives the PTO to produce power. For
STLP floating platform, the WECs are placed in line with the central column (Fig. 2.3a), and
for the FTLP floating system, the cone-cylinder WECs are placed in line with the vertical outer

pontoons as shown in Fig. 2.3(b).

(a) (b)
Fig. 2.3: Schematic representation of the hybrid (a)STLP-WEC and (b) FTLP-WEC wind-
wave system.

The PTO systems of the oscillating body WECs use mechanical or hydraulic transmissions to
power conventional high-speed rotational generators or install specially designed linear
generators for direct drive. The hydraulic PTO shown in Fig. 2.4 is used in the WECs of the
hybrid concept. The absorbed power (Si et al., 2021) of the system with rotational velocity

warm

is calculated using the relation

Rvec = To10@arm (25)
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To derive maximum wave energy, the PTO applied load torque .., is controlled as a function

of wave and body movement to keep the buoy in resonant motion in waves. Hansen (2013)
stated that the success of WECs largely depends on advancement in PTO, thus becoming
critical for wind and wave hybrid power generation. The study presents an aero-servo-hydro-
elastic simulation of the hybrid platform using the numerical simulation tool FAST. The
numerical simulation tools for FOWTs and WECs are quite different as they have distinct

DOFs and environmental loadings, even though they have similar physical domains.

N T~
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acculuulator\‘
O

A | N Hydraulic
Motor
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T 1]
B Generator

Low Pressure
accumulator

Fig. 2.4: Hydraulic PTO circuit for WEC.
2.3.4 NREL 5 MW Wind Turbine System

The coupled dynamic analysis considers the horizontal axis three-bladed 5 MW NREL
reference wind turbine. The geometrical properties and mass properties of Rotor Nacelle

Assembly (RNA), along with the tower mass and tower properties, are presented in Table 2.11.

Table 2.11: Properties of 5 MW NREL wind turbine (Jonkman, 2007).

Characteristics Value
Power 5 MW

Rotor Orientation, Configuration | Upwind, 3 Blades

Control Strategy Variable speed collective pitch

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
Hub height 90 m
Rotor hub dia | 126 m, 3 m

Rotor Nacelle Assembly (RNA)

46



Chapter 2: Coupled Dynamic Analysis of Hybrid Tension-Leg Platform Floating Wind Turbine

Rotor mass 110,000 kg
Nacelle mass | 240,000 kg
C.G. location | (-0.414,0,89.57)

Mass 347,460 kg
Height 87.6 m
Tower Top Diameter | 3.7m

Base diameter | 6 m
C.G. location | (-0.2,0,64) m

2.3.5 Methodology

The geometric modelling of the hybrid TLP and WEC system under the design water surface
is achieved using Rhinoceros 3D version 6.0. Rhinoceros is a rich and versatile computer-aided
design (CAD) package for the parametric design of 3D geometric objects, particularly objects
free from curves and surfaces. The model surface is subdivided into meshes/panels, and all the

panels represent the wetted surface.

-
4
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v
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A
.Force File
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A/ FAST p—
TurbSim
| l (aero-servo-  _
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analysis)
HydroDyn
AeroDyn
ElastoDyn
MoorDyn
ServoDyn

Fig. 2.5: Flow chart describing the methodology for coupled dynamic analysis.
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The panel size is modified depending on the accuracy requirements by performing the
convergence test. The convergence test examines the closeness of the hydrodynamic
coefficients of the floating system for the different panel sizes. The convergence test
considering the added mass concludes the minimum number of panels required to provide
maximum efficiency. The geometric data file (gdf) obtained from Rhinoceros 3D represents
the coordinates of the submerged portion of the structure that is used as an input for
hydrodynamic analysis. Hydrodynamic analysis of the combined TLP-WEC system uses
WAMIT V6.414 to calculate the added mass, excitation force, and restoring coefficient,
considering only the wave load. The added mass, restoring co-efficient and the excitation force
obtained from WAMIT are used as input for the aero-servo-hydro-elastic simulation tool FAST
Version 7.0 to analyse the dynamic responses of the hybrid floating system. The study used
13" Gen Intel(R) core(TM) i7-13700 2.10 GHz processor and 16GB RAM for the
hydrodynamic and coupled dynamic simulation of the FOWT platforms. FAST incorporates
the HydroDyn, ElastoDyn, ServoDyn, AeroDyn and MoorDyn to optimise wind turbine
responses and calculate the loads under real operational conditions. The wind data input for the
North Atlantic Sea conditions is simulated using TurbSim. The wind speed conditions
representing the operating conditions of the 5 MW wind turbine are chosen to observe the
response amplitudes of the hybrid system. The study further analyses the tower base forces and
moments developed at the turbine junction and the tension developed on the mooring cables

for each hybrid configuration. The flow chart depicting the methodology is shown in Fig. 2.5.
2.3.6 Load Case Definition

The study considers northern North Sea environmental conditions, and the simulation
measurements for the area have been taken for both wind and waves from 1973 to 1999. The
data measured have been fitted to the analytical function by using 2-parameter Weibull

distribution to calculate the expected value of significant wave height.

Table 2.12: Metocean conditions (Muliawan et al., 2013).

Case no. | Vi, (MVs) H, (m) T, (s) Turbine status
SS-1 8 2.5 9.8 Operating
SS-2 11.2 3 10 Operating
SS-3 14 3.6 10.2 Operating
SS-4 17 4.2 10.5 Operating
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A log-normal distribution was introduced to fit the peak period distribution, and hence expected
value for the peak period for a given wind speed and wave height is calculated (Johannessen et
al., 2001). In the present study, different wind speeds representing the operational conditions
of the wind turbine are chosen to analyse the motion amplitudes of the hybrid system. Table

2.12 lists the selected wind speeds and the correlated sea state conditions (expected values of

H, and T ) used for the investigation of the motion response of the system as well as the tower

base forces and moments.
24 VERIFICATION OF NUMERICAL MODELLING

The dynamic responses simulated using FAST are verified using the numerical model
developed by Vardaroglu et al. (2022). The study performed by Vardaroglu et al. (2022) is
carried out for MIT/NREL TLP numerical model using NEMOH. The time domain analysis
using FAST is performed to observe the motion response. Further, a physical model test is
conducted in the 1:40 scale model to observe the 6-DOFs for parked and operating conditions
of the 5 MW wind turbine. The validation of the numerical method is conducted with the
numerical model of MIT/NREL TLP, as in Vardaroglu et al. (2022), to observe the motion
responses of the system.

_| = Present numerical simulation
—e— Numerical (Vardaroglu et al., 2022) = Present numerical simulation
A Experimental (Vardaroglu et al., 2022) " —e— Numerical (Vardaroglu et al., 2022)
H H l L] 0.0204-{ 4 Experimental (Vardaroglu et al., 2022)|-. 8
| )

0.025

=3
o
2
o
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Heave (m/m)

0.005 +
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Wave period (s) Wave period (s)

(a) (b)

Fig. 2.6: (a) Surge and (a) heave response of the MIT/NREL TLP floater.

The hydrodynamic analysis of the model in the frequency domain is simulated using the tool
WAMIT to calculate the added mass, radiation damping and the hydrostatic restoring
coefficient. Further, the time domain aero-hydro-servo-elastic simulation is carried out using
FAST for the parked condition of a 5 MW wind turbine. The study compared the surge and
heave motion response of the MIT/NREL model with the numerical and experimental results
of Vardaroglu et al. (2022). In Fig. 2.6(a,b), the numerical results of the surge and heave
response with Vardaroglu et al. (2022) for the MIT/NREL TLP matches the result obtained in
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the present study for the MIT/NREL TLP. The experimental values for the surge motion
response have good agreement with the present numerical model, shown in Fig. 2.6(a). But
slight variation is observed for the heave motion response, may be because of the difference in
the material stiffness and damping characteristics of the mooring cables. Calibration errors,
sensor noise, and data processing techniques may contribute to discrepancies between the two
sets of results. The surge response is observed to increase with the increase in wave period in
both cases, with slight variation for higher wave periods. In the case of heave motion, the
amplitudes are low due to the significant tendon stiffness, and the variation is observed to be

minimal.
25 RESULTS AND DISCUSSION

The performance of the TLPs (STLP and FTLP) is investigated through the dynamic response
analysis under regular and irregular wave and wind conditions. The study under the combined
wind and wave concept provides the performance of the floater under real sea states under a
wide range of operational conditions. The TLP-type floaters are observed to have maximum
stability due to the unextendible mooring lines when installed in deep-sea conditions. Further,
the axially rigid mooring lines ensure very small motions in heave, roll and pitch, and

significant rigid body motion amplitudes are observed in the surge, sway, and yaw motion.
2.5.1 Natural Frequencies in the Installed Condition

The natural frequency is an essential factor that impacts how an offshore floating wind turbine
platform responds to external loads like wind, waves, and currents. The frequency at which the
platform will oscillate if disturbed by no external force is known as the natural frequency. It
depends on the platform’s stiffness, mass, and geometry. There are several methods to study
the natural frequency of a system like the free decay test which involves measuring the
platform’s response to an initial disturbance and then analyzing the decay of the resulting
motion. Also, analytical or numerical models that take the platform’s hydrodynamic behaviour
into account, such as its added mass and radiation damping can be used to determine the natural
frequency of the system. In the present study, the natural frequency of rigid body motions of
the FTLP and STLP (Han et al., 2017) wind turbine is calculated using the free decay test in
FAST for still water level and the supported wind turbine in parked condition. In the case of
each mode of rigid body motions, both the floating FTLP and STLP are released from a
prescribed offset. The time history of this free decay is then used to compute the natural

frequencies of rigid body motions of FTLP and STLP as in Table 2.13. Further, the natural
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frequency of WindStar TLP is as in Zhao et al. (2012) is also compared with FTLP and STLP
floater. The coupled floater and wind turbine avoids resonance with the environmental and
turbine-induced excitations. The natural frequency in heave, roll and pitch motion for the
WindStar TLP is chosen between 1-P and 3-P rotation frequency intervals. It is observed that
the natural frequencies of both horizontal and vertical motions of the floating FTLP are very
close compared to STLP and Windstar TLP. In addition, the resonance excited by the wave-
frequency loads is higher for the FTLP floater compared to STLP and WindStar TLP.

Table 2.13: Natural Frequency (in Hz) of FTLP, STLP and WindStar TLP type FOWT
platforms.

FOWT Platforms | Surge | Sway | Heave | Roll Pitch Yaw
FTLP 033 | 032 | 033 0.28 0.27 0.47
STLP 0.06 | 0.06 | 0.32 0.34 0.34 0.08
WindStar TLP 0.024 | 0.024 | 0.303 | 0.247 | 0.248 | 0.049

2.5.2 Comparison of Dynamic Responses of STLP and FTLP

The interaction of offshore floating wind turbine platforms with the wind and waves generates
a range of dynamic motion responses. Hence it is important to understand the motion responses
to design the platform to be flexible and able to respond to the changing environmental
conditions. The maximum rigid body motions for the STLP and FTLP floaters under regular
and irregular wave circumstances are derived in the case of combined wind and wave
conditions, and they are compared as illustrated in Tables 2.14 and 2.15, respectively.

Table 2.14: Maximum values of rigid body motions for FTLP and STLP floater for regular
wave conditions.

Metocean | Floater | Surge Sway Heave Roll Pitch Yaw
Condition | Model | (m/m) | (m/m) (m/m) (deg/m) (deg/m) | (deg/m)
FTLP | 0.525 1.61 0.0562 | 0.000629 | 0.00251 | 0.05679
S5 STLP | 0.8878 | 1.986 | 0.0672 | 0.00206 | 0.00337 3.67
SS-2 FTLP | 0.6803 | 1.229 | 0.2189 | 0.003183 | 0.001893 | 0.41267
STLP | 1.0949 | 5.0833 | 0.1904 0.00357 0.00234 5.24
SS-3 FTLP 6.001 | 0.88424 | 0.05801 | 0.0006374 | 0.002459 | 0.056984
STLP | 1.4648 6.747 0.2947 | 0.004682 | 0.009343 6.82
SS-4 FTLP | 5.8858 | 0.7269 | 0.10589 | 0.0005219 | 0.002152 | 0.048924
STLP 3.19 6.3939 | 0.1805 | 0.004848 | 0.007744 7.82
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Table 2.15: Maximum values of rigid body motions for FTLP and STLP floater for irregular

wave conditions.

Metocean | Floater | Surge Sway Heave Roll Pitch Yaw
Condition | Model | (m/m) | (m/m) (m/m) (deg/m) (deg/m) | (deg/m)
FTLP | 0.5123 1.001 0.232 0.000945 | 0.0003577 | 0.2485

55 STLP 1.129 0.77 0.346 | 0.0008611 | 0.00121 1.60
FTLP 3.194 0.2932 0.0238 0.00555 | 0.000958 | 0.7381

552 STLP 1.269 1.215 0.0427 0.00124 0.00164 2.13
FTLP 1.631 0.325 0.0207 | 0.0002276 | 0.000777 | 0.01949

5573 STLP | 1.529 1.075 0.0609 | 0.00255 | 0.001931 2.80
FTLP | 1.838 0.376 0.0313 | 0.000264 | 0.000869 | 0.0255

554 STLP 1.224 1.433 0.0718 | 0.002007 | 0.002001 4.22

For the regular sea wave conditions, the sway, heave, roll, pitch and yaw RAQOs are minimal
for the FTLP compared to the STLP for any wind speed conditions. But for surge RAOs, the
values are observed to be minimum for FTLP for wind speed below 11.4 m/s (rated wind speed
condition), and for wind speed conditions above the rated wind speed, the surge RAOs are
higher for the FTLP compared to the STLP for regular sea waves. Further, the variation
observed for yaw RAOs comparing FTLP and STLP concludes the better efficiency of the
FTLP compared to the STLP for the wind power absorption. In the case of irregular sea wave
conditions, the surge RAOs are higher for FTLP floater than STLP for 11.2 m/s, 14 m/s and 17
m/s wind speed conditions. The sway, heave, pitch, roll and yaw RAOs are observed to be
lower for FTLP compared to STLP. Under real sea-state conditions, the variation in surge RAO
is minimal for FTLP floater for higher wind speed conditions. The reduced RAOs for the FTLP
floater are due to the additional two axially rigid mooring lines provided for the FTLP floater
for seakeeping. In addition, the mass of the FTLP platform is observed to be doubled with the

addition of two outer pontoons compared to the STLP floater resulting in reduced responses.
2.5.3 Dynamic Response Analysis of Hybrid Floating Systems

The dynamic motion response analysis aids in assessing the floating platform’s structural
integrity under various environmental factors, including waves, wind, and currents. It
determines if the platform can bear extremely high loads and guarantees the structure will
remain secure and safe for its operating life. Understanding the dynamic behaviour aids in
designing robust and reliable platforms that withstand the forces developing on the floating
system. The analysis is conducted for different operational wind speed conditions of 5 MW
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wind turbines representing the northern North Sea condition. The rated wind speed at which a
5 MW floating wind turbine can produce its maximum power output is 11.4 m/s. The turbine
begins to limit its power output when the wind speed surpasses this rated speed to protect its
internal parts. The turbine and its support structure may experience large dynamic stresses at a
wind speed of 14 m/s, which is high. To ensure the stability and safety of the platform under
these circumstances, the floating wind turbine’s design and mooring system must be able to
handle these loads. The study thus presents the dynamic motion responses of the hybrid floating
platform for 14 m/s wind speed and 3.6 m high gravity waves of wave period between 1 s and
25s.

2.5.3.1 Submerged Tension-Leg Platform Combined with Cone-cylinder WEC

The dynamic analysis of the STLP-type floating wind turbine combined with cone-cylinder
WEC is investigated for different circular arrangements. The study is performed to analyse the
Response Amplitude Operators (RAOs) for the translation and rotational motions of the hybrid
floating wind-wave system. The RAOs are conventionally frequency response functions
defined as the ratio of system responses to wave elevation. The RAOs give the idea of the
motion amplitude of the system for unit wave elevation. RAOs are important in the preliminary
design stage of offshore floating platforms for wind turbines, considering the hydrodynamic
load, aerodynamic load, structural dynamics and control dynamics. In Fig. 2.7(a-c), the surge,
sway and heave translational motions of the combined STLP-WEC system for 14 m/s wind
speed and 3.6 m wave height are analysed for different numbers of WECs. The surge RAO for
the different configurations of the combined system is discussed in Fig. 2.7(a). It is observed
that the addition of WECs influences the surge motion amplitudes. The peak value for surge
motion of the STLP floater increased with the addition of WECSs. The surge motion amplitude

is also observed to increase with the increase in wind speed and wave height.
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Fig. 2.7: RAOs for (a) Surge (b) Sway and (c) Heave for 14 m/s wind speed

Apart from the peak value, the surge motion amplitudes for STLP+6WECs and STLP+8WECSs
are minimal for waves of wave period less than 11.3 s. The wave period 11.3 s represents the
waves generated by wind speed 25 m/s (cut-out wind speed for 5 MW reference wind turbine)
for North Atlantic Sea. The sway motion (Fig. 2.7b) follows a similar trend as the surge
response, and the sway motion amplitude tends to increase with the increase in wind speed and
wave height. It is observed that the motion amplitudes of heave are having a very negligible
impact on the wave and wind as the tensioned tendons have provided extra stability in that
direction. Further, in Fig. 2.7(c), it is also observed that the heave motion amplitude slightly
increases for the waves of a higher wave period. Also, it is evident from Fig. 2.7(a-c) that the
motion amplitude is minimum for the STLP+6WECs for the gravity waves.

The Fig. 2.8(a-c) shows the rotational motion amplitudes for different configurations of the
combined system for the 14 m/s wind speed metocean condition. The values of the motion
amplitude tend to have only a very slight increase with the addition of WECSs. The roll motion
amplitude is observed to have higher peak values with the addition of WECs for the waves of
higher wave periods as seen in Fig. 2.8(a). The variation in pitch motion with the addition of
WEC:s is noted in Fig. 2.8(b), and the peak values slightly increased for waves of wave period
higher than 16s. The yaw response (Fig. 2.8c) for this operational condition is very high when
the wave period is more than 10 s, and the values of the yaw motion amplitude tend to increase
with the increase in wave period. The yaw motion amplitude is very high compared to other
responses of the hybrid STLP-WEC system. The reduced value of roll motion is due to the
symmetry of the systems considered and is observed to be well below 0.4 deg/m, which
indicates the stability of the hybrid system against wind and wave. For the different metocean

conditions studied, the surge and pitch response for V

mean

=8 m/s is very minimal for the
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STLP+6WECs configuration for the majority of the wave period conditions. Whereas for 11.2
m/s, 14 m/s, and 17 m/s wind speed conditions, the surge motion is observed to be minimum
for both STLP+6WECs and STLP+8WECs configuration for waves of wave periods,
T, <11.3s. But the pitch motion is observed to be higher for the STLP+8WECs configuration

compared to the STLP+6WECSs configuration and the pitch motion is observed to be minimum
for the STLP+2WECs configuration. Comparing four different arrangements of WECs around

STLP, STLP+6WECs configuration is observed to have optimum values for the surge and pitch

motion.
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Fig. 2.8: RAO:s for (a) Roll (b) Pitch and (c) Yaw for 14 m/s wind speed

The stability and control of a TLP are directly impacted by surge and pitch motions. Pitch
motion is the rotation of the platform around the transverse axis, whereas surge motion is the
linear movement of the platform along the horizontal axis. The platform’s ability to retain
stability and control in the face of various external factors, including wind and waves, can be
evaluated by analysing these responses. Further, the surge and pitch motion determine the
proper orientation of the wind turbine towards the wind direction for higher efficiency of the 5
MW reference wind turbine. Also, the dynamic loads that the wind turbine and the structural
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elements of the platform are subjected to are closely correlated with the surge and pitch
responses. Increased dynamic stresses on the turbine tower, blades, and other structural

elements may result from excessive surge and pitch motions.
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Fig. 2.9: Surge response spectra for different configurations of combined STLP floater for (a)
SS-1 (b) SS-2 (c) SS-3 and (d) SS-4 under irregular sea waves.

Further, the study discusses the response spectra for the dominant rigid body motions surge,
sway and yaw motions for five different configurations of the STLP combined with point
absorber-type WECSs under irregular wave conditions. Fig. 2.9(a-d) shows the surge response
motion for different metocean condition. The motion amplitudes are higher for the

V,ean =17 m/s wind speed condition (SS-4) and are minimum for the V

mean

speed condition (SS-3). Fig. 2.9(a) shows the surge motion amplitude for SS-1 for different

WEC configurations studied. The responses are observed to decrease with the addition of the

=14 m/s wind

WECs. The maximum surge motion amplitude is observed for the frequency range
0.06 < @ <0.12 rad s™. The natural frequency of the STLP is 0.06 rad/s, and hence proper
design methods have to be provided to avoid resonance of the hybrid system as the wave
frequency and natural frequency for the system are observed to be very closer. For the SS-1
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condition, the wave frequency regions for the hybrid configurations are much closer, when
compared to other metocean conditions. Fig. 2.9(b) shows the surge RAO comparing different
arrangement patterns of STLP for the SS-2 condition. The wave frequency regions for the
hybrid configurations are observed to be moving away from the wave frequency region of the
STLP with the increase in the number of WECs. Thus, the possibility of the occurrence of the

resonance decreases with the addition of the WECs for the V, ., =11.2m/s metocean

condition. The maximum value of surge RAO is minimal for the STLP+4WECs configuration.
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Fig. 2.10: Sway response spectra for different configurations of combined STLP floater for (a)
SS-1 (b) SS-2 (c) SS-3 and (d) SS-4 under irregular sea waves.

Fig. 2.9(c) shows the surge RAO for V,

ean =14 M/ metocean condition (SS-3). Similar to the
SS-1 condition, the wave frequency regions for the STLP and the hybrid STLP-WECSs are much
closer to the natural frequency region. Further, proper design methods should be adopted to
avoid the resonance condition. Apart from the STLP+2WECs configuration, the responses are
observed to decrease by adding WECs. Further, the responses are observed to increase with the
increase in the wind speed condition (Fig. 2.9d). For most metocean conditions, the surge RAO

is minimum for the STLP+6WECs configuration. The reduced surge RAO for the hybrid
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configurations ensures better orientation of the wind turbine for better wind power absorption.
Also, the dynamic loads on the turbine tower, blades, and other structural elements are
minimum for the hybrid system, further reducing the tension developed on the mooring cables
for the hybrid STLP-WECs system. The performance of the wind turbine can be impacted by
lateral platform vibrations in the relative wind direction and velocity. To maximise the
efficiency of power generation, the turbine layout, yaw control systems, and other operational
characteristics can be improved by the analysis of sway response.

Fig. 2.10(a-d) shows the surge RAO for different metocean conditions comparing STLP and
different hybrid STLP-WEC floating platforms. Similar to the surge motion, the natural sway
frequency for the STLP is 0.06 rad/s. The wave frequency for the hybrid system for different
metocean conditions is very close to 0.06 rad/s and has a higher possibility of occurrence of
resonance as seen in Fig. 2.10(a-d). Fig. 2.10(a) shows the sway RAO for the metocean
condition SS-1. The sway RAOQ is much higher for the single STLP floating system compared
to the hybrid STLP-WEC.
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Fig. 2.11: Yaw response spectra for different configurations of combined STLP floater for (a)
SS-1 (b) SS-2 (c) SS-3 and (d) SS-4 under irregular sea waves.
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The minimum sway RAO is observed for STLP+8WECs configuration. The higher variation
in sway RAO is observed for the frequency region 0.05<w<0.125rads™. For

V. ... =11.2 m/s, a shift in wave frequencies (Fig. 2.10b) is observed with the addition of the

mean
WECs similar to that in the surge response. The maximum motion amplitudes for the hybrid
systems are higher for SS-2 metocean conditions. The excessive sway platform motion causes
underwater noises, disturbing marine life and may also cause sediment resuspension. Further,
increased wind speed has minimum influence on the sway motion response (Fig. 2.10(c,d)).
The maximum motion amplitudes are close to 0.9 m/m for the STLP and are observed to
decrease with the addition of the WECs. The wave frequencies for the hybrid systems are
observed to be much closer to the natural frequency region (0.06 rad/s).

Yaw motion describes how the wind turbine rotates around its vertical axis to face the direction
of the predominant wind. In order to maintain the wind turbine’s appropriate alignment with
the wind and maximise power generation efficiency, it is essential to analyse the yaw reaction.
The TLP’s yaw control system must be designed and optimised using the yaw motion response
analysis. The sensors, actuators, and control algorithms in the yaw control system make sure
the wind turbine maintains the appropriate yaw angle. Yaw rate, response time, and angle
limitations can all be improved with the help of analysing the yaw response. It guarantees
precise and effective yaw motion control, maintaining turbine alignment and increasing power
output. Fig. 2.11(a-d) shows the yaw motion response comparing the STLP and STLP-WEC
hybrid concepts for different metocean conditions. The yaw motions are higher compared to
the other rotational motions. Similar to the surge and sway translational motions, the wave
frequency of the yaw motion is also much closer to the natural frequency region (0.08 rad/s).
Minimum yaw motion is observed for the SS-1 metocean condition (Fig. 2.11a) and is observed
to increase with the increase in the wind speed (Fig. 2.11 (b-d)). For any metocean condition,
the wvariation in the yaw motions is much higher in the frequency region
0.06 < @ <0.125 rad s*. Also, the wave frequency region for the hybrid platforms is shifted
away from the natural frequency region of STLP with the addition of WECs for the yaw motion
response. Also, the higher magnitude of yaw RAO is observed for STLP+2WECs and the
minimum value is observed for STLP+6WECSs. The reduced yaw motion ensures a proper
working platform for installation and maintenance purposes. Also, reduced yaw motion

increases the life of the structural components as it is subjected to minimum fatigue load.

2.5.3.2 Frustum Tension-Leg Platform Combined with Cone-cylinder WEC
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The six degrees of freedom for the FTLP and hybrid FTLP-WEC are studied to understand the
dynamic behaviour of the platforms under wind and wave conditions. Fig. 2.12(a-c) shows the
translational motion of the floating system under 14 m/s wind speed and 3.6 m high gravity
waves. Fig. 2.12(a) shows the surge RAO for the FTLP and hybrid FTLP-WEC system. Apart
from the single FTLP, the variation of responses for the hybrid system is observed to be similar.
The peak value of the surge response is observed to be higher for the hybrid platforms. But for
most gravity waves, the surge responses are minimal for the hybrid platforms compared to
single FTLP. The surge RAO is higher compared to other translation motions of the floating
system. The TLP platforms are generally designed to restrain the vertical motions, hence
having minimum resistance to lateral forces, further having higher surge RAO. The hybrid

platforms with reduced surge RAO will have better wind power absorption efficiency than a
single FTLP.
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Fig. 2.12: RAOs for (a) Surge (b) Sway and (c) Heave for 14 m/s wind speed.

FTLP+8WECs configuration has minimum surge RAO, possibly due to higher stiffness
provided to the outer columns with the addition of the WECs. The FTLP+2WECsy has
minimum surge RAO (Fig. 2.12a), which may be due to the position of the WECs, kept in the
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direction perpendicular to the action of wind and wave. As seen in Fig. 2.12(b), the sway
motion is very high for the FTLP+2WECsy configuration, though other hybrid platforms have
reduced sway motion compared to a single FTLP. The sway motion is also observed to be
minimum for the FTLP+8WECs configuration for any gravity waves. The environmental
impact can be minimised by reducing the sway motion reaction. It supports environmental
sustainability in offshore wind platform regions and reduces noise levels and disturbance to
marine ecosystems. Fig. 2.12(c) shows the heave motion RAO for the different arrangements
of WECs around FTLP. The variation of heave motion is minimal for the gravity waves of
wave periods lower than 20 s. For waves of the period higher than 20 s, a slight increase in
heave motion is observed. Further, the heave motion is observed to be reduced with the addition
of the WECs. Similar to other translational motions, the heave response is also minimal for the
FTLP+8WECs configuration.
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Fig. 2.13: RAOs for (a) Roll (b) Pitch and (c) Yaw for 14 m/s wind speed.
Fig. 2.13(a-c) shows the rotational motions of the FTLP and hybrid FTLP-WEC for the gravity
waves of 3.6 m wave height under 14 m/s wind speed. The rotational motions are very small

for the floating system. Fig. 2.13(a) shows the roll RAO of the system. The roll RAO is below
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0.4 deg/m for any gravity waves, further having higher stability against overturning. The roll
motion is further reduced with the addition of the WECs. The variation of the roll RAO is also
observed to be minimum for the hybrid system. Fig. 2.13(b) shows that the pitch RAO is also
reduced with the addition of the WECs. Minimum roll and pitch motion is observed for
FTLP+8WECs configuration for any gravity waves. Fig. 2.13(c) shows the yaw RAO for FTLP
and hybrid FTLP-WEC. The yaw motions are very higher for the floating system compared to
roll and pitch rotational motions. The addition of the WECSs has a higher impact on the yaw
motion, as it is observed that the Yaw RAOs are decreased for the hybrid FTLP-WEC systems
compared to single FTLP. The FTLP+8WECs configuration is observed to have minimum yaw
motion, apart from a yaw value for wave period 11 s. The performance of the combined floating

system under real sea states is investigated and presented for irregular wave conditions.
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Fig. 2.14: Surge response spectra for different configurations of combined floater for (a) SS-1
(b) SS-2 (c) SS-3 and (d) SS-4 under irregular sea waves.

The RAOs are calculated for four different wind speed conditions corresponding to the
operational conditions of the 5 MW wind turbine and for zero-degree wave heading angle. The

zero-degree wave corresponds to the wave originating from the negative x-direction. The
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axially rigid mooring cables for the FTLP ensure minimum vertical motion (heave), forward
inclination (roll) and sideways inclination (pitch). Further, the study discusses the dominant
rigid body motions surge, sway and yaw motions for six different configurations of FTLP
combined with point absorber-type WECs. The response spectra of surge motion for four
different wind speed conditions are presented in Fig. 2.14(a-d). Surge RAO for zero-degree
wave heading angle is observed to be maximum for SS-4 condition as in Fig. 2.14(d) and
minimum for SS-1 condition as in Fig. 2.14(a). For all wind speed conditions, the surge RAO
is observed to have maximum amplitude for the frequency range 0.06 < w<0.12 rads™. In
Fig. 2.14(a-d), it is observed that the wave frequency for any configuration of the hybrid
platform is around the frequency range 0.08 < @ < 0.10 rad s, further allowing the platform
to stay away from the resonance as the natural surge frequency for the FTLP and the hybrid
FTLP-WEC is around the frequency range 0.31< @ <0.33 rad s*. The surge response is also
observed to be minimum for wind speed conditions closer to the rated wind speed of a 5 MW
wind turbine, further showing the better orientation of the wind turbine towards wind direction
for better power performance. In addition, the hybrid FTLP+8WECSs is observed to have
minimum values for surge responses compared to other hybrid configurations. The study
observed the lowest value of Surge RAO for the FTLP in the case of wind speed conditions
below the rated wind speed. With the addition of the WECs, the surge RAO is increasing for
the FOWT system. This is due to the reduced aerodynamic forces on the tower and the nacelle
system.

Sway response spectra for four different wind speed conditions are presented in Fig. 2.15(a-d).
Similar to the surge response, the peak is observed around 0.10 < @ <0.11rads™ for FTLP
and hybrid FTLP-WEC configurations.
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Fig. 2.15: Sway response spectra for different configurations of combined floater for (a) SS-1
(b) SS-2 (c) SS-3 and (d) SS-4 under irregular sea waves.

The sway response pattern for any wind speed condition is observed to be similar and the
maximum sway response amplitude is observed for hybrid FTLP+2WECs in the direction of
the wave for 8 m/s, 12 m/s and 14 m/s wind speeds as in Fig. 2.15(a-c), respectively. In the
case of 17 m/s, wind speed, the FTLP is observed to have a higher sway value under wind and
wave loading as in Fig. 2.15(d). Similar to surge motion, the addition of WECs has suppressed
the sway response of the FTLP as in Fig. 2.15(a-d), further improving the stability of the
platform against wind and waves. From Fig. 2.15(a-d), the wave frequency of the FTLP and
the hybrid FTLP-WEC configurations are observed around the frequency range

0.10<w<0.11rads™, which is away from the natural frequency range

0.31<w<0.33rad s™, further reducing the possibility of resonance in sway.

Yaw response spectra for four different wind speed conditions are presented in Fig. 2.16(a-d).
The yaw response amplitude is observed to be lower for a zero-degree wave heading angle and
for every wave direction. Further, with no excitation in yaw, the yaw motion response is due
to the coupling with other degrees of freedom.
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Fig. 2.16: Yaw response spectra for different configurations of combined floater for (a) SS-1
(b) SS-2 (c) SS-3 and (d) SS-4 under irregular sea waves.

Similar to other horizontal motions, the yaw motion response for FTLP is also suppressed with
the addition of WECs as in Fig. 2.16(a,c,d). In the case of 11.2 m/s wind speed, the yaw
response for the hybrid floater is observed to be higher compared to the single FTLP floater
(Fig. 2.16b). The peak yaw motion amplitudes for the FTLP and hybrid FTLP-WEC are

observed around the frequency range 0.025< @ <0.05 rad s™, is much lower than the yaw

natural frequency range 0.46 < w<0.48 rads™, reducing the chances of occurrences of

resonance in yaw motion. For most operational conditions, minimum yaw motion amplitude is
observed for hybrid FTLP+2WECsx configuration and maximum amplitude for hybrid
FTLP+2WECsy as in Fig. 2.16(a-d). The study observed a higher yaw response value for the
FTLP compared to the hybrid concepts. Further, the yaw response is observed to be reduced
with the addition of WECs for the lowest wind speed condition of 8 m/s. In addition, the natural
frequency of the FTLP is also shifted towards the lower frequency region with the addition of
the WECs. The higher yaw response for the FTLP may be due to the coincidence of the natural
period resonance region with the wave resonance region. A similar coincidence was not
observed for other sea state conditions, as there is a shift in regions of natural frequency and

wave excited frequency.
2.5.4 Tower Base Forces and Moments

The platform motions and the wind load acting on the turbine blades generate forces at the base
of the wind turbine, namely, fore-aft shear force, side-to-side shear force and the vertical force
in X, y and z directions, respectively. These forces at the base generate moments, namely, the

side-to-side bending moment, fore-aft bending moment and the yaw moment in the x, y and z-
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direction. The forces and moments developed at the tower-platform junction have contributions
from gravity, aerodynamics, inertia, and hydrodynamic loads. The study gives insight to the
influence of the wind and wave loading to the turbine tower and hence the performance of the

combined system.
2.5.4.1 Submerged Tension-Leg Platform Combined with Cone-cylinder WEC

The shear forces developing on the base of the turbine tower have the influence of wind load,
wave load and the platform motions. It is essential to properly analyse and take into account
these shear forces when building a stable and structurally sound floating wind turbine platform.
Fig. 2.17(a-c) shows the forces developed at the turbine’s base for the combined STLP-WEC
configurations for a wind velocity of 17 m/s and 4.2 m wave height representing the extreme
operating conditions of the 5 MW wind turbine supported on STLP. The forces developed for
the extreme operating conditions are almost equal to those generated for the rated wind speed
conditions. As the study considers regular waves in the x-direction with a zero-degree wave
heading angle, a higher fore-aft shear force is obtained (Fig. 2.17a).
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Fig. 2.17: Comparison of (a) for-aft shear force (b) side to side shear force and (c) vertical shear
force for different arrangement of WECs.
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Fig. 2.17(b,c) shows that the side-to-side shear force and the vertical shear force are minima
for the STLP+6WECSs, which can be attributed to the minimum inertial load developing on the
wind turbine. Also, the variation of the shear force in the x-direction is minimal for the
STLP+6WECs than STLP+8WECs, which have minimum fore-aft shear force.
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Fig. 2.18: Comparison of (a) side to side bending moment, (b) for-aft bending moment and (c)
yaw moments for different arrangement of WECs.

Fig. 2.18(a-c) shows the moments generated at the turbine’s base for the hybrid system for 17
m/s wind speed and 4.2 m wave height. From Fig. 2.18(a-c), the moments in all three directions
developed for the STLP+6WECs configuration are minimal for most wave periods. Also, it is
observed that the moments developed in the y-direction are higher when compared with those
developed in the other two directions. The effect of wind and wave on the tower base bending
moments is minimal, as the study shows a slight variation in the values of moments developed
with an increase in wind speed. The minimum value of forces and moments for the
STLP+6WECs configuration ensures better wind energy capture for the hybrid system.

The dynamic behaviour and load characteristics of a floating wind turbine can be better
understood by looking at the power spectral density (PSD) of the fore-aft and side-to-side shear

force developing at the base of the turbine tower. The PSD defines the distribution of the energy
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in the frequency domain. Further, the PSD gives a clear idea about the dominant frequency
ranges contributing to the shear forces developing at the turbine. Fig. 2.19(a-d) shows the
power spectral density for the fore-aft shear force for four different operating conditions of the
wind turbine. The study observes similar spectrum distribution for any operational condition.

The dominant forces are closer to the natural frequency region of the floating system and hence
proper damping mechanism has to be adopted to avoid resonance. For conditions below the
rated wind speed (Fig. 2.19(a,b)), the wave frequency region of the hybrid platforms
STLP+6WECs and STLP+8WECs are away from the natural frequency region (0.06 rad/s)
compared to other configurations studied. Further, the fore-aft forces are observed to decrease
with the increase in the wind speed. The load distribution is observed to be uniform (Fig.
2.19(c,d)) for the frequency range 0.1< @ < 0.4 rad s™and is minimal for frequency regions
below 0.05 rad/s.
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Fig. 2.19: Power spectral density for fore-aft shear force at (a) SS-1 (b) SS-2 (c) SS-3 and (d)
SS-4 sea-state considering different configurations of combined floater for irregular waves.

Fig. 2.20(a-d) shows the PSD for the side-to-side shear force developing on the base of the

floating wind turbine. The amplitude for the PSD shows that the side-to-side forces developed
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are small compared to the fore-aft shear forces developed. Also, higher variation in load
distribution is observed (Fig. 2.20(a,b)) for the side-to-side shear forces for wind speed
conditions below 11.4 m/s. Also, the forces are minimum for the frequency ranges
®<0.06 rads™ and »> 0.4 rad s™. The variation in forces developed for higher wind speed
conditions (Fig. 2.20(c,d)) is minimum for 0.1< @< 0.4 rad s™. The minimum variation in
forces improves the fatigue life of the turbine components. Further, similar to the fore-aft shear
forces, the wave frequency ranges for the side-to-side shear forces are also near the natural

frequency and hence proper damping should be provided to prevent resonance.
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Fig. 2.20: Power spectral density for side-to-side shear force at (a) SS-1 (b) SS-2 (c) SS-3 and
(d) SS-4 sea-state considering different configurations of combined floater for irregular waves.

Fig. 2.21(a-d) presents the PSD for the tower base side-to-side bending moments developed
for different metocean conditions. The moments developed are mostly wind-induced moments
for STLP and hybrid STLP-WEC systems. Also, it is observed that the wave-induced moments
are minimum for any metocean condition considered. The amplitude of the moments has a

minimum variation for V__ =17 m/s(Fig. 2.21d) for the frequency range

mean

0.1<w<0.4rads™ . An optimised variation in the moments developed is observed for other
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wind speed conditions for the frequency range 0.01<w<0.3rads™. There is a further
increase in moments (Fig. 2.21(a-c)) for the frequency range 0.3<w<0.4rads™. The
variation in the moments for the lower wind speed conditions may influence the fatigue life of
the turbine components. The minimum value of fore-aft shear force and side-to-side bending
moments are observed for STLP+6WECs and STLP+8WECs hybrid platforms.
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Fig. 2.21: Power spectral density for side-to-side bending moments at (a) SS-1 (b) SS-2 (c) SS-
3 and (d) SS-4 sea-state considering different configurations of combined floater for irregular
waves.

Fig. 2.22(a-d) presents the PSD for the fore-aft bending moment developing at the base of the
floating turbine for four different operating conditions of the wind turbine. For all the metocean
conditions considered, the fore-aft bending moments have minimum variations for the
frequency region 0.1<w<O0.4rads™. The side-to-side moments are slightly higher
compared to the fore-aft moments developed at the base. This may be because the moments
are mostly wind-induced and the wind direction is considered to be in positive x-direction. The
STLP+6WECs and STLP+8WECs hybrid platforms are observed to have minimum values of

the side-to-side shear force and fore-aft bending moments. The minimum shear forces ensure
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higher fatigue strength, further improving the capacity of the components to withstand

repetitive loading cycles and stress levels.
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Fig. 2.22: Power spectral density for fore-aft bending moments at (a) SS-1 (b) SS-2 (c) SS-3
and (d) SS-4 sea-state considering different combined floater configuration for irregular waves.

2.5.4.2 Frustum Tension-Leg Platform Combined with Cone-cylinder WEC

Fig. 2.23(a-c) shows the shear forces developed at the base of the floating wind turbine. The
fore-aft shear forces are observed to be higher (Fig. 2.23a) for any floating system compared
to forces in the other two directions. Further, with the addition of the WECSs, the forces are
observed to reduce. This may be because, the WECs may absorb the waves coming onto the
floating system, further reducing the wave-induced forces. The variation in the forces is
minimum for the vertical force developed (Fig. 2.23c) and the variation is higher for the side-
to-side shear force (Fig. 2.23b). Also, with the addition of the WECs, the wave period at which

maximum values for the for-aft shear force occur is reduced. The FTLP+8WECs configuration

has the highest value of the fore-aft shear force at the lower wave period region (Tp =4 s) and

is observed to decrease with the increase in wave period for the gravity waves. For the side-to-
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side bending moment, there are several peaks for the gravity waves and is observed to be

minimum for FTLP+8WECs.
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Fig. 2.23: Comparison of (a) fore-aft shear force (b) side to side shear force an
shear force for different arrangement of WECSs.
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Fig. 2.24(a-c) studies the bending moments developed at the base of the turbine tower for

different hybrid configurations of FTLP. Fig. 2.24(a) shows the side-to-side bending moments

developed, are observed to be less compared to the fore-aft bending moment. The
reduced with the addition of the WECs.
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Fig. 2.24: Comparison of (a) side to side bending moment, (b) for-aft bending moment and (c)
yaw moments for different arrangement of WECs.

The yaw moments are observed to be minimum (Fig. 2.24c), further having minimum fatigue
load on the control systems of the wind turbine improving the wind power absorption and
lifespan of the control systems. The FTLP+4WECs configuration is observed to have minimum
fore-aft bending moments developed (Fig. 2.24b), even though the variation in the moments
developed is higher compared to the FTLP+8WECs configuration. FTLP+8WECs
configuration has a minimum value of the moments developed, ensuring minimum structural
damage or failure for the hybrid system. Fig. 2.25(a-d) shows the power spectral density for
fore-aft shear force for different operating conditions of wind turbines under irregular sea wave
conditions. The study compares different configurations of hybrid floaters under operational
wind speed conditions. Apart from 11.2 m/s wind speed, the spectrum variation is observed to
be similar as in Fig. 2.25(a,c,d). The higher spectrum values are observed for a lower frequency
range and are observed to decrease with increasing frequency. For surge and pitch motion, the
response values are lower for lower frequency and hence show higher power absorption. The

fore-aft forces are mainly wind-induced forces.
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Fig. 2.25: Power spectral density for fore-aft shear force at (a) SS-1 (b) SS-2 (c) SS-3 and (d)
SS-4 sea-state considering different configurations of combined floater for irregular waves.

Fig. 2.25(a-d) shows that the addition of WECs around FTLP has reduced the fore-aft forces
developing on the platform, further improving the wind power absorption of the wind turbine.
For 11.2 m/s wind speed FTLP+2WECKX in the direction of the wave are observed to have lower
spectrum values as in Fig. 2.25(b). But for wind speeds higher than 11.4 m/s (rated wind speed
for 5 MW wind turbine), FTLP+8WECs are observed to have lower fore-aft values. Further, it
is observed that the fore-aft shear forces are higher compared to side-to-side shear forces. For
wind speed conditions lower than the rated wind speed, the fore-aft forces developed are higher
for any configuration compared to higher wind speed conditions.

Fig. 2.26(a-d) presents the power spectral density for side-to-side shear force for different
configurations of hybrid floaters for different operating conditions of wind turbines. The side-
to-side forces are smaller compared to the fore-aft shear force developed on the turbine tower
junction. The peak values for the forces are higher for the lower frequency range as in Fig.
2.26(a,c,d). But for 11.2 m/s wind speed, the peak value is observed to occur for a higher

frequency range for any hybrid configuration.
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Fig. 2.26: Power spectral density for side-to-side shear force at (a) SS-1 (b) SS-2 (c) SS-3 and
(d) SS-4 sea-state considering different configurations of combined floater for irregular waves.

The addition of WECs has increased the side-to-side forces developed on the floater for the
lower frequency range, further for the higher frequency range the force values decrease with
the addition of WECs.
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Fig. 2.27(a-d) presents the power spectral density for side-to-side bending moment for different
configurations of hybrid floaters considering different operating conditions of wind turbines.
The side-to-side bending moment values are higher compared to other moments which is due
to the higher force developed in the direction of the wind. Further, Fig. 2.27(a-d) shows that
the wave-induced moments are higher compared to the wind-induced moments for any wind
speed condition. A higher variation in the side-to-side bending moments is observed for the
FTLP+2WECsy for the 17 m/s wind speed condition (Fig. 2.27c). The higher variation may be
due to the occurrence of the resonance for the extreme operational wind speed condition. Thus,
proper damping mechanism have to be provided to the hybrid floating platform to dissipate the

energy from the oscillations.
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Fig. 2.28: Power spectral density for fore-aft bending moments at (a) SS-1 (b) SS-2 (c) SS-3
and (d) SS-4 sea-state considering different configurations of combined floater for irregular
waves.

Fig. 2.28(a-d) presents the power spectral density for the fore-aft bending moment for different
configurations of hybrid floaters for different operating conditions of wind turbines. For lower
and higher wind speed conditions, the wind wave and rotor frequency peaks coincide for all
configurations of FTLP as seen in Fig. 2.28(a,d). For 11.2 m/s and 14 m/s wind speed, the
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wind, wave and rotor frequency peaks are at different locations as seen in Fig. 2.28(b,c) for
FTLP+2WECsx configuration and also the wind-induced moments are higher compared to the
wave-induced moments in the fore-aft direction. The study observed that the forces and
moments are mainly induced by the wave forces compared to the wind and rotor force along
with other resonating forces. For low and high wind speed conditions, the peaks for the wind,
wave and rotor frequency are very much closer compared to the 11.2 m/s wind speed condition.
At awind speed of 11.2 m/s, it has been observed that the surge and pitch responses are reduced
for all configurations. This reduction facilitates greater absorption of wind power, resulting in
isolated peaks.

2.5.,5 Mooring Line Tension

Tensioned mooring cables are an important factor in the design and operation of the TLPs.
They give the platform with the stability, weight transmission, and positional control required
for offshore support. The safe and dependable operation of the TLP depends on proper mooring
cable design, monitoring, and maintenance. Typically, a TLP’s mooring cables are organised
in a radial arrangement all around the platform. Equitable load distribution and balanced strain
across the cables are made possible by this arrangement. To prevent any individual cable from
bearing an excessive load, the system ensures that the tension forces are uniformly distributed.
The integrity of the tensioned mooring cables is critical for the overall safety and performance
of the TLP. The tension developed on the cables on the seaward side (Mooring cable- 1) and
the leeward side (Mooring cable- 4) for both the hybrid floating platforms are studied. Fig.
2.29(a,b) shows the Mooring cable- 1 and Mooring cable- 4 for the hybrid STLP and FTLP

floating wind turbine platforms.
v o —lj v

Mooring Mooring Mooring Mooring
cable- | cable- 4 cable- | cable- 4

@ : (b) v v

Fig. 2.29: Mooring cable-1 and Mooring cable- 4 on the seaward and leeward side of (a) STLP
and (b) FTLP floating wind turbine platforms.
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2.5.5.1 Submerged Tension-Leg Platform Combined with Cone-cylinder WEC

The tension developed on the mooring cables on the seaward and leeward sides is shown in
Fig. 2.30(a,b) for different metocean conditions. Fig. 2.30(a) shows the tension developed on
the Mooring cable-1 on the leeward side. The addition of WECs has influenced the tension
developed on the mooring cables. For the STLP+6WECs and STLP+8WECs configurations,

the tension developed on the cables is reduced for any operational conditions of the wind
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Fig. 2.30: Maximum fairlead tension for (a) Mooring cable-1 and (b) Mooring cable-4 for
different environmental condition of several configurations considered.

For STLP+2WECs configuration, the tension developed on the mooring cables is reduced for
wind speed conditions above the rated wind speed (11.4 m/s) of a 5 MW wind turbine. For the
STLP+4WECs configuration, the reduced mooring line tension is observed for wind speed
conditions below the rated wind speed condition. Fig. 2.30(b) shows the mooring line tension
developed on the Mooring cable- 4 for different metocean conditions of the hybrid system. The
variation of the maximum values of tension developed on the mooring cables is almost similar
for both mooring cables. The reduced tension for the hybrid floating platforms ensures better
orientation of the wind turbine and hence better wind power absorption. Also, the reduced
tension of the mooring cables ensures a better life for the mooring system.

Table 2.16 shows the mean and standard deviation values for the tension developed on the
Mooring cable- 1 and Mooring cable- 4 placed on the direction of the incident waves. The
mean value of the tension developed on the Mooring cable- 1 and Mooring cable- 4 are almost
equal. The equal value of tension for the mooring cables ensures equal sharing of loads
avoiding the overstressing of the cables and reducing the risk of cable failure. Further, the

platform is balanced and steady with equal strain across all wires, lowering the possibility of
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tilting or capsizing. Also, the control system of the wind turbine is optimised more effectively
with the equal distribution of the tension on the cables. For STLP+4WECs, STLP+6WECSs and
STLP+8WECs configurations, there is a higher variation between the mean and standard
deviation values. The platform’s response to external factors may be more uncertain and
variable if there is a larger disparity between the mean and standard deviation values. The
performance and dependability of the TLP are directly impacted by the tension created on the
mooring lines. The platform’s capacity to maintain stability, manage placement, and efficiently
transfer loads may be impacted by this increased variability.

Table 2.16: Mean and Standard deviation of mooring line tension developed on Mooring cable-
1 and Mooring cable-4 for 11.2 m/s wind speed (SS-2).

Floater Mooring cable- 1 Mooring cable- 4
Configurations |- Mean (N) De?/ti::i(:)?\r(zN) Mean (N) De?/tiZ?iianr?N)
STLP 4.84E+07 1.38E+07 4.29E+07 1.17E+07
STLP+2WECs 3.99E+07 1.05E+07 3.99E+07 1.01E+07
STLP+4WECs 3.34E+07 4.63E+06 3.43E+07 5.40E+06
STLP+6WECs 2.93E+07 2.96E+06 2.94E+07 3.01E+06
STLP+8WECs 2.53E+07 2.09E+06 2.53E+07 2.56E+06

2.5.5.2 Frustum Tension-Leg Platform Combined with Cone-cylinder WEC

The study observed the tension developed on each mooring cable for a different arrangement
of WECs in a circular array and presents the maximum values of fairlead tension developed on
mooring cables for the different environmental conditions shown in Fig. 2.31(a,b) at two
different fairlead points (Mooring cable- 1 and Mooring cable- 4). In the case of all
configurations of FTLP with WEC, the tension developed on all six mooring lines is observed
to be almost the same for different sea-state conditions. The reduction in tension developed on
the cables is noted with the addition of WECs to the FTLP floater for SS-1, SS-3 and SS-4
conditions. The least values for the mooring line tension are observed for FTLP+8WECSs and
the maximum values of mooring line tension are observed for the single FTLP. Thus, showing
the reduction in rigid body motions with the addition of WECs around FTLP. In addition, in
the case of SS-2 metocean condition (wind speed of 11.2 m/s), the tension developed on the

mooring cables is observed to increase with the increase in the number of WECs.
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Fig. 2.31: Maximum fairlead tension for (a) Mooring cable- 1 and (b) Mooring cable- 4 for
different environmental condition of several configurations considered.

Table 2.17: Mean and Standard deviation of mooring line tension developed on mooring cable-
1 and mooring cable-4 for 11.2 m/s wind speed (SS-2).

Floater Mooring cable- 1 Mooring cable- 4
Confguratons | Wean () | o icn'ng | M0 | paviaion )
FTLP 2.38E+08 5.63E+06 2.38E+08 5.65E+06
FTLP+2WECsx | 2.20E+07 2.09E+06 2.21E+07 2.07E+06
FTLP+2WECsy | 2.02E+08 5.06E+06 2.03E+08 5.07E+06
FTLP+4WECs 1.63E+08 3.68E+06 1.63E+08 3.69E+06
FTLP+6WECs 1.26E+08 5.48E+06 1.27E+08 5.48E+06
FTLP+8WECs 8.97E+07 7.43E+06 9.03E+07 7.43E+06

The mean and standard deviation values of the tension developed on the mooring cables for
11.2 m/s wind speed are presented in Table 2.17. It is observed that the mean values for the
tension developed on the Mooring cable- 1 and Mooring cable- 4 reduce with the addition of
WECs. Further, the least tension developed is observed for FTLP+2WECsx configuration in
the direction of waves. The tension developed on mooring cables for FTLP+8WECs
configuration is also observed to be minimum. The mean values for the tension developed are
observed to be higher compared to the standard deviation values, further concluding that the
tension developed on the cables is highly dependent on the wind load compared to wave loads.
The variation in mean and the standard deviation is observed to be minimum for
FTLP+2WECsx configuration and FTLP+8WECs configuration.
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2.6 CLOSURE

In the present Chapter, the Submerged Tension-Leg Platform (STLP) and hexagon-shaped
Frustum Tension-Leg Platform (FTLP) are proposed to support an offshore 5 MW wind turbine
in moderate water depth. The dynamic response characteristics of the STLP and FTLP wind
turbine floater are analysed using a numerical aero-servo-hydro-elastic simulation tool. The
study considers different arrays of cone-cylinder shaped point absorber WEC around STLP
and FTLP to understand the influence of the WECs on dynamic responses of the hybrid floating
system, further examining the wind power absorption efficiency of the hybrid floating system.
Fully coupled time-domain simulations using the numerical simulation tool FAST are carried
out to investigate the platform motions, mooring line tensions and the forces and moments
developed at the base of the turbine tower for regular and irregular wave conditions. The

conclusions drawn from the study are as follows:

e The natural frequency for the surge, sway and yaw motions of the STLP is similar to a

conventional TLP-type floating offshore platform (0.06 <, <0.08 rad s’l). But for

the FTLP, the natural frequencies for the dominant motions are in the frequency range

0.3<w, <0.5rads™, reducing the possibility of the resonance due to the wind and

wave induced loads.

e The yaw motion response for the STLP floating platform is much higher than the yaw
motion response of the FTLP for both regular and irregular wave conditions. An
average 93% reduction is observed for the regular wave condition and 59% reduction
IS observed in random wave condition. The reduced yaw motion of the FTLP ensures
minimum load on the control systems of the wind turbine, improving the wind power
absorption efficiency and the life of the control systems.

e The STLP+6WECs and FTLP+8WECs hybrid floating offshore platforms are observed
to have minimum surge, sway and yaw motion response for the operational conditions
of the 5SMW wind turbine.

e Inthe case of STLP and hybrid STLP-WEC floating platforms, the forces and moments
developed at the turbine’s base are wind-induced. This may be due to the higher wind
power absorption of the supporting wind turbine. But for the FTLP and hybrid FTLP-
WEC floating platforms, the forces and moments are wave induced. This may be
because the WECs are placed closer to the FTLP.
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CHAPTER 3

MULTI-BODY ANALYSIS OF A HYBRID TENSION-LEG
PLATFORM FLOATING WIND TURBINE

3.1 GENERAL INTRODUCTION

Renewable energy sources are a good substitute for traditional energy sources as it is available
in abundance and has no negative effects on the environment. Wind, waves, and currents in the
ocean are abundant sources of renewable energy that can be converted into useful forms of
energy. The offshore hybrid concepts for offshore energy extraction are highly helpful in
lowering total project costs and logistics costs, further boosting the yield of renewable energy
per unit square kilometre of ocean space (Perez-Collazo et al., 2019, Wan et al., 2020). The
present section examines the hydrodynamic performance of six different arrays of cone-
cylinder point absorber WEC around two TLPs supporting a 5 MW wind turbine platform. The
heaving point absorber-type WEC in concentric and circular arrays is studied to observe the
influence of the FTLP and other WECs on the platform’s stability and wave power absorption.
The hydrodynamic coefficients (added mass and damping coefficient) of the hybrid system
under regular waves of unit amplitude are analysed using the numerical simulation programme
WAMIT. The instantaneous power absorbed by the wave energy device and the influence of
the Power take-off (PTO) for the wave energy absorption were calculated for several specified
ocean conditions of the North Sea. Further, the mean interaction factor (g-factor) and the
Capture Width Ratio (CWR) are studied to observe the efficiency of the hybrid system and the

utilisation of the incident wave.
3.2 NUMERICAL FORMULATION

Multiple bodies interacting mechanically and hydrodynamically are analysed using the fully
integrated hydrodynamic simulation programme WAMIT. Each body oscillates individually
with six degress of freedom. The modelling tool WAMIT resolves the radiation and diffraction
problem based on the panel technique and three-dimensional potential flow theory (Lee, 1995).
The hydrodynamic simulation WAMIT tool assumes that there are no planes of hydrodynamic
symmetry when there are several floating bodies. The equation of motion is discussed in this

section for a single floating body before being expanded to include several floating WECs.
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3.2.1 General Equation of Motion

The equation of motion for a floating WEC (Kim et al., 2019) with wave radiation force Fe,
excitation force Fex , restoring force F...i.., and additional damping force Fos , including a PTO
system, Furo is given by

mX=F, +F, +F. .. +Foro + Fs (3.1)

The radiation and excitation force developed on the buoy can be obtained by solving the

radiation and diffraction problem. The frequency-dependent radiation force in terms of added
mass M., and radiation damping b33 is given by

Fo=—MygZ - b332' (3.2)
Further, the excitation force developed on the buoy depends on the incident velocity potential

¢, and diffraction velocity potential ¢, over the body boundary Sg, which is given by
Fo = —iCOpJ.J.S (¢| + ®p )ﬂsds' (33)

The static force developing on the buoy with the vertical movement of the buoy is very much

dependent on the buoyancy from the wetted volume of the body. The heaving restoring force
with water plane area (A,), vertical displacement (), water density ( ), and gravitational
acceleration ( g ) can be expressed as

Fstatic = pgANZ (3-4)
The viscous drag and the frictional force developed due to the interferences of the fixed

platforms, buoys, and mechanical arms can be expressed as coulomb damping force. The total

energy loss can be expressed as

1 N . ,
I:Ioss :_EpCdA\N(Z_77)|Z_77|+_S|gn(Z)FMfO1 (35)

where Fy,is the magnitude of the mechanical friction force. The efficiency of the WEC is also

dependent on the PTO system modelled. In the case of heaving WECS, the PTO systems use
mechanical or hydraulic transmissions to drive high-speed rotational generators. The present

study modelled a hydraulic PTO system with equivalent mass Mo , damping coefficient Cero

, and spring coefficient Koo, as in the Wavestar model, which produces a large wave force.

The power take-off force is given by
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Foro = ~MproZ = CoroSign(2) — Korg 2 - F (3.6)
3.2.2 Instantaneous Power Absorbed

The instantaneous wave power absorbed (Sinha et al., 2016) by a single floater for heave

amplitude £, and external damping bextin regular waves is given by

P =Eb a)zzi (3.7)

abs ext
2

In the case of irregular waves, the power absorbed is obtained by applying linear superposition

of the floater responses given by
T 2 ZA
Pos = _[bexta) [_JS; (a)) do (3.8)
0 Ca

where ¢, is the wave amplitude and S, () is the wave amplitude spectra. The wave amplitude

spectra are based on the JONSWAP spectrum, which is given by

s f Y
s (=it on| 2% -
where the peal enhancement factor y =3.3, fp the peak frequency, and the factors &, and J;
are given by
2
f—f
a. = 0.0624 and S, =exp —% (3.10a)
) 0.185 202 f
0.23+0.0336y — P
19+y
The values of the spectral width parameter depend on the frequency given by
o, =007for f <f, and o, =0.09for f > f (3.10b)

3.2.3 Power Take-off Mechanism

The WECs in a circular and concentric array around the TLP floating offshore platform are
connected to the outer vertical columns using connecting arms, as shown in Fig. 3.1(a). For the
STLP floating wind turbine platform, the WECs are connected to the central column, as in Fig.
3.1(a). The hinged structure between the connecting arm and the column limits the relative
motion. It allows rotation around the hinged shaft, driving the power take-off (PTO) system to
produce power (Hansen, 2013). For the FTLP floating platforms, the WECs are connected to

the outer vertical pontoons, as in Fig. 3.1(b). The PTO for the point absorber requires a
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cascaded conversion mechanism depending on the configuration. Mechanical or hydraulic
transmissions to power conventional high-speed rotational generators are used mainly by PTO
systems of the heaving point absorber type WECs. Also, specially designed linear generators

are used for direct drive. The effective length is so assumed to restrict the maximum relative
rotational angle 6., of the arm in the range —20° <6, <20° to abstract as much wave energy

as possible. In the present study, the wave moves in a zero-degree direction towards the positive

x-direction.

(b)

Fig. 3.1:Heaving point absorber WEC connected to (a) STLP and (b) FTLP platform using
hinges.

A A

[0

arm

Heave,,, =6.5m

MSL

(@)

Heave . =6.0m

max

(©)

Fig. 3.2: Schematic representation of (a) point absorber WEC connected using hinges, (b) WEC
connected to an outer column of FTLP, and (c) WEC connected to the central column of STLP.
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The study considers centro-symmetrically arranged heaving-type WECS to ensure better power

quality and smoothness as the waves pass through the hybrid system. The absorbed power (Si

et al., 2021) of the system with rotational velocity @,,, is thus calculated by
Ruec = Tp10 @ (3.11)

The point absorber WECs are narrow-banded with an under-damped resonant frequency. The
power absorbed by the point absorber depends on the force or torque applied by the PTO. The
present study uses a hydraulic PTO system as in the Wavestar model (Gaspar et al., 2021).

With the geometry design of WEC, the study calculated the maximum rotational angle of the
arm to understand the arm length L, . The effective length, L is calculated based on the

position of the WECs around the TLP.

6.4

6.2

6.0 4

= 584
5

— 564

5.4 4

5.2

5.0

T T T
-20 -10 0 10 20
earm(deg)

Fig. 3.3: Arm kinematics (Si et al. (2021)) to calculate the arm length based on the rotation
angle of the arm.

The maximum heave value, Heave, ., and the effective length between the platform and the

WEC, L are examined to understand the valuable working range for the arm movement,

analysing the maximum rotation angle 8., . Further, 8,,.. is compared with the arm kinematics
chart of the PTO torque shown in Fig. 3.3, as in Si et al. (2021), to understand the maximum
arm length L. that can be provided for the PTO mechanism. To derive maximum wave

energy, the PTO applied load torque should be controlled as a function of wave and body
movement to keep the WEC in resonant motion in waves. Linear damping, reactive control,
latching control, and model predictive control are commonly used control strategies for the

point absorber-type WECSs. The linear damping allows the response to be attenuated without
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moving the resonance frequency of the WECs to peak wave frequency. The Linear damping
control reduces the response without shifting the WEC resonance frequency to the wave peak
frequency. The Reactive control will inject additional control power to absorb a significantly

higher quantity of wave energy, which often operates like a negative spring. The PTO torque

for the linear damping 7, and the reactive control damping Zgp (Si et al., 2021) is given by
Tip = Brro@ym (3.12)
Tsp = Brro @y + Koo Oum (3.13)

where BPTO is the PTO damping coefficient, Koo is the virtual spring term in reactive control,

and 6, is the rotational angle of the WEC. The optimal values for Bpand Kerg is given as
Bero = Bhyd (3.14)
KPTO = ('JWEC + ‘]add )a)Z a kres (3'15)

where J,y is the added inertia of the WEC, Jye is the inertia of the WEC, K. is the

hydrostatic restoring stiffness coefficient, and Bhyd is the hydrodynamic damping coefficient.

These quantities are evaluated using the hydrodynamic simulation tool WAMIT based on the

potential flow theory.

The vertical movements of the buoy with relative vertical (dz) and angular displacement (6 )

of the arm are translated into rotational movements of the arm (Kamarlouei et al., 2020) with

0-0, —sin-l[z‘dzj, (3.16)

arm

where Z and @ are the initial vertical and angular displacements, respectively. The present

study assumes the maximum heave value as the initial displacement of the arm connected.
3.24 Mean Interaction Factor (g-factor)

In order to quantify the effect of wave interactions on wave power in a WEC array, the mean
interaction factor (q-factor) defined as the ratio of the total wave power of the array to N

times wave power (Sinha et al., 2016) from a single isolated WEC, is examined and given by
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q — factor(w) = (%j (3.17)

where Piso,ated (@) is the total wave power of a single WEC at wave frequency @ . The mean

interaction factor, also known as the magnification factor, gives the idea of the constructive or
destructive array interaction. The g-factor sums up the interactions as the results of the
diffraction force experienced by each WEC and the reflection from the other WECs when the
array is fixed in the direction of incident waves. The diffraction force is also developed by the
movement of other WECSs, i.e., with the movement of a single WEC in the still water level, the

waves are generated and causes the movement of other WECSs.
3.2.5 Capture Width Ratio (CWR)

The efficiency of the wave energy converters in the hybrid system can be expressed in terms
of CWR. CWR is defined as the ratio of the total power absorbed by the hybrid system to the
incident wave power. The study gives an indication of the width of the wave crest, which can
be completely utilised by the WEC. The CWR (Ghafari et al., 2022) is given by

Total absorbed power [W]

CWR=— : (3.18)
Incident wave power [W /m]*d [m]
where d is the diameter of the WEC. The incident wave power is given by
2142
Incident wave power = 'Og—HTb (3.19)

32r

where o is the density of water, g is the acceleration due to gravity, H is the incident wave

height, T is the wave period, and b is the width of the wave crest. The width of the wave crest

is considered as 1.0 m in the present study. The unit of the capture width is the length in metres.

3.3 GEOMETRIC MODELLING

The geometric modelling of the hybrid TLP floating wind turbine platform and cone-cylinder
point absorber WEC beneath the design water surface is generated using Rhinoceros 3D. Panels
representing the coordinates of the wetted surface are divided into the model surface. The ideal
panel size is determined using a convergence test, optimising the simulation duration and
increasing efficiency. Further, using the numerical simulation tool WAMIT, a hydrodynamic
study for the TLP with a circular and concentric array of cone-cylinder WECs is carried out for

regular waves of unit amplitude for four-wave heading directions.
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3.3.1 Submerged Tension-Leg Platform with WEC

An STLP-type 5 MW floating wind turbine platform with arrays of WECs in circular and
concentric patterns is modelled to analyse the hydrodynamic performance of the hybrid system,
further analysing the power absorbed by the WECs in an array around the STLP. The schematic
representation of the submerged platform, 5 MW wind turbine, and cone-cylinder WECs are
shown in Fig. 3.4. The STLP-type floating offshore wind turbine floater and the cone-cylinder
heaving point absorber WEC considered in the present study and the dimensions are detailed
in Table 2.1 and Table 2.2, respectively, in Chapter 1. During the operation phase, the platform
has improved hydrodynamic performance with a relatively small water plane area. Sinha et al.
(2015) studied different-shaped heaving point absorber WECs and observed higher wave

power absorption for cone-cylinder-shaped WECs.

\;

Wave direction = 0 deg>

Fig. 3.4: STLP-type floating wind turbine floater with cone-cylinder heaving point absorber
WEC in a circular array.

Table 3.1: Arrangement pattern of WECs around STLP.

Configuration Description Remark

Cy 2WECs in a circular

array around STLP

WEC-2

\\F.('-I.
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Ce 12WECs in a concentric @
array around STLP
' \\l".('-l.
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. WEC-9 .
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\\‘I-',('-IU‘

The study analysed different arrays of cone-cylinder-shaped heaving WECs around STLP-type
FWT. The hybrid STLP-WEC configurations are observed to have minimum rigid body
motions, further improving the wind power absorption of the wind turbine. Also, the addition
of the WECSs is observed to have minimum influence on the natural frequency of the STLP. In
order to investigate the performance of hybrid STLP-WEC, six case studies of two, four, six,
and eight cone-cylinder WECs with constant radius (45 m) and concentric pattern with radii 45
m and 55 m for eight and twelve WECS, as shown in Table 3.1 have been proposed. The wave

is assumed to move towards the positive x-direction in zero degrees, as shown in Fig. 3.4.
3.3.2 Frustum Tension-Leg Platform with WEC

The hydrodynamic performance of the hybrid system is analysed using a hybrid model of an
FTLP-type 5 MW floating wind turbine platform with arrays of WECSs arranged in circular and
concentric patterns (Fig. 3.4). The investigation also examines the power absorbed by the
WECSs arranged in an array surrounding the FTLP. The natural frequency of horizontal and
vertical plane motions of the FTLP are outside the wave excitation frequency range, hence
higher structural integrity. Further, the FTLP platform is observed to have lower surge motion
and very minimum yaw motion. The lower values of the pitch and roll motion suggest the
system’s stability against overturning and the better orientation of the turbine towards the wind
for higher wind power absorption. The dimensions of the FTLP supporting the wind turbine
are detailed in Table 2.7 of the Chapter-1. Six case studies of the hybrid system are examined
with two, four, six, and eight cone-cylinder WECs around FTLP with a constant radius of 70
m in a circular pattern and with radii 70 m and 80 m for eight and twelve WECs in a concentric
pattern. Table 3.2 shows the different arrangement patterns of the WECs around FTLP.
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Zero-degree wave ‘
koo bl -
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Fig. 3.5: Hybrid FTLP-WEC supporting 5 MW wind turbine.
Table 3.2: Arrangement pattern of WECs around FTLP.

Configuration Description Remark

FW1 2WECs in a circular
array around FTLP.

FW> 4WECs in a circular . @-
array around FTLP.

N WEC4 -~
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FW3 6WECs in a circular ® &
array around FTLP. WECS WEC?2
WEC 4 WEC |
wees@ .\u;ce
FW3, 8WECs in a circular ,
array around FTLP. WRCE S WEC2
WEC 7
o
FW5s 8WECs in a concentric

- T WEC3I T

array around FTLP.

FWse 12WECs in a concentric

o i 0
array around FTLP. wics — @~ O

WEC 2
/" WEC6 \
WEG 1
WEC 7 | .
! WEC 12
WEC 8

\\-g‘ 9 WEC 11
WEC 10

3.4 METHODOLOGY

The numerical modelling for the TLP-type floating wind turbine combined with arrays of

WECs is performed using the hydrodynamic simulation tool WAMIT to analyse multiple
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bodies interacting hydrodynamically. The simulation tool WAMIT is based on the panel
method and solves the radiation and diffraction problem using three-dimensional potential flow
theory (Lee, 1995). The WAMIT tool assumes that there are no planes of hydrodynamic
symmetry when the number of bodies is more than one. The boundary element method for
WAMIT discretises the structure’s surface into panels and solves integral equations based on

the linearised potential flow theory to compute the hydrodynamic response of the structure to

incident waves.

(b)

Fig. 3.6: Mesh model for (a) STLP and (b) STLP with WECs in circular array.

It accounts for the interactions between panels and imposes boundary conditions to compute
the surface elevation and velocity potential, which are used to compute various hydrodynamic
quantities. The surface of the floating structure is divided into a set of panels. The panel size
and distribution are determined using the convergence test. The mesh model used for the
present study is shown in Fig. 3.6. The interactions between panels are computed using Green’s
function. These interactions are modelled as double-layer potentials, which relate the
unknowns on one panel to those on neighbouring panels. The unknowns on each panel are
solved simultaneously in a linear system of equations. The boundary conditions, which
describe the interaction between the incoming waves and the structure, are imposed on the
panels. These boundary conditions are typically expressed in terms of the surface elevation and
the velocity potential. The incident waves interact with the structure through Green’s function
and are used to compute the structure’s response. After considering the boundary conditions
and interactions between the panels, the resulting linear system of equations is solved to
determine the unknowns on the panels, which stand in for the structure’s surface elevation and
velocity potential. The unknowns are then used to compute various hydrodynamic quantities
such as wave forces, wave loads, and structural response, which are analysed to understand the
behaviour of the structure. The study observed the variation of added mass and damping ratio
of the WECs to observe the influence of the WECSs on the platform and other WECs.

95



Dynamic Analysis of Offshore Floating Wind Turbine Combined with Wave Energy Converter

Further, the time average power absorbed by the WECs are calculated for different hybrid
configuration considered. Further, the study considered a hydraulic PTO model with two
damping control models, Linear Damping control and Reactive Damping control. The power
absorbed by the WECs under the influence of the PTO with two different control models is
examined. Further, the mean interaction factor (g-factor) and the CWR for the wave power
absorption of the two different hybrid concepts are studied to understand the efficiency of the

hybrid system.

3.5 WAVE CLIMATE

The significant wave height H, and the peak spectral period TpS considered for the present

study are representatives of the North Sea. Seven sea states, as in Sinha et al. (2016), shown in
Table 5, are considered to analyse the wave power absorption. The sea states have been
represented by using the JONSWAP spectrum for the North Sea. The spectrum is generated

using a 2-parameter formula with significant wave height H, and peak spectral period Tps.

Table 3.3: Reference Sea States (Sinha et al., 2016).

SeaState | Hs(m) | T, (s)
1 0.25 5.24
2 0.75 5.45
3 1.25 5.98
4 1.75 6.59
5 2.25 7.22
6 2.75 7.78
7 3.25 8.29

3.6 RESULTS AND DISCUSSION

The TLP-type floating wind turbine platform with various arrangements of cone-cylinder
heaving WECs in circular and concentric patterns is examined under regular waves of unit
amplitude using the numerical simulation tool WAMIT to study the effect of waves on the
WECs when grouped in an array around the offshore floating wind turbine platform. The
hydrodynamic coefficients (added mass and damping coefficient) of the WEC may change with
the influence of the platform and other WECSs. The ratio of the hydrodynamic coefficients for

a single WEC to that for the hybrid system is evaluated, as by Hu et al. (2020), to analyse the
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impact of the platform and other WECSs. The added mass and damping represent the impedance
to the system’s motion. Further, the instantaneous wave power absorption of each hybrid
configuration is compared for a zero-degree wave heading angle. The Influence of the PTO on
wave power absorption is studied for two different damping control strategies of hydraulic PTO
systems. The study then examines the efficiency of the hybrid system in wave power

absorption.
3.6.1 Variation of Added Mass and Damping Coefficient

The virtual increase in mass that the WEC feels as a result of its interactions with the
surrounding water is represented by the increased mass coefficient. It takes into account the
water’s inertia as it moves alongside the WEC as it oscillates in reaction to wave forces. A
larger added mass coefficient might increase the absorption of wave energy because it denotes
a greater mass impact. An increase in added mass increases the effective mass, improving the
displacement of the WEC and further increasing the wave power absorption. The WEC’s
motion is dampened by dissipative forces, which are represented by the damping coefficient.
It takes into consideration energy losses brought on by a number of different phenomena,
including wave-induced drag, viscous effects, and power take-off system losses. The overall
power absorption may be impacted by a higher damping coefficient, which denotes stronger
dissipation. An optimal damping co-efficient can aid in maximising wave power absorption by

balancing the extraction of energy from waves with the dissipation of excess energy.
3.6.1.1 Submerged Tension-Leg Platform with WECs

The variation of the ratio of added mass for the circular arrangement of WECs around STLP is
shown in Fig. 3.7(a-d). The most significant amplification factor of the ratio of added mass for

Cy (Fig. 3.7a) is close to 1.2, and the reduction factor is close to 0.3. Almost all the values are
observed to be close to 1.0 for a wave period Tp above 10s for both the WECs of the C1 hybrid

system, suggesting a negligible impact of the platform and other WECs on added mass. As the
wave period increases, the interaction of the waves with the WEC gets reduced with a higher
wavelength, further having a reduced impact on the added mass. The ratio of added mass is

close to 1.0 for the C: configuration (Fig. 3.7b) for the wave period region, T, >10s showing

the negligible impact of the motion of STLP and WECs on the added mass. The most
significant amplification factor is more than 1.4, and the reduction factor is close to 0.4 for
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Tp <10s showing that the arrangement WECs around STLP in the C, configuration has an

impact on added mass. The variation in the ratio of added mass for the circular Cs patterns of
six WECs is shown in Fig. 3.7c. The most significant amplification factor for the circular array
Czisalittle less than 1.2, as in Fig. 3.7(c). The variation may be because the wave has sufficient
space to interact with the WECs in the Cs configuration, nullifying the sheltering effect from
other WECs. In addition, for the C4 configuration, there is sufficient space for the reflection of

waves from STLP and other WECs.
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Fig. 3.7: Variation in ratio of added mass of (a) C1, (b) Cz, (c) Cs, and (d) C4 for the gravity
waves.

Almost all the ratios of the added mass are close to 1.0 for both circular C4 patterns of WECs
for the wave period, indicating the influence of STLP and other WECs for both Cs

configurations is negligible on added mass. The most significant amplification factor of added
mass for the circular pattern Cs is close to 1.6 for the wave period within 25 <T < 4s for
WEC-3, and the reduction factor is close to -1.0 for the wave period 25 < T, < 4sfor WEC-2,

as in Fig. 3.7(d).
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Fig. 3.8: Variation in ratio of added mass of (a) Cs and (b) Cs configurations for the gravity
waves.

The variation in the ratio of added mass for the concentric arrangement of WECSs around the

STLP is shown in Fig. 3.8(a, b). The most significant amplification factor of added mass for

the concentric pattern Cs is just above 3.0 for the wave period 3S < Tp <5s for WEC-7, and

the reduction factor is close to 0.1 for the wave period 15 <T  <3s for WEC-2, as in Fig. 3.8(a).

The impact of STLP and other WECs on the added mass is more significant for the Cs
configuration compared to the C4 configuration. This may be because, for the Cs configuration,
the reflected waves from the STLP and other WECs may interact with the incident waves with
more space between the STLP and the other WECs. Also, in the case of the Cs configuration,
the WEC-3 and WEC-7 are observed to have higher variation at 1.0. This may be due to the
WECs being very close to the STLP floater and hence having a higher impact from the reflected
waves and the effect of incident waves with minimum sheltering. Negative added mass is
observed for Cs configuration for wave period 1.0 s. The negative added mass shows the
reduction in the actual mass of the WEC when oscillating, leading to the stability issues of the
WEC-2 in the C4 configuration. This may be due to the interaction of incident and reflected
waves of the WECs. Also, with the reflected waves, the resonating pattern of the waves
changes, leading to a sudden change in heave (Vijay et al., 2022). For the Ce configuration, the

most significant amplification factor for added mass is close to 2.0 for waves of the period

Is < Tp < 3s for WEC-6, and the reduction factor is close to 0.6 for the waves of the wave period

Is< Tp <3s for WEC-10, as in Fig. 3.8(b). It is observed that the amplification factor is further

increased with the addition of the WECs, suggesting the influence of the reflected waves from
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the WECSs and the STLP. Almost all the ratios are close to 1.0 for the Ce hybrid system for the
wave period T, > 8. This shows the negligible impact on added mass for the STLP and WECs

for the Cs configuration for higher wave periods. It has a minimum effect on the WECs and the

STLP due to its considerable wavelength.
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Fig. 3.9: Variation in ratio of the damping coefficient of (a) C1, (b) Ca, (c) Cs, and (d) C4 for
the gravity waves.

The ratio of the damping coefficient (Fig. 3.9a) for the C1 configuration is close to 1.0 for most

gravity waves. Negligible variation in the ratio of the damping coefficient is observed for the
wave period T, >10s. The wave period T, <10s is observed to have the damping coefficient

values fluctuating within 0.7-1.2, and it is observed that the impact of STLP and other WECs
is more on the damping coefficient compared to added mass for the C1 hybrid system. This may
be due to the influence of the reflected waves from other bodies being minimum for C;
configuration. The higher impact of the damping may increase the heave response amplitude
and hence improve the power absorption of the system. Fig. 3.9(b) presents the ratio of the

damping coefficient for the C» configuration. Apart from WEC-1 of the hybrid configuration
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Co, all other WECs have more deviations at 1.0, suggesting the significant influence of STLP

and other WECs on the damping of WECs for C, configuration for the wave period region
Tp <10s. In the case of WEC-1, the STLP, and other WECs provide better shelter from the

impact of waves, hence having the slightest variation.

Further, for the waves of wave period T, <10, it is observed that the influence of STLP and
other WECs on the damping of WECs is much more vital than on the added mass. Fig. 3.9(c)

shows that the ratio is close to 1.0 for the Cs configuration for T, >13s. The WEC-1 and

WEC-4 have a ratio above 1.0 for Tp >13s showing the influence of the array of WECs on the

motion of the WECs. The variation in the ratio of the damping coefficient for WEC-1 may be
due to the direct impact of the waves without any sheltering, and in the case of WEC-4, the
reflected waves may influence the added mass of the WEC. In addition, from the study of added
mass and damping, it is observed that the influence of the STLP and other WECs on the
damping coefficient is more significant than on the added mass. It is also observed that the
variation in added mass and damping is minimum, with six WECs arranged in a circular pattern

(C3) compared to the Ci configuration. The variation in the damping ratio for the Cs
configuration is less for T, 210s as noted in Fig. 3.9(d), compared to the wave period T, <10s.
The most significant amplification factor for the circular array Cs is close to 3.6 for waves of

wave period 1S<T <3s, and the reduction factor is close to -0.4 for waves of the period

0s < Tp < 2s for WEC-3. Negative damping is also observed for the C4 configuration for wave

period 1.0 s, confirming the influence of the entrapped fluid between the STLP and the WEC.
The negative damping leads to higher heave response amplitude. Higher heave response for
the WEC may lead to structural damage to the WEC in a short period, as discussed in Amere
and Ayele (2018).

In the case of the concentric pattern Cs, the most significant amplification factor is above 4.5

for waves of period 25 < T, <4s and the reduction factor is around -0.5at 0 <T, <25 as in
Fig. 3.10(a). Further, the influence of STLP and WECs on damping for the concentric array Cs
is thus more substantial compared to the circular array of eight WECs (C4). The maximum

value for damping with eight WECs (Ca) is increased by 275% with the addition of WECs

compared to the C; configuration. This is due to the more decisive influence of the reflected
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waves from the STLP for the Cs configuration. Also, the effect of the motion of STLP and
WECs on damping is more substantial than on the system’s added mass for both circular and
concentric arrays of WECs, which can be due to the higher reflection of the waves from the
WECs and the STLP.
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Fig. 3.10: Variation in ratio of the damping coefficient of (a) Cs and (b) Cs for the gravity
waves.

Fig. 3.10(b) presents the ratio of the damping coefficient for the Ce hybrid floating platform.
The ratio of the damping coefficient is close to 1.0 for waves of wave period T, > 85 . The most
significant amplification factor for the damping coefficient is above 3.0 for waves of the period

1s STp <3S for WEC-12, and the reduction factor is close to 0.0 for the waves of the wave

period within 0 <T, <2s for most of the WECs. The maximum amplification factor of the

damping coefficient ratio for the Cs configuration is also increased by 150% compared to the
C1 configuration confirming the influence of the reflected waves.

The WEC-4 and WEC-10 are observed to have higher variation from 1.0 for the damping
coefficient, possibly due to the direct impact of the incident waves. Also, the WEC-4 and WEC-
10 are away from the STLP and thus reduce the impact of the reflected waves. The comparative
study on different configurations of WECs around STLP-type floating wind turbines indicates

that for wave period T, >10s, the ratio of added mass and damping coefficient is close to 1.0

for all configurations, indicating that the size of wave energy converters is smaller than the

wavelength of waves. For all configurations, the effect of the STLP and other WECs on the
damping coefficient is more significant than added mass, especially at wave periods T, <10s.

The deviation of added mass and damping coefficient ratios from 1.0 is more important at lower

wave periods. The variation may be because, for lower wave periods, the wavelength will be
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lower and may have more interaction with the single WEC compared to the hybrid system, as
the wave acting on the WECs in front of the platform will be more compared to that at the back
side due the sheltering effect of the platform and other WECs. In the case of a higher wave
period, the wavelength will be larger and may have similar interactions with the WECs for both
single and hybrid systems. Further, the study on the ratio of added mass and damping
coefficient observed that the impact of waves on the WECs is minimum for the circular
arrangement of eight WECs around the STLP (C4). The deviation in the ratio of added mass
for the circular arrangement of eight WECs (Ca) is observed only for the wave period below
4.0 s and is lowest compared to other arrangements. The deviation in the ratio of the damping
coefficient for concentric arrangement Cs is observed for a wave period below 5 s. This may
be because, for concentric arrangement, the interaction of waves with the WECs will be more
as it is widespread compared to other configurations. The reduced damping and minimum
influence of the added mass on the motion of the WECs provide a higher ability for wave power

absorption.
3.6.1.2 Frustum Tension-Leg Platform with WECs

The variation observed in the hydrodynamic coefficients is related to the different positions of
WECs. Fig. 3.11(a-d) shows the ratio of added mass for a single WEC to that for a WEC in the
hybrid system for the different circular arrangements of the WECs around FTLP. Fig. 3.11(a)
shows the ratio of added mass for the FW1 configuration. It is observed that the variation of the
ratio from 1.0 is minimal, showing the minimum influence of the FTLP and other WECs on

the WEC. The variation from 1.0 is observed in the wave period region T, <10s, where the

amplification factor is 1.005. The reduction factor is also observed very close to 0.99,
confirming the negligible influence of the FTLP and other WECs on the WEC. Fig. 3.11(b)

shows the ratio for FW- configuration with four WECs in a circular pattern around FTLP.
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Fig. 3.11: Variation in ratio of added mass of (a) FW1, (b) FW>, (c) FW3, and (d) FW3 for the
gravity waves.
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The variation from 1.0 is observed to be higher for the region T, <10s and is observed to be

similar for other hybrid systems considered. The variation is negligible for WEC-1 and WEC-
2, placed on the leeward side, maybe because of the minimum action of the reflected waves.
For WEC-3 and WEC-4, the added mass increased by 12.5%, which may be due to sufficient
room for the interaction of the incident and the reflected waves. Fig. 3.11(c) shows the ratio
for FW3, where the variation of the added mass is observed to be minimum.

Also, it is observed that the behaviour of all the WECs, placed around FTLP is similar, having
an amplification factor close to 1.05 and a reduction factor close to 0.99 for T, <10s. This

may be because the WECs are almost placed at a similar location, very close to the outer
columns of the FTLP, further having similar behaviour. Also, a maximum increase of 5% in
the added mass is only observed for the WECs in the FW3 configuration. The variation in the

ratio of added mass for FW4 is seen in Fig. 3.11(d). Similar to FW2, the variation in the ratio
is higher for FW, than FW1 and FWs for the wave period region T, <10s. The highest

amplification factor is observed close to 1.15, and the reduction factor is close to 0.85 for the
WEC-2, WEC-4, WEC-6, and WEC-8. It is seen from Fig. 3.11(d) that these WECs are placed
at equal distances from FTLP and other WECs, further showing the negligible influence of
wave sheltering. No variation is observed for the WEC-1 and WEC-5, placed on the seaward
and leeward sides in the direction of the incident waves. This may be because of the sufficient
restoring force developing on the WECs, with the influence of the reflected waves as the WECs
are placed closer to FTLP. The ratio of added mass for the hybrid to those for a single WEC,

for the concentric arrangement of WECs, is shown in Fig. 3.12(a,b). Similar variation is
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observed for both circular and concentric arrangements of WECs (FW4 and FW5s), as seen in
Fig. 3.11(d) and Fig. 3.12(a).
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Fig. 3.12: Variation in ratio of added mass of (a) FWs and (b) FWe configurations for the
gravity waves.

The highest amplification factor and the reduction factor for the WECs in the FW5s

configuration are improved by 15% compared to isolated WECSs for the wave period region
Tp <10s. The variation in the ratio of added mass for FWs is shown in Fig. 3.12(b). The highest

amplification factor is close to 1.14, and the reduction factor close to 0.83 is observed for the
WECs on the seaward side. With the increase in the WECs, the sheltering effect is improved,

further reducing the added mass of the WECSs on the leeward side. From the study, it is observed
that the variation in the added mass is minimum for the waves of T, > 105 This may be because

of the minimum interaction of the waves with the WECs due to the higher wavelength. Also,
it is observed that the variation in added mass is minimum for the WECs closer to the outer
pontoon for both circular and concentric patterns. This may be because there need to be more
space for the action of reflected waves, further having minimum impact on the wave profile.
When arranged in circular and concentric patterns, a higher influence on the added mass is
observed for the eight WEC configurations (FW4 and FWs). The radiation resistance force is
connected to the average power transferred between the water and the body. The waves that
are produced with the movement of the body cause this force to exist. The radiation resistance
coefficient estimates the size of the waves. The radiation resistance also indirectly indicates the
amount of power that may be extracted from the incoming waves as these waves interfere with

them.
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Fig. 3.13: Variation in ratio of the damping coefficient of (a) FW1, (b) FW2, (c) FW3, and (d)
FW4 for the gravity waves.

Fig. 3.13(a-d) shows the variation in radiation damping for the circular arrangement of the
WECs around FTLP. Fig. 3.13(a) shows that the impact on radiation damping is higher

compared to added mass for the FW; configuration. The highest amplification factor for Fwa is
1.7 for Tp < 5S and the reduction factor is close to 0.0 for most gravity waves. The impact on

damping for the WECs with the presence of FLTP and other WECs is higher than the isolated
WEC. Fig. 3.13(b) shows that the variation in damping is not much disturbed with the addition
of two WECs for the FW> configuration. The highest amplification is close to 1.7 for WEC-1
and WEC-3, similar to the FW; configuration. Negative damping is observed for the WEC-2
and WEC-4, placed in the transverse direction of the wave. This may be because of the
sufficient space available for the reflected waves around the WEC and FTLP, causing

additional damping. The variation in the radiation damping for FW3 is shown in Fig. 3.13(c).
The highest reduction factor is improved by around 300% for the wave period Tp =1Sand has

reduced drastically for other wave periods. Also, it is observed that the values are very close to

zero, showing the considerable reduction in damping developed for the WECs when arranged
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around STLP and other WECs. Similar to FW>, negative damping is observed for the initial
wave period for the WECs placed at some distance away from the direct impact of the waves.
The reduction in damping may be because of the impact of the reflected waves formed in the
clearance available between the FTLP and WEC. As seen in Fig. 3.13(d), the increase in the
WECs around the FTLP has minimum influence on the radiation damping of the WECs.
Negative damping is observed for the initial wave period and is coming close to zero to show
the impact of the FTLP and other WECs in reducing the radiation damping. The negative
damping may lead to a higher heave response of the WEC. Even though the power absorption
of the system is improved with the higher heave response, there is every possibility of structural
damage developing on the system in a short period.

The WECs are arranged in a concentric pattern around FTLP to observe the influence of the
spacing around the WECs. The ratio of the damping coefficient for FWs and FWe is shown in
Fig. 3.14(a,b). The variation in damping is observed to change with the arrangement pattern of

the eight WECs, as seen in Fig. 3.14(a). The highest amplification factor is observed close to
4.0, and the reduction factor is observed close to -4.5 for the wave period Tp =1s. This may

be because, with the concentric arrangement pattern, there is a further increase in the space
between the FTLP and other WECSs, having the more decisive influence of the reflected waves.
Also, there will be sufficient space around the WECs to have a direct incidence of the WECs,
producing more damping force. A negative damping ratio is observed for WEC-4, WEC-5, and

WEC-6, possibly due to higher wave force with direct wave breaking on the WECSs.
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Fig. 3.14: Variation in ratio of the damping coefficient of (a) FW5 and (b) FW6 for the gravity
waves.

Fig. 3.14(b) shows the ratio of the damping coefficient for the FWe configuration. The highest
amplification factor for the FWs is increased by 32.5% compared to the concentric arrangement
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of the eight WECs (FW5s). This may be because, with the addition of the WECs in the similar
constraint space around FTLP, there is more possibility of the reflection of the waves from the
FTLP and other WECs, further increasing the damping force. The highest value for the
reduction factor is almost similar to that of the FWs configuration. Fig.s 3.13(a-d) and 3.14(a,b)
show that the impact of the FTLP and other WECSs is more on the damping than the added
mass. The damping ratio for most cases is very close to zero, depicting the higher value of the

damping for the isolated WEC compared to the WEC in the array.
3.6.2 Instantaneous Power Absorbed

The total power absorption in irregular waves for each floater is determined for seven different
sea states by applying the linear superposition of the floater responses in regular waves as in
Sinha et al. (2016). The spectrum of the amplitude of the floater position for forty frequencies
in the range between 0.22 rad/s to 1885 rad/s with Aw=0.0427 rad/s is used in the present
study. The floater heave response and the damping coefficient are calculated using the
hydrodynamic tool WAMIT.

3.6.2.1 Submerged Tension-Leg Platform with WEC

Fig. 3.15(a-d) shows the maximum instantaneous power absorbed for the different circular
arrangements of WECSs around the STLP for different sea state conditions. Fig. 3.15(a) presents
the wave power absorption for STLP with two WECs in a circular pattern (C1). The wave
power absorption increases with the increase in the wave height. The wave power absorption
is higher for the WEC-2, which is under the direct incidence of the waves. The maximum wave
power absorption for WEC-2 is 10% higher compared to WEC-1, having the sheltering effect
of the STLP. Fig. 3.15(b) shows the wave power absorption of WECs in the C> configuration.
The wave power absorption is almost similar for the WEC-2, WEC-3, and WEC-4, having the
direct wave incidence. The WEC-2 and WEC-4 is having slightly improved wave power
absorption, possibly due to the influence of the reflected waves. The minimum wave power
absorption of WEC-1 is due to the sheltering of the waves by the STLP and other WECs. Fig.
3.15(c) shows the wave power absorption for the Cz configuration. The wave power absorption
of the WECs is slightly less for the C3 configuration compared to C». This may be because the
WECSs (other than WEC-1 and WEC-4) are kept much closer to the STLP, having the more
scattering of waves. The wave power absorption by the WECSs is almost similar to all six WECs
arranged around STLP, though a slight higher absorption is observed for the WEC-2. Fig.
3.15(d) shows the wave power absorption for STLP with eight WECs in a circular pattern (Ca).
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The WECs are observed to have higher wave power absorption compared to other circular
patterns. An average 25% increase in wave power absorption is observed for the WECS in the
C4 configuration. This may be due to the influence of both incident and reflected waves, as the
WECs are kept much closer compared to other arrangement patterns. The WEC-4, WEC-5,
and WEC-6 having the direct wave incidence are observed to have higher wave power

absorption.
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Fig. 3.15: Maximum power absorbed for (a) C1, (b) Cz, (c) Cs, and (d) C4 under zero-degree
wave heading angle.

Fig. 3.16(a,b) shows the wave power absorption for the concentric arrangement of the WECs
around the STLP. The highest wave power absorption is observed for the WECs in the Cs
configuration (Fig. 3.16a) having WECs in the concentric pattern. For the lower-height regions,
the wave power absorption is higher for the circular arrangement of eight WECs (C4). But for
the regions with wave height above 2 m, the wave power absorption is higher for the concentric
pattern (Cs). The WECs on the outer circle (WEC-2 and WEC-6) are observed to have higher
wave power absorption for the lower wave height regions. WEC-7 placed in the inner circle
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having the influence of both incident waves and reflected waves are observed to have the

highest wave power absorption.
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Fig. 3.16: Maximum power absorbed for (a) Cs and (b) Ce under zero-degree wave heading
angle.

A 30% increase in the wave power absorption is observed for the Cs configuration in higher
wave height regions. For the lower wave height regions, 11% increase in wave power
absorption for the C4 configuration is observed. Fig. 3.16(b) shows the wave power absorption
for the concentric arrangement of twelve WECs (Cs). The wave power absorption for the Ce
configuration is less than Cs. This can be due to higher wave scattering with reduced space
between the WECs and the STLP for the Ce configuration. Higher wave power absorption is
observed for WEC-7 and WEC-9 kept in front of the STLP, having the direct influence of the
incident waves and a higher influence of the reflected waves. With reduced spacing between
the WECs, even though the influence of the reflected waves is higher, the sheltering of the
waves will also be higher. Further, it can be concluded that optimized spacing for wave power
absorption by the WECs is observed for the concentric arrangement of eight WECs around
STLP (Cs).

3.6.2.2 Frustum Tension-Leg Platform with WEC

The maximum power absorbed under irregular waves by each WEC for a zero-degree wave
heading angle is studied and compared in Fig. 3.17(a-d). Fig. 3.17(a) shows the variation of the
maximum power absorbed under different wave conditions for the FW;1 configuration. The
wave power absorption is observed to increase with the increase in the wave height. Further, it
is observed that the WEC on the seaward side has higher wave power absorption than that on
the leeward side.
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Fig. 3.17: Maximum power absorbed for (a) FW1, (b) FW>, (c) FWS3, and (d) FW4 under zero-
degree wave heading angle.

Approximately 130% increase in power absorption is observed for the WEC-2 for wave heights
below 2.25 m, and around 90% increase in power is observed for the WEC-2 when kept at a
region with wave heights above 2.25 m. This is due to higher wave force developing on the
WEC-2 with the direct impact of the incident waves without any sheltering of FTLP and other
WECSs. Fig. 3.17(b) shows the maximum power absorption for the FW> configuration with four
WEC:s in a circular pattern around FTLP. Similar to the FW; configuration, the WECs on the
seaward side have higher wave power absorption than the other two WECSs on the leeward side.
An average 50% increase in power absorption is observed for the WECs on the seaward side
compared to that on the leeward side. Further, it is observed that for wave heights above 2.25
m, the WEC-2 has higher power absorption compared to WEC-3, which may be due to the
direct impact of waves without any sheltering. The WECs will also have the influence of the
reflected waves from the FTLP and other WECs. Also, sufficient space for entrapping the fluid
leads to the possibility of improving the heave response, further having higher wave power
absorption. Also, it is observed that the power absorption of the WEC tends to decrease by 15%
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(average) with the addition of the WECs around FTLP for FW> compared to FW1. Fig. 3.17(c)
shows the maximum power absorbed for the FW3 configuration. The WEC-4 is observed to
have the highest wave power absorption and is decreasing as the WECs are kept along the
leeward side. WEC-2 and WEC-6 are also observed to have 60% (average) higher power
absorption than WEC-3 and WEC-5 on the leeward side. This may be due to the influence of
the reflected waves, as there is sufficient space available between the FTLP and the WECs for
the interaction of the incident waves and the reflected waves, which may improve the heave
response of the WEC. Also, there is an average 8% increase in the maximum power absorbed
by the WECs for the FW3 configuration. The maximum energy absorbed by the WECs in the
FW4 configuration is shown in Fig. 3.17(d). Compared to the six WEC configurations in
circular arrangement (FWs3), the FW.4 configuration is observed to have lower wave power
absorption. There is an average reduction of about 30% compared to FW3, which has the
highest wave power absorption. Also, it is observed that the WEC-4, WEC-5, and WEC-6 have
approximately similar wave power absorption for the waves of height more than 2.25 m, which
may be due to the direct wave breaking on the WECs.

The power absorbed by the WECs is studied for the concentric arrangement of eight (FW5s) and
twelve WECs (FWs). Fig. 3.18(a,b) shows the total power absorbed for the FW5 and FW6
configurations. Fig. 3.18(a) shows that the wave power absorbed by the concentric arrangement
of eight WECs (FW5s) configuration is more compared to the circular arrangement of eight
WECs (FW.). An average increase in wave power absorption of approximately 12% is
observed for the FWs configuration compared to FWs. Also, the highest wave power absorption
is observed for WEC-6 and WEC-4, both having a direct incidence of the wave.
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Fig. 3.18: Maximum power absorbed for (a) FWs and (b) FWs under zero-degree wave heading
angle.
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Further, there is sufficient space around the FTLP and the WECs for the reflected waves to
improve the heave response of WEC, leading to higher wave power absorption. It is observed
that the wave power absorption is reduced by 8% (average) for the FWs configuration
compared to FWs5, as seen in Fig. 3.18(b). This may be because the enclosed space between the
FTLP and other WECs is reduced with the addition of the WECs, thereby reducing the
influence of the reflected waves. Also, it is observed that the WEC-7 has the initial impact of
the wave on the seaward side but lesser power absorption than WEC-6 and WEC-8, as the latter
is placed closer to the FTLP. This confirms the influence of the reflected waves in the wave

power absorption.
3.6.3 Influence of Wave Heading Angle on Wave Power Absorption

The direction from which the waves approach the platform is determined by the heading angle
of the incoming waves. The alignment between the wave direction and the wave energy
converter's orientation determines the wave power absorption. The vertical motion of the waves
is converted into energy by the heaving point absorber wave energy converter. The efficiency
of energy capture is maximised when the motion of the converter and the direction of the wave
coincide. The power absorption may be diminished if the wave heading angle differs greatly

from the converter's optimal direction.
3.6.3.1 Submerged Tension-Leg Platform with WEC

The highest wave power absorption for the STLP-WEC hybrid system is observed for the
concentric arrangement pattern of eight (Cs) and twelve (Cs) WECS. Further, the influence of
the wave heading angle on the wave power absorption is studied for Cs and Cs configurations,
as seen in Fig. 3.19(a,b). For both Cs and Cs configurations, the highest wave power absorption
is observed for a 60° wave heading angle. For the Cs configuration, the wave power absorption
is higher for 0° wave heading angles for wave heights below 2.5 m and is slightly decreased
for higher wave heights as seen in Fig. 3.19(a). Lower wave power absorption is observed for
the 30° wave heading angle. This may be because, for the 30° wave heading angle, the waves
have no direct incidence on the WECs, further having lower power absorption efficiency. For
the Cs configuration (Fig. 3.19b), the wave power absorption increases with the increase in the
wave heading angle. This may be because of the reduced space between the WECs and the
STLP, so that the waves have a direct incidence on the WECs, further improving the wave

power absorption efficiency. The STLP with eight WECs in concentric pattern (Cs) under 60°
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wave heading angles has maximum wave power absorption. The variation in wave power

absorption with the change in the wave heading angle is minimum for the Ce¢ configuration.
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Fig. 3.19: Maximum power absorbed for (a) Cs and (b) Cs comparing different directions of
wave incidence.

3.6.3.2 Frustum Tension-Leg Platform with WEC

It is observed that the highest absorption of wave power for the WECs is for the concentric
arrangement pattern. The WECs of FWs and FWs are observed to have higher wave power
capture. Further, average energy absorbed for different wave heading angles is studied for FW4
and FW5s configurations, as seen in Fig. 3.20(a,b), to observe the efficiency of the arrangement.
Fig. 3.20(a) shows that variation in the wave power absorption is minimal for FW4 with the
change in the wave heading angle. The wave power absorption is higher for the 0° and 60°-
wave heading angles. For the concentric arrangement of WECsS, it is observed that the wave

energy conversion increase with the change in the wave heading angle, as seen in Fig. 3.20(b).
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Fig. 3.20: Maximum power absorbed for (a) FW4 and (b) FWs comparing different directions
of wave incidence.
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An average increase in 12% power absorption is observed for the FWs configuration as the
wave direction changes from 0° to 60°. Also, it is observed that the wave power increases by
47% (average) for the FWs configuration compared to the FW4 configuration for irregular
waves of different wave heading angles. The higher wave power absorption for the 0° and 60°-
wave heading angles may be because of the direct wave incidence on the WECs, improving

the heave response of the hybrid system.
3.6.4 Influence of PTO Damping

The maximum power absorbed by the WECs under the influence of PTO damping is studied
for a zero-degree wave heading angle. The PTO systems of oscillating body WECSs can install
specially built linear generators for direct drive or employ mechanical or hydraulic gearboxes
to power standard high-speed rotary generators. The present study deploys a hydraulic PTO
system as in Si et al. (2021). Several feedback control strategies, such as linear damping,
reactive control, latching control, and model predictive control, are proposed for the point
absorber WECs. The present study adopts Linear damping (LD) control and Spring-damping
(SD) or Reactive damping (RD) control for the different arrangements of the WECs around
STLP and FTLP.

3.6.4.1 Submerged Tension-Leg Platform with WEC

The wave power absorbed by six different hybrid STLP-WEC platforms for zero-degree wave
heading angle using two different control strategies are studied. Fig. 3.21(a,b) shows the
maximum wave power absorbed by the circular and concentric arrangement of WECs using
the LD-control and RD-control for zero-degree wave heading angle. For both circular and
concentric arrangements, the wave power absorption is observed to increase with the increase
in the wave height for the LD-control. For the RD-control, the wave power tends to be higher
for wave heights below 2.0 m and tends to decrease with the increase in the wave height.
Further, the highest wave power absorption is observed for the RD-control. This may be
because the PTO system react to the motion of the WEC by producing a reactive force that
counteracts the motion caused by the waves. More wave energy can be efficiently absorbed by
the WEC due to the reactive force’s assistance in regulating and stabilising the WEC’s motion.
Reactive damping control allows the system to adjust according to the changing wave
conditions and maximise power absorption by responding to the motion of the WECs. But for
the LD-control, a fixed damping coefficient is used in linear damping control to consistently
impede the motion of the WEC. While this strategy can also aid with WEC stabilisation, it
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might not be as adaptable to various wave situations. Fig. 3.21(a) shows the wave power
absorption for the circular arrangement of WECs for both LD-control and RD-control. For both
LD-control and RD-control, the C4 configuration is observed to have higher wave power
absorption for any sea state conditions. The C> and Cz configurations are observed to have
almost similar wave power absorption for wave heights below 2.0 m using the RD-control, and
the wave power absorption is observed to decrease for the Cs configuration for higher wave
heights. An average 15% higher wave power absorption is observed for the C4 configuration

compared to Cs.

——C,-LD
400 —e— C,-RD
—— C,-LD 4004
350 —v— C,-RD
300 D =
B CsRD < 3001
e‘._’250 4 CsLD :f’
e —e— C,-RD € 250+
& 200 g
e < 2004
8 8
5 150 1 S 150 . !
2 8 —s— C,-LD
< 100+ < 100 —e— C,-RD
50 0 —— C4LD
—v— C4-RD|
0 T T T T T T 0 T T T T T T
0.0 0.5 1.0 15 2.0 25 3.0 35 0.0 05 1.0 15 2.0 25 3.0 35
Significant Wave Height (m) Significant Wave Height (m)

Fig. 3.21: Maximum power absorbed for (a) Circular and (b) Concentric arrangement of WECs
with RD and LD PTO strategies under 0°-wave heading angle.

The lowest wave power absorption is observed for the C1 configuration using the LD-control.
Fig. 3.21(b) shows the wave power absorption for the concentric arrangement using both LD-
control and RD-control. Similar to the circular arrangement, the higher wave power absorption
is higher for the RD-control for any configuration. The highest wave power absorption is
observed for the concentric arrangement of 8 WECs around STLP(Cs). An average of 10%
higher wave power absorption is observed for the Cs configuration with RD-control compared
to C4. The wave power absorption for Ce is slightly lower than the Cs, as seen in Fig. 3.21(b).
An average 2% decrease in wave power was only observed for the Cs configuration compared

to Cs. Further the wave power absorption is 6% (average) higher than the C4 configuration.
3.6.4.1.1 Power Absorption under RD-control for Circular and Concentric Pattern

The wave power absorption for gravity waves is studied for different arrangement patterns of
WECs using a hydraulic PTO system with the RD-control. Fig. 3.22(a-d) presents the wave
power absorption for the circular arrangement of WECs around STLP. The wave power

absorption pattern for the WECs is almost similar to the circular arrangement of WECs. As the
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WECs are symmetric, the study presents the wave power absorption of WECs placed on the

positive x-axis. Fig. 3.22(a) shows the wave power absorption for the C; configuration.
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Fig. 3.22: Maximum power absorbed for (a) C1, (b) Cz, () Cs, and (d) C4 with RD-control PTO
system under 0°-wave heading angle.

The WEC-2 on the seaward side has higher wave power absorption for waves of wave periods
less than 15 s and is almost similar for waves of higher wave periods. This may be because, for
higher wave periods, the motion of the WECs may be restricted, hence having lower wave
power absorption. An average 24% increased wave power absorption is observed for WEC-2
compared to WEC-1 (Fig. 3.22a). Fig. 3.22(b) shows the wave power absorption for the C»
configuration using RD-control. The wave power absorption is almost similar for the WEC-2
and WEC-3 compared to WEC-1 for wave periods below 15 s, and the power absorption
decreases and is almost similar for all three WECs. Fig. 3.22(c) shows the wave power
absorption for the Cs configuration. The wave power absorption is almost similar for all the
WECs for wave periods below 25 s. The wave power absorption is better for the six WEC

configurations (Cs) compared to Cz and C as there is slightly higher wave power absorption

for waves of higher wave periods (15 s < Tp <25 s). WEC-3 is observed to have higher wave
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power absorption due to the direct incidence of the waves and might also have the influence of
the reflected waves, as the WEC-3 is kept much closer to the STLP compared to WEC-2 and
WEC-4. The WEC-2 and WEC-4 have similar wave power absorption, though the absorption
is slightly higher for the WEC-4, which has the highest impact on incident waves. Fig. 3.22(d)
shows the wave power absorption for the eight WEC arrangements in a circular pattern around
STLP (C4). The highest wave power absorption is observed in the case of C4 configuration with
RD-control. The WEC-4 of the C4 configuration is observed to have the highest wave power
absorption compared to other circular arrangement patterns. This may be because the WECs
are placed much closer to each other, so they will have a higher impact on the reflected waves
along with the direct impact of the incident waves. An average 18% increase in wave power
absorption is observed for WEC-4 of the C4 configuration compared to WEC-3 of the C»

configuration. For both Cz and C4 configurations, the wave power absorption is minimum for
higher wave period regions (T, 2 255).

Fig. 3.23(a,b) shows the wave power absorption for the concentric arrangement of WECs
around STLP under the influence of the hydraulic PTO system using RD-control. The wave
power absorption is slightly better for the concentric arrangement of eight WECs (Cs)
compared to the circular arrangement of eight WECs around STLP (C4). The highest wave
power absorption is observed for the WEC-5 of Cs, which is 8% (average) higher (Fig. 3.23a)
than WEC-4 of C4 for the gravity waves of the North Sea.

300 300

—s— WEC-1 e @
—e— WEC-2 ® §
250 WEC-3 250
s —v— WEC-4 ® . —
Z 200 {|—¢— WEC-5 _i 200
5 LS e o
H 2
a 150 i 8 150
9 k=]
g g
S 100 S 100
a o
< <
50 50
0 T T T T 0 T T T T T J
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Wave Period (s) Wave Period (s)

Fig. 3.23: Maximum power absorbed for (a) Cs and (b) Cs with RD-control PTO system under
0’-wave heading angle.

Further, the wave power absorption is almost similar for WEC-1, WEC-3, and WEC-4, as seen
in Fig. 3.23(a). Fig. 3.23(b) shows the wave power absorption for the Cs configuration using

RD-control. The wave power absorption is almost similar for most WECs in the Cs
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configuration. The WEC-7 is observed to have the highest wave power absorption. The WEC-
7 is in the direction of the WECs and has minimum sheltering of the WECs. Also, the WEC-7
has the higher influence on the reflected waves as the spacing between the WECs is lower
compared to other configurations. The WEC-3, WEC-5, and WEC-6 are observed to have very

similar wave power absorption due to the influence of the incident and reflected waves.
3.6.4.2 Frustum Tension-Leg Platform with WEC

The wave power absorbed by the WECs for Linear damping control and Spring-damping
control is studied for the circular arrangement of the WECs. The maximum wave power
absorbed for linear damping and the spring-damping is compared with the significant wave
height, as seen in Fig. 3.24(a,b). The power absorption for the WECs is observed to increase
with the addition of the PTO system for both control strategies. Fig. 3.24(a) shows the
maximum wave power absorption for the circular configurations comparing two different
control strategies. The Reactive damping control or the spring-damping control is observed to

absorb higher wave power than the linear damping control, as seen in Fig. 3.24(a,b).
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Fig. 3.24: Maximum power absorbed for (a) Circular and (b) Concentric arrangements of
WECSs with RD and LD PTO strategies under the 0°-wave heading angle.

The higher wave power absorption is observed in the lower wave height region and is observed
to decrease with the increase in wave height. For higher wave height regions, the wave power
absorption is almost similar for the conditions. Fig. 3.24(a) shows the maximum wave power
absorption for FWS3s configuration under two different control strategies. For the FW:
configuration, the higher wave power absorption for the reactive damping control is observed
for lower wave height and tends to decrease with the increase in wave height. For the FW>
configuration, only a 3% (average) increase in wave power is observed for the reactive damping

control strategy compared to the FW; configuration. An average 16% increase in wave power
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for the FW3 configuration with reactive damping control is observed when compared to the
four WECs configuration (FW-). Further, wave power absorption for eight WECSs in a circular
pattern (FW,) with two control strategies is observed to have reduced wave power absorption
compared to the other arrangements. The maximum wave power absorbed by a WEC is almost
similar for FW1, FW>, and FW4. The higher wave power absorption is observed for the reactive
damping control compared to the linear damping control. Also, for most case configurations,
the highest wave power absorption for the reactive damping control is observed for the second
sea state condition.

The wave power absorption for the concentric arrangement of eight and twelve WECs (FW's
and FWe) is shown in Fig. 3.24(b). Almost similar wave power absorption is observed for the
FW4 and FWs configurations with eight WECs in a circular and concentric arrangement. The
maximum wave power absorbed by the circular arrangement is 3% higher for the reactive
damping control strategy than the concentric arrangement, as seen in Fig. 3.24(a,b). This is
because of the influence of the added mass, damping coefficient, and the restoring coefficient
in the wave power absorption for the reactive damping control. A higher variation in the
damping is observed for the concentric pattern (FWs) compared to the circular pattern (FWa).
The wave power absorption for the FW6 configuration for linear and reactive damping control
is shown in Fig. 3.24(b). The maximum wave power absorption is higher for FWe and is almost
similar to the wave power absorption pattern of FW3, having six WECs in a circular pattern.
Also, improved variation in added mass and damping is observed for the FW3 configuration,

hence having higher wave power absorption.
3.6.4.2.1 Power Absorption under RD-control for Circular and Concentric Pattern

The study observed that the higher wave power absorption of the RD control strategy is for the
significant wave height of 0.75 m. The variation in power absorbed for the WEC under reactive
damping control for the second sea state is studied for different configurations for zero-degree
wave heading angles, as seen in Fig.s 3.25(a-d) and 3.26(a,b). Fig. 3.25(a) shows the wave
power absorption for FW1 configuration under RD-control for irregular waves. The wave
power absorption is higher for the lower wave period region, which is the wave excitation
region. The maximum wave power absorption is 40% (average) higher for WEC-2 than the
WEC-1 placed on the leeward side. The wave power absorption is observed to reduce for a
wave period above 10s. Fig. 3.25(b) shows the wave power absorption for FW- configuration

with RD-control hydraulic PTO system. The wave power absorption is higher for the lower
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wave period region, similar to the FW; configuration. The wave power absorption for the FW»
configuration is higher than FW; for the waves of wave period up to 25 s. Also, the variation
in wave power among the WECSs is minimum, as seen in Fig. 3.25(b). The higher wave power
absorption of the WECs may be due to the influence of the reflected waves, providing minimum
variation in the added mass and damping. The wave power absorption for the FW3

configuration is similar to the FW, configuration, as seen in Fig. 3.25(c).
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Fig. 3.25: Maximum power absorbed for (a) FW1, (b) FW2, (c) FW3, and (d) FW4 with RD-
control PTO system under the 0°-wave heading angle.

The wave power absorption for the FW2 configuration is slightly better than the FWs
configuration for the wave period region 20 <T, <25, as seen in Fig. 3.25(b,c). An average

30% increase in wave power is observed for the FW3 configuration compared to the four WECs
configuration (FW-). Fig. 3.25(d) shows the wave power absorption for the eight WECs
configuration (FW4) with RD-control system for the PTO. The power absorption is higher for

the wave period region T, <20, which is the excited wave region. The maximum wave

absorption is reduced by 18% (average) compared to the FW3 configuration. The variation for

the added mass and damping coefficient is minimum for the FW3s configuration, hence the
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higher wave power absorption by the WECs. The wave power absorption of WECs with RD

control PTO is studied for the concentric arrangement of the WECSs.
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Fig. 3.26: Maximum power absorbed for (a) FWs and (b) FWs with RD-control PTO system
under the 0°-wave heading angle.

Fig. 3.26(a,b) shows the maximum wave power absorbed by the FWs and FWs configurations
with the RD-control PTO system. Similar to the circular configuration, the higher wave power

absorption for FWs is observed in the wave period region T, <20 . The absorption in the wave

power is almost similar for the WECSs on the seaward side for the FWs configuration, as seen
in Fig. 3.26(a). This may be due to the influence of the reflected waves with sufficient clearance
between the FTLP and WECs. Fig. 3.26(b) shows the wave power absorption for the FWs
configuration. The higher wave power absorption is observed for the WEC-7, kept on the
seaward side away from the FTLP. This may be due to the direct incidence of the wave without
sheltering. Further, only a 17% reduction in wave power is observed for the other WECs kept
on the seaward side beyond WEC-7. The wave power absorption of those WECs may be due

to the presence of reflected waves.

3.6.5 Mean Interaction Factor

The mean interaction factor (q - factor) is the measure of how effectively the devise interacts

with the waves and absorbs the wave power. The mean interaction factor is studied for the
WECs with RD-control to investigate the effect of wave interactions on the power absorption
for different arrangements of WECs (Sinha et al., 2016). The interaction caused by the
diffraction force that each float will experience and the reflections from the other floats, if the

array is held constant in the incoming waves, is summarised by the g-factor . The constructive
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and destructive interference of the array of WECs around the TLP platform may be termed as

the park effect. The park effect is said to be positive if q— factor >1and is negative otherwise.

3.6.5.1 Submerged Tension-Leg Platform with WEC

The - factor describes the average power absorbed by the different arrays of WECs

compared to the wave power absorption of an isolated WEC. The effect of wave heading angle

on the wave power absorption is also measured in terms of q— factor as presented in Fig.
3.27(a-d). The q— factor is highest for 60°-wave heading for lower wave height condition. For

any wave heading direction, the power absorption is more efficient for the lower wave height

condition (H; <0.5m), where the q— factor >1.
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Fig. 3.27: Variation of g-factor with the different configurations for RD-control PTO system
under (a) 0°, (b) 30°, (c) 45°, and (d) 60°-wave heading angle.

Fig. 3.27(a) shows the mean interaction factor for the 0°-wave heading angle. For the C;
configuration, the park effect is positive for H; <1.5M and is observed to fall below 1.0 for

higher wave height. With the addition of the WECSs, the average wave power absorption is

observed to decrease compared to a single isolated float. Similar variation is observed for 30°
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(Fig. 3.27b) and 45°- wave heading angles (Fig. 3.27c). The average wave power absorption is

better for 60°-wave heading incidence (Fig. 3.27d). The park effect is positive for waves of
wave height up to 2.0m (H, <2.0 m). For any wave angle incidence, the addition of WECs

have a higher impact on the average power absorbed. The variation in ¢ — factor is observed

to decrease for the C4, Cs and Cs configurations compared to other configurations. Also, it is

observed that the variation in q— factor is much similar for both the circular and concentric

arrangements of eight WECs (C4 and Cs).
3.6.5.2 Frustum Tension-Leg Platform with WEC

The variation in wave power absorbed using the mean interaction factor with various wave
directions from 0° to 60°-wave heading angle is shown in Fig. 3.28(a-d). Fig. 3.28(a) shows
the wave power absorption variation at the 0°-wave heading angle. It is observed that apart
from the FW1 configuration, smooth wave power absorption is observed only for the waves of
height more than 1.5 m. The variation in the wave power absorption is higher for the lower
wave heights. The higher wave power absorption at the lower period region may be because of
the resonance condition. Also, it is observed that the variation in the wave power absorption
with the increase in wave height is almost similar for FWs, FW4, FWs, and FWs at different
wave directions. The variation in power absorption is minimal with the change in the wave
direction, as seen in Fig. 3.28(a,b,c). The wave power absorption is slightly higher for FW,4 and

FW5s at a 60°-wave heading angle, as seen in Fig. 3.28(d). Further, for higher wave heights
(HS >1.5m), the park effect is negative (q-fact0r<1), i.e., the wave power absorbed by

isolated WECs is higher than the same number of WECSs placed in the array. For lower wave

height regions, the wave is much more varied from 1.0, hence having higher efficiency for the
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Fig. 3.28: Variation of g-factor with the different configurations for RD-control PTO system
under (a) 0°, (b) 30°, (c) 45°, and (d) 60°-wave heading angle.

For any wave direction, the performance is higher for FW3 and FWs hybrid systems compared
to the same number of isolated WECs. Much better performance of the arrays is observed for
the FTLP-WEC hybrid system compared to the STLP-WEC hybrid system. The array of WECs

around the FTLP has better average power absorption (q-factor > 1) compared to the array of

WECs around the STLP for any wave heading incidence.
3.6.6 Capture Width Ratio (CWR)

The CWR is calculated as the ratio of the individual capture widths of each WEC in the array
to the entire width of the WEC array (including the gaps between the devices). The effective
width of each WEC that interacts with and absorbs energy from the incident waves is
represented by the capture width. The spacing and configuration of WECs in an array are
disclosed by the CWR. It aids in optimising the array configuration to increase energy

extraction while minimising inter-device interference.
3.6.6.1 Submerged Tension-Leg Platform with WEC

The effect of wave heading on wave power absorption is discussed in terms of CWR. Fig.
3.29(a-d) shows the CWR for different arrangement patterns of WECs around STLP for
different wave heading incidences. The ratio is observed to be higher for the 60°-wave heading
angle, hence the higher wave power absorption efficiency in terms of the space occupied by
the hybrid floating system. Fig. 3.29(a) shows the CWR for different arrangement patterns of
WECs having the influence of the 0°-wave heading angle. The CWR is higher for the
concentric arrangement of eight WECs around the STLP (Cs). The variation in the CWR for
Cs and C4 is minimum. The CWR is observed to improve with the addition of the WECs for
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the 0° wave incidence. The CWR is efficient for waves 1< H, <2.0 M and is less efficient for

the lower wave height condition (H, <0.5m). A similar variation is observed for 30°, 45°,

and 60°- wave heading angles (Fig. 3.29(b-d)). A better CWR is observed for the C4 and Cs
configurations. An average 2% variation in CWR is only observed for the C4 and Cs
configurations. An average 18% increase in CWR is observed for the Cs configuration
compared to the Ci configuration, depicting the improvement of space utilisation with the
addition of the WECs around the STLP. Further, it is observed that the variation in wave power
absorption with the addition of the WECs in terms of CWR is also minimum (Fig. 3.29(a-d)).
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Fig. 3.29: CWR for RD-control PTO system under (a)0°, (b)30°, (c)45°, and (d)60°-wave
heading angle.

3.6.6.2 Frustum Tension-Leg Platform with WEC

The efficiency of the WECs in the hybrid system is studied in terms of the CWR, as seen in
Fig. 3.30(a-d) for four different wave directions. CWR gives the idea of the amount of wave
crest utilised as the wave energy. Fig. 3.30(a) shows the CWR for all configurations at a 0°-

wave heading angle. CWR is observed to increase with the increase in wave height. Also, it is

126



Chapter 3: Multi-Body Analysis of Hybrid Tension-Leg Platform Floating Wind Turbine

observed to increase with the increase in the number of WECs around the FTLP. This may be
due to the influence of the reflected waves from the FTLP and other WECs. For the wave height
region less than 2 m, the CWR variation is minimum for both circular and concentric
arrangements of eight WECs (FW4 and FWs5), as seen in Fig. 3.30(a). For wave height higher
than 2.5 m, the concentric arrangement of eight WECs (FWs) is higher than the circular
arrangement (FWs). For the most occurring wave height of 2.25 m, 1.10 times increase in wave
crest utilisation is observed for the FW4 configuration compared to FW.

144 | = FW; 144 = FW,;
° FW, * FW,
24| a Fw, 1241 & Fw,
Soll v W Sl v W
T 10 S 10
o . FW i . FW, .
s v = v
3 s FW, s B s FWs . v
= =
[ i<
Ell * 5 ¢ Yoe
5 A 3 N A A
O 4 ¢ O 4/ v
A ° ° ° A ° ° ° °
24 ° 24 °
x - - ‘ - n u
0 — T T T 0 —— T T T
0.0 0.5 1.0 15 2.0 25 3.0 35 0.0 05 1.0 15 2.0 25 3.0 35
Significant wave Height (m) Significant wave Height (m)
(a) (b)
144 = Fw, 14 = FW;
o FW, ° Fw,
124] & Fw, 124 A FW,
= v FwW, 2 v Fw,
T 10 T 10
@ * FW, © ¢ FWg .
£ v £ Fw, T
T s FWe . 5 s 5 . v
= =
<4 g -
2 97 * 2 57 £
a A o A A
© ]
O 4 * 4 O 4] * 4
A L] ) L] A ° ) L] d
24 . 24 °
; - x - [
u = . [ -
0 ——— T T T L T T T
0.0 05 1.0 15 2.0 25 3.0 35 0.0 0.5 1.0 15 2.0 25 3.0 35
Significant wave Height (m) Significant wave Height (m)
(©) (d)

Fig. 3.30: CWR for RD-control PTO system under (a) 0°, (b) 30°, (c) 45°, and (d) 60°-wave
heading angle.

The variation in CWR for FW1, FW>, and FW3 is minimum for wave heights considered in the
present study. For FW4, FWs, and FWs configurations, the variation in CWR with the wave
heights is observed to be higher. Similar variation in CWR is observed for other wave
directions, as seen in Fig. 3.30(b,c,d). The CWR for the 30°-wave heading angle is shown in
Fig. 3.30(b). An average 5% increase in wave crest utilisation is observed for the FW5s
configuration compared to FW, for any wave height. Better utilisation of the wave crest is
observed for the concentric arrangement of twelve WECs (FWs). For the 45°-wave heading
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angle, the average increase in wave power absorption for FWs is only 3% compared to F\Wa,
as seen in Fig. 3.30(c). This may be because the waves will be directed to WECs, with the
sheltering of the FTLP. Similarly, for the 60-wave heading angle, the average increase in wave
power absorption is only 3% for FW, compared to FWs (Fig. 3.30d). For any wave heading
angle, an average 25% increase in wave crest utilisation is observed for FW4 and FW5s
configurations, compared to FWs. Similarly, a 35% increase in wave crest utilisation is

observed for FWs compared to F\Ws.
3.7 CLOSURE

The hydrodynamic performance of various arrays of heaving cone-cylinder point absorber-type
WECs around both STLP and FTLP floating wind turbines in circular and concentric patterns
are examined in the present work based on potential flow theory in the frequency domain.
North Sea wave data is considered to analyse the power absorption for the various
configurations of WECSs surrounding the floating wind turbine platform. The study examined
the influence of hydraulic PTO on wave power absorption for two different hybrid concepts.
For various circular and concentric arrays of WECSs, the hydrodynamic coefficient, time
average wave power, the mean interaction factor, and the CWR are studied. The study observed

the following conclusions:

e The effect of STLP and WEC on added mass and damping is more significant in the
lower wave period region for all the arrangements of wave energy converters, as the
variation of the ratio from 1.0 is higher. The higher variation can be due to the influence
of the incident and the reflected waves from the STLP and WEC.

e The total time average wave power absorbed is highest for a concentric pattern of
twelve WECs around the STLP floating hybrid system (C; configuration). The
maximum power is absorbed by a single WEC when the point absorber-type WECs of
eight numbers are arranged in a concentric pattern around the STLP (Cs configuration).
For the WECs around the FTLP, the highest wave power absorption is observed for the
WEC in the FW5s configuration.

e Similar to the STLP-WEC hybrid system, the variation of the added mass and damping
for the hybrid FTLP-WEC system is more significant for the lower wave period region.
The influence of the WECSs on the FTLP and other WECs is minimal in the case of the
FTLP-WEC system compared to the STLP-WEC system. This may be due to the higher

128



Chapter 3: Multi-Body Analysis of Hybrid Tension-Leg Platform Floating Wind Turbine

wave sheltering of the waves by the FTLP floating platform compared to the STLP
floating platform.

An average 78% increase in wave power is observed for the RD-control compared to
LD-Control. Further, for most configurations, the highest wave power absorption for
the reactive damping control is observed for the second sea state condition.

For both the STLP-WEC hybrid system and FTLP-WEC hybrid system, the concentric
arrangement of the wave energy converters under 60°-wave heading incidence is

observed to have efficient wave power conversion.
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CHAPTER 4

COUPLED DYNAMIC ANALYSIS OF HYBRID TLP-WEC
WITH DIFFERENT MOORING CONFIGURATIONS

4.1 GENERAL INTRODUCTION

The Tension-Leg Platform (TLP) concept is a better solution for intermediate water depth, as
the taut mooring system may be better suited for shallow water depth. Further, the TLP
provides reduced platform motions compared to other offshore floating concepts, thus
improving the power generation of the platform. A significant study on the dynamic response
of TLP-type floating wind turbines under different wave and wind load conditions has been
performed by various researchers. In recent years, studies on the dynamic response of a multi-
column WindStar TLP-type FWT under operational and parked conditions (Zhao et al., 2016),
dynamic motion response of TLP-type FOWT (Shen et al., 2016), submerged TLP-type
offshore floating wind turbine (Han et al., 2017), stability of STLP-type FWT (Ding et al.,
2017), combined tension leg platform type FOWT and a heaving wave energy converter (Ren
et al., 2020) and dynamic responses of Windstar TLP (Han et al., 2022) is reported in the

literature.
4.2 NUMERICAL FORMULATION

Simulating the platform's behaviour under various operational and extreme situations is an
integral component of dynamic response analysis. The platform's response to wind, waves, and
other dynamic loads is evaluated using frequency-domain and time-domain simulations with
integrated numerical models. This research supports design optimisation and performance
assessment by identifying the structural loads, motion amplitudes, and system behaviour.
Optimisation algorithms are frequently combined with numerical simulations to find the
optimal design configurations. To maximise energy output, reduce structural loads, and
enhance overall performance, variables such as platform design, mooring system arrangement,

turbine positioning, and control system settings can be optimised.

The frequency-domain analysis of the hybrid floating system is based on dynamic and modal

analysis. The dynamic analysis resolves the RAOs (Response Amplitude Operator) of the
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hybrid floating wind turbine system under different wind and wave loads. The dynamic
analysis includes estimating loads on the hybrid system with the contributions from wind and
waves acting along the platform, mooring system and the wind turbine. The modal analysis
completes the dynamic part and provides access to natural frequencies, natural modes and the
modal damping coefficient of the hybrid wind turbine system. The study analyses the coupling
between the DOFs of the floater system and the forced motions of the floating system. The

hybrid system is considered as a rigid body, and the equation of motion (Philippe et al., 2011)

IS given as

M pq = I:aero + I:achorage + thdro (41)
where M is the platform inertia matrix, ¢ is the vector of degrees of freedom, F,, is the
load transmitted from the wind turbine, F . is the hydrodynamic load and F, is the

mooring load. The hydrodynamic wave loads on the platform are calculated using WAMIT,
which is based on linear potential flow theory. Using WAMIT simulation, the added mass and
damping coefficient, restoring co-efficient and the excitation force developed on the floater
system alone are obtained, which is used as the input for the coupled dynamic analysis. In
addition, FAST, developed by NREL, is an aero-servo-hydro-elastic simulation tool that can
linearise floating platform models about an operating point. The linearisation of the model is
about the steady-state operating point found in static analysis. The outputs of FAST include
the mass, damping and stiffness matrices of the complete hybrid system, which depends on the
incident wave frequency @, vector of system displacement Aqand the external force F,, . The
equation of motion in the frequency domain under periodic wave load is given by
{—a)ZMreS (0)+iol, (@)+ K. (a))} Aq=F,. 4.2)
The floating hybrid platform under the wave, wind, mooring line and the current forces are
analysed using the aero-hydro-servo-elastic simulation tool FAST (Fatigue, Aerodynamics,
Structures and Turbulence). The generalised equation of motion (Jonkman, 2007) for the
hybrid platform is given by
M (q,u,t)d+ f(a,d,6,u,uy,t)=0 (4.3)
where M is the mass matrix, f is the non-linear forcing function, q is the vector of the DOF
displacements, ¢ is the vector of the DOF velocities, § is the vector of the DOF accelerations,

u is the vector of the control points and u, is the vector of the wind input disturbances. The
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total external load F"*"™ developing on the hybrid floater other than the weight of the support

platform and the load transmitted (Jonkman, 2007) from the wind turbine is given by

FiPIatfrom — _Aj qJ + F_Hydro + FiLines ’ (44)

where A, is the component of added mass, F™° is the hydrodynamic load on the support

platform and F"" is the load from the mooring lines. The hydrodynamic load developed on

the system with the contribution from radiation, diffraction and hydrostatic loads are given by

F Hydro — FiWaves + Fiviscous + FiHydrostatic. (45)

The hydrodynamic load equation considers the total excitation load on the support platform
from the incident waves F"**, closely related to the wave elevation ¢ . Airy’s wave theory
describes the kinematics of regular waves whose periodic elevation is represented as a
sinusoidal wave propagating at a single amplitude, and frequency (period) or wavelength
expresses the linear potential wave force on the support platform as
[ Waves _ |7 Radiation __ = Difiracion (4.6)
The forced oscillations of the support platform develop the radiation force F."****" in all DOF
when no incident wave is present. The resulting radiation force is given by
R = — A (@) 4, (1) - By (@); ©). (4.7)
Thus, the contributions from added mass and force is proportional to accelerations and

contributions from the radiation damping is proportional to platform velocity. The inverse

transformation of the radiation loads gives the total radiational load as

FiRadiation — _Aj (OO) qJ (t) — hij (t — z’)qj (t)d T, (48)

[Ny S

where A, (oo) is the added mass coefficient at infinite frequency and h; (r) is the retardation

function. Hydrodynamic added mass, and damping are factors of the wave radiation loads
(Eq. 4.7,4.8). The wave radiation loads are independent of the incident waves since the
radiation problem and the diffraction problem are separated. The force mechanism proportional
to the acceleration of the support platform is represented in Eq. 4.4 by the impulsive

hydrodynamic-added-mass components A, which are part of the time-domain radiation

problem. The component (i, j) specifically represents the hydrodynamic force in the direction

of DOF i, which results from the integration of the component of the outgoing-wave pressure

133



Dynamic Analysis of Offshore Floating Wind Turbine Combined with Wave Energy Converter

field that is caused by and proportional to a unit acceleration of the j" DOF of the support

platform over the wetted surface of the support platform. The impulsive hydrodynamic-added-
mass matrix is symmetric, much like the body (inertia) mass matrix. The impulsive
hydrodynamic-added-mass matrix, in contrast to the inertia mass matrix, may contain off-
diagonal components that relate modes of motion that cannot be coupled with body inertia,
depending on the configuration of the support platform. The convolution integral term in
Eq. 4.8 represents the load contribution from wave-radiation damping and also represents an

additional contribution from the added mass that is not accounted for in A;. The HydroDyn

module of the FAST includes the Pierson-Moskowitz spectrum for the fully developed sea
state, the JONSWAP spectrum for the limited fetch conditions and is also equipped with user
prescribed site-specific wave spectrums representing various stochastic sea states, modelled as
the summation or superposition of multiple wave components for irregular wave simulation.

The excitation load (Jonkman, 2009) for the determination of diffraction force F.°™" is

given by
_ 1 % 2-sided joo
- oo o
FiDiffraction _ Zi IW (CO) Zﬂsgz—sided (C())XI (a),,B)ethda). (410)
T —o0

Due to the contributions from 2-sided power spectral density of the wave per unit time Sj‘s“’ed ,
unit variance W (a)) and the complex-valued array representing the wave excitation force on

the support platform normalised per unit wave amplitude X, (a) ﬂ) depending on frequency

@ and direction g of the incident wave. The viscous drag load is modelled using the Morison

equation and is expressed as
iscous 1 . .
Voo _ >Ce PV (1)=& (1) v (1)< (1), (4.11)

where ¢; (t) is the undisturbed flow velocity taken at the instantaneous position of the centre
of gravity, v, (t) is the velocity of the support platform, C, is the viscous co-efficient having

projection area A and p,, is the water density. The hydrostatic force has contributions from

the buoyancy force, and the linear hydrostatic restoring force from the water plane area is given

by
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FiHydrostatic — P9V05i3 _ Ci;'lydetatiCq__ (412)

]

In the case of the un-displaced position of the support platform, the linear hydrostatic force

(pgvoa“is)is acting directly upward and is equal to the weight of the displaced fluid. Further,

for the vertical heave-displacement DOF of the support platform, this term is non-zero because
the centre of buoyancy of the platform is assumed to lie on the centre line of the undeflected

tower (or z-axis of the platform). The change in the hydrostatic force and moment resulting

is the same as in

from the effects of the water pane area and the centre of buoyancy, C¥**™"

Jonkman (2009).
4.2.1 Mooring Dynamics

The stability of a TLP-type floating platform is established using a mooring system. This is
achieved by means of tensioned cables of chains, synthetic fibre or steel, which anchor the
platform to the sea bed. The tension developed on the mooring lines depends on the buoyancy
of the floater, viscous-separation effects, the elasticity of the cables, the weight of the cable in
water and the geometric layout of the mooring system, which acts as the restraining forces at
the fairlead points. In the case of the linear mooring system, ignoring the mooring inertia and
damping, the total load (Matha, 2009) developing on the support platform is given by

FUe = R0 i, (4.13)
where F'"=° is the i"™ component of the total mooring system load acting on the support

platform in its un-displaced position and Cij“”es component of the linearised restoring matrix

from all mooring lines. In the case of the catenary mooring system, F.""=*° takes the pretension

at the fairlead from the weight of the cable not resting on the sea floor. If the catenary mooring
lines are neutrally buoyant, then the pretension developed is zero. In the case of a taut mooring

system, F-"° is calculated based on the excess buoyancy in the tank in an un-displaced
position including the weight of the cable in water. Cij“”es is the combination of elastic stiffness

of the mooring lines and the effective geometric stiffness considering the weight of cables in
water. The mooring system dynamics are not linear in nature. The non-linearities in mooring
dynamics result from non-linearities in force-displacement relationships and non-linear
hysteresis effect due to the loss of energy as the lines oscillate with floater about a mean
position. The non-linear restoring loads are simulated using the quasi-static mooring module

of FAST. Taut mooring lines are modelled considering the apparent weight in fluid, elastic
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stretching and the sea bed friction of each line, not taking into account the individual line
bending stiffness. Under the assumption that each cable is in static equilibrium at that instant,
the mooring module calculates tensions within and configuration of each mooring line as the
fairlead points for given platform displacement at any instant of time is known. With the
knowledge of additional tension and loading on the platform from aerodynamics and
hydrodynamics, the dynamic equation of motion for acceleration for the hybrid system is
analysed. FAST then integrates in the time-domain to obtain new platforms and fairlead
positions at the next time step, repeating the process. For any mooring system, individual

analysis of every mooring line is deployed.
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Fig. 4.1: Hlustration of a mooring line in the local coordinate system.
For specifying the fairlead locations of each mooring line relative to the support platform, the

anchor locations of each mooring line relative to the inertial frame, total unstretched length L

, extensional stiffness EA, coefficient of sea bed friction drag C;, the apparent weight in the
fluid per unit length o, is all related to the mass of the line per unit length x, (Fig. 4.1). The

relation is given by

DZ
w=(uc—p”4°]g- (4.14)

The vertical anchor force (Jonkman, 2007 ) is given by

V, =V —ol, (4.15)
where V is the vertical force applied at the fairlead point, which is less than the total weight of
the cable and L is the unstretched line length. The horizontal anchor force H. is the same as

the horizontal force H applied at the fairlead point. The vertical anchor force is zero when no
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portion of the cable rests on the sea bed, the V, have minimum influence on the dynamic

response of the floating system. The unstretched length of the cable lying on the sea bed is
given by
L, = L—\i. (4.16)
w
The equation for the horizontal and vertical distance from the anchor point to the given point

on the line when no portion of the mooring line is resting on the sea bed follows the relation

2 | 2
x(s.):|_IF In VA+wS+\/1+[VAJmSJ —In I\—I/_A+ 1+[V—Aj +%, (4.17)

w He F F He

2 2_
H v v 2
2(s)="e| o Yat@s) [ Va )| Ly @5 (4.18)
o H, H. ) | EA 2

The effective tension is calculated with the unstretched arc distance along the mooring line

from a given point s, is given by

T,(5) = HZ +(V, + ). (4.19)

4.2.2 Environmental Conditions

The viability of designing a cost-effective hybrid wind-wave platform for an offshore wind
turbine depends heavily on site-specific metocean conditions. Based on the metocean data of
the north coast of the North Atlantic region, four load cases are defined for the operating state
of the reference 5 MW wind turbine. The cases illustrate the mean wind speed, significant wave
height and the spectral peak period, as shown in Table 2.12 of Chapter 1. The 3D turbulent
wind fields are generated using NREL’s TURBSIM based on the Kaimal turbulence model for
IEC class C. The kinematics of the irregular waves are simulated based on the JONSWAP
spectrum in FAST. In the present study, waves and winds are unidirectional and aligned with

the x-axis for the hybrid floater.
43 METHODOLOGY

The hybrid TLP-WEC in the present study is modelled as a rigid body, two different TLP’s
combined with cone-cylinder-shaped point absorber WECs. The study arranges the WECs
around the TLP in a circular pattern and is stabilised using different numbers of tensioned
mooring cables. The wave is assumed to travel towards the positive x-direction. The WECs in
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a circular array around the TLP floater are connected to the columns using connecting arms.
The hinged structure between the connecting arm and the column limits the relative motion. It
allows rotation around the hinged shaft, driving the power take-off (PTO) system to produce
power (Hansen, 2013). The centro-symmetrically arranged heaving-type WECSs ensure better
power quality and smoothness as the waves pass through the hybrid system. The hybrid system
is considered as a single rigid body with 6-DOF, and the analysis of the responses (surge, sway,
heave, roll, pitch and yaw) of the hybrid STLP-WEC is performed to examine the wind power
absorption by the hybrid system under wind and wave loading. The hybrid floating system is
used to support a 5 MW wind turbine having properties as detailed in Chapter 1. The
geometrical modelling of the combined wind-wave floater is performed using the Rhino-3D
platform. The geometric data file (.gdf) is used as the input for WAMIT for the hydrodynamic
analysis to obtain the hydrodynamic co-efficient and the restoring co-efficient, the pre-
processor for the coupled dynamic tool FAST. The FAST developed by NREL considers the
coupled interactions between the floating system and the wind turbine under regular and
irregular wave conditions. The numerical simulation tool includes the gyroscopic loads of the
turbine rotor, hydrodynamic damping during wave-body interaction, the forces caused by wave
interactions and the aerodynamic damping by the wind turbine rotor. The study compares the
responses of the hybrid system for four different mooring configurations in both frequency and
time domains under different wind and wave load conditions. Both time and frequency-domain
models are based on radiation or diffraction hydrodynamic theory. Further, the fairlead tension
(FT) developed on each mooring cable is compared for different mooring configurations to
understand the importance of the position of mooring cables. Further, the statistical analysis of
the tower base forces and moments are conducted to observe the influence of wind and wave

loads.
4.3.1 Submerged Tension-Leg Platform with Six WECs

The different arrangement pattern of cone-cylinder WECs around the STLP is detailed in
Chapter 1. The study observed higher wind power absorption efficiency for the hybrid
STLP+6WECSs (STLP combined with six cone-cylinder WECS) stabilised using four tensioned
mooring cables. The properties of the floating STLP combined with six WECs in a circular
pattern are detailed in Chapter 1. In the present chapter, the hybrid STLP+6WECS is provided
with a different number of mooring cables to analyse the motion response and the wind power

absorption efficiency with changes in mooring cables. Fig. 4.2 shows the schematic
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representation of hybrid STLP+6WECSs stabilised using four tensioned mooring cables.
Table 4.1 details the properties of the mooring lines studied, and Table 4.2 details the

arrangement pattern of the mooring cables for different mooring layouts.
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Fig. 4.2: Schematic diagram of submerged TLP connected to six WEC in a circular pattern
stabilised by 4-Mooring tendons.

Table 4.1: Properties of different mooring layouts of hybrid STLP+6WECs (Matha, 2010).

Characteristics/ Configuration 4-Mooring | 5-Mooring | 8-Mooring | 9-Mooring

Number of mooring lines 4 5 8 9

Unstretched mooring-line length (m) | 130.978 130.978 120.978 120.978

Line diameter (m) 0.12 0.12 0.12 0.12
Line mass per unit length (kg/m) 1159248 | 115.9248 | 115.9248 | 115.9248
Line extensional stiffness (N) 31.359E9 | 31.359E9 | 31.359E9 | 31.359E9
Average steel density (kg/m?) 7850 7850 7850 7850
Average concrete density (kg/m?) 2562.5 2562.5 2562.5 2562.5

139



Dynamic Analysis of Offshore Floating Wind Turbine Combined with Wave Energy Converter

Table 4.2: Different Mooring layouts for hybrid STLP+6WECs.

4-Mooring

Four tensioned mooring cables are
provided at the centre of each outer

pontoon.

5-Mooring

Four tensioned mooring cables at the
centre of each outer pontoon and one
cable at the centre of the central

column.

8-Mooring

Four outer pontoons are provided
with two mooring cables, each spaced
equally from the centre of the outer

pontoon.

9-Mooring

Four outer pontoons are provided
with two mooring cables, each spaced
equally from the centre of the outer
pontoon, and the central column is

provided with a single mooring cable.
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4.3.2 Frustum Tension-Leg Platform with Eight WECs

The rigid body analysis of the FTLP combined with a different circular arrangement of WECs
is studied in Chapter 1. The hybrid FTLP+8WECs (FTLP combined with eight WEC in a
circular pattern) stabilised using six mooring cables (Fig. 4.3) is observed to have higher wind
power absorption. In the present chapter, hybrid FTLP+8WECs is studied for different mooring
layouts detailed in Table 4.4. The properties of the mooring cables used to stabilise the hybrid
system are detailed in Table 4.3.

, 10.0m , 6.5m .
:‘ ll\’: M
WEC
20.0m
FILP l
@ @ T - ]
10.0 m
Tensioned
Tendons
Heave
Sea Bed Block
@ [ ] ] L]

Fig. 4.3: Schematic diagram of the hybrid FTLP+8WECsSs stabilised by 6-Mooring tendons.

Table 4.3: Properties of different mooring layouts of hybrid FTLP+8WECs.

Characteristics/ Configuration 6-Mooring | 7-Mooring | 12-Mooring | 13-Mooring
Number of mooring lines 6 7 12 13
Unstretched mooring length (m) 140.5 140.5 135.5 135.5
Line diameter (m) 0.12 0.12 0.12 0.12
Line mass per unit length (kg/m) 115.9248 | 115.9248 115.9248 115.9248
Line extensional stiffness (N) 31.359E9 | 31.359E9 | 31.359E9 31.359E9
Average steel density (kg/m?) 7850 7850 7850 7850
Average concrete density (kg/m?®) 2562.5 2562.5 2562.5 2562.5

141



Dynamic Analysis of Offshore Floating Wind Turbine Combined with Wave Energy Converter

Table 4.4: Different Mooring layouts for hybrid FTLP+8WECs.

6-Mooring

Six tensioned mooring cables are
provided at the centre of each outer

pontoon.

7-Mooring

Six tensioned mooring cables at the
centre of each outer pontoon and one
cable at the centre of the central

column.

12-Mooring

Six outer pontoons are provided with
two mooring cables, each spaced
equally from the centre of the outer

pontoon.

13-Mooring

Six outer pontoons are provided with
two mooring cables, each spaced
equally from the centre of the outer
pontoon, and the central column is

provided with a single mooring cable.
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44 RESULTS AND DISCUSSION

The dynamic motion responses of the TLP platform combined with wave energy converters
for different mooring lines are analysed in the time and frequency-domain. The natural
frequency for different configurations of hybrid floater is compared to observe the influence of
WECS on the natural frequency of TLP. The system’s responses in both the time and frequency-
domains are studied to examine the performance of the wind turbine and the stability of the
floating system. Further, the tower base forces and moments developed at the turbine base are
analysed to study the effect of wind on the supporting hybrid platform. The tension developed
on each mooring line for different hybrid configurations is analysed. The variation in the wind

power generated is also analysed for the hybrid system under regular and irregular sea states.
4.4.1 Natural Frequency of Hybrid TLP-WEC Platforms

The natural frequency impacts the TLP's dynamic behaviour, particularly how it reacts to wind
and wave stresses. Engineers can enhance the overall performance of the floating wind turbine
system by analysing and optimising the natural frequency. To increase the TLP's stability and
lower structural loads, this optimisation may entail changing the design specifications or the
mooring and tensioning systems. The study employs free decay test to observe the natural
frequency of the TLP’s. The numerical simulations are carried out using the tool FAST. In
FAST, the TLP configurations are released from a specific offset for each degree of freedom

(DOF) in calm water with the wind turbine in parked condition.

Table 4.5: The natural frequency of STLP and hybrid STLP+6WECs configurations.
Mode | STLP | STLP+6WECs
Surge | 0.06 0.06
Sway | 0.06 0.06
heave | 0.32 0.29
Roll 0.34 0.34
Pitch | 0.34 0.34
Yaw | 0.08 0.07

Table 4.5 shows the natural frequency of the STLP and the hybrid STLP+6WECSs. Table 4.5
shows that the natural frequencies of horizontal plane motions (surge, sway and yaw) are lower
than those in the vertical plane motions (heave, pitch and roll), which concludes that the

stiffness for the submerged TLP is higher in the vertical plane. It is also observed that the
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natural frequency of the submerged TLP is not much disturbed by the arrangement of the WECs
around the floater. Table 4.6 shows the natural frequency of the FTLP and hybrid
FTLP+8WECs configurations. The natural frequency of horizontal and vertical plane motions
of the Frustum-TLP are outside the wave excitation frequency range (0.04-0.25 Hz) and hence
provide higher structural integrity. Similar to the hybrid STLP-WEC, adding the WECs to the

FTLP minimally influence the natural frequencies of the rigid body motions.

Table 4.6: The natural frequency of FTLP and hybrid FTLP+8WECs configurations.

Mode | FTLP FTLP+8WECs
Surge | 0.33 0.32

Sway | 0.32 0.32
heave | 0.33 0.32
Roll 0.28 0.27
Pitch | 0.27 0.27
Yaw 0.47 0.47

4.4.2 Response Analysis of Hybrid STLP and FTLP Platforms

The dynamic motion responses of the hybrid STLP+6WECs and FTLP+8WECs are studied
under regular and irregular waves for a zero-degree wave heading angle in the frequency-
domain. The study is conducted for four mooring configurations to analyse the importance of
the mooring lines in determining the stability of the combined floater. The results obtained in

the time domain are converted to the frequency-domain using Fast Fourier Transform (FFT).
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Fig. 4.4: The energy spectrum for (a) JONSWAP and (b) Incident wave elevation.

The FFT is a function that decomposes a time series signal to its corresponding individual
frequency components. The JONSWAP wave spectra are used to simulate the incident irregular

waves. The JONSWAP and wave elevation spectra for the considered significant wave heights
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and peak wave periods are depicted in Fig. 4.4(a,b). Fig. 4.4(a) shows the JONSWAP spectrum
used for the simulation of the incident irregular waves based on empirical data collected from
the North Sea and takes into account factors such as wind speed and duration, wave height, and
fetch length (the distance over which the wind has blown without significant obstructions).
Fig. 4.4(b) shows the wave elevation spectrum, and the graphical representation of the
distribution of the wave heights. The waves are observed to be dominant over the wave
frequency region of 0.05 Hz to 0.2 Hz for any wave height condition. The higher wave energy

is observed for the wave height of 4.2 m.
4.4.2.1 Submerged Tension-Leg Platform with Six WECs

Fig. 4.5(a-d) presents the surge motion response of the combined floater under irregular waves
for four mooring arrangements. The variation in surge response is observed to be almost similar
for each wind speed condition. The responses are observed to be minimum for wind speeds
below the rated wind speed condition (Fig. 4.5(a, b)), and the responses are observed to be
higher for 17 m/s wind speed (Fig. 4.5d). The higher surge response may be due to the higher
wave energy (Fig. 4.3b) for the 17 m/s wind speed. It is observed that the surge response is
higher for the frequency region 0.05 Hz to 0.15 Hz, as the incident wave energy is higher for
the same frequency region. The higher surge motion results in lower power absorption of the
combined floater as the wind turbine will be moved away from the direction of the wind. The
surge response of the combined floater under irregular waves is observed to be minimum as
compared to the response of the combined floater under regular waves. Also, it is observed that
the 9-Mooring configuration has higher values for surge response, and the 4-mooring
configurations have lower surge response, especially for wind speed above the rated wind

speed.
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Fig. 4.5: Surge response of hybrid STLP+6WECSs under irregular waves for (a) SS-1, (b) SS-
2, (c) SS-3, and (d) SS-4 for different mooring configurations.

The peak value of the surge response for the combined floater is closer to the natural frequency

of the floater, thus having the possibility of occurrence of resonance. The closeness of the peak

value is observed to be higher for the lower wind speed conditions.
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Fig. 4.6(a-d) presents the sway motion response of the combined floater under irregular waves
for four mooring arrangements. The sway motion for the combined floater tends to increase
with the increase in wind speed, similar to the case of surge motion. It is also observed that the
variation in responses is minimum with the increase in the mooring cables for all four wind
speed conditions suggesting that the increase in the number of mooring lines has a negligible
impact on sway, apart from the lower wind speed condition (Fig. 4.6a). For lower wind speed
conditions, the 8-Mooring and 9-Mooring are observed to have lower sway motion
(Fig. 4.6(a,b)). The Fig. shows different peaks for each wind speed condition within
0.5<w<0.15 frequency range. This may be due to the higher variation of wave energy

distribution for that frequency range of 0.05< w<0.2, as seen in Fig. 4.3(b). The possibility

of resonance in sway is higher for the combined floater for all four mooring conditions. The
sway response for the combined floater is lower under irregular wave conditions than under
regular wave conditions. Higher surge and sway response is observed when an additional

mooring line is provided to the central column, reducing the platform’s displacement.
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Fig. 4.7: Heave response of the hybrid STLP+6WECs under irregular waves for (a) SS-1, (b)
SS-2, (¢) SS-3, and (d) SS-4 for different mooring configurations.

147



Dynamic Analysis of Offshore Floating Wind Turbine Combined with Wave Energy Converter

Fig. 4.7(a-d) presents the heave motion response of the combined floater under irregular waves
for four mooring arrangements. The heave response amplitude is small compared to other
translational motions. The reduced heave motion is due to tensioned tendons stabilising the
floater. The heave motion amplitude tends to increase with the increase in wind speed and wave
height. In the case of wind speed below the rated wind speed of 11.4 m/s, the heave response
is minimal for the 8-Mooring configuration, as seen in Fig. 4.7(a,b). But for higher wind speed
conditions, the responses are observed to be minimum for the 4-Mooring configuration, as in
Fig. 4.7(c,d). For any wind speed conditions, the heave motion amplitude of the hybrid floater
with a 9-Mooring configuration is observed to be higher. It is also observed that, apart from
the peak value of heave motion for frequency range 0.1< w <0.2, the motion amplitude is
observed to be very small. The wave frequency for the heave motion is observed to be away
from the natural frequency of 0.29 Hz, further ensuring that the probability of occurrence of

resonance is minimal.

0.0020

0.0008 i : : — 4-Mooring —— 4-Mooring
—— 5-Mooring 0.0018 i ‘ —— 5-Mooring
0.0007 ~ —— 8-Mooring 0.0016 . —— 8-Mooring
—— 9-Mooring —— 9-Mooring
0.0006 | 0.0014 ‘ ; :
::go.ooos R @0.0012 \A
[} L7
2 0.0004 1 S o010
© ©
0.0008 | .
& 0.0003 4 &
0.0006
0.0002
0.0004 : //\
0.0001 A A\
AR \ZW 0.0002 147 WYY
0.0000 . 0.0000 . :
0.00 0.06 0.12 0.18 0.24 0.30 0.00 0.06 0.12 0.18 0.24 0.30
Frequency (Hz) Frequency (Hz)
0.0036
0.0028 - : 4 — 4-Mooring —— 4-Mooring
—— 5-Mooring 0.0032 : —— 5-Mooring
0.0024 4 i i A —— 8-Mooring 0.0028 —— 8-Mooring
‘ —— 9-Mooring : —— 9-Mooring
0.0024 ¢ 5
_03 § 0.0020
= , = 00016
[=} o
14 14
0.0012
0.0008 - : - - -
W&J 2o ' ’ \
\g/\_,.‘ VAR
0.0000 w w 0.0000 : : ; RS
0.00 0.06 0.12 0.18 0.24 0.30 000 006 012 018 024 030 036 042 048
Frequency (Hz) Frequency (Hz)

Fig. 4.8: Roll response of the hybrid STLP+6WECs under irregular waves for (a) SS-1, (b) SS-
2, (c) SS-3, and (d) SS-4 for different mooring configurations.

148



Chapter 4: Coupled Dynamic Analysis of Hybrid TLP-WEC with Different Mooring Configurations

Fig. 4.8(a-d) shows the roll motion spectrum for different mooring configurations of six WEC
configurations under different operating wind speed conditions and irregular wave loads. From
Fig. 4.8(b-d), it is observed that the peak frequency for the three operating conditions for the
roll motion is close to 0.16 Hz, and the peak response value is minimal, thus showing higher
stability of the combined system against overturning. For lower wind speed conditions
(Fig. 4.8a), the dominant peak is observed near to 0.08 Hz frequency range. Both peaks are
observed away from the natural frequency, further suggesting that there is no possibility of the
occurrence of resonance. Higher roll motion response is observed for 9-Mooring lines for all
wind speed conditions. Minimum variation in roll motion is observed for the four and five
mooring configurations for all wind speed conditions. The minimum variation in roll response
with the increase in mooring lines is due to the assumption that the tethers are infinitely stiff.
In the case of higher wind speed conditions (Fig. 4.8d), the roll response variation is minimal

with the increase in the mooring lines.
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Fig. 4.9(a-d) shows the pitch response for the hybrid floater under different wind and wave
loading conditions. The responses tend to increase with the increase in wind speed and wave
height. Two dominant peaks are observed (Fig. 4.9(a,b)) for the load case having a wind speed
less than the rated wind speed (11.4 m/s) for the 5 MW wind turbine. Both peaks are observed
to be away from the natural frequency region, reducing the possibility of a significant pitch
motion response. The peaks for the pitch response for any wind speed condition are observed
in the region (0.15 < @ < 0.22 Hz) where the incident wave energy tends to reduce, as in Fig.
4.3(b). Three dominant peaks are observed for wind speeds greater than 11.4 m/s, as seen in
Fig. 4.9(c, d). The peaks are observed to be closer and are well away from the natural frequency
region, ensuring reduced pitch motions. The different peaks observed for surge and pitch
motion show the coupling effect between the surge and pitch motion.
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Fig. 4.10: Yaw response of the hybrid STLP+6WECs floater under irregular waves for (a) SS-
1, (b) SS-2, (c) SS-3, and (d) SS-4 for different mooring configurations.

The yaw response motion is higher than all other vertical and horizontal plane motions, as in
Fig. 4.10(a-d). The peak response values for the yaw motion are also observed to increase with

the increase in wind speed. The peak value for the yaw motion is observed within the frequency
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range 0.08<w»w<0.10Hz for all four operating conditions considered. The frequency
corresponding to the peak value for the yaw motion is observed to be closer to the natural
frequency of the floater. Hence, proper floater damping must be provided to prevent the floater
from resonance. The yaw response for all mooring conditions is closer for wind and wave
loading. Higher yaw responses for all mooring layouts are observed in the initial phase of the
incident wave energy region (0.05 < @ <0.08Hz). From Fig. 4.5 - Fig. 4.10, it is observed that
the responses for the floater are higher for the 8-Mooring and 9-Mooring configurations. The
higher responses ensure minimum placement of the hybrid floater. The peak response for the
surge and pitch motion is moved closer to the natural frequency region in the case of the
9-Mooring configuration, suggesting that the position of the taut mooring for the 9-Mooring
configuration needs to be shifted towards the centre of gravity (CG) of the outer pontoon of the
floater. The minimum values for the horizontal and vertical plane motions are observed for
4-Mooring configurations under irregular waves for all four load cases. Further, suggesting that
the position of the mooring lines also significantly influences the responses of the hybrid

offshore floating platforms.
4.4.2.2 Frustum Tension-Leg Platform with Eight WECs

Fig. 4.11(a-d) shows the surge response motion for the hybrid FTLP+8WECs stabilised using
different mooring layouts under irregular wave conditions. The surge response is higher for the
lower wind speed condition and is observed to decrease with the increase in the wind speed
condition. Fig. 4.11(a) shows the surge motion response for 8 m/s wind speed conditions. The
surge motion is observed to be slightly higher for the 6-Mooring configuration and is reduced
with an increase in the mooring cables. Further, minimum surge response motion is observed
for the 7-Mooring configuration compared to 12-Mooring and 13-Mooring, though the
variation in the surge motion response is minimum with the increase in the mooring cables.
Thus, the study shows that the position of the mooring cables is one significant factor in
improving the performance of the floating platform. Fig. 4.11(b) shows the surge motion
response for 11.2 m/s wind speed conditions. Higher surge motion response is observed for the
11.2 m/s wind speed condition. Further, the surge motion response for the 11.2 m/s wind speed
condition is higher for the 12-Mooring configuration and is minimum for the 7-Mooring
configuration. Also, the variation in the surge motion response for the 7-Mooring and 13-
Mooring layouts is minimal, depicting the importance of providing the mooring cables on the

central column supporting the wind turbine.
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1, (b) SS-2, (c) SS-3, and (d) SS-4 for different mooring configurations.

The surge motion response is observed to decrease for 14 m/s (Fig. 4.11c) and 17 m/s
(Fig. 4.11d). For any load case condition, the wave frequency of the surge motion is observed
in the frequency range of 0.075 to 0.10 Hz, which is away from the natural surge frequency of

the floating system. Hence the floating system is safe against resonance for any mooring

layouts.
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Fig. 4.12: Sway response of the hybrid FTLP+8WECs floater under irregular waves for
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Fig. 4.12(a-d) shows the sway motion response for the different mooring configurations of
hybrid FTLP+8WECs. The sway responses of the hybrid FTLP+8WECs are less compared to
surge motion responses. Fig. 4.12(a) shows the sway motion response of the hybrid system for
8 m/s operational wind speed conditions. The peak sway motion response is observed for the
12-Mooring configuration for the frequency range 0.08 < w <0.10 Hz and is observed to be
the minimum for the 7-Mooring configuration. For the 11.2 m/s wind speed condition, the
variation of sway motion is higher for the 6-Mooring configuration (Fig. 4.12b) for the
frequency range 0.01< w < 0.03Hz and the sway motion is reduced with the change in mooring
layout. The wave frequency range for the other three layouts for the 11.2 m/s condition is in
the range of 0.08 < w <0.13 Hz. With the increase in the wind speed, the variation of the sway
motion for different mooring layouts is minimum (Fig. 4.12(c,d)). The minimum variation in
sway motion provides a better platform for the maintenance operation of the floating system.
Further, the minimum sway motion allows for better power transmission through the electrical

cables as the stain developed on the cables will be minimum for minimum variation in sway.

Fig. 4.13(a-d) shows the heave motion response of the hybrid FTLP+8WECs offshore floating
wind turbine platform for different mooring layouts under irregular wave conditions. The
variation in heave motion with the increase in the wind speed condition is minimal. For any
wind speed and mooring layout conditions, the wave frequency region of the heave motion for
the hybrid FTLP+8WECSs is in the range of 0.15 < w < 0.20 Hz, is below the natural frequency
region, and provides higher stability for the floating system. The variation of the heave motion
for the frequency range 0.05 < w < 0.10 Hz is slightly higher for the 8 m/s wind speed condition
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(Fig. 4.13a) and is minimum for the 11.2 m/s wind speed (Fig. 4.13b). The minimum variation

in heave motion is due to the tensioned mooring cables provided for the hybrid system.
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Fig. 4.13: Heave response of the hybrid FTLP+8WECs floater under irregular waves for (a)
SS-1, (b) SS-2, (¢) SS-3, and (d) SS-4 for different mooring configurations.

Fig. 4.14(a-d) shows the roll motion spectra for the hybrid FTLP+8WECs floating system
under irregular wave conditions of the North Atlantic. For any wind speed condition, the
responses are very small and hence have higher stability against overturning. For any wind
speed conditions, the dominant wave frequency is in the range 0.05 < w < 0.125Hz, and is also

away from the natural frequency region, avoiding the possibility of resonance.
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Fig. 4.14: Roll response of the hybrid FTLP+8WECs floater under irregular waves for
(@) SS-1, (b) SS-2, (c) SS-3, and (d) SS-4 for different mooring configurations.
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The excitations outside the frequency range of 0.2 Hz are due to second-order wave excitations
(Robertson et al., 2013). Minimum roll excitation with the transient effect is observed for the
8 m/s wind speed condition (Fig. 4.14a). Higher excitations are observed for 17 m/s wind speed
conditions (Fig. 4.14d) and are reduced with the decrease in the wind speed. For any wind
speed condition, the roll motion is higher for the 13-Mooring configurations and is the

minimum for the 7-Mooring configuration.

Fig. 4.15(a-d) shows the pitch motion spectra for the hybrid FTLP+8WECs configuration
stabilised using different mooring layouts. Like the roll motion spectra, the pitch motion is
similar for 8 m/s, 14 m/s and 17 m/s wind speed conditions. The highest pitch motion response
is observed for the 12-Mooring configuration for the wave frequency range
0.05<w<0.18 Hz. Further, a lower pitch motion response is observed for the 7-Mooring
configuration, and the peak motion response is shifted further away from the natural frequency
region for the 7-Mooring configuration. The wave frequency for the 7-Mooring configuration

is in the range of 0.05 < w < 0.09 Hz, having lower chances of developing resonance.
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Fig. 4.15: Pitch response of the hybrid FTLP+8WECs floater under irregular waves for (a) SS-
1, (b) SS-2, (c) SS-3, and (d) SS-4 for different mooring configurations.

A second-order wave excitation in pitch motion is also observed for the load cases studied.
Minimum second-order excitation is observed for the 8 m/s load case (Fig. 4.15a) and is
observed to increase with the increase in the wind speed (Fig. 4.15(b,d)). For the 11.2 m/s wind
speed condition (Fig. 4.15b), the 6-Mooring configuration has a higher transient effect of the
waves for the pitch motion. This may be because the wind conditions are not synchronising
with the dominant wave frequencies. Also, the frequencies of the wind-induced vibrations may

not necessarily align with the natural frequencies or the dominant wave frequencies.

Fig. 4.16(a-d) shows the yaw motion response spectra for the FTLP+8WECs hybrid floating
platform for different load case conditions. The peak values for the yaw motion occur at very
low-frequency regions, and also the variation of the motion is observed to be minimum.
Minimum yaw motion response is observed for the 8 m/s wind speed condition (Fig. 4.16d)
and increases with the increase in wind speed. Further, the variation in the yaw motion is
minimum for wind speed conditions above 8 m/s (Fig. 4.16(b-d)). The wave frequency region
for any mooring layout is in the range of 0.004 < <0.008Hz for different load cases
considered. Further, minimum yaw motion response is observed for the 7-Mooring
configuration and is higher for the 13-Mooring configuration. The yaw motion response for the
hybrid FTLP+8WECs are minimal compared to that of the hybrid STLP+6WECs for any
mooring configurations. This may be because of the higher stiffens of the floating FTLP
compared to the STLP. The minimum yaw motion of the hybrid system ensures better wind
power absorption and higher efficiency of the generator system, as the lateral load developing

on the control system is minimum for the reduced yaw motion of the floating system.
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Fig. 4.16: Yaw response of the hybrid FTLP+8WECs floater under irregular waves for
(a) SS-1, (b) SS-2, (c) SS-3, and (d) SS-4 for different mooring configurations.
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4.4.3 Time Series Analysis

The time-domain response analysis of the hybrid floater is performed for 150 m water depth.
To focus on the most critical conditions, surge, sway, and yaw motion of the combined floater
configuration for four operational conditions of a 5 MW wind turbine with the different
numbers of mooring lines are studied to understand the influence of mooring lines and the

position of the tendons.
4.4.3.1 Submerged Tension-Leg Platform with Six WECs

The total simulation time for the hybrid floater is 3600 s, and the initial 2600 s are neglected to
remove the transient effect. In Fig. 4.17(a-d), it is observed that the surge responses are higher
for wind speed condition above the rated wind speed of 5 MW wind turbine (11.4 m/s).
Maximum surge value is noted within 10 < & <12 for 11.2 m/s wind speed (Fig. 4.17b), which
is close to the rated wind speed condition of the 5 MW wind turbine. The responses are
observed to be minimum for wind speed close to the rated wind speed condition, thus showing

the improved wind power generation of the hybrid floater. Also, it is observed that the variation
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of surge responses with a change in the number of mooring lines is observed to be minimum
for lower wind velocities compared to higher wind velocities. Further, the surge responses are

observed to increase with the increase in the mooring lines.
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Fig. 4.17: Time series surge motion of hybrid STLP+6WECs for (a) SS-1, (b) SS-2, (¢) SS-3,
and (d) SS-4 for different mooring configurations under irregular waves.

Fig. 4.18(a-d) shows the motion time-domain response of sway motion for the hybrid floater.
Minimum variation in sway response is observed with the increase in wind speed and wave
height. The maximum value of sway motion is noted within 3.5<& <45 for 17 m/s wind
speed conditions, and the minimum value is observed for 8 m/s wind speed conditions. The
time-domain variation of the sway motion with the increase in the mooring lines is also
negligible for any wind speed condition. The sway motion amplitude is reduced when an
additional mooring cable is provided for the central column (Fig. 4.18a). The 9-mooring
configuration is having the least sway motion amplitude for any operational sea state condition
of the 5 MW wind turbine.
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Fig. 4.18: Time series sway motion of hybrid STLP+6WECs for (a) SS-1, (b) SS-2, (¢) SS-3,
and (d) SS-4 for different mooring configurations of combined floater under irregular waves.
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Time-domain response of yaw motion for the hybrid floater under different loading conditions
is shown in Fig. 4.19(a-d). The yaw motion response is observed to be higher compared to the
other two horizontal plane motions. The yaw motions response is also observed to increase
with the increase in wind speed. The maximum value of yaw motion is observed for the wind
speed condition close to the parked state of the 5 MW wind turbine (Vmean= 17 m/s). The time-
domain simulation shows that proper restoring force is observed for all horizontal and vertical
plane motions, thus ensuring higher stability of the hybrid system. The additional mooring
cable provided for the central column have minimum influence for the yaw motion amplitude
of the hybrid system. Similar variation in yaw motion amplitude is observed for any mooring
configurations for the different operational wind speed conditions of the 5 MW wind turbine.
This shows the minimal influence of the number of mooring cables on the yaw motion
amplitudes of the hybrid STLP+6WECs.
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Fig. 4.19: Time series yaw motion of hybrid STLP+6WECs for (a) SS-1, (b) SS-2, (c) SS-3,
and (d) SS-4 for different mooring configurations under irregular waves.

4.4.3.2 Frustum Tension-Leg Platform with Eight WEC

The time series data of surge motion for different mooring layouts of hybrid FTLP+8WECs
configuration is shown in Fig. 4.20(a-d). Fig. 4.20(a) shows the surge motion response of the
FTLP+8WECs platform for the SS-1 load case. Higher surge motion in the range of

4.5< & <5.0 mis observed for the 6-Mooring configuration and decreases with the increase in

the number of mooring lines. Minimum variation in the surge motion response is observed with
the change in the mooring layouts. This may be because, with the increase in the mooring
cables, the location of the mooring cables may also influence the surge response of the floating
platform. Similar to the surge motion of the 8 m/s wind speed condition, SS-2 (Fig. 4.20b), SS-
3 (Fig. 4.20c), and SS-4 (Fig. 4.20d) conditions have similar response motion. From the
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Fig. 4.20: Time series surge motion of hybrid FTLP+8WECs for (a) SS-1, (b) SS-2, (¢) SS-3,
and (d) SS-4 for different mooring configurations under irregular waves.

Fig. 4.21(a-d) shows the sway motion amplitudes of the FTLP+8WECs for different mooring

layouts of the North Atlantic wave conditions. Higher sway motion amplitudes of the range

1.0<£<1.3m are observed for the SS-1 load case condition (Fig. 4.21a) and are observed to

reduce with the increase in the mooring cables. Further, lower sway motion amplitude of the

range 0.8< & <1.0 mis observed for the SS-2 condition (Fig. 4.21d). The minimum sway

motion of the platform ensures minimum dynamic loads on the platform's structural

components,

including the tower, mooring system, and floating structure. Further, the

minimum sway motion of the platform ensures minimum lateral forces developing on the

mooring cables, improving the life of the mooring systems. Further, minimum sway motion

ensures reduced fatigue load on the mooring cables of the hybrid system.
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Fig. 4.21: Time series sway motion of hybrid FTLP+8WECs for (a) SS-1, (b) SS-2, (c) SS-3,
and (d) SS-4 for different mooring configurations under irregular waves.

Fig. 4.22(a-d) shows the yaw motion response of the hybrid FTLP+8WEC under irregular

waves of the North Atlantic region for different mooring layouts. The variation in yaw motion
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with time is minimal for any load case condition. Further, for any wind speed condition, the
yaw motion response is minimum for the 7-Mooring configuration (Fig. 4.22(a-d)). The highest

yaw motion amplitude of the floating FTLP+8WECs is of the range 0.06 <& <0.08 deg for

the 12-Mooring configuration for the waves of SS-1 load case condition (Fig. 4.22(a)). Further,
the yaw motion amplitude is observed with the time for the SS-3 (Fig. 4.22c¢) and SS-4 (Fig.
4.22d) load conditions. The minimum yaw amplitude of the platform ensures better orientation
of the turbine towards the wind, improving the turbine’s power output. Also, fine-tuning the
yaw motion amplitude helps to maximise the energy capture and improves the turbine's overall
efficiency. The 13-Mooring configuration is observed to have higher yaw motion amplitude
for the FTLP+8WECs. The addition of the mooring cable to the central pontoon of the hybrid
system have significant influence on the yaw motion amplitude of the FTLP+8WECs, the yaw
motion increases for the 13-Mooring and the yaw motion decrease for the 7-Mooring
configuration.
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Fig. 4.22: Time series Yaw motion of hybrid FTLP+8WECs for (a) SS-1, (b) SS-2, (c) SS-3,
and (d) SS-4 for different mooring configurations under irregular waves.

4.4.4 Fairlead Tension

The motions of the platform through the fairleads are what primarily cause the mooring loading
of floating offshore wind turbines. The mooring dynamics are insignificant and have little
impact on the general behaviour of the floating wind turbine from the perspective of the loads
over the platform dynamics. However, for the TLPs, the dynamic impacts in mooring analysis
design are essential and can increase the design Fairlead Tensions (FT). The principal loads in
the dynamic analysis of the mooring lines are gravity load, hydrodynamic load and the inertial
effects of the platform. In the present section, the maximum tension developed on each mooring
cable for different mooring layouts of the hybrid STLP+6WECs and FTLP+8WECs platforms
are studied to analyse the importance of the addition of the mooring cables and the position of
the mooring cables.
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4.4.4.1 Submerged Tension-Leg Platform with Six WECs

The maximum value of tension developed on each mooring cable of the hybrid floater is studied
for different load case conditions, as seen in Fig. 4.23(a-d). The tension developed on each
cable is considerably reduced with the increasing number of mooring cables. From Fig. 4.23(a),
it is observed that under the operational conditions of the 5 MW wind turbine, the 4-Mooring
system cables have almost equal tension developed on each mooring cable for different wind
load conditions. But for the 5-Mooring configuration (Fig. 4.23b), the tension developed on
the cable provided on the central column is minimum compared to other cables provided for
the outer pontoons. Further, in the case of the 8-Mooring configuration (Fig. 4.23c), a
significant variation in motion response is observed for wind speed conditions close to the
parked state. The tension developed on each cable is almost equal for all other wind speed
conditions. In the case of the 9-Mooring configuration (Fig. 4.23d), the tendons on the leeward
side are observed to have higher tension for wind speeds, more significant than the rated wind
speed for the 5 MW wind turbine. The study also observed that adding wave energy converters
around the STLP floater has helped reduce the tension developed on the mooring cable.
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Tension (kN)

11.2 14 11.2 14

Wind Speed (m/s) Wind Speed (m/s)

(a) (b)
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Fig. 4.23: Maximum tension developed on the tendons for (a) 4-Mooring, (b) 5-Mooring, (c)
8-Mooring, and (d) 9-Mooring for the hybrid STLP+6WECs.
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Also, a higher tension value is observed to be developed for the cable provided for the central
column compared to the outer pontoons. This shows that the restoration of the hybrid system
is higher for lower wind speed conditions, and it is more until the rated wind speed of the
reference wind turbine. Once the wind speed is above the rated wind speed, the restoration of
the floater system is reduced, and thus higher tension is observed for the floating system.

4.4.4.2 Frustum Tension-Leg Platform with Eight WECs

The maximum value of tension developed on the mooring cables for different mooring layouts
of hybrid FTLP+8WECs is studied in Fig. 4.24(a-d). The tension developed on the mooring
cables is reduced with the increase in the number of mooring cables provided to stabilise the
floating system. Fig. 4.24(a) shows the mooring cable tension developed for the 6-Mooring
layout of the hybrid FTLP+8WECs for the different operational conditions of the wind turbine.
Higher tension for the cables is observed for the 11.2 m/s wind speed condition and is observed
to be less for the 8, 14 and 17 m/s wind speed conditions. Further, the tension developed on the

mooring cables is almost similar for any cables for different operational conditions.
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Fig. 4.24: Maximum tension developed on the tendons for (a) 6-Mooring, (b) 7-Mooring, (c)
12-Mooring, and (d) 13-Mooring for the hybrid FTLP+8WECs.
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Slightly higher tension values are observed for the cables on the seaward side, which may be
due to the direct impact of the waves. Fig. 4.24(b) shows the tension developed for the 7-
Mooring layout of the hybrid FTLP+8WECs. Tension developed on the mooring cables is
similar to any wind speed conditions. Slightly higher values are observed for 8 and 11.2 m/s
wind speed conditions and are observed to decrease with the increase in the wind speed.
Further, the tension developed on the cables is almost equal for any wind speed condition.
Similar variation in tension developed is observed for both 12-Mooring (Fig. 4.24c) and 13-
Mooring (Fig. 4.24d) layout supporting the hybrid system. For all four mooring layout
conditions, the higher tension developed is for the 11.2 m/s wind speed condition. This may be
because the rated wind speed (11.4 m/s) yields the highest wind power absorption, further
having a higher wind load on the platform, increasing the tension developing on the mooring
cables. Also, it is observed that the tension developed on the cables for any mooring layout is
evenly distributed. This prevents the overloading of the individual cables, reducing the risk of
failure or excessive stress on an individual cable. Compared to hybrid STLP+6WECs with
different mooring layouts, hybrid FTLP+8WECs floating wind turbines have better

performance and higher stability in terms of tension developed on the mooring cables.
445 Generator Power

A 5 MW wind turbine is typically built to produce 5 MW (or 5,000 kW) of nominal power
output. A wind turbine's power production changes according to wind speed and is not constant.
In order to prevent damage, wind turbines have rated or cut-in wind speeds at which they begin
to generate power and cut-out wind speeds at which they must shut down. The power output
rises with wind speed within the rated wind speed range, following a power curve unique to
the turbine model. The correlation between wind speed and the related power output is depicted
by the power curve of a wind turbine. A wind turbine typically operates at its maximum
capacity (rated power) at a specific wind speed, typically between 10 and 15 m/s. Until the cut-
out wind speed is achieved, the power output remains steady above this wind speed. The
generator power for the hybrid STLP+6WECs and hybrid FTLP+8WECs is studied to

understand the influence of the floating platforms on wind power generation.
4.45.1 Submerged Tension-Leg Platform with Six WECs

The time-domain characteristics of generator power for irregular waves for the hybrid floating
platform are shown in Fig. 4.25(a-d). The study shows that the hybrid system has

approximately the same mean generator power output during operation and can generate the
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power of 5 MW at any wind speed between the cut-in and cut-out wind speed of the 5 MW
reference wind turbine.
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Fig. 4.25: Generator power for (a) SS-1, (b) SS-2, (c) SS-3, and (d) SS-4 for different mooring
configurations of hybrid STLP+6WECs under irregular waves.

The variations in the generator power conclude the influence of wind gusts and control action
on the power generation. For a wind speed of 11.2 m/s, the study observes to have very
minimum variation in power generation for all four different mooring configurations of the
hybrid floater under irregular waves, as seen in Fig. 4.25(b). The minimum variation in the
power generator concludes the minimum value of pitch for the hybrid system, further ensuring
that the load developed at the base of the turbine under the action of wind will be minimum.
From Fig. 4.25(d), a higher variation in power generation for the hybrid floater is observed for
the wind speed of 17 m/s, which is close to the parked condition of the 5 MW reference wind
turbine.

4.4.5.2 Frustum Tension-Leg Platform with Eight WECs

The generator power of the 5 MW wind turbine supported on the hybrid FTLP+8WECs floating
platform stabilised using different mooring layouts for different operational wind speed
conditions is discussed in Fig. 4.26(a-d). The higher variation in power generation is observed
for the 8 m/s (Fig. 4.26a) and 11.2 m/s (Fig. 4.26b) wind speed conditions. This may be
because, for lower wind speed conditions, the variations of the platform motions may be higher,
leading to higher variations in power generation. Generator power may fluctuate as the control
system adjusts to the changing environment in response to variations in wind conditions and
platform motion. Further, the variation in power generation is minimum with the change in the
number of mooring cables for any wind speed condition. For wind speed conditions above 11.4

m/s, variation in power generation is minimum. Fig. 4.26(c) shows the variation in power
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generation for 14 m/s wind speed conditions. The variation is minimal for the 14 m/s wind load

condition.

(a)

(b)

(©

Generator Power (kW)

Generator Power (kW)

Generator Power (kW)

Generator Power (kW)

Generator Power (kW)

Generator Power (kW)

5400 ] : ; : 5400 7 0
5200 1 5200 ‘
5000 5000
oo || HMAAMAARAAIHEAN ARAARAEAOAARA IR ERIARARfHL 280
00 1" A A S1600
2200 —J IR PR A R R A A =400
2200 JVHRYR RHR AR B R T4200
aooo J1-HHFHHE- HAAFRAAEACH R A R R R = 4000 J
soo 1 JHHT-HAARATRRHRNERHTAR DR &3800
asoo |- ||{1- IR R R E ORE S3a600 ] k
B 0111 A1 A R E3%00 !
Saa0 LTI gy ! I
3000 J}-ncf | . X | B3000 |- -t
2800 } ) 2800 I I
2600 F It ! t = 2600 b I } f !
2400 2400
2200 Ly I I 2200 L] I I
2000 1 } } 2000 | } }
2600 2800 3000 200 2600 2800 3000 3200
Time (s) Time (s)
5400 J T T T 5400 J T T
5200 } } | 5200 } 4 |
5000 5000
4800 4800
4600 < 4600
4400 < 400
4200 & 4200
3800 < 3800
3600 A i £ 3e00 -
3400 4 - 1 S 3400 41 -
3200 \ - (. ] £ 3200 F 1 :
3000 -+ - - . & 3000 -t + S
e00 I I | e & I It
2600 S - | 2600 - - i
2400 | 2400 |
2200 t I t t 12-Mooring 2200 t I t t 13-Mooring
2000 - T T - T 000 . . : - 7
2600 2800 3000 3200 3400 3600 2600 2800 3000 3200 3400 3600
Time (s) Time (s)
5600 s800
5400 i 5600 | I
5200 4 . - i . 5400 4 . - -
5000 5200
2800 P 5000 i T - i
4600 4 Saso0 . - i
2400 ! ! [ 00 I 1 : i
2200 I ! L gaa00 3 t t - -
4000 t i il | Saao0 I T LT |
3800 s L | |}
ey I il - 52800 3| H ]
3600 I [ | [ 830 [ i | Il
3400 1HH } 1 i | B3400 H” \I I ] I \‘I} !
3200 |
3000 U |- I I I &3200 i N L L 1 f
2800 l LI ” {0 } | 2800 I I ] I
ijgg t i i t I ;jgg i t “ !\ t
l | l n I 1 I I n
2200 6-Moorin: 2200 7-Moorin.
2000 } } : L 9 299 [ g]
2600 2800 o 200 3400 3600 2600 2800 3000__ 3200 3400 3600
Time (s) Time (s)
5800 5800
200 T T T T ] 200 T T T T ]
5400 | } “thrtt | | 5400 | 4 - "
5200 4 5200
5000 J i A __ 50004 1 - 4
4800 3 b + - - < 4800 4 b + - -
4600 4 - - = 4600 ] - -
4400 In ! : : 5 1100 ! ! | |
2200 n i - I £ 4200 4 } ¥ I -
2200 31111 | . 3 2200 1IN T || -
Soo0 3N T , [T I T 3000 T 1 §| 181} (|
3800 HHEE I , | I | 2 3600 [ } 1 | Il
3600 ! . 1 I s 3800 P il |
B H | I &3 1 — :
3000 0 M1 3000 i
2800 2800
2600 ! N — K ! 2600 ! - ! !
2400 I [— i} ! 400 I T I L
2200 i f i [ 12-Mooring| 2200 i i i | 13-Mooring]|
2000 - y T 7 7 000 - T T ; J
2600 2800 3000 3200 3400 3600 2600 2800 3000 3200 3400 3600
Time (s) Time (s)
s600 | 5500 T
. T | |
5000 |
4800 - v -
I I I = | | | I
4400 ! ! ! gas00 T T T T
| | | & | | | |
4000 I i i gaooo I . I t
3600 ! ! ! ] I I I I
| | | 33500 f f f f
3200 } ! } | | | |
| | | 3000 t t t t
2800
T f - | | | [=—7-mooring]
, , [ e-Muoan‘ 2500 \ \ \ 7-Mooring]|
261 3000 3200 3400 3600 2600 2800 3000__ 3200 3400 3600
Time (s) Time (s)
5600
5500 T T T T ] T T
| | | | 5200 Jopor L] i
5000
| | < 4800 o - i i - 1
| | ! | = I | |
as00 ]
| | | | g 4400 I f ' I
l l l | T l ! l
4000 5 4000
| | | | s | | |
2500 | | | | 2 se00 t t t
| | | | © oo | | |
2000 ! ! ! | I T I
| | | | 2800 ! l l
| | | [ 12-Mooring | | | 13-Mooring]
2500 T T T ; 7 r T r - 7
2600 2800 3000 3200 3400 3600 2600 2800 3000 3200 3400 3600
Time (s) Time (s)

173



Dynamic Analysis of Offshore Floating Wind Turbine Combined with Wave Energy Converter

4600

Generator Power (kW)
Generator Power agkw)
PN S o @
£ 5 8 8 8%

! 00
6-Moorin
9| 4000
2400 2600

4800

Generator Power (kW)

4600

; i ! i !
! L w00 i i i i
12-Moorin 13-Moorin
i 2 aa00 , : . ol
3400 3600 3600

3000
Time (s) Time (s)

(d)

Fig. 4.26: Generator power for (a) SS-1, (b) SS-2, (c) SS-3, and (d) SS-4 for different mooring
configurations of hybrid FTLP+8WECs under irregular waves.

Further, the variation is observed to increase for the 17 m/s wind speed condition (Fig. 4.26d).
For both STLP+6WECs and FTLP+8WECs hybrid floating systems, the variation in power
generation is minimum for the 11.2 and 14 m/s wind speed conditions. Also, it has minimum

influence on the change in number of mooring cables.
446 Tower Base Forces and Moments

The forces and moments developed at the base of the wind turbine are studied for wind speeds
below and above the rated wind speed of the reference wind turbine for the North Atlantic
region. The forces and moments developed on the turbine’s base explain the impact of wind
and waves on the turbine. The side-to-side shear force developed on the longitudinal axis is
mainly due to the aerodynamic drag of the blades. The aerodynamic drag developed on the
blades is more sensitive to the local angle of attack than the aerodynamic lift. Further, for both
the wind speed conditions, it is observed that the magnitude of the side-to-side shear force
developed is less than the fore-aft shear force, further highlighting that the discrepancy of the

side-to-side force is insignificant to the resulting force developed.
4.4.6.1 Submerged Tension-Leg Platform with Six WECs

The variation in the fore-aft shear forces generated at the base of the turbine with the increase
in the number of mooring lines is insignificant, as seen in Table 4.7. The maximum value of
the fore-aft shear force developed is for the 8-Mooring configuration for the mean wind speed

of 11.2 m/s. Further, it is observed that the mean and standard deviation for the force in the 8-

174



Chapter 4: Coupled Dynamic Analysis of Hybrid TLP-WEC with Different Mooring Configurations

Mooring configuration system is minimal compared to the other three configurations. For the
9-Mooring configuration, it is observed that the mean and standard deviation of the forces is
more compared to the other three configurations. Further, the lowest magnitude for the

maximum fore-aft force is observed for the 9-Mooring configuration.

Table 4.7: Statistics of the fore-aft shear force for Vimean=11.2 m/s.

Parameters 4-Mooring | 5-Mooring | 8-Mooring | 9-Mooring
Mean (kKN) 513.36 511.74 382.94 518.45
Standard
\F;Veg“'ar Deviation (kN) | 153.72 143.83 206.03 142.40
aves
Max (kN) 798.4 752.3 638.6 707.0
Min (kN) 153.72 143.83 114.4 142.4
Mean (kKN) 520.62 515.47 517.96 535.26
Standard
wegu'ar Deviation (kN) | 251.01 231.97 222.88 250.84
aves
Max (KN) 1349 1163 1430 1603
Min (kN) 2.553 0.9816 0.0578 0.520
Table 4.8: Statistics of the side-to-side shear force for Vimean=11.2 m/s.
Parameters 4-Mooring | 5-Mooring | 8-Mooring | 9-Mooring
Mean (kN) 228.56 220.48 221.38 228.807
Standard
Regular | peviation (kN) | 100.72 95.01 84.17 86.44
Waves
Max (kN) 396.23 369.45 323.56 336.98
Min (kN) 31.01 44.44 82.56 93.25
Mean (kN) 181.88 175.88 179.21 191.54
Standard
\'/r\;egu'ar Deviation (kN) | 139.38 132.57 137.64 147.08
aves
Max (KN) 729.4 674.3 876.9 850.3
Min (KN) 0.1083 0.023 0.075 0.0458

Table 4.8 presents the side-to-side shear force developed at the base of the floating wind turbine
platform. The variation observed for side-to-side shear force is similar to that for the fore-aft
force. With the increase in the mooring lines, the mean and standard deviation of the forces
developing at the base are minimal showing the importance of the mooring line for stabilising

the platform. The highest magnitude for maximum side-to-side shear force developed is
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observed for the 8-mooring configuration, and the lowest magnitude is observed for the 9-

Mooring configuration.

Table 4.9: Statistics of the side-to-side bending moment for Vimean = 11.2 m/s.

Parameters 4-Mooring | 5-Mooring | 8-Mooring | 9-Mooring
Mean (KN-m) 1.55E+4 1.5E+4 1.505E+4 1.55E+4
Standard
Regular | peyiation (kN-m) | 8511.45 8250.95 | 7786.24 | 7970.97
w
aves
Max (kN-m) 3.13E+4 2.96E+4 2.63E+4 2.72E+4
Min (kN-m) 8.737 27.94 96.65 175.4
Mean (kN-m) 1.31E+4 1.27E+4 1.32E+4 1.43E+4
Standard
\'/Uegu'ar Deviation (kN-m) | 9878.45 | 9597.37 | 10347.4 | 11150.81
aves
Max (kN-m) 4. 76E+4 5.05E+4 | 6.89E+4 | 6.77E+4
Min (kN-m) 27.78 35.38 50.83 49.16

Table 4.10: Statistics of the fore-aft bending moment for Vmean = 11.2 m/s.

Parameters 4-Mooring | 5-Mooring | 8-Mooring | 9-Mooring
Mean (kN-m) 4.64E+4 | 4.62E+4 | ABLE+4 | 4.71E+4
Standard
\F;Veg“'ar Deviation (kN-m) | 10891.04 | 10122.34 | 9620.77 | 10001.21
aves
Max (kN-m) 6.68E+4 | 6.36E+4 | 5.83E+4 | 6.01E+4
Min (kN-m) 252E+4 | 2.81E+4 | 3.15E+4 | 3.09E+4
Mean (kN-m) 4.68E+4 4.64E+4 4.65E+4 4.80E+4
Standard
wegu'ar Deviation (kN-m) | 190735 | 17326.28 | 16735.99 | 19171.6
aves
Max (kN-m) 1.08E+5 | 9.26E+4 | 1.17E+5 | 1.32E+5
Min (kN-m) 662.28 936.4 792.5 1027

Table 4.9 and 4.10 shows the moments developed at the turbine’s base for a mean wind speed
of 11.2 m/s. The mean value of the fore-aft bending moment developed at the turbine tower is
mainly wind-induced. Further, the standard deviation of the moment is primarily induced by
wind and wave loads. Table 4.9 and Table 4.10 shows that the standard deviation values for
the moments developed are higher compared to the mean values for all four mooring
configurations. Thus, it is concluded that the moments developed on the hybrid floater are

induced by both wind and wave loads. Both the mean and standard deviation for the bending
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moment developed is minimum for the 8-Mooring configuration, concluding that the impact
of both wind and waves on the hybrid floater supported by 8-Mooring lines will be minimum.
It is also observed that the maximum values for the forces and moments developed are observed

for the 4-Mooring configuration.
4.4.6.2 Frustum Tension-Leg Platform with Eight WECs

The forces and moments developed at the base of the turbine tower are studied for the hybrid
FTLP+8WECs platform for different mooring layouts. The mean and standard deviation of the
fore-aft shear force and side-to-side shear force developing at the base of the turbine tower are
studied (Table 4.11 and Table 4.12) for both regular and irregular wave conditions.

Table 4.11: Statistics of the fore-aft shear force for Vimean = 11.2 m/s.

Parameters 6-Mooring | 7-Mooring | 12-Mooring | 13-Mooring
Mean (kKN) 987.625 951.717 482.904 478.448
Standard
Regular | peviation (kN) | 87.38 99.017 79.01 85.46
Waves
Max (kN) 2.83E+03 2.41E+03 1.55E+03 1.55E+03
Min (KN) 8.01E+02 | 8.89E+02 2.28E+02 2.28E+02
Mean (kN) 1.85E+03 1.65E+03 595.87 496.21
Standard
Irregular | peviation (kN) | 86.61 71.96 55.17 52.03
Waves
Max (kN) 2.84E+03 | 2.61E+03 1.52E+03 1.51E+03
Min (KN) 7.69E+02 | 8.38E+02 1.16E+02 1.09E+02
Table 4.12: Statistics of the side-to-side shear force for Vmean = 11.2 m/s.
Parameters 6-Mooring | 7-Mooring | 12-Mooring | 13-Mooring
Mean (kN) 581.38 577.80 225.26 209.52
Standard
Regular -
Deviation (kKN) 52.37 36.69 31.36 30.61
Waves
Max (KN) 856.69 839.52 446.82 445,73
Min (KN) 168.63 152.93 86.04 79.27
Mean (kN) 682.95 698.28 320.32 319.83
Irregular Standard
Wa\g/es Deviation (kN) |  66.07 68.67 75.13 73.40
Max (KN) 1.14E+03 1.01E+03 570.13 561.02
Min (KN) 674.83 529.37 68.02 65.47
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Also the maximum and minimum values of the moments are studied. The forces for the
platform are observed to be higher under irregular wave conditions. The fore-aft shear force is
observed to be higher for both regular and irregular wave conditions, as seen in Table 4.11.
This may be because of the zero-degree wave direction considered in the study. Further, the
forces are observed to reduce with the increase in the number of mooring cables. With the
addition of the mooring cable to the central column, the standard deviation of the fore-aft shear
forces increases, showing random fluctuations in shear force, which may be due to turbulence

or wind gusts.

Table 4.13: Statistics of the side-to-side bending moment for Vmean = 11.2 m/s.

Parameters 6-Mooring | 7-Mooring | 12-Mooring | 13-Mooring
Mean (kN-m) 1.30E+05 | 1.22E+05 | 9.52E+04 | 9.52E+04
Standard

5\75\7;? Deviation (kN-m) 439.05 418.023 305.287 303.287
Max (KN-m) 7.24E+05 | 6.97E+05 | 4.97E+05 | 4.97E+05
Min (kN-m) 8.14E+04 | 7.26E+04 | 2.30E+04 | 2.30E+04
Mean (kN-m) 1.78E+05 | 1.56E+05 | 8.93E+04 | 8.72E+04
Standard

\I/r\;z\g/:slar Deviation (kN-m) 453.46 438.38 329.75 330.34
Max (kN-m) 6.99E+05 | 6.76E+05 | 3.58E+05 | 3.61E+05
Min (KN-m) 4.43E+04 | 3.82E+04 | 2.30E+04 | 2.25E+04

Table 4.14: Statistics of the fore-aft bending moment for Vimean = 11.2 m/s.

Parameters 6-Mooring | 7-Mooring | 12-Mooring | 13-Mooring
Mean (KN-m) 1.36E+06 1.30E+06 4.68E+05 4.68E+05
Standard

\'7\;*3\2? Deviation (kN-m) |  743.48 696.34 400.31 400.31
Max (KN-m) 2.39E+06 1.92E+06 8.43E+05 8.36E+05
Min (KN-m) 1.76E+05 1.50E+05 1.63E+04 1.43E+04
Mean (kKN-m) 2.35E+06 2.14E+06 7.40E+05 7.40E+05
Standard

\I/r\;z\g/s:ar Deviation (kN-m) |  841.34 768.86 416.33 414.67
Max (KN-m) 4.27E+06 3.93E+06 1.91E+06 1.90E+06
Min (kN-m) 8.97E+05 7.32E+05 2.06E+05 2.15E+05
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Table 4.13 and Table 4.14 shows the side-to-side bending moment and the for-aft bending
moment developed at the base of the turbine tower. Similar to the forces developed, the
moments are influenced by the change in the mooring layout. The moments are observed to
reduce with the increase in the mooring cables, though the variation is not much higher. The
mean value of the tower base fore-aft bending moment is mainly wind-induced, while its
standard deviation is induced by both wind loads and wave loads (Han et al., 2017). Higher
variations in the standard deviation values for different mooring layouts are observed for the
fore-aft bending moments. The standard deviation values for the moments are reduced
significantly for the 12-Mooring and 13-Mooring configurations, further showing the reduced

influence of the wind and wave loads.
45 CLOSURE

This chapter investigates the dynamic behaviour of a 5 MW wind turbine supported by two-
hybrid concepts, STLP+6WECs and FTLP+8WECs, both stabilised by different mooring line
layouts. A fully coupled aero-servo-hydro-elastic simulation of the hybrid floater with different
mooring layouts is conducted using FAST for regular and irregular wave conditions. The
responses of the floating platform in the frequency-domain are analysed to examine the wave
frequency region of the hybrid system for different mooring layouts. Further, the study analyses
the time series data of the responses in six degrees of freedom, forces and moments at the base
of the turbine tower, generator power and the mooring tension developed on each mooring
cable of the different mooring layouts considered. The conclusions drawn from the study are
as follows:

e The stiffness of the hybrid platform is observed to be higher in the vertical plane than
in the horizontal plane. Minimum variation in the natural frequency of STLP and FTLP
is observed with the addition of WECs around the TLP floaters in a circular pattern.

e The 4-Mooring layout of STLP+6WECs and 7-Mooring layout of FTLP+8WECs
configurations are observed to have the lower surge, sway and heave energy for the
wave frequency region. An average 18% reduction in surge, 13 % reduction in heave
and 3% reduction in yaw motion response is observed for the 4-Mooring layout of
STLP+6WECSs converters compared to the 9-Mooring layout. An average 7% reduction
in surge, 5% reduction in heave and 11% reduction in yaw motion response is observed
for the 7-Mooring layout of STLP+6WECs converters compared to the 13-Mooring

layout.
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The addition of the WECs around the STLP and FTLP has helped to reduce the tension
developing on the mooring cables, which may be due to the additional stiffness
provided by the WEC. An average 36% reduction in tension is observed for the 9-
Mooring layout of STLP compared to 4-Mooring Layout for different operational
conditions. An average 55% reduction in tension is observed for the 13-Mooring layout
of FTLP compared to 6-Mooring Layout for 8 m/s, 14 m/s and 17m/s operational
conditions. For 11.2 m/s wind speed condition, 82% reduction in the tension id
observed for the 13-Mooring layout.

The variation in the generator power for the STLP+6WECSs hybrid system is minimal
compared to FTLP+8WEC for SS-1 and SS-2 load case conditions for any mooring
layouts. Hence the efficiency in the wind power absorption is higher for the 5 MW wind
turbine supported on STLP+6WECs for wind speed conditions below 11.4 m/s.

The fore-aft shear force and fore-aft bending moments are minimum for the
STLP+6WECs configuration supported with an 8-Mooring layout and FTLP+8WECs

supported with 13-Mooring, with a minimum impact of wind and wave-induced loads.
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CHAPTER 5

LONG-TERM ANALYSIS OF HYBRID TLP-WEC

5.1 GENERAL INTRODUCTION

The immense availability of ocean waves and wind has turned the world's attention towards
new renewable energy alternatives. The capacity of the world's wind power generation is
proliferating, with an annual increase of 30% over the last decade, which shows the potential
of the available wind resource. The deep-water regions being a continuous source of wind and
wave energy, have proved to be a promising ground for energy derivation using floating
offshore wind turbines (FOWT). As the FOWT s set up and installed in deep waters, the
assessment of the performance of the FOWT is essential to define the design targets of the
floater. Thus, it becomes important to determine the maximum possible values of motion
parameters such as displacements, forces, moments, accelerations and relative motions, which
are probable to occur during the life period of the FOWT. The design parameters are defined
by obtaining the long-term probability distributions, which depend on the wave amplitude,
wave spectra and the wave climate descriptions. The knowledge of the probability distribution
of the amplitudes during the lifetime of the wind turbine provides the percentage of time for
which the operating conditions of the turbine would prevail (Li et al., 2015). Though
probability-based studies are developed for the design and analysis of structures, they have
equal importance for other design variables.

5.2 NUMERICAL MODELLING

In the present study, a complex system that includes a floating wind turbine, a point absorber
WEC, and a mooring system is considered for the integrated aero-hydro-servo-elastic
simulation to predict the dynamic responses of the rigid system. The equation of motion
(Eq. 2.3) for the wind turbine and the coupled support platform in the time domain for the
FAST developed by NREL is derived from Kane's dynamics. The expression in Eq. (2.3)
balances all the generalised active and inertia forces of the complex coupled Rotor Nacelle
Assembly (RNA). The total axial force developing on the rotor takes the contributions of lift
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force and drag force, depending on the air density, airfoil chord length, relative velocity and
the radial length of the blade section.

The total external load (Eg. 2.7) other than the weight of the support platform has contributed
from the component of added mass, the hydrodynamic load and the load developed by the
mooring lines. The hydrodynamic load (Eg. 2.11) acting on the support platform depends on
the hydrostatic loads, the radiation force and the diffraction force. The hydrodynamic load also
has the contributions from the viscous drag force developing on the support platform, further
modelled using the Morison equation. The total wave force (Eq. 2.12) action of the support
platform has influences on the added mass coefficient at infinite frequency, the retardation
function, the 2-sided power spectral density of the wave per unit time, the Fourier transform of
a realisation of white Gaussian noise time series process with zero mean and unit variance and
the complex-valued array representing the wave excitation force on support platform
normalised per unit wave amplitude depending on frequency and direction of the incident
wave.

The TLP is intended to achieve structural stability through the tensioned mooring system that
is stiff in pitch. The average tension developed on the mooring cables is analysed by assuming
the balance of forces and moments for the cables with wind propagating in the positive x
direction. The balance of forces (Wayman et al., 2006) representing the angle tethers make

with the vertical is represented as

I:B -'_logﬂ'Rd2 ( L[ether - L[ether Cos 9)_ Mllg = COSQZ I:T,i’ (51)
where F; is the buoyancy force, R, is the radial distance to the tether fairlead, M, is the total

mass of the system, F; is the total tether force exerted and L., is the unstretched length of the
tethers. With the four tethers placed at 90° interval, the average tether force (FT‘ave) developed
IS given by

E _ I:B + /Dgﬂ.Rd2 (L[ether - Ltether COS@) - Mllg (52)
Toave 4c0s 0 '

The initial tether tension must be carefully chosen to prevent the tension value from going to

zero or exceeding the maximum value of allowable tension. Further, the tether tension must be
approximately equal to the water ballast weight to stabilise the structure during installation. In
the case of the turbine at rest during the towing of the platform, the absence of the wind load

on the platform ensures minimum operational thrust as the maximum value of wind loading
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during towing. The system requires adequate hydrostatic and inertial restoring to limit the
steady-state pitch values below 10°, which is achieved by adjusting the level of concrete ballast

and also the height and radius of the cylinder.

5.2.1 Response Amplitude Operators (RAOs)

The linear dynamic motions of the hybrid system (Wayman et al. 2006) for mass M , added

mass A(a)) and stiffness matrix C are solved using the equation of motion given as
[-0* (M + A(0)} +i0B(0)+C |2(0) = X (), (5.3)
with the system's dimensional response in each mode of motion E(a)) The added mass,

damping matrix and exciting forces are evaluated using WAMIT. The RAO (Eq. 2.24) for the

translational modes of motion for wave amplitude A,,,. is used as the transfer function for

long-term analysis.

5.2.2 Long-Term Analysis

The long-term models are developed using the short-term situations expected to occur during
the life period of the structure. In the study of floating offshore structures using long-term
analysis, the probability density function of a response depending on the physical condition
must be constructed. The short-term situation for a sea surface elevation is assumed to be
modelled as a stationary Gaussian stochastic process. The probability Q, of exceeding the
amplitude x of wave elevation (Bagbanci et al., 2015) described by Rayleigh distribution in

the short-term situation is given by

Qs(x/RV):e(—XZIZRV), (5.4)

where R, is the variance, and for the narrow band process, the variance R is determined by
R, =[Sy (0)d0. (5.5)
0

where S, (w) is the input wave spectrum dependent on the sea state condition. The concept of

probability of exceedance, also known as "return period,” refers to the likelihood that a certain
event or value will be exceeded in a given period. It is commonly expressed as a percentage or
reciprocal of the number of years an event is expected to occur. The probability of exceedance

is calculated using historical data and statistical models such as the Gumbel distribution, the
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Weibull distribution, or the Extreme Value Distribution. These models are used to estimate the
probability that a certain event will occur, given a set of data. The study considers the North
Atlantic offshore region, and the wave data is taken from International Association for
Classification Societies (IACS). The probabilistic approach method is presented for
determining the largest response that the structure may experience throughout the span of its
service life. However, the response values are significantly determined by the distribution
being considered. As with wave heights, it is expected that responses generally follow the

Rayleigh distribution. The average wave period is calculated to be 8.5 seconds using long-term

data, and the long-term probability of exceeding it once per 20 years is found to be 1.35x10°.
This is based on the assumption that the structure's service life is 20 years.

The present study observes different wave spectrum models to compare spectrum models. The
Pierson-Moskowitz (PM) spectra model describes a fully developed sea determined by one
parameter, wind speed. The fetch and duration of wind speed are considered to be infinite. So,
for the PM model, the wind moves over a larger area for a closely constant speed for many
hours before the wave record is obtained, and the wind direction does not vary more than a
certain defined amount. The PM model is useful in representing a severe storm wave in the
design of offshore structures. The Pierson-Moskowitz (PM) spectrum model (Setiyawan et al.,
2013) is described as

4
S(w)=ag’ew™® exp{—O.M[ai;Wj }, (5.6a)
where o = 0.0081. Alternatively, in terms of the frequency of the spectral peak, the PM model
IS given by
4
S(w)=ag’w”® exp[—l.ZS[ﬁJ ] (5.6b)
20

Thus, the peak frequency is related to @, as @, = 0.710 ®,. In the case of the sea state being

still in the development stage, the study uses the JONSWAP spectrum given by

s, ()= ag® (27)" [%j e{[”xmk()] 5.7)

Where 5 is the peak enhancement factor. Assuming the spectrum to be narrow-banded, the

individual wave period and wave height follow the Rayleigh distribution. Bretschneider (1959,

1969) derived the spectral model which is given by
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4 ¥
s@):o.msmﬁ%e o) (5.8)

@5

where o, = 2n/T,, H,is the significant wave height and T_is the significant wave period

defined as the average period of the significant waves. Thus, from the Bretschneider spectral
model, it can be shown that T, =0.946T, with T;is the peak period. The relationship between
the significant wave period and peak wave period makes the Bretschneider and the PM models

equivalent. The International Ship Structures Congress (1964) suggested a slight modification
in the Bretschneider spectrum to define the ISSC spectrum model of the form
4 70.4427(34

S(w):O.llOYHsz%e

(5.9)

The relationship between the peak frequency @,and @ for ISSC spectrum is of the form

@ =1.296w,. The ITTC Spectrum is given by

2_ 4
S(w)=ag’w °exp {— 40{%} (5.10)
where « = 0'0481 and k= g/3.54(02. In which o =m, = H. s the standard deviation
Kk o 4

(r.m.s value) of the water surface elevation. The response spectrum obtained from the input
wave spectrum S, () (Vijay et al., 2020) is given by

Se(@)=H (@) S, (@), (5.11)
where H (@) is the transfer function. In the long-term analysis considering the lifetime of the

structure, the probability density function describing the variance of response at a random point

IS given by
fr(r)= st'Tp (h,t). (5.12)
where fHS]Tp (h,t) is the joint probability density function of significant wave height and

average period. Thus, the probability of exceeding amplitude x during the structure’s lifetime
at a random point in time can be achieved by unconditioning the short-term probability of

exceedance, which is given by

Q.09 = [W(T,)Q. (¥R.).fx (r)ar, (5.13)
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where W(Tp) is a weighing factor which is a function of the average period of sea state and

accounts for different numbers of amplitude that occur in sea states of different periods. Thus,
to design a structure against collapse or extreme load conditions, researchers are interested in
predicting a large enough value to be met not more than once during the lifetime of the
structure. The short-term description for the study is presented with a wave height spectrum,
and the long-term model indicates the variations of spectral parameters on a larger time scale.

53 GEOMETRIC MODELLING

The TLP is a FOWT platform that tethers the platform tightly to the sea bed using tension
cables, eliminating the vertical movements usually used for a water depth of 70-150 m. The
present study discusses an STLP and an FTLP floater combined with different numbers of
heaving cone-cylinder-shaped point absorber WECS in a circular pattern around the floater, as
shown in Fig. 5.1(a,b). Compared to other shapes of heaving point absorber WECs, the cone-

cylinder shape has higher hydrodynamic added mass, damping coefficient, and excitation

force.

(b)
Fig. 5.1: (a) FTLP and (b) STLP floating wind turbine platform combined with two cone-
cylinder heaving point absorber WECS.

Higher wave power absorption than the other two floater designs was achieved by the cone-
cylinder-shaped point absorber WEC due to its better hydrodynamic coefficients (Sinha et al.,
2016). The additional WECs should provide more power and enhance the floating platform's
motion dynamics. The geometric modelling of the wetted surfaces of the hybrid system below
the design water level is achieved using Rhinoceros 3D modelling software. The model surface
is subdivided into meshes, and all the meshes represent the wetted surface of the combined
system. Further, to perform a better continuation of the body surface discretised by these
meshes, a set of small elements called panels are defined with these meshes. The optimum
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number of panels required for the analysis is determined using the convergence test of
hydrodynamic coefficients. The optimum number of panels ensures the accuracy of the transfer
functions and also provides optimal simulation time. The modelling and meshing done for five
different circular arrays of the WECs around the STLP and FTLP floating 5 MW wind turbine
platform are detailed in Chapter 1.

54 METHODOLOGY

The hydrodynamic analysis and coupled dynamic analysis for different configurations of the
hybrid platform are conducted for different wind and wave load conditions (Table 2.12) of the
Northern North Sea. The hydrodynamic analysis is conducted using WAMIT, based on a 3-D
numerical panel method in the frequency domain, solving the linearised hydrodynamic

radiation and diffraction problems for the FOWT interacting with the surface waves.

RHINO 3D
(Geometric data
File)
Potential file
WAMIT
(Hydrodynamic Configuration file
Analysis)
Force file
Long-Term
Analysis
Response Added Mass
Operator o
Excitation force
Tower base 5
Forces and :
Moments coefficient
FAST (Coupled
Dynamic
Analysis)
™ =N
AcroDyn file ElastoDyn file
HydroDyn file ServoDyn file
MoorDyn file

Fig. 5.2: Flow chart depicting methodology for the long-term response analysis.

The time domain analysis is performed for the combined platform through a fully coupled aero-
hydro-servo-elastic simulation tool FAST. The FAST code stimulates stochastic time-domain

turbine response and computes hydrodynamic loads using Morison's equation. The wind and
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waves are the most important meteorological and oceanographic data for analysing an offshore
floating wind turbine and WEC system. The load data cases are subsequently used to calculate
the coupled dynamic responses through aero-hydro-servo-elastic simulation for the TLP-type
wind turbine combined with a circular array of heaving cone-cylinder WECSs. The study also
observes the forces and moments developed at the base of the turbine tower to analyse the
performance of the hybrid system under severe wind loading. A flow chart detailing the

methodology adopted is shown in Fig. 5.2.

5.5 RESULTS AND DISCUSSION

The most probable values of motion amplitude of a hybrid wind-wave energy converter system
are studied using long-term analysis. The long-term response analysis is obtained using short-
term responses represented using Rayleigh distribution and further calculated the extreme
responses for North Atlantic wave data. The WECSs are arranged around the STLP and FTLP
floating system in different numbers (two, four, six and eight) in a circular pattern. The transfer
functions for the responses (surge, sway, heave, roll, pitch and yaw) and the tower base forces
and moments of the hybrid system are obtained using the aero-servo-hydro-elastic simulation
tool FAST developed by NREL. The performance of the combined system is based on the

transfer functions and the choice of wave spectrum model.
5.5.1 Comparison of Wave Spectra Models

The long-term analysis is conducted for different wave spectra models, which closely represent
the sea state conditions. The spectral models are generally based on one or more parameters
like significant wave height, wave period, shape factor etc. The Pierson-Moskowitz (PM)
spectrum model is the most used single-parameter model based on significant wave height or
wind speed, representing fully developed sea state conditions. Bretschneider, ISSC, and ITTC
spectrum models are two spectral parameter models. Developing seas usually have a more
peaked spectrum. i.e., the JONSWAP spectra with five parameters where three are held
constant. The JONSWAP spectrum follows Rayleigh distribution and incorporates the effect

of wave refraction.
5.5.1.1 Hybrid STLP-WEC FOWT Platforms

The long-term probabilistic approach is compared for different wave spectra and is tabulated
for different configurations for the hybrid STLP platform. Table 5.1 and Table 5.2 shows the

long-term surge and pitch response for 14 m/s wind speed condition (wind speed condition
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above the rated wind speed condition of 5 MW wind turbine) at the characteristic level of 108
comparing different spectrums. The long-term response is observed to be higher for the
JONSWAP spectrum with considerable variation as the wind is assumed to blow steadily over

the large area for a more extended period as the waves come in equilibrium with the wind.

Table 5.1: Maximum values of long-term surge response (m/m) for 14.0 m/s wind speed.

Configurations | JONSWAP | PM Spectra | Bretschneider ISSC ITTC
Spectra Spectra Spectra Spectra
STLP 90.7 21.3 21.9 21.9 21.9
STLP+2WECs 115.6 10.8 11.3 11.3 11.3
STLP+4WECs 78.2 11.3 10.7 10.7 10.7
STLP+6WECs 28.2 15.9 15.1 15.1 151
STLP+8WECs | 13.5 7.1 7.3 7.3 7.3

Table 5.2: Maximum values of long-term pitch response (deg/m) for 14.0 m/s wind speed.

Configurations | JONSWAP | PM Spectra | Bretschneider ISSC ITTC
Spectra Spectra Spectra Spectra
STLP 0.72 0.16 0.16 0.16 0.16
STLP+2WECs 0.73 0.12 0.13 0.13 0.13
STLP+4WECs 0.75 0.22 0.22 0.22 0.22
STLP+6WECs 0.69 0.60 0.60 0.60 0.60
STLP+8WECs 1.08 0.40 0.40 0.40 0.40

The PM, Bretschneider, ISSC, and ITTC spectrums are observed to have comparatively similar
energy levels. The minimum surge and pitch response is observed for STLP+6WECs
configuration, with higher wind power absorption. The minimum surge and pitch response of
the hybrid system ensures better platform orientation towards the wind direction, having higher

wind power absorption.
5.5.1.2 Hybrid FTLP-WEC FOWT Platforms

Tables 5.3 and 5.4 study the long-term surge and pitch response for the single FTLP and hybrid
FTLP-WEC configurations for five wave spectra models. The JONSWAP wave spectra model
is observed to have a higher long-term response wave compared to other wave models. This
may be because the peak enhancement factor, which denotes the peak wave's increased energy

compared to a typical sea condition, is incorporated into the spectral shape parameter. The
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JONSWAP model assumes that there is a greater probability of encountering larger waves with
more energy in the peak under specific wind conditions. As a result, compared to other models,
the JONSWAP model generates greater values for the peak wave energy.

Table 5.3: Maximum values of long-term surge response (m/m) for 14.0 m/s wind speed.

Configurations | JONSWAP | PM Spectra | Bretschneider ISSC ITTC
Spectra Spectra Spectra Spectra
FTLP 347.4 91.4 100.2 101.6 101.6
FTLP+2WECsx 268.2 52.5 63.3 66.7 66.7
FTLP+4WECs 298.2 58.3 68.6 69.6 69.6
FTLP+6WECs 298.8 54.5 63.6 66.6 66.6
FTLP+8WECs 288.2 50.2 58.7 61.3 61.3

Table 5.4: Maximum values of long-term pitch response (deg/m) for 14.0 m/s wind speed.

Configurations | JONSWAP | PM Spectra | Bretschneider ISSC ITTC
Spectra Spectra Spectra Spectra
FTLP 0.431 0.11 0.135 0.138 0.138
FTLP+2WECsx 0.328 0.063 0.089 0.091 0.091
FTLP+4WECs 0.223 0.058 0.073 0.077 0.077
FTLP+6WECs 0.214 0.049 0.068 0.071 0.071
FTLP+8WECs 0.197 0.046 0.061 0.064 0.064

Comparing the long-term surge and pitch response for the different hybrid models studied, the
FTLP+2WECsx and FTLP+8WECs configurations are observed to have the minimum long-
term values. Comparing both hybrid configurations of STLP and FTLP, the long-term surge
response values are observed to be higher for the STLP and hybrid STLP-WEC configurations,
and the long-term pitch responses are minimum for the hybrid FTLP-WEC configurations. The
minimum surge response may be due to the complete submergence of the platform, reducing
the wave load impact and reducing the chances of fatigue and potential damage caused by the
wave load. The reduced pitch motion of the FTLP and hybrid FTLP-WEC may be due to the
additional mass of the platform compared to STLP. The reduced pitch motion minimises the
tension load developing on the floating system. The present study examines the long-term
response of the combined system for the JONSWAP spectrum model for different operational
wind speed conditions of a5 MW wind turbine, which can be used to improve the design loads
or motions of the floating offshore structures.
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5.5.2 Translation and Rotational Motions

The unextendible mooring lines of TLP make it the most stable platform class in the installed
position. The axially rigid mooring lines ensure no significant heave, roll, or pitch motion.
There will be surge and sway translational motion along with yaw rotational motion. Further,
the long-term responses for surge, sway and yaw motion of the hybrid TLP-WEC for different
operational conditions of the wind turbine are analysed and presented.

5.5.2.1 Hybrid STLP-WEC FOWT Platforms

The long-term responses for surge, sway and yaw motion (Fig. 5.3(a-c)) using the JONSWAP
spectrum are plotted for 8 m/s wind speed comparing different circular arrays of cone-cylinder

point absorber WECs around STLP. The response pattern remains the same for different arrays
of WECs around STLP.
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Fig. 5.3: Long-term responses for (a) surge, (b) sway, and (c) yaw for 8 m/s wind speed.

The long-term probabilistic value is higher for the surge motion (Fig. 5.3a) in the case of
translational motions. For the rotational motion, yaw is higher than other translational values

at the characteristic level of 10, The higher surge value may be due to the large diameter of
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the hybrid system resulting in lower values of added mass and moment of inertia, further
ensuring the least displacement for the hybrid system. The study observes that the long-term
response value for the STLP+6WECs configuration is minimal at the characteristic level of 10
8, thus ensuring higher stability for the system. The higher yaw (Fig. 5.3c) value may be due to
the higher wind load developing on the nacelle.
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Fig. 5.4: Long-term responses for (a) surge, (b) sway, and (c) yaw for 11.2 m/s wind speed.

In Fig. 5.4(a-c), the long-term responses for surge, sway and yaw motion using the JONSWAP
spectrum are plotted for 11.2 m/s wind speed, comparing different circular arrays of cone-
cylinder WECs around STLP. The study observes that the long-term response for the sway
motion (Fig. 5.4b) is higher for 11.2 m/s wind speed conditions for all circular arrays of WECs
apart from the STLP+8WECs configuration. For the STLP+8WECs, the surge motion is on the
higher side at the 1078 characteristic level. The higher surge motion (Fig. 5.4a) of the platform
ensures the least displacement of the STLP+8WECs hybrid system. For the rotational motions,
the long-term response for the yaw motion (Fig. 5.4c) is very high at a 10 characteristic level.

The yaw response values were higher for the longer period waves, hence the larger yaw values
during the structure’s lifetime.
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Fig. 5.5: Long-term responses for (a) surge, (b) sway, and (c) yaw for 14 m/s wind speed.

The long-term responses for surge, sway and yaw are analysed for 14 m/s wind speed,
comparing different circular arrays of wave energy converters around STLP is shown in Fig.
5.5(a-c). The study observed that surge motion is higher than sway at a 108 characteristic level.
The higher surge value is due to the least displacement of the hybrid STLP-WEC for all circular
arrays of WECs around STLP. Higher variation is observed for the surge motion for different
arrangements of WECs compared to sway motion, as seen in Fig. 5.5(a,b). Further, the long-
term yaw response is on the higher side (Fig. 5.5¢), which demands additional stiffness for the
hybrid system to reduce the response value. The long-term surge responses at a 107
characteristic level are minimal for the STLP+6WECs configuration for both translational and
rotational motions. The long-term surge responses at a 107 characteristic level are very high
for STLP+8WECs at 14 m/s wind speed conditions (Fig. 5.5a). The higher long-term surge
response may reduce the system's efficiency. The variation of the long-term surge and sway
motion for the STLP+6WECs and STLP+8WECs is minimal compared to the yaw motion
responses of the hybrid floating platforms for 14 m/s wind speed.(Fig. 5.5(a-c)).
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Fig. 5.6: Long-term responses for (a) surge, (b) sway, and (c) yaw for 17 m/s wind speed.

In Fig. 5.6(a-c), the long-term responses for (a) surge, (b) sway and (e) yaw motion of the
hybrid system are analysed for 17 m/s wind speed. The variation in values of long-term
response for different arrangements of wave energy converters is minimum for surge motion
compared to sway motion (Fig. 5.6(a,b)). The long-term response value is higher for sway
motion at a 10 characteristic level than the surge response. The value of long-term surge
response is observed to be minimum for STLP+4WECs configuration and higher for
STLP+8WECSs. In the case of rotational motions, the long-term yaw response motion is higher
at a 10 characteristic level. The long-term response of the yaw motion (Fig. 5.6c) is observed
to increase by adding an array of WECs around the STLP. For 11.2 m/s and 17 m/s wind speed
conditions, the long-term yaw response is higher for STLP+6WECSs, though the surge and sway
motions are lower.

The study of the long-term surge response motion is important for the knowledge of the
displacement of the hybrid system and the initial pretension. The maximum long-term response
value for surge motion is tabulated for different operational wind speed conditions, as seen in

Table 5.5. The minimum long-term surge response is observed for STLP+6WECs
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configuration at 8 m/s wind speed, further observed to be minimal compared to other circular
arrays of WECs. Apart from the STLP+8WECs configuration, all different arrays of WECs
have higher long-term surge response at wind speed than the rated wind speed of a 5 MW wind
turbine. The long-term surge responses for STLP+8WECs configuration are minimum at 14
m/s wind speed, and the maximum value is observed for 11.2 m/s wind speed.

Table 5.5: Maximum long-term response value for surge motion for STLP and hybrid STLP.

Configurations | V=8m/s | V=112m/s | V=14 m/s | V=17 m/s
STLP 60.4 56.3 90.7 87.8
STLP+2WECs 51.1 76.2 115.6 89.1
STLP+4WECs 46.8 87.2 78.2 21.9
STLP+6WECs 6.2 37.4 28.2 57.8
STLP+8WECs 201.3 225.6 13.5 149.5

Table 5.6: Maximum long-term response value for pitch motion for STLP and hybrid STLP.

Configurations | V=8m/s | V=11.2m/s | V=14 m/s | V=17 m/s
STLP 0.48 0.53 0.72 0.52
STLP+2WECs 0.17 1.38 0.73 0.50
STLP+4WECs 0.26 1.1 0.75 0.52
STLP+6WECs 0.26 0.79 0.69 2.45
STLP+8WECs 0.81 2.75 1.08 1.74

Table 5.7: Maximum long-term response value for roll motion for STLP and hybrid STLP.

Configurations | V=8m/s | V=11.2m/s | V=14 m/s | V=17 m/s
STLP 0.75 0.48 0.65 0.55
STLP+2WECs 0.55 1.2 0.77 0.6
STLP+4WECs 0.53 0.9 0.82 0.5
STLP+6WECs 0.2 0.75 0.65 1.6
STLP+8WECs 3 351 0.7 3.4

The maximum long-term response values of pitch motion at different operational conditions of
the wind turbine are also shown in Table 5.6. The values for pitch motion are minimal, further
ensuring better orientation of the wind turbine towards the wind. The minimum value of the

long-term surge response for an array of two, four and six WECs at 8 m/s wind speed ensures
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better hybrid system efficiency. Further, it is observed that the array of WECs has influenced
the STLP, as the long-term responses are reduced with the addition of WECs to STLP. The roll
motion of less than 0.4 deg/m ensures higher system stability against the wind and waves. The
maximum long-term response value for roll motion at a 10 characteristic level is shown in
Table 5.7. The values are close to 0.4 deg/m for the single STLP, and the long-term roll
response values at a 108 characteristic level are observed to increase with the addition of the
WECs. Apart from the STLP+8WECSs configuration, all other configurations have a long-term
roll value of around 0.4 deg/m during the structure's lifetime.

5.5.2.2 Hybrid FTLP-WEC FOWT Platforms

The long-term surge, sway and yaw motion responses for different wind speed conditions of
the gravity waves are studied for FTLP and hybrid FTLP-WEC configurations. Fig. 5.7(a-c)
shows the long-term surge, sway and yaw motions responses for 8 m/s wind speed conditions.
The long-term surge response (Fig. 5.7a) is observed to be higher compared to the sway and
yaw motion response throughout the design life of the structure. It can be observed that the
integration of WECs to the FTLP has helped in mitigating the platform surge and yaw motions.
The hybrid FTLP+4WECs exhibit the least motion responses relative to incident waves for the
design period, while the FTLP platform has the highest motion amplitudes. The variation in
surge motion throughout the probabilistic range is minimal compared to the sway and yaw
responses. This may be attributed to the incident wave direction oriented in the positive x-
direction. Fig. 5.7(b) shows the long-term sway response motion for different floating
configurations. The long-term response is observed to be minimum for FTLP+4WECs, which
is the same as the observation for the surge. The long-term sway motion is maximum for
FTLP+8WEC configuration at the characteristic level of 10, Fig. 5.7(c) represents the long-
term yaw response of different hybrid configurations of FTLP. The variation in yaw responses
with different WEC numbers is higher than in other cases. The FTLP+8WECSs configuration
exhibits minor responses during the structure's lifetime, whereas the FTLP+6WECs
configuration shows the maximum responses among the hybrid systems. The minimum yaw
motion reduces the fatigue load developed on the control system, improving wind power
absorption. For the hybrid systems considered, the FTLP+6WECSs configuration is observed to
have the highest surge, sway and yaw responses at the characteristic level of 108, This may be
due to higher excitation loads attracted by the platform having six WEC connected to the outer

pontoon of the platform.
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Fig. 5.7: Long-term responses for (a) surge, (b) sway, and (c) yaw for 8 m/s wind speed.

Fig. 5.8(a-c) shows the long-term surge, sway and yaw motions responses for 14 m/s wind
speed conditions. The addition of the WECs on the FTLP is observed to have a minimum
variation in the surge response during the lifetime of the hybrid configurations. The
FTLP+2WECs is observed to have a higher variation in surge response (Fig. 5.8a) at the
characteristic level of 108, This may be due to the minimum wave load developing on the
platform with minimum water plane area. Like the surge response, the long-term sway response
(Fig. 5.8b) motion is also observed to have minimal variation in the sway motion with the
addition of the WECs apart from the FTLP+8WECSs configuration. The long-term surge and
sway response motion is observed to have similar values at the characteristic level of 10%. This
may be due to the symmetric arrangement pattern of the WECs around the FTLP. The long-
term yaw response motion is observed to have higher variation with the addition of the WECs.
This may be due to the increased moment of inertia of the hybrid system with the addition of
the WECs. The long-term yaw response for the FTLP+8WECs is observed to be higher than
the FTLP, similar to both the long-term surge and sway response.
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Fig. 5.8: Long-term responses for (a) surge, (b) sway, and (c) yaw for 11.2 m/s wind speed.

Fig. 5.9(a-c) shows the long-term surge, sway and yaw response motion of the FTLP and hybrid
FTLP-WEC configuration for 14 m/s wind speed. Similar to other wind speed conditions below
11.4 m/s, the long-term surge motion (Fig. 5.9a) response is observed to have a smaller
reduction in response amplitude at the characteristic level of 108 The FTLP+2WECs
configuration is observed to have minimal surge response, and the FTLP+6WECSs has a higher
surge response at the characteristic level of 108, But for the long-term sway response motion,
unlike 8 m/s and 11.2 m/s wind speed conditions, the long-term sway response motion is
observed to reduce for the hybrid configuration (apart from FTLP+4WECs) compared to a
single FTLP. Similar to the long-term surge response, the FTLP+2WECs configuration is
observed to have minimal long-term sway response. The minimal sway motion reduces the
later load developing on the platform, reducing the tension load developing on the mooring
cables of the floating system. Fig. 5.9(c) shows the long-term yaw response motion for the 14
m/s wind speed. Adding the WECSs has a higher influence on the long-term yaw motion. The
hybrid FTLP-WEC configuration has minimal long-term yaw response compared to a single
FTLP. The FTLP+6WECs hybrid configuration is observed to have minimum yaw response.
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Fig. 5.9: Long-term responses for (a) surge, (b) sway, and (c) yaw for 14 m/s wind speed.

Fig. 5.10(a-c) shows the long-term surge, sway and yaw response motion for the extreme 17
m/s wind speed condition. Compared to other wind speed conditions, the responses are
observed to be higher at the characteristic level of 108. This may be due to the higher wind
load developing on the turbine tower as the wind speed condition is much closer to the parked
wind speed condition of the 5 MW wind turbine. Adding the WECs has reduced the long-term
surge response (Fig. 5.10a) for 17 m/s wind speed. Higher surge motion is observed for the
FTLP+4WECs configuration, and the lowest surge response is observed for the FTLP+2WECs
configuration. Unlike the surge response motion, the long-term sway response motion has a
stronger influence with the addition of the WECs. The long-term sway response is observed to
increase for the FTLP+6WECs and FTLP+8WECs configurations and is observed to decrease
for FTLP+2WECs and FTLP+4WECs. The variation in long-term sway response is minimal
for fewer WECs. The long-term yaw response for the 17 m/s wind speed condition is observed
to have higher variation for two, six and eight WEC configurations. The FTLP+4WECs is

observed to have minimal variation in yaw response for 17 m/s wind speed.
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Fig. 5.10: Long-term responses for (a) surge, (b) sway, and (c) yaw for 17 m/s wind speed.

Table 5.8: Maximum long-term response value for surge motion for FTLP and hybrid FTLP.

Configurations V=8 m/s V=112m/s | V=14m/s | V=17 m/s
FTLP 3014 327.8 347.4 448.2
FTLP + 2WECsx 223.4 140.2 268.2 319.6
FTLP + 4WECs 242.2 349.2 298.2 402.2
FTLP + 6WECs 298.6 310.6 298.8 328.6
FTLP + 8WECs 276.2 348.6 288.2 324.8

Table 5.8 shows the maximum values of long-term surge response at the characteristic level of
108 for gravity waves generated with different wind speeds. Adding the WECs has reduced
the surge motion by about 16% (approx) for any wind speed conditions. A minimum surge
response was observed for the FTLP+2WECXx configuration, and a maximum surge response
was observed for the FTLP+6WEC configuration. A higher surge response is observed for the
FTLP+8WECs configuration of 11.2 m/s wind speed condition, which may be due to higher
wave excitation due to the wave loads. Table 5.9 shows the maximum values of long-term pitch
response for FTLP and hybrid FTLP-WEC under wind-generated gravity waves. The long-
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term pitch motion response is observed to be minimal for any hybrid configurations of the
FTLP. The long-term pitch response at the characteristic level of 107 is higher for 8 m/s wind
speed conditions and reduces for higher wind speed conditions. Minimum long-term pitch
response is observed for the FTLP+6WECSs configuration, though the variation in the pitch

response is minimal for any hybrid configurations.

Table 5.9: Maximum long-term response value for pitch motion for FTLP and hybrid FTLP.

Configurations V=8m/s | V=11.2m/s | V=14 m/s | V=17 m/s
FTLP 0.422 0.446 1.431 0.623
FTLP + 2WECsx 0.223 1.416 0.328 0.6
FTLP + 4WECs 1.642 0.224 0.223 1.262
FTLP + 6WECs 0.262 0.232 0.214 0.228
FTLP + 8WECs 1.862 0.632 0.197 0.232

Table 5.10: Maximum long-term response value for roll motion for FTLP and hybrid FTLP.

Configurations V=8m/s | V=112m/s | V=14m/s | V=17 m/s
FTLP 1.832 1.026 0.646 0.896
FTLP + 2WECX 0.433 1.242 0.632 0.824
FTLP + 4WEC 1.252 0.442 0.682 1.242
FTLP + 6WEC 0.653 0.676 0.298 0.283
FTLP + SWEC 1.665 1.262 0.286 1.264

Table 5.10 shows the long-term roll motion response for different wind speed conditions of
FTLP and hybrid FTLP-WEC. Similar to the long-term pitch response, the long-term roll
motion response is also observed to have minimum variation with the addition of the WECs.
Minimum roll motion response is observed for the 14 m/s wind speed condition for any hybrid
configurations. The minimum roll motion response for the FTLP and hybrid FTLP-WEC may
be due to the orientation of the wave towards the positive x-direction. The minimum roll motion
response ensures better stability of the platform against overturning. The hybrid FTLP+6WEC

configuration is observed to have minimal long-term roll response.

5.5.3 Tower Base Shear Force and Bending Moment

Long-term distribution for the tower base forces are moments studied for the North Atlantic
wave data using the JONSWAP spectrum. The study helps to understand the impact of wind
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and waves on the floating STLP platform. Also, the analysis helps to study the impact of the
addition of WECs on the STLP floater.

5.5.3.1 Hybrid STLP-WEC FOWT Platforms

Fig. 5.11(a-c) shows the tower base forces developed on the hybrid system for 8 m/s wind
speed and 2.5 m wave height. Fig. 5.11(a,b) shows that the addition of WECs has helped to
reduce the forces in the x- and y- directions. The impact of wind and waves will be lower for
the hybrid floater. The forces developed in the z-direction are observed to be minimum at 108
characteristic levels, as observed in Fig. 5.11(c). The fore-aft shear force and the side-to-side

shear force are observed to be the same for all four hybrid platforms. The maximum force

developed is observed to be 11.8x10* kN in the y-direction.
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Fig. 5.11: Long-term responses for (a) Fore-aft Shear force, (b) Side-to-Side Shear force, and
(c) Vertical force for 8 m/s wind speed.

Fig. 5.12(a-c) shows the tower base moments developed on the hybrid system for 8 m/s wind
speed and 2.5 m wave height. The addition of WECs helped to reduce the moments developed
at the base of the turbine. The moment at 1078 characteristic level is observed to be the minimum

for the yaw moment. But for the STLP+8WECs configuration, the long-term yaw moment is
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observed to be higher. The long-term forces and moment developed on the turbine’s base are
observed to be minimum for the STLP+6WECs configuration, further showing the minimum

impact of wind and wave on the hybrid system. The maximum moment developed for the

STLP+6WECs is observed to be 4.7x10° kN-m for 8 m/s wind speed.
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Fig. 5.12: Long-term responses for (a) Side-to-Side Bending Moment, (b) Fore-aft Bending
Moment, and (c) Yaw Moment for 8 m/s wind speed.

Fig. 5.13(a-c) shows the tower base forces developed on the hybrid system for 11.2 m/s wind
speed and 3.0 m wave height. The forces developed at the base of the tower tend to increase
with the increase in wind speed. For the 14 m/s wind speed, the addition of WECSs has a higher
impact as the forces developed at the base is observed to increase. But for the STLP+6WECSs
configuration, the addition of WECs is observed to have reduced the impact of wind and waves.
The maximum force developed observed for the STLP+2WECs configuration is close to

17x10* KN in both the fore-aft and side-to-side directions. Also, it is observed that the forces

are minimum in the z-direction. The maximum force in the z-direction is observed to be
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7.5x10* KN. For the six WEC configurations (STLP+6WECs), the maximum force is

observed to be 7x10* kNin both x-and y-directions.
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Fig. 5.13: Long-term responses for (a) Fore-aft Shear force, (b) Side-to-Side Shear force, and
(c) Vertical force for 11.2m/s wind speed.

Fig. 5.14(a-c) shows the tower base moments developed on the hybrid system for 11.2 m/s
wind speed and 3.0 m wave height. The moments are also observed to increase with the increase
in wind speed and wave height. The moments are observed to reduce for the STLP+6WECs
and STLP+8WECs configurations compared to a single STLP floater. Maximum moments are
observed to be developed for the STLP+2WEC configuration as in Fig. 5.14(a,b) for both x-

and y-directions. Fore-aft bending moment is observed to be slightly higher for the
STLP+2WECs configuration, which is around 12.08x10° kN-m. The minimum moment of
5.94x10° kN-mis observed to be developed for STLP+6WECs configuration in the x-
direction, as in Fig. 5.14(a). The long-term yaw moments are minimum for any configurations

compared to the bending moments in the x- and y-directions (Fig. 5.14c), ensuring reduced

load on the turbines, further improving the wind power absorption.
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Fig. 5.14: Long-term responses for (a) Side-to-Side Bending Moment, (b) Fore-aft Bending
Moment, and (c) Yaw Moment for 11.2 m/s wind speed.

Fig. 5.15(a-c) shows the tower base forces developed on the hybrid system for 14 m/s wind
speed and 3.6 m wave height. 11.4 m/s is observed to be the rated wind speed for the 5 MW
reference wind turbine, and a further increase in wind speed is observed to have a minimum
impact on the efficiency of the wind turbine. The forces developed on the base of the tower are
observed to decrease for the 14 m/s wind speed compared to the 11.2 m/s wind speed. This
shows that the wind turbine is more oriented towards the wind for 11.2 m/s compared to the 14
m/s, as the forces are induced by the action of the wind. For the 14 m/s wind speed, the force
developed is observed to be higher in the side-to-side direction and the vertical force is

observed to be minimum, as seen in Fig. 5.15(b,c). The maximum force is observed for the

STLP+6WECs configuration, which is close to 16.1x10* kN in y-direction. Minimum side-
to-side shear force is observed to be developed for the STLP+8WECs configuration. Also, it is
observed that the long-term vertical forces are minimal for the STLP+8WECs (Fig. 5.15c). The

minimum side-to-side and vertical force for STLP+8WECs ensures reduced load on turbines.
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Fig. 5.15: Long-term responses for (a) Fore-aft Shear force, (b) Side-to-Side Shear force, and
(c) Vertical force for 14 m/s wind speed.

Fig. 5.16(a-c) shows the tower base moments developed on the hybrid system for 14 m/s wind
speed and 3.6 m wave height. The moments observed to have minimal impact with the increase
in wind speed and wave height as the variations observed in moments are minimum. Higher
force in the x-direction for the STLP+6WECs configuration has increased the fore-aft bending

moment, as in Fig. 5.16(a). The maximum value for the fore-aft bending moment is observed

to be 12.86x10° kN-m for the STLP+6WECs configuration. Side-to-Side bending moment is
observed to be higher compared to moments developed in the other two directions. Fig. 5.16(c)
shows that the yaw moments are minimal for the hybrid system other than the STLP+2WECs
configuration. The minimal yaw moments ensure minimal wind and wave load developing on
the hybrid floating platforms. It is observed that the STLP+2WECSs configuration is having a
higher impact from waves and winds as the forces and moments are observed to be higher.
Minimal moments are observed for the STLP+8WECSs hybrid floating system. The variation

in the long-term yaw moments (Fig. 5.16¢) are minimum for the hybrid concepts apart for the
STLP+2WECs.
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Fig. 5.16: Long-term responses for (a) Side-to-Side Bending Moment, (b) Fore-aft Bending
Moment, and (c) Yaw Moment for 14 m/s wind speed.

Fig. 5.17(a-c) shows the tower base forces developed on the hybrid system for 17 m/s wind
speed and 4.2 m wave height. The 17 m/s wind speed represents the extreme operating wind
speed for 5 MW wind speed in Northern Atlantic Sea. The forces are observed to be higher for

17 m/s wind speed conditions compared to other operating wind speed conditions. Side-to-side

shear force is observed to be maximum, as in Fig. 5.17(b), which is 19.1x10* kN for the
STLP+6WECs configuration. For 17 m/s wind speed conditions, the hybrid configurations are
observed to have higher shear force developed compared to the single STLP floater, showing
that the influence of wind and wave will be more on the hybrid systems for this operating
condition of 5 MW wind turbine. Also, it is observed that the minimum force develops in the
z-direction during the life period of the hybrid system, as in Fig. 5.17(c). The addition of the
WECs have increased the long-term tower base forces for the 17 m/s wind speed condition.
The STLP+2WECs are observed to have minimal long-term force in the x- and y- directions.
The long-term vertical force is minimum for STLP+8WECs (Fig. 5.17¢).
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Fig. 5.17: Long-term responses for (a) Fore-aft Shear force, (b) Side-to-Side Shear force, and
(c) Vertical force for 17 m/s wind speed.

Fig. 5.18(a-c) shows the tower base moments developed on the hybrid system for 17 m/s wind
speed and 3.6 m wave height. Side -to-side bending moment is observed to be higher compared
to other moments developed in y- and z- directions. The STLP+6WECs configuration is
observed to have a higher value for both side-to-side and fore-aft bending moments. Yaw
moments are higher for the STLP+8WECs configuration. From the study of long-term analysis
of tower bases forces and moments, it is observed that the impact of wind and wave on the
hybrid system is minimal for the wind speed less than the rated wind speed of the 5 MW wind
turbine. This shows that the wind turbine efficiency of the hybrid system will be higher for
lower wind speed conditions. Minimum forces and moments are observed for the
STLP+6WECs configuration for wind speed conditions less than 11.4 m/s, and higher forces
and moments are observed for the STLP+2WECs configuration. As the wind speed increases
above the rated wind speed of 11.4 m/s, the forces and moments tend to increase for the
STLP+6WECs configuration. For any wind speed conditions, the variation in the long-term

forces and moments are minimum for hybrid STLP+8WECs.
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Fig. 5.18: Long-term responses for (a) Side-to-Side Bending Moment, (b) Fore-aft Bending
Moment, and (c) Yaw Moment for 17 m/s wind speed.

5.5.3.2 Hybrid FTLP-WEC FOWT Platforms

The long-term forces and moments are studied for FTLP and hybrid FTLP-WEC floating wind
turbine platforms. Fig. 5.19(a-c) shows the tower base forces for the 8 m/s wind speed
conditions. The forces are observed to an influence by the addition of the WECs. Fig. 5.19(a)
shows the long-term fore-aft shear force for different FTLP and hybrid FTLP-WEC
configurations. The long-term forces tend to reduce for the FTLP+2WECsx, FTLP+6WECs
and FTLP+8WECs, though the variation in the forces developed at the characteristic level of
108 is minimum. The FTLP+4WECs configuration is observed to have higher values of long-
term fore-aft forces. Similar to the fore-aft forces, the long-term side-to-side forces (Fig. 5.19b)
for the FTLP+2WECs, FTLP+6WECs and FTLP+8WECs are observed to reduce, though the
FTLP+4WECs has higher variation in forces. The higher variation in forces for the four WEC
configurations may be due to the higher wave load developing on the base of the turbine tower

with a larger water plane area and minimum restoring forces developed. The long-term vertical
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forces (Fig. 5.19c) are observed to reduce with the addition of the WECs. Minimum vertical

forces are observed for FTLP+8WECSs configurations.
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Fig. 5.19: Long-term responses for (a) Fore-aft Shear force, (b) Side-to-Side Shear force, and
(c) Vertical force for 8 m/s wind speed.

Fig. 5.20(a-c) shows the long-term moments for different hybrid configurations for 8 m/s wind
speed conditions. Similar to the long-term forces, the moments are also observed to be higher
for the FTLP+4WECs configurations. For other hybrid systems, the moments are observed to
reduce with the addition of the WECs. The higher variation in the long-term tower base
moments for the FTLP+4WECs may be because of the resonance. A proper damping
mechanism must be designed for STLP+4WECs to absorb the energy to prevent the failure of
the hybrid floating system. Minimum long-term tower base moments are observed for
FTLP+8WECs configurations. The minimum values of moments for the FTLP+8WECs
configuration may be due to the higher restoring forces developed against the wave loads by
the WECs. The minimum long-term moments ensure better wind power absorption of the
hybrid systems. This is because the turbine supported on the platforms will be oriented towards
the wind direction.
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Fig. 5.20: Long-term responses for (a) Side-to-Side Bending Moment, (b) Fore-aft Bending
Moment, and (c) Yaw Moment for 8 m/s wind speed.

Fig. 5.21(a-c) shows the long-term tower base forces for 11.2 m/s wind speed conditions. The
addition of the WECs for the two and six WECs has reduced the forces developed at the base
of the turbine tower in the x- and y-direction. The long-term vertical is observed to be higher
for the hybrid floating system compared to the long-term fore-aft and side-to-side forces. Fig.
5.21(a) shows the long-term fore-aft shear forces for the FTLP and hybrid FTLP-WEC floating
platforms. The long-term forces are observed to be higher for the FLTP+8WECs configuration
and are minimum for the FTLP+6WECs configuration. Similarly, long-term side-to-side shear
forces are observed to be higher for the FTLP+8WECs configuration and are minimum for the
FTLP+2WECs configuration, as seen in Fig. 5.21(b). The vertical forces are observed to be
higher for the FTLP+8WECs configuration, and for other hybrid configurations, the vertical
forces are observed to decrease with the addition of the WECSs. The vertical forces are dominant
compared to the fore-aft shear forces, which may be due to the reduced inclining moments

developed on the turbine tower for the wind speed conditions below 11.4 m/s.
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Fig. 5.21: Long-term responses for (a) Fore-aft Shear force, (b) Side-to-Side Shear force, and
(c) Vertical force for 11.2 m/s wind speed.

Fig. 5.22(a-c) shows the long-term moments developed at the base of the turbine tower. The
variation in the tower base side-to-side bending moments is minimum for the two, six and eight
WEC configurations and the side-to-side moments are observed to increase with the addition
of the WECs. Minimum fore-aft tower base bending moments (Fig. 5.22a) are observed for
FTLP+4WECs configuration. Similar to the side-to-side bending moments, the fore-aft
bending moments (Fig. 5.22b) for the hybrid FTLP+2WECs, FTLP+6WECs and
FTLP+8WECs have minimum variation. Further, the FTLP+4WECs configuration is observed
to have minimum long-term side-to-side bending moments. For any hybrid configurations, the
long-term side-to-side bending moments are observed to be higher compared to the other tower
base moments. This is because the wave direction is oriented towards the positive x-direction.
The vertical moments are observed to increase with the addition of the WECs. Similar to other
tower base moments, minimum vertical moments are observed for FTLP+4WECs. The
STLP+4WECSs are observed to have higher variations (Fig. 5.20(a-c) & Fig. 5.22(a-c)) in the
forces and moments developed with the increase in the operational wind speed.

212



Chapter 5: Long-Term Analysis of Hybrid TLP-WEC

7000

30000 + ¢ h ' | — FTLP
—— FTLP+2WECsx
25000 : i L i.|——FTLP+4WECs

—— FTLP+6WECs
15000

—— FTLP+8WECs
10000 4

— FTLP
|/ FTLP+2WECsx
—— FTLP+4WECs

=3
=]
=]
=]

5000

—— FTLP+6WECs
i ' | . |——FTLP+8WECs

T~

I
S
S
=}

w
S
Q
=3

IN)
=3
Q
=3

Fore-aft Bending Moment (MNm)
Side-to-side Bending Moment (MNm)

~_ X
1000 \\\ 5000 4
~
—
0 " T T " " " T 0 " T T " " . T
1E-8 1E-7 1E-6 1E-5 1E-4 0.001 0.01 0.1 1 1E-8 1E-7 1E-6 1E-5 1E-4 0.001 0.01 0.1 1
Probability of Exceedence Probability of Exceedence
(@) (b)
7000 i : ; [ —FTLP
6000 . l » |——FTLP+2WECsx
T —— FTLP+4WECs
B —— FTLP+6WECs
Z 50007 \\ ’ —— FTLP+8WECs
g 4000 .
£
o
= 3000
3
> 2000 4 , b
.
— \\
1000 4 T N
K

0 T T T T T
1E-8 1E-7 1E-6 1E-5 1E4 0001 001 01 1
Probability of Exceedence

(©

Fig. 5.22: Long-term responses for (a) Side-to-Side Bending Moment, (b) Fore-aft Bending
Moment, and (c) Yaw Moment for 11.2 m/s wind speed.

Fig. 5.23(a-c) shows the tower base forces developed for the FTLP and hybrid FTLP-WEC for
14 m/s wind speed conditions. Forces are observed to be reduced with the addition of the
WECSs. The variation of fore-aft shear forces (Fig. 5.23a) for the hybrid platforms are minimal.
Minimum fore-aft shear force is observed for the FTLP+8WECSs configuration, and maximum
fore-aft force is observed for the FTLP+4WECs configuration. For the side-to-side shear
forces, the FTLP+8WECs is observed to have a higher force compared to other hybrid
configurations, as seen in Fig. 5.23(b). FTLP+4WECs is observed to have minimum side-to-
side shear force. The minimum side-to-side bending moment of the FTLP+4WECs ensure
better efficiency of the supported wind turbine as the turbine is best oriented towards the wind
direction. The Fig. 5.23(c) shows the vertical force developed at the base of the turbine tower.
The vertical force is observed to be higher than the side-to-side shear force, causing higher
loads to develop on the control system. Vertical force is the minimum for FTLP+8WECs
configuration.
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Fig. 5.23: Long-term responses for (a) Fore-aft Shear force, (b) Side-to-Side Shear force, and

(c) Vertical force for 14 m/s wind speed.

Fig. 5.24(a-c) shows the moments developed at the base of the turbine tower for 14 m/s wind
speed. Similar to the forces, the moments are reduced by adding the WECSs. The fore-aft (Fig.
5.24a) and side-to-side moments are observed to be minimal for FTLP+8WECSs configuration.
The side-to-side moments are observed to be higher (Fig. 5.24b) compared to the moments
developed in the other two directions. The variation of the yaw moments with the addition of
the WECs is minimal, as seen in Fig. 5.24(c). The vertical moments are higher for

FTLP+8WECs and minimum for FTLP+6WECs.
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Fig. 5.24: Long-term responses for (a) Side-to-Side Bending Moment, (b) Fore-aft Bending
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Fig. 5.25: Long-term responses for (a) Fore-aft Shear force, (b) Side-to-Side Shear force, and
(c) Vertical force for 17 m/s wind speed.

Fig. 5.25(a-c) shows the tower base forces developed for 17 m/s wind speed at the base of the
turbine tower for FTLP and hybrid FTLP-WEC. The forces are observed to reduce like for
other wind speed conditions. The fore-aft shear forces are higher compared to side-to-side shear

forces and vertical forces. The fore-aft shear forces are observed to be minimum for
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FTLP+8WECs and maximum for FTLP+6WECs. For the side-to-side shear force, the shear
force is higher for FTLP+8WECSs and is minimal for FTLP+6WECs. The vertical forces are
almost equal compared to the side-to-side shear force. The vertical forces are higher for
FTLP+8WECs. The vertical forces are minimum for FTLP+4WECs.
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Fig. 5.26: Long-term responses for (a) Side-to-Side Bending Moment, (b) Fore-aft Bending
Moment, and (c) Yaw Moment for 17 m/s wind speed.

Fig. 5.26(a-c) shows the moments developed at the base of the turbine tower for the FTLP and
hybrid FTLP-WEC for 17 m/s wind-generated gravity waves. Similar to the shear forces
developed, the moments at the base of the turbine tower are also reduced with the addition of
the WECs. The fore-aft moments are minimal for FTLP+8WECs and maximum for
FTLP+6WECs (Fig. 5.26a). The variation in the moments developed is minimal for the side-
to-side bending moment at the base of the turbine tower. The moments are minimum for
FTLP+8WECs and maximum for FTLP+6WECs. A higher reduction in yaw moments is
observed for hybrid FTLP-WECs. FTLP+8WECs configuration is observed to have minimum

vertical moment developed.
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For the different wind speed conditions studied, the influence of the WECs on the forces and
moments developed on the FTLP is higher for the wind speed conditions above the rated wind
speed condition (11.4 m/s). The forces and moments are reduced by adding the WECs for
14 m/s and 17 m/s wind speed conditions. For wind speed conditions 8 m/s and 11.2 m/s, the
forces and moments are observed to be higher for FTLP and FTLP-WEC hybrid systems
compared to wind speed conditions above rated wind speed conditions. This may be due to the
higher wind load developing on the turbine tower with higher wind absorption of the turbine
blades. Apart from the 11.2 m/s wind speed condition, the FTP+8WECs configuration is
observed to have the minimum forces and moments compared to other hybrid configurations.
However, the variation of the forces and moments is minimal. This may be due to the
symmetric arrangement pattern of the WECs around the FTLP offering sufficient restoring

forces and moments to improve the stability of the hybrid system.

5.6 CLOSURE

The long-term response analysis is carried out for five different arrangements of WECs around
the STLP and FTLP system for JONSWAP, Pierson Moskowitz, Bretschneider ISSC and ITTC
wave spectra. The transfer functions for the long-term simulation are obtained from aero-servo-
hydro-elastic simulation using the FAST tool developed by NREL. The comparative study is
conducted for different environmental conditions representing the North Atlantic wave data for
the structure's lifetime. The study observed higher surge motion for most wind case conditions
compared to other translational motions. The higher surge motion of the hybrid system may be
due to the coupling between the higher displacement and initial pretension. The long-term
forces and moments are also discussed for different wind speed conditions.

e The long-term surge response is minimal (average 81% reduction) for the hybrid STLP-
WEC compared to the hybrid FTLP-WEC for any wind speed conditions. The higher
long-term surge response may be due to the higher water plane area of the FTLP FOWT,
developing more wave load on the platform.

e The long-term response values of yaw response are observed to be higher (average 78%)
for the hybrid STLP-WEC and minimal for the hybrid FTLP-WEC. The reduced long-
term yaw response of hybrid FTLP-WEC may be due to the higher added mass and inertia

of the floating system.
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The long-term pitch and roll response is almost similar for both hybrid configurations.
The minimum roll response of the hybrid configurations ensures the stability of the
systems against overturning.

Long-term response of tower base forces and moments concluded that the impact of wind
and wave on the hybrid STLP-WEC system is reduced for wind speeds less than the rated
wind speed of the 5 MW wind turbine. But for the hybrid FTLP-WEC systems, the long-
term forces and moments are minimal for 17 m/s wind speed.

The long-term forces and moments are observed to be minimum (average 21% reduction)
for the hybrid FTLP-WEC configurations compared to the STLP-WEC configurations
for wind speed conditions above 11.2 m/s.
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CHAPTER 6

EXTREME RESPONSE ANALYSIS OF HYBRID TLP-WEC
USING ENVIRONMENTAL CONTOUR METHOD

6.1 GENERAL INTRODUCTION

The exploration of marine resources, such as the extraction of petroleum, the use of wave
energy, and offshore wind energy, are active areas of research in ocean engineering. To support
activities connected to the development of maritime resources, floating structures and mooring
systems must be built to endure the complex marine environmental loads caused by wind,
waves and currents. Non-linear time domain simulations are used to predict the extreme
response levels during the design stage to ensure the survival and functioning of these floating
structures in harsh environmental conditions. The joint distribution of the environmental
parameters should be established to develop accurate design loads for the floating structures

assigned with a particular target return period.

6.2 NUMERICAL MODELLING

The safety of the floating structure under consideration must be assured over the period of the
planned operation. The wind or wave characteristics associated with a 50- or 100-Year return
period are frequently used as the design basis for extreme conditions of the floating structures
based on the statistical analysis of environmental factors (Lia et al., 2022). The most reliable
and precise way to evaluate severe responses in marine structure design can be a full long-term
analysis. However, the long-term analysis takes an extended period for massive complex
systems. The Environmental Contour (EC) approach can be employed to simulate the extreme
responses of maritime structures to minimise simulation time and enhance efficiency. The EC
technique also has the advantage of decoupling structural reactions from their environment,
which reduces the number of simulations that use non-linear time domain responses. The EC
method can be based on Inverse First Order Reliability Method (IFORM), Inverse Second
Order Reliability Method (ISORM), direct sampling contour and highest density contour
methods (Ross et al., 2020, Chai and Leira, 2018). The present study adopts the EC method
based on IFORM and can be employed to examine design loads with a specified return period.
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The technique employs a reliability approach in which the environmental variables are
transferred from the standard normal space to the point associated with the physical random

variable based on the IFORM method, using the Rosenblatt transformation.
6.2.1 Reliability Based on Extreme Long-term Loads

The long-term extreme loads are computed by integrating the short-term distributions with the
joint probability distribution function. The extreme design load is studied for a 10-min duration

L, i, @and is considered to exceed the design load L; with a probability consistent with the
service life of T-Years. The 10-min mean wind speed V and the wave height H, are the

physical parameters for the probabilistic distribution. Further, the design load of the turbine L;

with an acceptable probability of exceedance can be formulated using the short-term

conditional probability P[L, .., >L;|v,h,] and the joint probability density function

f, us (v, hy) of the environmental variables given by

Py =PIl > L1= ] [PLLi gy > Ly V16, (1 )i, )
00

The mean wind speed and the significant wave height are modelled using the joint probability
distribution function to account for the variability and the changes that occur for the variables
for the offshore site HornsRev as in Saranyasoontorm and Manuel (2004). The mean wind
speed of the model is assumed to follow the Weibull distribution, and the significant wave
height is distributed like a Normal distribution. A transformation from the standard Gaussian
U-space to the physical space is performed using Rosenblatt Transformation. The joint

distribution function is given by
fy o, (V) =1 v (V) E (v), (6.2)

where the marginal mean wind speed distribution f, (v) is defined by the shape parameter k

and scale parameter, a. The relation for the marginal wind speed is expressed as

f, (v) :1—exp[-(§ﬂ. (6.3)

The study assumes k =1.8and a =11 m/s at a height of 60 m above the MSL. The wave height

expressed as a normal distribution function can be defined as
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fon /v)zq{h‘”—m}, (6.4

On
where g, (v):0.13v and o, =0.24 m. Also, the wave period is not explicitly treated as a

random variable.
6.2.2 Environmental Contour Based on IFORM

The EC method based on the IFORM is a traditional approach, where the environmental
contours transform the original vector of Environmental variables X into a vector U of
independent standard normally distributed variables. A set of desired properties in U - space is

obtained by developing an n-dimensional sphere centred around the origin with radius g,
where ¢(ﬂ) =1-P,, is the reliability and P, is the exceedance probability or the probability of

the failure (Vanem, 2017). To obtain the response level for a particular return period T, and

r

sea state duration for 10-min T, the probability of the failure is initially calculated using the

relation given by

Ts

=—— (6.5)
365*24*Tr

Pf
The target return period for the environmental contour based on the reliability index g and

exceedance probability P, is given by

B=¢7(r), (6.6a)

B=¢"(1-P), (6.6b)
A Ts

=0 .7

The transformation of the standard normal space to the physical standard space is required to
calculate the nominal load, achieved using Rosenblatt Transformation. In the present study, we

consider n=1,2, however the complete probabilistic representation of the random variables
can only be achieved using the 3-D model, as only the 3-D model retains all random variables.
The median value indicated in the definition of design load L. for the 2-D model forces one
variable to zero, and for the 1-D model, two variables are forced to zero. Thus the 1-D EC

model assumes that the mean wind speed for a 10-min duration (V) is random, but it neglects

the variability in the wave height, H and the 10-min maximum response load, L;. Hence in
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the 1-D model, the n-dimensional sphere is a degenerate single point, u, = 5, u, =u, =0. For
the 2-D EC model, the variables V and H_are random, and the sphere is transformed into a
circle, u’ +u? = ; u, =0. Further, for the 3-D model, all the environmental variables are
considered random and hence it is transformed as a sphere u’+u? +u? = B°. As the target

reliability is expressed in terms of the return period, T — Years associated with the design load

L;, and the H, is the extreme value for 10-min duration, the approximate value for g need

to be calculated using the Eq. (6.7).
U"

u =P, u, =1, =0.

@" ()"
U,

2 2 2 2
uy +u, +u; =f

U,

Fig. 6.1: Geometrical representation of the n-directional sphere in U-Space for (a) 1-D, (b) 2-
D, and (c) 3-D EC models.

6.2.3 1-D Environmental Contour Model

In the 1-D EC model, the 10-min mean wind speed is modelled as random, whereas the standard
deviation of the wind speed and the maximum response for the 10-min duration is kept at the
median level. Considering the reliability index g for a prescribed probability of exceedance
and return period, the point corresponding to the failure probability in standard normal space
can be obtained using the relation

u =4, u,=u,=0. (6.8)
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Further, the design point in relation to the nominal bending load in the physical random variable

space is obtained using the Rosenblatt transformation given by
) =K ), gu,)=F, (h), ¢u,)=F_(), (6.9)
where ¢ is the standard normal cumulative distribution function and F, (v) is the standard

normal cumulative distribution of mean wind speed V , which can be rewritten in the form
V=R [#B)]. ho =R [pO] b =F ., [#0)] (6.10)
6.2.4 2-D Environmental Contour Model

The randomness for the environmental variables wind speed and the wind speed for the 10-min
duration is modelled, and the maximum response is assumed deterministic at the median level.
For the known reliability, a circle is generated in the standard normal space given by

u, = gcos(g), u, = gsin(¢), u, =0 for—z<g<r. (6.11)
As the circle lines in the plane, it is called the environmental contour as the circle is associated
only with the random variables. To determine the design point on the circle, the Rosenblatt
transformation is applied. The transformations are carried out for the environmental variables

from u-space to the physical space using the relation
¢(U1) =FK V), ¢(U2) = FHSIV (hs)7 ¢(U3) = FLTIV,HS (IT) (612)
The standard normal cumulative distribution function of velocity F,(v) and the standard

normal cumulative distribution function of wave height which is conditional on velocity

F.v (), is rewritten in the form as

v=F"[¢(Bcos(¢))], (6.13)
h = F.'[4(Bsin(4))], (6.14)
L =F v [#(0)]: (6.15)

Every point on the transformed EC is such that the probability on the side of a tangent
hyperplane at that point is the same, though each of those points is associated with a different

median response.
6.2.5 3-D Environmental Contour Model

The 3-D model considers the randomness of all three environmental variables. So, for known

reliability index g, a sphere can be constructed in the standard normal space using the relation
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u, = Bsin(g¢)sin(8), u, = Bcos(¢), u, = Bsin(g)cos() for-r<g<rx, —z<O<r. (6.16)
Further, to calculate the design point, the complete sphere is examined for all values of 8 and ¢.
The Rosenblatt transformation yields the largest response value from the U —space using the
relation

$(u) =F,(v), ¢(u,) =F, (h), d(u)=F . (). (6.17)
The standard normal cumulative distribution function of velocity F,(v) and the standard
normal cumulative distribution function of wave height which is conditional on velocity

F.v (n,), and the standard normal cumulative distribution of I, which is conditional on v and

h, is rewritten in the form as

v=F"[4(Bsin(p)cos(0))], (6.18)
h =F'[ 4(Bcos(9))], (6.19)
. = F [ #(sin(¢)cos(0)) . (6.20)

The three models discussed to calculate the extreme design points lead to different nominal
loads. For any return period, for the 1-D and 2-D models, only slight variation can be observed
because the standard deviation of the variable V is unimportant compared to the mean wind

speed L, ..,- More differences can be observed for the 3-D model, as the short-term

uncertainties are included in the model. The 2-D model is of much importance because the
model uncouples the environment from the responses, which is more suitable when considering

different wind turbines for specified environments.
6.2.6 Procedure to Develop 1-D and 2-D Models

A standard Gaussian Cumulative Distribution Function (CDF) is defined to develop the contour
points using the IFORM. The exceedance probability is calculated using Eq. (5) to obtain the
response level corresponding to a particular return period. The probability of exceedance is
used to calculate the reliability, which is mapped on the standard Gaussian CDF to obtain the
reliability index, A as shown in Fig. 6.2(a). The reliability index g, considered for a
probability of exceedance, is used in the EC method based on a particular target return period,
given by the relation as in Eq. (6.6b) and Eq. (6.7). To generate the contour points, an inverse

process is carried out to determine the radius of the circle (Fig. 6.2b), the reliability index g.
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In the present study the model assumes mean wind speed to follow the Weibull distribution
(Fig. 6.3a) and significant wave height is distributed like Normal distribution (Fig. 6.3b).
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Fig. 6.2: Cumulative distribution function of Standard Gaussian distribution to (a) Map the
reliability index, and (b) Map the ordinates of the sphere.
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Fig. 6.3: Transformation of Environmental variables using (a) Weibull distribution and (b)
Normal Cumulative Distribution Function.

The present study considers five return periods 1-Year, 10-Year, 20-Year, 50-Year, and 100-
Year, for the 1-D and 2-D models. The exceedance probability for the corresponding return
periods considered are 1.9026x10°®,1.9026x107°, 9.5219x107, 3.8052x10™", 1.9026x107,
for £=4.1190, f#=4.6217, f=4.7635, f=4.9451, f=5.0785. The mean wave heights
corresponding to different return periods for various 10-min mean wind speeds is obtained
using the 1-D method as shown in Fig. 6.4 (a). Further, The EC based on the 2-D method
(Fig. 6.4b) is developed using the five return periods, where the contour points are characterised
by the combination of mean wind speed and significant wave height. The coupled aero-servo-
hydro-elastic analysis for the hybrid platforms is carried out for various extreme environmental

conditions (wind and wave) obtained from the 1-D and 2-D EC models.
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Analysis

‘ Calculate the Reliability Index for a particular target return period. ‘

‘ Construct an n-dimensional sphere in U-Space ‘

¥

Find the environmental variables from the sphere using Rosenblatt
Transformation

‘ Simulate the Extreme wind speed conditions using TURBSIM ‘

!

Simulate the two TLP-type platforms for the
extreme wind and wave conditions using FAST.

Obtain the extreme responses, tower base forces and bending
moments and the maximum mooring tension.

Fig. 6.5: Flow chart depicting methodology for the long-term response analysis.

The linearised hydrodynamic radiation and diffraction problems for the hybrid FOWT

interacting with the surface waves are solved using WAMIT. Therafter, the fully coupled aero-

hydro-servo-elastic simulation program FAST is employed to perform the time domain

analysis for the hybrid FWT platforms. Morison's equation is used by the FAST to compute

the hydrodynamic

loads and trigger stochastic time-domain turbine response. The realistic

wind data, including the turbulence intensity and the wind speed profiles for the FAST

226



Chapter 6: Extreme Response Analysis of Hybrid TLP-WEC using Environmental Contour Method

program, are generated using the simulation tool TURBSIM. The study examines the dynamic
responses of the hybrid floating platform to extreme wind speed conditions to study the stability
of the floating system. Further, the forces and moments developed at the base of the turbine
tower for different wind speed conditions of the 1-D and 2-D EC models are studied to observe
the influence of the wind loading on the floating turbine system. The study also focuses on the
extreme tension developed on each mooring cable for the hybrid platforms to observe the
importance of the tensioned tendons providing for the stability of the floating system. The flow

chart detailing the methodology adopted is shown in Fig. 6.5.

6.3 GEOMETRIC MODEL

The extreme responses of the hybrid STLP-WEC and hybrid FTLP-WEC for extreme wind
and wave conditions are obtained from the 1-D and 2-D EC models. The hybrid floating
platforms are studied for 150 m water depth. The dimension of the STLP and FTLP along with
the heaving cone-cylinder point absorber WEC is discussed in Chapter 1. The rigid body
analysis observed a reduction in the responses of the hybrid floating systems when the WECs

were provided in a circular pattern around the WECS.

(@) (b)
Fig. 6.6: Geometric representation of (a) STLP and (b) FTLP combined with heaving cone-
cylinder WECs.

The present study considers the single STLP, FTLP and the hybrid STLP+2WECs,
STLP+4WECs, STLP+6WECs, STLP+8WECs, FTLP+2WECs (FTLP+2WECX),
FTLP+4WECs, FTLP+6WECs and FTLP+8WECs for the extreme response analysis. The
arrangement pattern of the WECs around the STLP and the FTLP is detailed in Chapter 1. The
hybrid floating platforms are designed to support the NREL 5 MW wind turbine. The properties
and the structural details of the 5 MW wind turbine are also detailed in Chapter 1. Fig. 6.6
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shows a pictorial representation of the hybrid STLP-WEC (STLP+2WECs) and the hybrid
FTLP-WEC (FTLP+2WECs).

6.4 RESULTS AND DISCUSSION

The reliability analysis of the hybrid offshore wind turbine is carried out using 1-D and 2-D
EC models using IFORM. The study uses a5 MW NREL wind turbine to observe the extreme
loads. The significant wave height and the wind speed obtained from the environmental
contours are used for the simulation of the 10-min wind speed. The different circular
arrangements of cone-cylinder-shaped heaving point absorber WECs around both STLP and
FTLP are used for the analysis, and contour points corresponding to 1-year, 10-year, 20-year,

50-year, and 100-year return periods are obtained.
6.4.1 Extreme Response Analysis using 1-D and 2-D EC Models

The design of the floating platform is improved with the help of extreme response analysis. It
aids in the identification of crucial parts and weak spots to make the required design
adjustments to increase performance and safety while lowering costs. The study proposes using
the IFORM for the extreme response analysis. The first-order inverse reliability approach is a
method for evaluating a structure's dependability by calculating the probability of failure under
specific conditions of high loading. Assessing a structure's extreme reaction is the objective of
this iterative approach, which considers the uncertainty in input parameters. Table 6.1 — Table
6.3 shows the extreme surge, sway and yaw response using 1-D and 2-D EC models for
different return periods. The responses are observed to be slightly higher for the 1-D EC model
compared to the 2-D model. This may be due to the fact that, the 1-D EC model uses single
scalar environmental loads, significant wave height or wind speed, further not capturing the
variability of the environmental conditions, leading to a simplified representation of loads.
However the 2-D EC model considers different environmental variables like wave height and
wave period, wind speed and wave height or wind speed and wind direction, thus providing a
more comprehensive description of the environmental loads. Also, in the 1-D model, the
marginal distribution of the individual variables is used to derive the extreme responses,
whereas the 2-D model considers joint extreme value statistics. Further, the 1-D model
underestimates the combined influence of extreme conditions. Table 6.1 shows the surge
response motion of STLP and hybrid STLP-WEC floating platforms. The extreme responses

are observed to decrease with the addition of the WECs. Also, the responses are observed to
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decrease for the waves of the higher return period. For the 1-Year return period waves, the
responses are minimal for the hybrid STLP+6WECs configuration. But for waves of higher
return periods, the extreme surge response is minimal for STLP+8WECs. Table 6.2 shows the
extreme sway response motion for waves of various return periods. Similar to the surge
response, the sway response is observed to be minimised with the addition of the WECs. In

addition, the sway response tends to reduce for the waves of higher return periods.

Table 6.1: Surge response for extreme wind speed conditions of 1-D and 2-D EC models.

Configurations 1-Yr Return 10-Yr Return 20-Yr Return 50-Yr Return
Period Period Period Period

1-D 2-D 1-D 2-D 1-D 2-D 1-D 2-D

STLP 7.98 7.78 7.38 7.20 7.40 7.22 7.53 7.35

STLP+2WECs 8.20 8.07 7.74 7.63 7.73 7.62 7.83 7.71
STLP+4WECs 7.98 7.73 8.76 8.49 8.77 8.51 8.80 8.54
STLP+6WECs 4.45 441 5.67 5.62 5.74 5.69 6.02 5.97
STLP+8WECs 4.72 4.61 3.26 3.18 3.28 3.21 3.60 3.52

Table 6.2: Sway response for extreme wind speed conditions of 1-D and 2-D EC models.

Configurations 1-Yr Return 10-Yr Return 20-Yr Return 50-Yr Return
Period Period Period Period

1-D 2-D 1-D 2-D 1-D 2-D 1-D 2-D

STLP 9.52 9.29 8.71 8.50 8.77 8.56 8.64 8.43

STLP+2WECs 5.18 5.10 491 4.84 5.04 4.97 5.20 5.13
STLP+4WECs 4.20 4.08 4.86 4.71 4.88 4.73 4.80 4.65
STLP+6WECs 4.45 4.42 4.60 4.56 4.68 4.63 5.00 4.95
STLP+8WECs 4.03 3.94 4.32 4.22 4.39 4.29 4.90 4.79

The hybrid STLP+8WECSs configuration is observed to have minimum sway motion response
for any environmental conditions. Reduced surge and sway motion on the floating platform
ensures minimum chances of premature fatigue failure with the minimum dynamic load on the
structural components of the wind turbine. Also, reduced lateral movements can reduce the
stress concentration at the mooring connections and the structural joints. Environmental factors
provide operational boundaries for floating platforms beyond which their ability to operate
safely is affected. The reduced surge and sway motion allows the platform to operate within a

wider operating perimeter and offers more flexibility in terms of operational circumstances.
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Table 6.3: Yaw response for extreme wind speed conditions of 1-D and 2-D EC models.

Configurations 1-Yr Return 10-Yr Return 20-Yr Return 50-Yr Return
Period Period Period Period
1-D 2-D 1-D 2-D 1-D 2-D 1-D 2-D

STLP 4531 | 4420 | 50.85 | 49.61 | 51.40 | 50.15 | 53.35 | 52.05

STLP+2WECs 4547 | 44.80 | 49.20 | 48.47 | 49.78 | 49.04 | 51.70 | 50.94
STLP+4WECs 35.65 | 3458 | 40.63 | 39.41 | 41.11 | 39.87 | 42.61 | 41.33
STLP+6WECs 30.41 | 30.14 | 32.66 | 32.37 | 33.02 | 32.73 | 34.45 | 34.14
STLP+8WECs 2539 | 2482 | 26.17 | 25.58 | 26.57 | 25.97 | 27.36 | 26.74

Table 6.3 shows the extreme yaw motion response for the STLP and hybrid STLP-WEC
floating platforms. The yaw motion responses are comparatively higher than the roll and pitch
motion responses for an STLP-type floating platform. The STLP may have an increased
tendency to yaw in response to environmental influences like waves and currents due to the
unequal buoyancy distribution. A fully floating TLP, where buoyancy is distributed evenly,
may not have any yawing moments since the submerged portion of the platform acts as a drag
and generates yawing moments instead. Similar to the surge and sway responses, the yaw
motion is also reduced by adding the WECs. Minimum yaw motion response is observed for
the STLP+8WECs hybrid floating platform.

Table 6.4 — Table 6.6 shows the surge, sway and yaw motion responses for the FTLP and
hybrid FTLP-WEC floating platforms for different return period waves. Similar to the STLP,
the responses are slightly higher for the 1D EC model than for the 2D EC model. Table 6.4
shows the surge response motion for the FTLP and hybrid FTLP-WEC. With the addition of

the WECs, the responses are observed to minimise.

Table 6.4: Surge response for extreme wind speed conditions of 1-D and 2-D EC models

Configurations 1-Yr Return 10-Yr Return 20-Yr Return 50-Yr Return
Period Period Period Period
1-D 2-D 1-D 2-D 1-D 2-D 1-D 2-D

FTLP 20.47 | 20.04 | 17.88 | 17.51 | 24.66 | 24.15 | 22.53 | 22.06

FTLP+2WECs 16.57 | 16.00 | 18.25 | 17.63 | 20.74 | 20.03 | 20.77 | 20.06
FTLP+4WECs 18.73 | 18.27 | 21.45 | 20.92 | 20.70 | 20.19 | 22.50 | 21.94
FTLP+6WECs 17.27 | 16.94 | 1691 | 16.58 | 19.18 | 18.81 | 20.80 | 20.40
FTLP+8WECs 16.57 | 16.39 | 18.75 | 18.55 | 20.06 | 19.84 | 21.08 | 20.85
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Table 6.5: Sway response for extreme wind speed conditions of 1-D and 2-D EC models.

Configurations 1-Yr Return 10-Yr Return 20-Yr Return 50-Yr Return
Period Period Period Period

1-D 2-D 1-D 2-D 1-D 2-D 1-D 2-D

FTLP 2.51 2.46 2.84 2.78 2.61 2.56 2.84 2.78

FTLP+2WECs 3.01 2.90 3.40 3.28 3.33 3.21 2.40 2.32
FTLP+4WECs 2.08 2.03 2.24 2.18 2.31 2.25 2.36 2.31
FTLP+6WECs 1.99 1.95 4.65 4.56 1.96 1.93 2.24 2.20
FTLP+8WECs 1.98 1.96 1.73 1.72 2.16 2.14 2.28 2.25

Also, for waves of higher return periods, the responses are observed to decrease for the FTLP
and hybrid FTLP-WEC platforms. Like the surge response, the sway response (Table 6.5) is
also reduced for the hybrid system, apart from the FTLP+2WECs configuration. This may be
because, for the FTLP+2WECs platform, the WECs are placed in the direction of the waves.
Further, having minimum chances of restoring forces from the lateral direction. For other
hybrid platforms, the responses are observed to reduce. The surge responses are higher for the
FTLP and FTLP-WEC hybrid systems than the STLP and STLP-WEC hybrid platforms.

Table 6.6: Yaw response for extreme wind speed conditions of 1-D and 2-D EC models.

Configurations | 1-Yr Return 10-Yr Return 20-Yr Return 50-Yr Return

Period Period Period Period
1-D 2-D 1-D 2-D 1-D 2-D 1-D 2-D
FTLP 0.42 0.41 0.16 0.15 0.43 0.42 0.29 0.28

FTLP+2WECs | 0.12 0.12 0.36 0.35 0.05 0.05 0.20 0.19
FTLP+4WECs | 0.18 0.18 0.16 0.15 0.18 0.17 0.17 0.16
FTLP+6WECs | 0.12 0.12 0.19 0.19 0.12 0.12 0.16 0.16
FTLP+8WECs | 0.11 0.11 0.14 0.14 0.13 0.13 0.18 0.18

The higher surge motion of the FTLP may be because of the higher wave load developing on
the portions of the outer pontons which lie above the MSL. But for the STLP, only a minimum
portion of the system lies above MSL, leading to reduced wave influence, further resulting in
reduced surge motion. Table 6.6 shows the yaw motion response for the FTLP and hybrid
FTLP-WEC platforms. The yaw motion responses of the FTLP are minimal compared to the
STLP platform (Table 6.3). The reduced yaw motion ensures minimal lateral load developing
on the mooring cables of the floating system, further reducing the risk of fatigue failure of the
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tensioned tendons. Also, minimum yaw response ensures a safer working environment for the

maintenance of the system.

The variation in the surge and sway motion is not much significant while comparing the hybrid
platforms for both STLP and FTLP. This may be because of the reduced mass of the point
absorber WEC system compared to the single floating platform. Also, the addition of point
absorber WECs to the STLP and FTLP may not significantly alter the overall mooring system
design or layout. Hence the mooring system can efficiently accommodate the additional load
developed by the WECs, resulting in the minimum variation in the surge and sway motion
response. Further, the cone-cylinder point absorber WECs may act as stabilizing elements,
dampening the surge and sway motion of the STLP and FTLP by absorbing energy from the
waves. This stabilizing effect could counteract any additional motion induced by the presence

of the WECSs, resulting in only minor variations in surge and sway motion.
6.4.2 Extreme Motion Response using 2-D EC Model

The maximum loads that the platform can withstand under adverse environmental
circumstances can be determined with the help of extreme motion responses. The maximum
load capabilities can only be determined with the use of this data, which is also essential for
designing components that can withstand these incredibly high loads without affecting the
functionality or safety. Fig. 6.7(a-e) shows the maximum surge response motion for different
wind speed conditions of 1-Year, 10-year, 20-Year, 50-Year, and 100-year return period waves.
The surge responses are observed to increase with the increase in the wind speed condition.
Further, apart from the higher wind speed condition, the STLP+2WECs are observed to have
higher surge response motion. The STLP+4WECs, STLP+6WECs and STLP+8WECs have
reduced surge response motion compared to the STLP. Fig. 6.7(a) shows the surge response
motion for the waves of 1-year return period. The STLP+6WECs and STLP+8WECs
configurations are observed to have minimum response motions compared to other hybrid
platforms. Further, for waves of higher return periods, the surge response for the
STLP+8WECs is minimal compared to other hybrid concepts. Fig. 6.7(b) shows the surge
response motion for the 10-year return period waves. The STLP and STLP+4WEC
configuration has a similar response pattern as compared to other hybrid STLP-WEC
platforms. The STLP+6WECs and STLP+8WECs vary greatly in the surge response pattern
for the 10-Year return period waves. Fig. 6.7(c) shows the surge response motion for the 20-

Year return period of waves. The surge response is observed to reduce for the 20-Year return
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period condition compared to the 1-Year and 10-Year return period conditions for

STLP+2WECs and is observed to increase for STLP+6WECs.
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Fig. 6.7: Extreme surge response of STLP-WEC hybrid system for (a) 1-Year, (b) 10-Year, (c)
20-Year, (d) 50-year, and (e) 100-Year return period.
In the case of wind speed above 35 m/s, the surge responses of the STLP+4WECs are observed
to be higher, though the variation in surge response for the STLP and STLP+4WECs is
minimum for the operational wind speed conditions (3 to 25 m/s). The 50-Year (Fig. 6.7d) and

100-Year (Fig. 6.7e) return period conditions shows similar variation in the surge response
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motion with the 20-Year conditions. For the 10 m/s wind speed conditions, the surge responses
of the STLP and hybrid STLP-WEC have minimal variation for any return periods.

Fig. 6.8(a-e) shows the sway motion response for different wind speed conditions of 2-D EC
model developed for 1-Year, 10-Year, 20-Year, 50-Year, and 100-Year return periods. Like
the surge motion response, the sway motion response also increases with the increase in wind
speed. For the 1-Year (Fig. 6.8a) and 10-Year (Fig. 6.8b) return period conditions, the sway
responses are minimum for the STLP floating platform compared to the other hybrid
configurations. For other higher return periods, the STLP+2WECs are observed to have higher
sway motion response for 35 m/s wind speed conditions (Fig. 6.8c,d,e) compared to the single
STLP floater. Further, the variation in the sway motion is minimum for the hybrid concepts
which may be due to the wave motion in the positive x-direction. Minimum sway motion is
observed for STLP+8WECs configuration. The STLP+8WECs are observed to have minimum
translational motion compared to other hybrid concepts. Reducing lateral movements to a
minimum keeps the wind turbine's orientation steady in relation to the direction of the wind,

improving aerodynamic efficiency and energy output.
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Fig. 6.8: Extreme sway response of STLP-WEC hybrid system for (a) 1-Year, (b) 10-Year, (c)
20-Year, (d) 50-year, and (e) 100-Year return period.

Fig. 6.9(a-e) shows the yaw motion response for the STLP and hybrid STLP-WEC platforms
for waves of different return periods. Similar to surge and sway motion, the yaw motion
responses increases with the increase in the wind speed condition. Also, it is observed that the
yaw motion responses are reduced with the addition of the WECs with the STLP. This may be
due to the additional stiffness the WECs offer to the single STLP. Further, WEC kept in line
with the MSL may provide additional resistance to the wave load developing on the platform.
Fig. 6.9(a) shows the yaw motion response for different wind speed conditions of the EC
developed for the 1-Year return period. A steep increase in the yaw response is observed for
the increase in the wind speed conditions. A variation in the sway motion responses is observed
for the parked conditions of the wind turbine for the waves of the 10-Year return period (Fig.
6.9b). The STLP and STLP+2WECs are observed to have similar yaw motion responses for
the parked wind speed condition. For STLP, STLP+2WECs, and STLP+6WECs, the sway

motion tends to decrease for extreme wind speed conditions.
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Fig. 6.9: Extreme yaw response of STLP-WEC hybrid system for (a) 1-Year, (b) 10-Year, (c)
20-Year, (d) 50-year, and (e) 100-Year return period.

The reduced sway motion for the extreme condition reduces dynamic load for the parked
condition of the 5 MW wind turbine. Fig. 6.9(c) shows the yaw motion response for the 20-
Year return period comparing different configurations of STLP and hybrid STLP-WEC.The
yaw motion responses are observed to increase steeply with the increase in wind speed. Similar
variation in yaw response is observed for the 50-Year (Fig. 6.9d) and 100-Year (Fig. 6.9¢)

models.
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Fig. 6.10: Extreme surge response of FTLP-WEC hybrid system for (a) 1-Year, (b) 10-Year,
(c) 20-Year, (d) 50-year, and (e) 100-Year return period.

Turbulence and uneven wind flow effects on the wind turbine could be considerably severe by
yaw motion. The wind turbine may operate under more stable and predictable wind conditions
by reducing yawing, which improves overall performance. Fig. 6.10(a-€) shows the extreme
surge motion response of FTLP and hybrid FTLP-WEC developed from the EC models of 1-
Year, 10-Year, 20-Year, 50-Year, and 100-Year return periods. The variation in the surge
motion response with the addition of the WECs is observed to be minimal. The cone-cylinder
WECs can dampen waves by absorbing some energy. The damping effect reduces motions
brought on by waves, particularly surge motions. Adding WECSs can result in more consistent
surge motion responses by lessening the effect of waves on the platform. Fig. 6.10(a) shows
the extreme surge motion response for the 1-Year return period waves. The responses are
observed to increase with the change in the environmental variables (increase in the wind speed
and wave height). The FTLP+2WECs are observed to have minimum surge motion response,
though the variation in the surge motion response between FTLP+6WECs and FTLP+8WECs

is minimal. Fig. 6.10(b) shows the extreme surge motion response for the 10-Year return period
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waves. The variation is observed to be higher for the FTLP platform for the 10-Year. The
hybrid concepts were observed to have minimum variation in the surge motion for the increase
in the wind speed condition. The FTLP+2WECs are observed to have minimum surge motion
response for the operational conditions. For the parked wind speed condition, the
FTLP+6WECs are observed to have minimum surge motion response. Fig. 6.10(c) shows the
extreme surge motion response for a 20-Year return period. The STLP+2WECs are observed
to have minimum surge response for wind speed conditions below 25 m/s. For further wind
speed conditions, the surge motion responses are minimum for FTLP+6WECs configuration.
Also, FTLP+8WECs are observed to have reduced surge motion response for wind speed
conditions above 24 m/s. Similar variation in the surge motion is observed for the 50-Year
return period waves (Fig. 6.10d). The comparatively higher variation in surge response is
observed for the hybrid concepts for the parked wind speed conditions of a 5 MW wind turbine
(above 30 m/s). The FTLP+2WECs are observed to have minimum surge motion response for
the operational wind speed conditions. But for the parked condition, the translational motion
response is minimal for FTLP+6WECSs and FTLP+8WECs. The hydrodynamic characteristics
of the platform can change in the presence of cone-cylinder WECs, affecting its pitch and heave
responses. Since pitch and heave motions can cause surge motions in certain wave
circumstances, the decreased pitch and heave motions help to provide more stable surge motion

behaviour.

Fig. 6.11(a-e) shows the yaw motion response for the different wind speed conditions for 1-
Year, 10-Year, 20-Year, 50-Year, and 100-Year 2-D EC models. The sway responses are
observed to be minimum for the hybrid FTLP-WEC compared to the single FTLP concept apart
from the FTLP+2WECs configuration. Fig. 6.11(a) shows the sway response motion for the 1-
Year EC model. Higher sway motions are observed for the FTLP and FTLP+2WECs. The
responses are observed to reduce for the four, six and eight WECs configuration. This may be
because, for the STLP+2WECs configuration, the restoring force may be minimum as no
WEC s are provided in the lateral direction with waves travelling along the positive x-direction.
Similar variation in sway response is observed for other return period models. FTLP+4WECs,
FTLP+6WECs and FTLP+8WECs are observed to have minimal variation in the sway motion
response for the 1-Year return period waves. Fig. 6.11(b) shows the surge motion response for
the 10-Year return period waves. A higher variation in surge motion is observed for the FTLP,
FTLP+2WECs and FTLP+6WECs. The FTLP is observed to have a higher sway motion
response for wind speed below 25 m/s, and it is observed to reduce for the higher wind speed
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conditions. For FTLP+2WECs and FTLP+6WECS, the sway motion increases for wind speed

above 25 m/s, reaches a maximum of 35 m/s and then reduces for higher wind speed conditions.
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Fig. 6.11: Extreme sway response of FTLP-WEC hybrid system for (a) 1-Year, (b) 10-Year,
(c) 20-Year, (d) 50-year, and (e) 100-Year return period.

The FTLP+4WECSs and FTLP+8WECs are observed to have minimum sway motion for waves

of a 10-Year return period. Fig. 6.11(c) shows the sway motion response for the 20-Year return

period EC model. The variation in the sway responses is minimal for the 20-year return period

waves, with maximum responses for the FTLP+2WECs and minimum for the FTLP+8WECs.
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For the 50-Year (Fig. 6.11d) and 100-Year (Fig. 6.11e) 2-D EC model, the variation is similar
for the operational wind speed conditions. But for the survival and parked conditions of the
wind turbine, the sway responses of the FTLP+2WECs are higher for the 50-Year return period
and are reduced for the 100-Year return period waves. Minimal sway responses are observed
for the FTLP+6WECs configuration. The efficient conversion of wind energy into electricity
is aided by stable sway motions. Reduced sway motion increases the wind turbine's ability to
gather energy and provide more electricity overall, lessening the hybrid platform's
environmental effect.

Fig. 6.12(a-e) shows the Yaw motion responses for the FTLP and hybrid FTLP-WEC for
different wind speed conditions of 1-Year, 10-Year, 20-Year, 50-Year, and 100-Year return
period 2-D EC models. The addition of the WECs is observed to have a stronger influence on
the yaw motion response of the FTLP platform. The yaw motions responses are reduced by
adding the WECs to the FTLP platform. Apart from the 10-Year EC model, the FTLP has
minimal yaw motion for the operating wind speed conditions and is observed to increase for
the wind speed conditions above 25 m/s (parked condition). Fig. 6.12(a) shows the variation in
the yaw motion responses for the different wind speed conditions of the 1-Year 2-D EC model.
The yaw motion responses have minimal variation for the operational wind speed conditions.
Further, for the parked conditions of the wind turbine, a higher variation is observed for the
FTLP+2WECs and FTLP+4WECs. The FTLP+8WECs are observed to have minimum sway
motion response. However, for the 10-Year EC model, the variation in the sway motion
responses is higher for the parked condition of the hybrid FTLP-WECs (Fig. 6.12b). The sway
motion response for the FTLP+2WECs increases for the two WECs configuration of FTLP.

Yaw motion for the 20-Year return period model varies for the parked conditions (Fig. 6.12c).
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Fig. 6.12: Extreme Yaw response of FTLP-WEC hybrid system for (a) 1-Year, (b) 10-Year,
(c) 20-Year, (d) 50-year, and (e) 100-Year return period.

The responses were observed to increase for the 30 m/s wind speed conditions for the hybrid
FTLP-WECs. Further, the yaw motion responses reduce for the FTLP+2WECs configuration
for higher wind speed conditions. For the FTLP+4WECs, FTLP+6WECs and FTLP+8WECs,
the responses increase for wind speed conditions above 40 m/s. Similar variations in yaw
responses are observed for the 50-Year (Fig. 6.12d) and 100-Year (Fig. 6.12e) return period
models. The yaw motion responses of the hybrid platforms have higher variation for the wind
speed above 30 m/s wind speed conditions. The responses are observed to increase for the 50-
Year return period model. The FTLP++WECs and FTLP+8WECs have reduced yaw motion
response for wind speed above 40 m/s for the 100-year return period model.

For offshore floating wind turbine platforms to be secure, dependable, and function most
effectively, analysing the probability of exceeding extreme responses is essential. It makes it
possible to take well-informed decisions, evaluate risks, and comply with rules, which helps
offshore wind energy projects continue to expand and be successful. The probability of
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exceedance of surge, sway, and yaw motion responses of the STLP and FTLP, along with the

hybrid concepts, are studied for 1-Year, 10-Year, 20-Year, and 50-Year return period waves.
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Fig. 6.13: Probability of exceedance of (a) Surge, (b) Sway, and (c) Yaw response for a 1-Year
Return Period.

The extreme response study for both the TLP-type structures shows minimal variation in the
responses for the 50-Year and 100-year return period waves. Fig. 6.13(a-c) shows the
probability of exceedance of surge, sway, and yaw motion responses of the STLP and hybrid
STLP-WEC platforms for the 1-Year return period. Higher surge motion responses (Fig. 6.13a)
are observed for the STLP+2WECs configuration with minimum probability of occurrence.
The variation in the surge response for the extreme wind speed condition is minimal for the
STLP+6WECs and STLP+8WECs. The sway motion responses (Fig. 6.13b) are observed to
have higher variation for the STLP platform. Adding the WECs is observed to have a higher
influence on the sway motion response. The study observed a more than 50% reduction in the
sway motion response with the addition of WECs. The STLP+6WECs are observed to have
minimal sway motion variation. The STLP+4WECs and STLP+8WECs are observed to have
similar sway motion responses. The addition of the WECs has increased the yaw motion
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responses for the STLP+2WECs and STLP+6WECs (Fig. 6.13c). The variations are minimum
for the lower probabilistic region, and the variation is observed to increase for higher yaw
motion values at the lower occurrence region. The STLP+8WECs are observed to have the
minimum yaw motion response, further having reduced dynamic loads at the mooring point

junctions.
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Fig. 6.14: Probability of exceedance of (a) Surge, (b) Sway, and (c) Yaw response for a 10-
Year Return Period.

Fig. 6.14(a-c) shows the Probability of exceedance of surge, sway, and yaw motion responses
of the STLP and hybrid STLP-WEC for a 10-Year return period. The variation in the surge,
sway and yaw motion responses are higher for the waves of the 10-Year return period. The
WECSs have minimal influence on the surge motion of STLP+2WECs and STLP+4WECs, as
the response values are observed to be much closer to the surge motion responses of the STLP
(Fig. 6.14a). The STLP+6WECs have a higher surge response with a lesser probability of
occurrence. The WECs have a higher influence on the sway motion response of the hybrid
system (Fig. 6.14b). The variation in the surge and sway motion responses is almost similar for
the STLP+6WECs, though the STLP+2WECs and STLP+4WECs have reduced sway motion
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compared to the surge motion of the hybrid systems. The STLP+8WECs have the minimum
surge and sway motion response for the 10-Year return period waves. Fig. 6.14(c) shows the
variation in the yaw motion responses of the STLP and hybrid STLP-WECs for the 10-Year
return period EC. The yaw motion response is slightly higher for the 10-Year return period
waves. The higher variation in the surge, sway and yaw motion responses of the 10-Year return
period waves may be because a wider range of wave frequencies can frequently be found in
waves with longer return periods. The presence of varying wave frequencies can lead to higher
responses of the floating platform. The waves with higher wave periods have steeper wave
crests and deeper wave troughs. The steepness of the wave influences the responses of the

platform, as the steepness affects how the platform interacts with the waves.
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Fig. 6.15: Probability of exceedance of (a) Surge, (b) Sway, and (c) Yaw response for a 20-
Year Return Period.

Fig. 6.15(a-c) shows the probability of exceedance of the surge, sway, and yaw motion
responses of the STLP and hybrid STLP-WEC for the 20-Year return period EC model. The
variation of the responses is observed to increase for the 20-Year return period waves.
Minimum surge, sway, and yaw motion responses are observed for STLP+8WECSs. The surge
motion response for the STLP, STLP+2WECs, and STLP+4WECs are almost similar (Fig.
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6.15a) for the 20-Year return period waves, with slightly higher surge response for the
STLP+4WECs. Similar to the 10-Year return period waves, the STLP+6WECs have higher
response values with a lower probability of occurrence. The minimum variation in sway
response (Fig. 6.15b) is observed for the hybrid concepts of STLP for the 20-Year return period
waves. The STLP+2WECs are observed to have higher surge and sway response motion
compared to other hybrid concepts. The variation in sway response may be attributed to the
spacing of the WECs. The WECs can interact with each other and with the platform leading to
additional coupling loads causing higher lateral motion of the platform. The variation of the
yaw motion (Fig. 6.15c) response is higher than the translational motions. The STLP+2WECs
are observed to have higher yaw motion. This may be due to the complex flow pattern with the

influence of the WECSs in the direction of the wave.
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Fig. 6.16: Probability of exceedance of (a) Surge, (b) Sway, and (c) Yaw response for a 50-
Year Return Period.
Fig. 6.16(a-c) shows the probability of exceedance of surge, sway, and yaw motion responses
for the 50-Year 2-D EC model. The variation of the extreme responses for the 50-Year EC
model is much like a 20-Year EC model. The surge responses are higher for the STLP+2WECs

245



Dynamic Analysis of Offshore Floating Wind Turbine Combined with Wave Energy Converter

compared to single STLP and are minimum for the STLP+8WECs (Fig. 6.16a). Higher surge
motion responses with a lower probability of occurrence are observed for the STLP+4WECs
configuration. The sway motion responses are higher for the single STLP, and the hybrid
STLP-WECs have reduced sway motion responses (Fig. 6.16b) with a lower probability of
occurrence. The yaw motion responses are also reduced for the hybrid STLP-WECs,
STLP+8WECSs having minimum yaw motion response, as seen in Fig. 6.16(c). The reduced
surge, sway, and yaw motion response for the STLP+6WECSs for any 2-D model ensure the
reduced effect of turbulence and uneven wind flow onto the 5 MW reference wind turbine.
Thus, the wind turbine can operate in more stable and predictable wind conditions, improving
the overall performance. The reduced motion also ensures efficient maintenance operation of

the platform.

Fig. 6.17(a-e) shows the probability of exceedance of surge, sway, and yaw motion responses
of FTLP and hybrid FTLP-WEC for a 1-Year return period 2-D EC model. The addition of the
WECs has minimum influence on the translational and rotation motions of the platform. This
may be because the added mass of the WECSs provided to the FTLP is not significant compared
to the added mass of the FTLP platform. However, there is a reduction in the responses of the
platform with the addition of the WECSs. Fig. 6.17(a) shows the variation in the extreme surge
motion response of the FTLP and hybrid FTLP-WEC for the waves of a 1-Year return period.
The surge motion responses are minimal for the FTLP+8WEC configuration. Further, only
minimum variation in the surge response is observed for the two, four and six WEC
configurations of FTLP. The sway response value for the FTLP and hybrid FTLP-WECs is
much lower than the surge response (Fig. 6.17b). This may be because, with the larger diameter
below the mean sea level, the centre of buoyancy of the FTLP is lowered, which provides
increased stability against sway motion. The buoyant forces act more effectively in resisting
sway motions, leading to reduced sway responses. The probability of occurrence of higher
sway response motions is higher for FTLP+2WECs and is minimum for FTLP+6WECSs. The
FTLP+4WECs and FTLP+8WECs are also observed to have minimal sway motion response
for the extreme wind speed condition of the 1-Year model. The yaw motion responses of the
FTLP (Fig. 6.17c) have a higher influence with the addition of WECs. The yaw motion
responses are reduced for two, six and eight WEC configurations of FTLP and are increased
for FTLP+4WECs. This may be because the WECs at specific locations on the FTLP can create
coupling effects between the WECs and the platform's yaw motion. These coupling effects can

amplify yaw motion under certain wave conditions.
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Fig. 6.17: Probability of exceedance of (a) Surge, (b) Sway, and (c) Yaw response for a 1-Year
Return Period.

Fig. 6.18(a-c) shows the probability of exceedance of the surge, sway, and yaw motion
responses of the FTLP and hybrid FTLP-WEC for 10-Year return period waves. The responses
are slightly higher for the 10-Year return period waves. Similar to the 1-Year 2-D EC model,
the surge motion response for the extreme conditions has minimal variation for the FTLP and
hybrid FTLP-WEC (Fig. 6.18a). The surge responses are minimum for the FTLP+8WEC

configuration.
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Fig. 6.18: Probability of exceedance of (a) Surge, (b) Sway, and (c) Yaw response for a 10-
Year Return Period.
The sway motion responses are higher for the FTLP+2WECs and are minimum for the
FTLP+8WECs (Fig. 6.18b). A higher variation in yaw response is observed for the hybrid
FTLP+6WECs (Fig. 6.18c). The WECs attached to the outer pontoons may introduce
asymmetry in the buoyancy distribution and hydrodynamic forces acting on the FTLP, resulting
in uneven forces which can induce yawing moments on the platform, causing increased yaw
motion.
Fig. 6.19(a-c) shows the variation in the surge, sway, and yaw motion responses of the FTLP
and hybrid FTLP-WEC for the 20-Year EC 2-D model. The surge and the sway motion
responses show similar variations with higher response values (Fig. 6.19(a,b)). The waves
having higher return periods exhibits stronger wave grouping effects resulting in larger wave
impacts on the hybrid platform, causing higher translation motions as the platform interacts
with multiple wave crests and troughs within a short time span. Also, waves with higher wave
height and longer spans have a significant influence on the added mass effect accounting for
the inertia of the displaced water around the floating platform. Fig. 6.19(c) shows the variation
in the yaw motion response of the FTLP and hybrid FTLP-WEC. For the waves of the 20-Year
return period, the yaw motion responses are observed to increase with the addition of the
WECs. The cone-cylinder point absorber WECs are designed to harness wave energy, and their
motion in response to waves generates yawing moments on the hybrid FTLP. The wave-
induced yawing moments can increase the yaw moments of the hybrid system. Also, the
frequency characteristics of the heaving WECs and the natural frequency of the FTLP may
coincide, leading to resonance, further amplifying the yaw motions. Minimum yaw motion is
observed for the FTLP+6WECSs, and higher yaw motion is observed for the FTLP+8WECs.
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Fig. 6.19: Probability of exceedance of (a) Surge, (b) Sway, and (c) Yaw response for a 20-
Year Return Period.

Fig. 6.20(a-c) shows the surge, sway, and yaw motion response of the FTLP and hybrid FTLP-
WEC for the 50-Year 2-D EC model. The variation of the surge (Fig. 6.20a) and sway (Fig.
6.20b) response is almost similar to the 20-Year 2-D EC model. However, the surge and sway
motion response have lower response values for the extreme wind speed condition than the 20-
Year EC model. The varied wave duration may change the platform's dynamic response
characteristics. The 50-Year return period waves may cause higher damping for longer-period
waves, resulting in lower motion amplitudes. The 50-Year return waves may have a more
favourable direction of incidence, leading to reduced motion amplitudes. The mooring system's
stiffness and damping properties can also affect the motion response differently for different
wave periods. Fig. 6.20(c) shows the yaw motion response of the 50-Year EC model for the
FTLP and hybrid FTLP-WEC platforms. Like the 20-Year return model, the yaw motion
response increases for the FTLP+6WECs and FTLP+8WECs. However, the yaw motion
response is reduced for the FTLP+2WECs configuration compared to a single FTLP. The study
of STLP and FTLP hybrid concepts shows the importance of WECs in reducing the motion

responses of the platform, except for some extreme wind speed conditions.
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Fig. 6.20: Probability of exceedance of (a) Surge, (b) Sway, and (c) Yaw response for a 50-
Year Return Period.

6.4.3 Variation of Tower Base Bending Moments with Mean Wind Speed

The dynamic interaction of the platform, supporting wind turbine and the environmental forces
(wind, waves, and currents) results in developing the lateral loads, further resulting in the fore-
aft bending moment, side-to-side bending moments and yaw moments developing at the base
of the wind turbine tower. The waves moving in the positive x-direction develops horizontal
forces in the platform, developing forward force on the platform. The forward force may result
in developing the fore-aft bending moments at the base of the turbine tower. The surge, heave,
and pitch motion also have a significant influence on developing the fore-aft bending moments.
The rolling and pitching motion of the platform causes the platform to sway side-to-side and
may develop side-to-side bending moments. The mass and inertia of the supporting wind
turbine have an influence on how the platform reacts to external forces. The dynamic behaviour
of the wind turbine tower and nacelle can induce additional side-to-side bending moments. The
fore-aft and side-to-side bending moment for extreme wind speed conditions is studied for the
hybrid STLP and FTLP for different return period waves.
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Fig. 6.21: Extreme Side-to-Side Bending Moments of STLP-WEC hybrid system for (a) 1-
Year, (b) 10-Year, (c) 20-Year, (d) 50-year, and (e) 100-Year return period.

Fig. 6.21(a-e) shows the extreme values of side-to-side bending moments developed for the
STLP and hybrid STLP-WEC for different wind speeds of 1-Year, 10-Year, 20-Year, 50-year,
and 100-Year return periods. With the addition of the WECs, the side-to-side bending moment
is observed to reduce for most wind speed conditions of different return periods. For the 35 m/s
wind speed condition of a 1-Year return period, waves have slightly higher side-to-side bending
moment for the STLP+2WECs than a single STLP, as seen in Fig. 6.21(a). A minimum value
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for the side-to-side bending moment is observed for STLP+8WECSs. The minimum side-to-side
bending moment for the STLP+8WECs may be due to the minimum roll and pitch motion of
the hybrid floating system. The minimum side-to-side bending moment ensures minimum
lateral loads on the turbine blades, improving the efficiency of the wind power absorption.
Fig. 6.21(b) shows the side-to-side bending moment developed for the 10-Year return period
waves. The bending moment values are slightly higher for the 10-Year return period wave
condition. This may be due to the resonance effect of the platform, as the wave frequency may
coincide with the natural frequency of the floating platform. Similar variations in the side-to-
side bending moments are observed for the 20-Year, 50-Year, and 100-Year return period wave
condition (Fig. 6.21(c,d,e)). For any wind speed condition, minimum side-to-side bending
moments are observed for the STLP+8WECs configuration except for the 25 m/s wind speed
condition of the 50-Year and 100-Year EC model, for which the STLP+6WECs have reduced
side-to-side bending moments. Also, the variation in the side-to-side bending moments for the
hybrid STLP-WEC is minimal for the operational wind speed conditions of a 5 MW wind
turbine. With the wind speed condition above 30 m/s, the variation in the side-to-side bending
moments for the hybrid concepts is higher.

Fig. 6.22(a-e) shows the extreme side-to-side bending moments developed on the FTLP and
hybrid FTLP-WEC platforms for 1-Year, 10-Year, 20-Year, 50-year, and 100-Year return
periods. The side-to-side bending moments are much higher for the FTLP and hybrid FTLP-
WEC platforms than for STLP and hybrid STLP-WEC platforms. This may be because, with
the larger frontal area of the FTLP, the hydrodynamic forces acting on the platform in the side-
to-side direction will be higher, resulting in higher side-to-side bending moments. Also, with a
larger frontal area for the wave action, the added mass will be higher, resulting in increased
wave-induced side-to-side moments. Fig. 6.22(a) shows the side-to-side bending moments for

the 1-Year return period waves.
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Fig. 6.22: Extreme Side-to-side Bending Moments of FTLP-WEC hybrid system for (a) 1-
Year, (b) 10-Year, (c) 20-Year, (d) 50-year, and (e) 100-Year return period.

The bending moment is minimal for the 1-Year return period wave conditions, and the
moments increase for higher return period waves. Apart from the 15 m/s wind speed condition,
the moments are reduced by adding the WECSs. For the 15 m/s condition, the resonance effect
might increase the moments of the hybrid platforms. Fig. 6.22(b) shows the variation in
extreme bending moment developed on the FTLP and hybrid FTLP-WEC for the 10-Year
return period waves. For wind speed conditions below 35 m/s, adding WECs has reduced the
bending moment developed for the FTLP. But for the extreme wind speed conditions, the
moments are higher for FTLP+6WECs compared to single FTLP. Apart from the 15 m/s wind
speed condition, the minimum moment is developed for the FTLP+8WECs hybrid platform.
Fig. 6.22(c) shows the side-to-side bending moments for the 20-Year return period waves.
Similar to the 10-Year return period waves, the 20-Year return period waves observe higher
moments for the hybrid platforms for 15 m/s wind speed conditions. For other operation
conditions of the wind turbine, the WECs have reduced the moment developed on the FTLP.
Further, FTLP+4WECs have higher side-to-side bending moments for extreme wind speed

conditions. The variation of side-to-side bending moments is similar for both 50-Year and 100-
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Year return periods (Fig. 6.22(d,e)). For any wind speed conditions, adding WECSs has reduced
the side-to-side bending moments developed at the base of the turbine tower. For the
operational conditions of the wind turbine, the FTLP+6WECs are observed to have lower side-
to-side bending moments. For the survival conditions of the 5 MW wind turbine, the moments
are minimum for the hybrid FTLP+8WECs configuration.
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Fig. 6.23: Extreme Fore-aft Bending Moments of STLP-WEC hybrid system for (a) 1-Year,
(b) 10-Year, (c) 20-Year, (d) 50-year, and (e) 100-Year return period.
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Fig. 6.23(a-e) shows the fore-aft bending moment of STLP and hybrid STLP-WEC for 1-Year,
10-Year, 20-Year, 50-year, and 100-Year return periods. The fore-aft bending moments are
higher for certain environmental conditions compared to the side-to-side bending moments.
This may be because the platform may exhibit a higher sensitivity to forces acting in the fore-
aft direction, developing higher fore-aft bending moments. Also, the combined effect of waves
and wind acting from the same direction can develop higher fore-aft forces compared to the
side-to-side forces. Similar to the case of the side-to-side bending moment, the variation in the
hybrid concepts of STLP-WEC is uniform.

For most operational conditions of the platform, the STLP+8WECs are observed to have
minimum fore-aft moment compared to other hybrid platforms. Also, for lower wind speed
conditions (10 m/s and 15 m/s), the STLP+2WECs are observed to have higher moments
compared to other hybrid concepts and single STLP. This may be due to the arrangement
pattern of the WECSs causing complex flow patterns, resulting in higher moments.

Fig. 6.24(a-e) shows the extreme Fore-aft bending moments developed at the base of the
turbine tower for 1-Year, 10-Year, 20-Year, 50-year, and 100-Year return period EC model.
The fore-aft bending moments developed for the FTLP and hybrid FTLP-WEC is lower
compared to the STLP and hybrid STLP-WEC floating platforms. The variation in the fore-aft
bending moments is minimum for the 1-Year return period waves (Fig. 6.24a) and is observed
to increase for higher return period waves. For the 1-Year return period waves, the extreme
wind speed condition is observed to have a higher fore-aft bending moment for the
FTLP+8WECs configuration and is minimum for the FTLP+6WECSs. For any wind speed
condition of a 1-Year return period, the fore-aft bending moment is minimum for
FTLP+6WECs. Fig. 6.24(b) shows the variation in the extreme fore-aft bending moments for
10-Year return period waves. For wind speed conditions below 25 m/s, the fore-aft bending
moments are minimal for the hybrid FTLP-WEC compared to the single FTLP. However, a
higher moment is observed for the FTLP+6WECs for 20 m/s wind speed. For wind speed above
40 m/s, the fore-aft moments are higher for the hybrid concept compared to a single FTLP.
Fig. 6.24(c) shows the fore-aft moment for the 20-Year return period EC model. The moments
developed on the base of the turbine tower for the hybrid concepts are observed to be higher
for wind speeds above 10 m/s. This may be due to the resonance effect, when the natural
frequency of the WECs may coincide with the natural frequency of the waves acting on the
floating system. The FTLP+2WECs configuration is observed to have a minimum value of

fore-aft bending moment compared to other hybrid concepts. Fig. 6.24(d) shows the fore-aft
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bending moment for the 50-Year EC model. The hybrid FTLP+6WECSs are observed to have
higher variation for 15 m/s and 35 m/s wind speed conditions. For other operational conditions
of the wind turbine, the hybrid concepts have reduced moment compared to a single FTLP.
Fig. 6.24(e) shows the variations in the fore-aft bending moment of FTLP and hybrid FTLP-
WEC for the 100-Year 2-D EC model.
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Fig. 6.24: Extreme Fore-aft Bending Moments of FTLP-WEC hybrid system for (a) 1-Year,
(b) 10-Year, (c) 20-Year, (d) 50-year, and (e) 100-Year return period.
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The variation is much similar to the 50-Year EC model apart from the 35 m/s. The fore-aft
bending moment for the FTLP+6WECs is reduced for this environmental condition. Further,
FTLP+4WECs are observed to have higher fore-aft bending moments for parked conditions of
the wind turbine. The study of the fore-aft bending moment for hybrid STLP and FTLP showed
different characteristics of the platform. The hybrid STLP platforms had uniformity in the
variation of the moments, with STLP+8WECs having reduced fore-aft bending moments for
any operational or parked conditions. But for the hybrid FTLP-WEC platforms, fore-aft
bending moments vary for different return period waves. For most operational conditions, the
fore-aft moment is reduced for FTLP with the addition of WECs.

Fig. 6.25(a,b) shows the extreme fore-aft and side-to-side bending moment developed on the
STLP and hybrid STLP-WEC configurations for extreme wind speed conditions. The addition
of the WECs has reduced the moments developed on the hybrid configuration, as discussed
earlier. Minimum fore-aft and side-to-side bending moments are observed for the
STLP+8WECs hybrid platform for the extreme wind speed conditions of waves of different
wave periods. The variation in the fore-aft bending moment developed is similar for both
STLP+6WECs and STLP+8WECs (Fig. 6.25a). Lower fore-aft bending moment values are
observed for the 1-Year return period, and higher fore-aft bending moments are observed for
both the 50-Year and 100-Year return periods for both the hybrid floating platforms. But for
the STLP, STLP+2WECs and STLP+4WECSs show higher fore-aft bending for the 100-Year

return period waves than the 50-Year return period waves.
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Fig. 6.25: Extreme (a) Fore-aft Bending and (b) Side-to-Side Moments of STLP-WEC hybrid
system for various extreme wind speed conditions.

This may be due to the arrangement pattern of the WECs, leading to a complex flow pattern

for the waves around the STLP, causing the variation in the moments developed. The side-to-
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side bending moment is slightly higher than the fore-aft moment, as seen in Fig. 6.25(b). The
variation in the side-to-side moment developed is similar for all hybrid concepts except the
STLP+6WECSs. For the hybrid STLP+6WECS, the side-to-side moments are almost similar for
1-Year, 10-Year, and 20-Year return period waves. Further higher side-to-side bending
moments are developed for the 50-Year and 100-Year return periods. For the other hybrid
STLP-WEC platforms, minimum moments are observed for the waves of the 1-Year return

period and higher moments are developed for the 100-Year return period waves.
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Fig. 6.26: Extreme (a) Fore-aft Bending and (b) Side-to-Side Moments of FTLP-WEC hybrid
system for various extreme wind speed conditions.

Fig. 6.26(a,b) shows the extreme fore-aft and side-to-side bending moments developed on the
FTLP and FTLP-WEC hybrid platforms for extreme wind speed conditions. Fig. 6.26(a) shows
the extreme fore-aft bending moment developed at the base of the turbine tower for different
return period waves. For the FTLP and FTLP+2WECs, the extreme fore-aft moments are
minimum for the 20-Year return period waves. The spectrum of incoming waves, including the
direction, height and period, have a significant role in the fore-aft bending moments developed
at the base of the turbine tower. Different wave conditions can result in varying fore-aft bending
moment responses. Further, the higher frequency waves develop smaller dynamic motions in
the platform, reducing fore-aft bending moments. Further, for the hybrid FTLP+4WECs,
FTLP+6WECs and FTLP+8WECs, the lower fore-aft moments are developed for the 1-Year
return period wave conditions and higher fore-aft bending moments are developed for the 100-
Year return period waves. The side-to-side bending moments are higher compared to the fore-
aft moments for the FTLP and hybrid FTLP-WEC (Fig. 6.26b). The higher side-to-side
moments are due to the higher surge and pitch motion of the platform, causing the dynamic
loads to act on the turbine tower. The FTLP+2WECs have similar variations for the side-to-

side bending moments. For the single FTLP, 1-Year, 10-Year and 20-Year return period waves
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have slightly similar variations but have higher moments developed for the 50-Year and 100-
Year return period waves. There is a minimum variation in the side-to-side bending moments
developed on the hybrid FTLP+6WECs for 10-Year, 20-Year, 50-year, and 100-Year return
period waves. The minimum variation for different wave conditions ensures higher wind power

absorption.

6.4.4 Mooring Tension for Extreme Wind Conditions

The mooring cables serve as tethers, giving the floating platform vertical support and limiting
its ability to move excessively in reaction to waves, currents, and wind. The platform is kept in
the desired position with respect to the seabed through the pre-tensioned cables, which are
designed to maintain a particular tension level. This moderate tension reduces the platform's
vertical movements and aids in maintaining stability. Careful consideration must be given to
variables including sea depth, environmental circumstances (such as wave, current, and wind
loads), the weight of the wind turbine and platform, material qualities, and the expected
operational life of the offshore platform when choosing and designing mooring cables. The
Fig. 6.27(a,b) shows the pictorial representation of the STLP and FTLP supported using the
tensioned mooring cables where the wave is assumed to move towards the positive x-direction.
Four tensioned mooring cables for provided the STLP (S_MC) on the four outer pontoons and
six mooring cables are provided for the FTLP (F_MC) as shown in Fig. 6.27(a) and
Fig. 6.27(b). The properties of the mooring cables used to support the floating platforms are
detailed in Chapter 1. The position of the mooring cables remain same for the hybrid floating

platform considered for the present study.
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Fig. 6.27: Geometric representation of (a) STLP, and (b) FTLP supported by mooring cables

259



Dynamic Analysis of Offshore Floating Wind Turbine Combined with Wave Energy Converter

Fig. 6.28(a-d) shows the maximum values of mooring tension developed on the four different
mooring cables of the STLP and hybrid STLP-WEC. The S_MC-1 and S_MC-2 are provided
on the seaward side of the platform, and the S MC-3 and S_MC-4 are provided on the leeward
side of the platform. The S_MC-1 experiences higher tension (145.2 MN) for the single STLP
for different wind speed conditions (Fig. 6.28a). With the addition of the WECs, the tension
developed on the S_MC-1 is reduced. With the increase in the wind speed, the tension
developed on the S_MC-1 decreases. The hybrid STLP+8WECs have minimum tension (42.9
MN) value for the S_MC-1. Further, the minimum tension on the S_MC-1 for the
STLP+6WECs is 43.4 MN for 49.1 m/s. Fig. 6.28(b) shows the tension developed on the
S_MC-2 for the STLP and hybrid STLP-WEC.
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Fig. 6.28: Maximum tension developed on (a) S_MC-1, (b) S_MC-2, (c) S_MC-3 and (d)
S_MC-4 of STLP-WEC hybrid systems for various extreme wind speed conditions.

Higher mooring tension (109.7 MN) is observed for STLP+2WECs. This may be because of
the arrangement pattern of the two WECs in the direction of the wave providing minimum
restoring forces. Further, with the increase in the WECs around STLP, the tension developed
on the S_MC-2 is reduced. The hybrid STLP+8WECs are observed to have the minimum
mooring tension developed (31.2 MN). The S_MC-3 has higher tension developed for the
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single STLP and is reduced by adding WECs to the STLP (Fig. 6.28c). Further, the
STLP+4WECs have higher tension (91.51 MN) for the mooring cables than other hybrid
STLP-WEC platforms. Like other mooring cables, the S_MC-3 has minimum tension (54.6
MN) for the STLP+8WECs hybrid platform. Similar to the S_MC-2, the S_MC-4 on the
leeward side of the platform has higher tension (128.2 MN) developed for the STLP+2WECs
(Fig. 6.28d). Also, the tension developed on the S_MC-4 of the STLP+4WECs is higher (114.6
MN) than that of a single STLP.

Fig. 6.29(a-f) shows the extreme tension developed on the mooring cables of the FTLP and
hybrid FTLP-WEC floating platforms. For any mooring cable, the FTLP+4WECs have higher
tension developed on the mooring cable for the 20-Year return period waves. This may be
because of the resonance effect where the natural frequency of the platform matches the natural
frequency of the wave. So sufficient stiffness should be provided to counter the same. Further,
the tension developed on the mooring cables supporting the FTLP is less compared to the STLP
configurations. This may be because of the higher restoring force developed by the part of the
FTLP platform lying above the MSL. Further, the tension developed on the Mooring cables of
the FTLP and hybrid FTLP-WEC is almost observed to be similar for any conditions of the

wave.
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Fig. 6.29: Maximum tension developed on (a) F_MC-1, (b) F_MC-2, (c) F_MC-3, (d) F_MC-
4, (e) F_MC-5and (f) F_MC-6 of FTLP-WEC hybrid systems for various extreme wind speed
conditions.

The addition of the WECs has reduced the tension developed on the F_MC-1 provided on the
leeward side (Fig. 6.29a). For the F_MC-3 and F_MC-6 provided on the leeward side, near the
central column has higher tension developed for the 20-Year and 50-Year return period waves
(Fig. 6.29(b,f)). The FTLP+8WECs hybrid system experiences a higher tension (49.8 MN)
other than the FTLP+4WECs. Also, for any wave conditions, the FTLP+6WECSs (24.9 MN)
are observed to have the minimum tension developed on the mooring cable for extreme wind
speed conditions. The F_MC-3 of the hybrid FTLP+6WECs experiences higher tension (45.4
MN) for the 47.16 m/s wind speed condition (Fig. 6.29c). Similar variation is observed for the
F_MC-3and F_MC-5 kept on the seaward side, near to the central column (Fig. 6.29(c,e)). The
Mooring cables on the seaward side experience higher tension than those on the leeward side.
The tension developed on the mooring cables (F_MC-3 and F_MC-5) are higher (52.3 MN)
for the FTLP+8WECs compared to other hybrid concepts for the 20-Year and 50-Year return

period waves.

6.5 CLOSURE

The reliability analysis of the hybrid TLP-WEC FOWT is conducted to examine the design
loads based on the EC method to understand the extreme responses. The study considers STLP
and FTLP FOWT and the hybrid concepts combining the platform with the cone-cylinder-
shaped point absorber WECs. The 1-D and 2-D EC models are developed to understand the
extreme environmental conditions for a particular target return period. Further, the extreme
environmental conditions for the 1-D and 2-D EC models are used to analyse the extreme
response of the hybrid platforms. The NREL FAST simulation tool was employed to simulate
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the same. The turbulence intensity and the wind properties for the FAST simulation were done

using the TURBSIM simulator. Th observations made from the study are as follows:

e The extreme responses for the hybrid STLP-WEC and FTLP-WEC are observed for the
50-Year target return period. But for certain return periods, the extreme responses vary
with the arrangement pattern of the WECs.

e The yaw motion responses for the STLP and hybrid STLP-WEC concepts are 73%
(average) higher compared to the FTLP and hybrid FTLP-WEC concepts.

e The extreme fore-aft and side-to-side bending moments are almost similar for the STLP
and hybrid STLP-WEC. Further, the variation is higher for the moments developed for
the FTLP and the hybrid FTLP-WEC concepts.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK

7.1 SUMMARY OF RESEARCH WORK

The exploitation of the combined wave and wind energy device is an emerging research topic
with a limited number of studies performed on hybrid offshore wind and wave energy devices.
Most of the studies carried out on the combined concepts are to enhance industrial and scientific
collaboration to develop sustainable energy. Thus, with limited research on the combined wind
and WEC concept, a hybrid platform of wind and WEC is a less exploited area. So, the present
study considers two different TLP-type FOWT (STLP and FTLP) platforms integrated with
multiple cone-cylinder-shaped WECs for the numerical analysis. The time-domain coupled
dynamic analysis for different arrangements of WECs around the STLP and FTLP system in a
circular pattern is conducted to understand the response behaviour of the system under various
wind and wave load conditions. The estimated responses for different environmental conditions
are compared for the different configurations of WECs around the platform. Further, the
hydrodynamic performance of various arrays of heaving cone-cylinder point absorber-type
WECs around STLP and FTLP floating wind turbines in circular and concentric patterns are
examined. The North Sea wave data is considered to analyse the power absorption for various
configurations of WECs surrounding the floating wind turbine platform. For various circular
and concentric arrays of WECS, the hydrodynamic coefficient, time average wave power, the
mean interaction factor and the capture width ratio are studied. Further, the study predicts the
long-term extreme responses of the hybrid floating platforms using integration and reliability

techniques.

7.1.1 Rigid Body Analysis of Hybrid Floating Wind Turbine Platforms

The aero-servo-hydro-elastic simulation of hybrid STLP-WEC and FTLP-WEC are performed
for several operational wind speed conditions of 5MW wind turbine. The conclusions drawn

from the study are detailed below:

e The RAOs of the hybrid system are observed to increase with the increase in wind speed

and wave height, and the variation is observed to be minimum (2.1% average increase
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with the increase in wind speed) once the wind speed crosses the rated wind speed of a
5 MW NREL wind turbine.

e The STLP+6WECs configuration is more stable as the hybrid system is observed to
have lower surge and pitch response amplitudes for the North Sea environmental
conditions. Average 45% reduction in surge motion and 16% reduction in pitch motion
is observed for STLP+6WECs compared to single STLP.

e The surge, sway and yaw motion are more dominant for the tension leg floater. The
surge and sway motions have minimal variation for all wave periods, but the yaw
motion is observed to be higher for waves having wave periods above 15s.

e The effect of wind and waves on the forces and moments developed at the tower’s base
is high for waves of wave periods higher than 15s. The variation in the tower base forces
and the moment is observed to be minimal (9.3% increase) with the increase in wind
speed.

e The forces and moments developed in the for-aft direction are highest for the
STLP+6WECs with zero-degree wave heading angle for the regular wave condition.

e The STLP+8WECs have the minimum mooring tension developed for the operational
wind speed conditions. The 11.2 m/s wind speed conditions developed the maximum
tension on the mooring cables. A 78% increase in tension is observed for the 11.2 m/s
condition for the hybrid STLP+8WECs compared to a single STLP.

e The natural heave, roll and pitch frequencies for FTLP and STLP are observed to be
closer compared to the surge, sway and yaw natural frequencies. Further, The FTLP
with six mooring lines has minimum platform motions compared to the STLP floater
with four mooring lines.

e The heave, roll and pitch motion amplitudes are minimal for all hybrid FTLP-WEC
compared to the surge, sway and yaw motions.

e Minimum surge and pitch motion amplitude are observed for FTLP+8WECs for every
wind speed condition, further having better wind power absorption than other FTLP-
WEC configurations. Average 21% reduction in surge motion and 7% reduction in pitch
motion is observed for FTLP+8WECs compared to single FTLP for wind speed
conditions above the rated wind speed.

e The reduction in tension developed on the cables is observed with the addition of
WECs. The FTLP+8WECSs have a minimum value of tension developed on the cables.

266



Chapter 7: Conclusions and Future Work

An 81% reduction in tension developed is observed for the FTLP+8WECs compared
to single FTLP apart for the 11.2 m/s wind speed condition.

The forces and moments for the FTLP and hybrid FTLP-WEC are mostly wave-induced
for different operational conditions of the wind turbine. The forces developed in the
fore-aft direction are observed to be higher compared to the other two directions and

have higher side-to-side moments.

7.1.2 Multi-body Analysis of Hybrid Floating Wind Turbine Platforms

The hydrodynamic performance of the circular and concentric arrangement of cone-cylinder
point absorber WECs around STLP and FTLP is studied for the North Sea. The conclusions

drawn from the study are detailed below:

The effect of STLP and other WECs on the added mass and damping is minimal for
both circular and concentric arrangement of two and six WEC configurations (Cy, C3
and Cs configurations) compared to other configurations as the ratio of the

hydrodynamic coefficient is observed to be close to 1.0 for the lower wave periods

(T, <10). The minimal influence on added mass ensures a better sheltering effect of
the platform and WECSs.

The effect of STLP and WECSs on the added mass and radiation damping is minimal for
both circular and concentric arrangements of eight WECs (Cs and Ce configurations)

around the platform compared to other configurations for higher wave periods

(TP>10). The reduced damping for the WECs ensures higher absorption of wave
power.

The effect of STLP and WEC on added mass and damping is more significant in the
lower wave period region for all the arrangements of WECs. The higher variation can
be due to the influence of the incident and the reflected waves from the STLP and WEC.

The total time average wave power absorbed is highest for a concentric pattern of
twelve WECs around the STLP floating hybrid system (C7 configuration). However,

the park effect is positive for the C7 configuration for all wave frequencies.

The maximum power is absorbed by a single WEC when the point absorber-type WECs
of eight numbers are arranged in a concentric pattern around the STLP (Cs

configuration). The maximum power absorption is due to the direct impact of waves on
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the WEC without sheltering the platform or other WECs. Further, the influence of

reflected waves is noted from the platform and other WECs.

e The reactive damping control or the spring-damping control is observed to absorb
higher wave power than the linear damping control for the hydraulic PTO. Further, for
most configurations, the highest wave power absorption for the reactive damping

control is observed for the second sea state condition.

e The circular and concentric arrangement of eight numbers of WECs around STLP (Cs
and Ce configurations) have a negligible influence on WECSs as the mean interaction
factor is close to 1.0 for waves of higher significant wave height. Further, it is observed
that the g-factor improves with the increase of wave heading angle from 0° to 60°,
which can be due to the destructive interference at corresponding incoming wave
interaction.

e A minimum impact on added mass is observed for FTLP with six WECs in a circular
pattern (FW3). A higher impact on the added mass is observed for the eight WEC
configurations (FW4 and FWs) when arranged in circular and concentric patterns. This
may be due to sufficient space available for wave reflection.

e Negative damping is observed for the initial wave period and is close to zero, which
shows the impact of the FTLP and other WECs in reducing the radiation damping. The
negative damping may lead to a higher heave response of the WEC, further enhancing
every possibility of structural damage to the system in a short period.

e The instantaneous wave power absorption is higher for the eight WECs in the
concentric array (FWs) for a zero-degree wave heading angle. Further, an average 12%
increase in wave power absorption is observed for the FWs configuration as the wave
direction changes from 0° to 60°.

e The maximum wave power absorption with RD-control strategy is higher for FW3 and
is almost like the wave power absorption pattern of FWs, having twelve WECs in a
concentric pattern. This may be due to the influence of the reflected waves with
sufficient clearance between the FTLP and WECs. Further, only 4% reduction in wave
power absorption is observed when the wave direction changes to a 60° wave heading
angle.

e The mean interaction factor is almost similar for most configurations. The park effect

IS positive (q - factor >1) for the lower wave heights of the WEC with RD-control PTO
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7.1.3

system. The higher power absorption in the lower wave period region may be due to
the resonance conditions.

The variation in power absorbed by the WECs in the hybrid system is higher with the
increase in the WECs. The capture width ratio study concluded that the minimum
variation in power absorption is for FW1, FW, and FWa. Also, the variation in power
absorption is higher for wave heights above 2.0m. The wave crest utilisation is higher
for FWe for any wave heading direction.

Mooring Analysis of Hybrid Floating Wind Turbine Platforms

The hybrid STLP+6WECs and FTLP+8WECs are analysed for different numbers of mooring

lines. The motion responses, forces and moments at the base of the turbine tower and the

tension developed on the mooring cables are analysed. The following conclusions drawn from

the mooring analysis of hybrid FWT are as follows:

The stiffness of the hybrid platform is observed to be higher in the vertical plane than
in the horizontal plane for hybrid STLP-WEC. The natural frequency of FTLP and
hybrid FTP-WEC is outside the frequency region 0.04-0.25 Hz, hence having higher
structural integrity.

Minimum variation in the natural frequency of STLP and FTLP is observed by adding
WECSs around the floater in a circular pattern.

Minimum surge (45% reduced) and pitch (16% reduced) motion values are observed
for the hybrid STLP+6WECs floater with a 4-Mooring layout, further having a better
orientation of the wind turbine towards the wind direction, having higher efficiency for
the wind power absorption.

The chances for the occurance of resonance in surge and sway motion for the hybrid
floater is higher for wind speeds below the rated wind speed of a 5SMW reference wind
turbine. The horizontal plane motions are 20% higher and vertical plane motions are
7% higher for the hybrid floater for any mooring configuration under regular wave
conditions compared to random waves.

The wave frequency for the STLP+6WECs, is above the natural frequency for the surge,
sway, pitch and yaw motions and is below the natural frequency for the heave and pitch
motion.

The variation in roll motion is observed to be minimal for 4-Mooring and 5-Mooring

configurations, further showing the higher stability of the floater.
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Tension developed in the mooring lines of the central column is 28% higher compared
to other mooring cables for the 5-Mooring configuration and is 42% higher for 9-
Mooring configuration of the hybrid STLP+6WECs floater. For wind velocities above
rated wind speed conditions, higher values of mooring line tension are observed,

implying a reduction in the restoration of responses for the hybrid floater system.

The variation in forces developing at the turbine tower’s base is minimal with the
increase in mooring lines. The 4-Mooring configuration is observed to have a 32%

reduction (average) for the forces developed at the base of the turbine tower .

The standard deviation value for the moments is higher, showing the higher variation
in moments developed at the turbine’s base. The higher variation may be due to the

influence of both wind and wave loads.

The fore-aft shear force and the side-to-side bending moments are minimum for the
8-Mooring configuration for any wind load condition. The lowest shear force shows

minimum wind load developing on the turbine, hence higher wind power absorption.

FTLP+8WECs are observed to have the highest wind power absorption with the
minimum surge (21% decrease) and pitch motion (7% decrease).

Second-order wave excitations are observed in the case of roll and pitch motion
response for the hybrid configurations of STLP and FTLP. This may be due to the non-
alignment of frequencies of the wind-induced vibrations with the natural frequencies or

the dominant wave frequencies.

A 16% (average) decrease in surge motion and 22% (average) decrease in sway motion
amplitudes are observed with the increasing number of mooring cables. However, a
69% (average) decrease in the yaw motion amplitudes are observed for the 7-Mooring
layout supporting the hybrid FTLP+8WECs. The minimum sway motion of the

platform ensures minimal lateral forces on the mooring cables.

A 37% (average) increase in mooring tension is observed for the 11.2 m/s wind speed
condition for the 6-Mooring layout. Further, the tension on the mooring cables is evenly
distributed, ensuring a minimal risk of failure of the cables for the 7-Mooring, 12-
Mooring and 13-Mooring layouts of FTLP+8WECs.

The variation in the generator power for the FTLP+8WECs with the increase in the

mooring cables is minimal for the 11.2 m/s and 14 m/s wind load conditions.
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The fore-aft bending moments are observed to be 18% (average) higher than the side-
to-side moments for the hybrid FTLP+8WECs and are observed to decrease with the
increase in the mooring cables. The wind and wave loads have minimum influence for
the 12-Mooring and 13-Mooring configurations.

The impact of the vertical mooring system on power generation is minimal for both
regular and irregular wave conditions due to the minimum dynamic motion response to

environmental loads for the hybrid system.

7.1.4 Long-Term Analysis of Hybrid Floating Wind Turbine Platforms

The long-term analysis is carried out for different circular arrays of cone-cylinder WECs

around the STLP and FTLP system for different wave spectra models. The comparative study

is conducted for different operational conditions of the wind turbine, and the conclusions drawn

are as follows:

A 63% (average) decrease in the long-term surge and 38% (average) decrease in long-
term pitch values for operational wind speed conditions are observed for STLP+6WECSs
and FTLP+4WECs. The force and moments are observed to reduce with the addition
of WECs and are observed minimum for STLP+6WECs, further having higher wind
energy efficiency.

The long-term response values for the translation and rotational motions are observed
to be 28% (average) higher for 17 m/s wind speed and tend to be minimum for 14 m/s
wind speed.

The long-term surge and sway response is higher for STLP+8WECs for any wind speed
condition. This may be because of the shift in the equilibrium position of the platform
with the addition of the WECs. The minimum value for the long-term surge and sway
response is observed for STLP+6WECs for any wind speed condition. This shows the
minimum influence of WECs on the equilibrium position of the platform.

The long-term response for roll motion at a 108 characteristic level for most hybrid
systems is close to or less than 0.4 deg/m, having higher stability against overturning.
The long-term response pitch motion for the hybrid STLP-WEC is observed to be
minimum for 8 m/s wind speed and higher for 11.2 m/s wind speed. Thus, the need for

ballasting the hybrid system will be higher for areas with wind speeds close to 11.2 m/s.

271



Dynamic Analysis of Offshore Floating Wind Turbine Combined with Wave Energy Converter

Long-term response of tower base forces and moments concluded that the wind impact
on the hybrid system is reduced for wind speeds less than the rated wind speed of the
5MW wind turbine.

Forces and moments developed at the turbine's base during the turbine's lifetime are
53% (average) reduced for STLP+6WECSs hybrid system for wind speeds below rated
wind speed.

The long-term surge, sway, and yaw motion response for the FTLP+8WECs are 6%,
9% and 29% higher than a single FTLP for 11.2 m/s wind speed conditions.

The FTLP+6WECs have a 8% (average) higher surge motion response compared to
other hybrid concepts. Other than for 11.2 m/s wind speed conditions, the variation of
the surge response for the FTLP+6WECs is minimal than other hybrid FTLP-WECs.
The FTLP+6WECs are observed to have minimum long-term pitch and yaw motion

response at the characteristic level of 1078,

The long-term forces and moments are 65 % (average) higher for the FTLP+8WECs
for the 8 m/s wind speed conditions. But for the higher operational wind speed

conditions, the forces and the moments are minimum for the FTLP+8WECs.

7.1.5 Reliability Analysis of Hybrid Floating Wind Turbine Platforms

The reliability analysis of the hybrid TLP-WEC FOWT is conducted to examine the design

loads based on the EC method to understand the extreme responses. The 1-D and 2-D 10-min

mean wind speed-based EC models are developed to study the extreme responses of the hybrid

platforms for a particular target return period. The conclusions from the study are as follows:

The extreme responses (surge, sway, and yaw) of the floating hybrid system have
minimal variation between the 1-D and 2-D EC models, and the responses increase with
the increase in the wind speed. A 2.5% (average) increase in motion response values

are observed for the 1-D models.

The extreme surge response for the hybrid STLP+2WECs and STLP+8WECs is
observed for the 1-year return period. But for the hybrid STLP+4WECs and

STLP+6WECs, the extreme surge response is higher for a 50-year return period.

The extreme sway and yaw responses for the hybrid FTLP-WEC are observed for the
50-year target return period. The extreme surge, sway and yaw motion responses are

272



Chapter 7: Conclusions and Future Work

minimal for the STLP+8WECs compared to the STLP+6WECSs. Extreme surge, sway
and yaw motion responses are 41%, 3.2% and 21.6 % reduced for the STLP+8WECs

for the 50-Year return period waves.

The minimum side-to-side bending moments are observed for the STLP+8WECs
configuration except for the 25 m/s wind speed condition of the 50-year and 100-year

EC model, for which the STLP+6WECs have reduced side-to-side bending moments.

The hybrid STLP platforms had uniformity in the variation of the moments, with
STLP+8WECs having 16% reduced fore-aft bending moments for operational or
parked conditions.

The extreme fore-aft moment reduces for the hybrid STLP-WEC with the increase in
the WECs around STLP. The extreme fore-aft moments are minimal for the hybrid
STLP+8WECs. An 22% (average) reduction in moments are observed for
STLP+8WEC:s for the 50-Year return period.

The extreme responses for the hybrid FTLP-WEC are observed for the 50-year target
return period. However, for certain return periods, the extreme responses vary with the

arrangement pattern of the WECs.

The extreme surge response is observed to be 86% (average) higher compared to the
sway motion. Minimum yaw motion is observed for FTLP and hybrid concepts
compared to the conventional TLP-type platforms. A 99% (average) decrease in yaw
motion responses are observed for the FTLP and hybrid FTLP-WEC concepts.

The FTLP+6WECs are observed to have reduced surge motion response for most
extreme conditions. The variation of sway and yaw motion is minimal for the hybrid
concepts. The FTLP+8WECs are observed to have minimum sway (19% reduced) and
yaw motion (34% reduced).

Minimum fore-aft bending moments are observed for FTLP+6WECs, mostly for the
operational wind speed conditions. Further, for the survival conditions, the fore-aft
moments are 13% (average) lower for the FTLP+2WECs.

The FTLP+8WECs have minimal side-to-side bending moment for the extreme
operational conditions of a5 MW wind turbine. For the survival conditions, the bending

moments are 16% (average) lower for FTLP+2WECSs.
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e The mooring tension developed on the cables is minimal for the FTLP+6WECs for
most extreme conditions. Minimum tension ensures reduced load developing on the

cables.

7.2 SIGNIFICANT CONTRIBUTION FROM THE RESEARCH WORK

The study analyses the dynamic behaviour of hybrid STLP-WEC and FTLP-WEC supporting
the 5SMW wind turbine. The significant contributions to the hybrid floating platforms as
detailed below:

e The surge, sway, and yaw motion RAOs are higher for the STLP and FTLP platforms
than the heave, roll and pitch motion for the operational wind speed conditions of the
5MW NREL wind turbine.

e The addition of WECs to the STLP and FTLP platforms has minimum influence on the

natural frequency of the platforms.

e The stiffness of the hybrid STLP-WEC platforms is higher in the vertical plane, as it
has higher natural frequency values for the vertical plane motions. The structural
integrity is higher for FTLP-WEC platforms, as the natural frequencies for the 6-DOFs
are outside the 0.04-0.25Hz frequency range.

e The STLP+6WECs and FTLP+8WECs have minimum surge, sway, and pitch response
for the operational conditions of the 5MW wind turbine. The minimal response ensures
better orientation of the hybrid platforms towards the wind direction. The minimal sway

motion ensures minimal lateral loads on the turbine tower.

e The eight WECs in circular and concentric patterns around STLP (C4 and Cs) have
minimum impedance to the motion of the WECs as the variation of the ratio of
hydrodynamic coefficients (added mass and damping) from 1.0 is minimal. Also, the
time average wave power absorption and the wave power absorption under RD-control

are highest for the WEC placed in the Cs configuration.

e The arrangement of six WECs around FTLP in a circular pattern (FW5) is efficient, as
the added mass and damping variation are minimal. In addition, the wave power
absorption with an RD-control PTO system is higher than other arrangement patterns.
Further, the wave energy absorbed from the array is higher than the isolated six WECs

for the lower wave height region.
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e The 5MW wind turbine supported on STLP+6WECs with 4-Mooring layout and
FTLP+8WECs with 7-Mooring layout have a better orientation towards the wind

direction.

e The long-term surge and pitch motion response is minimal for the STLP+6WECs and
FTLP+4WECs. Further, the study suggests FTLP+6WECSs, as the variation in the long-

term surge response is minimal.

e The long-term wind load developing on the STLP+6WECs and FTLP+8WECs are
minimal for any operational wind speed conditions. The variations in the extreme surge,
sway and yaw motions responses are minimal for STLP+6WECs, FTLP+6WECs and
FTLP+8WECs for any operational and parked conditions of the 5 MW wind turbine.

Table 7.1: Significant findings from the present study

Study performed Platform Significant findings

Rigid-body analysis | STLPHOWECs | - piniyum surge (1.28 m/m), sway (0.27

m/m), and Pitch (0.0035deg/m) response.

e Minimum forces and moments in operational
wind speed conditions. (Max Fore-aft force =
4127kN).

e Higher variation in tension developed on
mooring cables. (Mean= 2.94E7 & STDV=
2.96E6).

e No significant change in the natural
frequency of STLP with the addition of
WECs.

FILPFSWECS | ¢ Minimum surge (1.13 m/m), sway (0.23

m/m), and Pitch (.0033deg/m) response.

e Minimum forces and moments in operational
wind speed conditions. (Max Fore-aft force =
8788 kN).
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Minimum variation in tension developed on
the mooring cables. (Mean= 8.97E7 &
STDV=7.43ES6).

No significant change in the natural
frequency of STLP with the addition of
WECs

Multi-body analysis

Csand Cs
(Eight ~ WECs
around STLP in

Minimum impedance to the motion of the
WECs (Ratio of hydrodynamic coefficients
close to 1.0).

Circular and e Max wave power absorption with RD-control
Concentric (273 KW and 278 kW)
array) . .

e Minimum variation for g-factor.
FWs e Minimum impedance to the motion of the
(Six WECs WECs (Ratio of hydrodynamic coefficients

around FTLP in

circular array)

close to 1.0).

Max wave power absorption with RD-control
(287 kW).

The variation in power absorption is minimal
with the change in the wave direction

Mooring analysis

4-Mooring e Minimum values for the horizontal and
Layout for vertical plane motions under irregular waves
STLP+6WECs for all four load cases.

e Position of the mooring lines significantly
influences the responses of the hybrid
offshore floating platforms.

e Increase in mooring cables reduces tendon
tension.

7-Mooring e Minimum surge, sway and yaw motions
Layout for under irregular waves for all four load cases.
FTLP+8WECs

The tension developed on the cables for any
mooring layout is evenly distributed
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Long-term Analysis

STLP+6WECs

Minimum long-term surge and pitch for wind
speed conditions below 11.4 m/s. (37.4 m/m
& 0.72deg/m).

Minimum forces and moments. (Max
Moment=4.7E7)

FTLP+8WECs

Minimum long-term surge and pitch for wind
speed conditions below 11.4 m/s. (276.2 m/m
& 1.862 deg/m).

Minimum variation for the forces and
moments. (Max Moment= 1.75E7).

Vertical forces are higher than the fore-aft
force.

Reliability analysis

STLP+6WECs

Reduced extreme surge, sway, and yaw
motion response.

Lower fore-aft bending moment for the 1-
year, and 20-year return period, and higher
fore-aft bending for the 50-year and 100-year
return

The side-to-side moments are almost similar
for 1-year, 10-year, and 20-year return period
waves.

FTLP+6WECs
FTLP+8WECs

FTLP+6WECs have reduced extreme surge
motion response and bending moments for
operational wind speed.

FTLP+8WECs have minimal side-to-side
bending moments for extreme operational
conditions.

Tension developed is minimum for
FTLP+6WECs (20-year)

7.3 FUTURE SCOPE OF RESEARCH

The future scope of research work in the dynamic analysis of the hybrid floating wind turbine

are as follows:
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Physical model study can be carried out on wave tanks to simulate and evaluate the
performance of hybrid configurations. The responses of the hybrid system and the
tension on the mooring cables can be evaluated. Physical model studies on wave tanks
for hybrid configurations provide a regulated and realistic environment to evaluate the
functionality and operation of hybrid vessels in various sea states.

The wave absorption of the WECS in the array can be studied considering the influence
of the turbine tower and mooring system. Understanding the wave power absorption
process within a WEC array is crucial for optimising its performance and overall
efficiency. The mobility of the WEC units in response to wave forces can be influenced
by dampening effects introduced by mooring lines and anchors. This dampening may
impact the unit’s ability to capture energy and respond to motion.

The wave power absorption through different PTO systems can be studied considering
different control parameters. The control parameters are crucial for maximising the
PTO system's effectiveness and performance. Different iterative design methods can be
implemented to study the wave power absorption.

The levelized cost for the energy absorption using the hybrid STLP-WEC and FTLP-
WEC can be studied. Sensitivity analysis is frequently used to determine the effects of
changes in important factors on the LCOE, such as differences in capital costs, energy
production, or discount rates that aids in determining which elements have the greatest
impact on the WECs' economic viability.
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