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Abstract

Floating wind turbines can be the most practical and economical way to extract the vast
offshore wind energy resources at deep and intermediate water depths. The Norwegian
Ministry of Petroleum and Energy is strongly committed to developing offshore wind
technology that utilises available renewable energy sources. As the wind is steadier and
stronger over the sea than over land, the wind industry recently moved to offshore areas.
Analysis of the structural dynamic response of offshore wind turbines subjected to stochastic
wave and wind loads is an important aspect of the assessment of their potential for power
production and of their structural integrity.

Of the concepts that have been proposed for floating wind turbines, spar-types such as the
catenary moored spar (CMS) and tension leg spar (TLS) wind turbines seem to be well-suited
to the harsh environmental conditions that exist in the North Sea. Hywind and Sway are two
examples of such Norwegian concepts; they are based on the CMS and TLS, respectively.

Floating wind turbines are sophisticated structures that are subjected to simultaneous wind
and wave actions. The coupled nonlinear structural dynamics and motion response equations
of these turbines introduce geometrical nonlinearities through the relative motions and
velocities. Moreover, the hydrodynamic and aerodynamic loading of this type of structure is
nonlinear. A floating wind turbine is a multibody aero-hydro-servo-elastic structural system;
for such structures, the coupled nonlinear equations of motion considering nonlinear
excitation and damping forces, including all wave- and wind-induced features, should be
solved in the time domain. In this thesis, the motion and structural responses for operational
and extreme environmental conditions were considered to investigate the performance and
the structural integrity of spar-type floating wind turbines. The power production and the
effects of aerodynamic and hydrodynamic damping, including wind-induced hydrodynamic
and wave-induced aerodynamic damping, were investigated.

Negative damping adversely affects the power performance and structural integrity. In this
thesis, the controller gains were tuned to remove servo-induced instabilities. The rotor
configuration effect on the responses and power production was investigated by comparing
the upwind and downwind turbines.
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To develop robust design tools for offshore wind power, the competencies of the offshore
technology and wind technology must be combined. Both the offshore and wind energy
industries have begun to extend their existing numerical codes to account for the combined
aerodynamic and hydrodynamic effects on the structure. As a result verifications of extended
codes by doing experiments and code-to-code comparisons are needed. One of the aspects of
the present research was to fill this gap by performing hydrodynamic and hydro-elastic
comparison between commercial codes. For both CMS and TLS concepts, the comparisons
were carried out prior to using the tools to study the behaviour of the CMS and TLS under
wave- and wind-induced loads.

Offshore structures encounter a variety of operational and harsh environmental conditions.
Limit states such as ultimate, fatigue, accidental collapse and serviceability limit states (ULS,
FLS, ALS and SLS) are defined as the design criteria for offshore structures. In performing
realistic ultimate limit state analysis, the extreme responses of a floating wind turbine over its
life should be estimated. This estimation requires detailed analysis of the extreme response.
In the present thesis, extreme value analysis for spar-type wind turbines subjected to
simultaneous wave and wind actions was preformed. The structural responses and the effect
of modelled forces such as turbulence on these responses were investigated. The joint
distribution of the environmental characteristics of the wave and wind was applied through
the contour surface method.

Stochastic wave and wind analysis showed that, while rigid body modelling was sufficient for
obtaining accurate motions, consideration of the elastic behaviour of the tower/support
structure was necessary to predict structural responses. The blades structural responses were
found to be significantly affected by the turbulent wind. However, the mean and standard
deviation of global motion and structural responses were not affected by the turbulence. Thus,
to reduce the simulation time in fatigue analysis, a constant wind speed model can be applied.
The CMS and TLS wind turbines are inertia-dominated structures, and the hydrodynamic
viscous drag did not affect their wave-induced responses, while an increase in viscous drag
could effectively reduce the resonant responses of such turbines. Under operational
conditions, aerodynamic damping was found to be active in reducing both wave frequency
and resonant responses. The results showed that, for a floating wind turbine, extreme
response could occur in survival conditions, while for a fixed wind turbine, the extreme
response occurs in operational cases related to the rated wind speed. To estimate the extreme
value responses, extrapolation methods were used to reduce the sample size in Monte Carlo
simulations. The accuracy of methods to estimate the extreme responses as a function of
sample size and methods applied was investigated. The normalized responses for both CMS
and TLS offshore wind turbines were presented to draw more generalized conclusions.
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Introduction 1

Chapter 1

Introduction

1.1 General background

Demand for renewable and reliable energy due to global warming, environmental pollution
and the energy crisis deeply challenges researchers today. Wind, wave, tidal, solar, biological
and hydrological forces are potential resources for generating the desired power. Among
these sources, wind seems to be the most reliable and practical, with its annual increase rate
of 25-30% (Sclavounos et al. 2010 and Henderson et al. 2002). The International Energy
Agency (IEA) suggests that, with concentrated effort and technology innovation, wind power
could supply up to 12% of global demand for electricity by 2050 (IEA 2008).

Wind has been used to generate power for many years on land and at sea. Its first use was
propelling boats at sea. Milling grain and raising water from streams using wind energy was
introduced with the first windmills in Persia in the tenth century (Spera 1998). It has been
claimed that the Crusaders introduced windmills based on wood construction in Europe
around the eleventh century (Ahlstrom 2005). Modern wind turbines that generate electricity
were developed after the Industrial Revolution. The mega-watt scale wind turbine was started
in the USA in late 1930 (Ahlstrom 2005).

For several decades, the land-based wind turbines have been used to generate green energy.
Presently, the best onshore sites are already in use, and neighbours have been complaining
aplenty in an overcrowded Europe. Land-based wind turbines are associated with visual and
noise impacts that make it increasingly difficult to find appropriate and acceptable sites for
future growth. Hence, wind engineering has moved offshore to find suitable sites for
generating green electricity via ocean wind resources (Jonkman 2007 and 2009). Offshore
wind turbines offer some advantages in that they cannot be seen or heard. Moreover, the
offshore wind is steadier and stronger, which helps produce more electricity.
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Following a number of large research projects, offshore wind turbines were mounted in
Sweden, Denmark and the Netherlands in the early 1990s (Tempel 2006). Today, offshore
wind power is approximately 1% of total installed capacity, but this capacity has been
increasing very rapidly. By the end of 2007, 1100 MW capacities were installed offshore by
five countries: Sweden, Denmark, Ireland, Netherlands and the UK (Twidell and Gaudiosi
2008).

Archer and Jacobson (2005) produced a worldwide wind atlas based on data from about 8000

locations. Wind speeds were calculated at 80 m. In the Figure 1.1, the wind atlas for Europe
is illustrated (Archer et al. 2005); it clearly illustrates the potential of offshore wind resources
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Figure 1.1: Europe wind atlas (Archer et al. 2005).

Offshore wind power will help alleviate some of the problems associated with land-based
wind turbines, such as noise from turbine parks, visual pollution and lack of space. However,
the practical fixed offshore wind power is limited by the following constraints (Twidell and
Gaudiosi 2008):

e Cost
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e Installation

e Distance from shore, grid connections

e Water depth

e Locations due to environmental considerations

e Conflicts with military and shipping routes and fisheries

In some countries, such as the USA, Norway and Japan, there is good wind power potential

in deep water zones (Sclavounos et al. 2007). In recent years, the floating wind turbine (FWT)
has been introduced as the most cost-effective solution for the production of wind energy in

deep water zones. Further from the shore, the wind is more stable and stronger. Additionally,

conflicts with tourism, military and naval forces, sailing and shipping are decreased when the

turbines are placed a greater distance offshore.

1.1.1 Wind turbines

The wind turbine is simply an energy-converting structure that converts the kinetic energy of
the wind to electrical power through a mechanical/electrical mechanism. Some features of
wind turbine topologies, mentioned by Manwell (2006) are as following:

e Rotor axis orientation: horizontal or vertical

e Power control: stall, pitch, yaw and aerodynamic surfaces

e Rotor position: upwind or downwind of tower

e Yaw control: free or active

e Rotational speed: constant or variable

e Tip speed ratio and solidity

e Hub: rigid, teetering, hinged blades or gimballed

e Rigidity: flexible or stiff

e Number of blades

e Tower structure

e Design constraints such as installation and maintenance

According to the Rankine-Froude theory, the power ( P) generated by a wind turbine can be
written in the form of Equation 1.1, where C, is the power coefficient, p is the air density,
A,is the swept area of the wind turbine rotor, and V' is the wind velocity.

P=0.5C, p A V° (1.1)
Based on the simple relation between the wind speed and the power in Equation 1.1, we can
deduce that a 10% increase in the wind speed results in a 33% increase in power. This

example shows the possibility of producing more power through offshore wind as the wind
over the sea is stronger.
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1.1.2 Horizontal axis wind turbines

A horizontal axis wind turbine (HAWT) usually consists of three blades connected to a hub.
The low-speed shaft connects the hub to the gearbox and the gearbox connects the high-speed
and low-speed shafts. The gear box and shafts are often called the ‘drive train’. The high-
speed shaft drives the generator to make power. The gearbox and generator are set in the
nacelle on the top of the tower. In the pitch-regulated wind turbines, it is possible to turn the
blades around a longitudinal axis to adjust the aerodynamic forces on the blades by changing
the angle of attack. The yaw system aligns the rotor toward the incoming wind by rotating the
nacelle around the tower axis. The blades have the shape of an airfoil, so that the airflow that
passes the blades exerts aerodynamic lift and drag forces on the blade. These forces result in
a torque on the gearbox. The gearbox raises the rotational speed and lowers the torque from
the rotor to convert the mechanical energy into electrical energy (Kallesee 2007).

1.1.3 Offshore wind turbines

As mentioned earlier, offshore wind energy is booming rapidly. The visual impact, acoustic
noise, and electromagnetic interference (TV, microwave and radar) of land-based wind
turbines are some of the impacts that can be reduced by moving offshore. Offshore wind
power is still not a mature technology, and new concepts will appear. However, these
concepts will only be appropriate and interesting if they can deliver low-cost energy. The
DTU scenario calculates a cost reduction of 35% by 2050 compared to today for offshore
power (Twidell and Gaudiosi 2008).

Large offshore turbines can be easily transported by barges or ships. Furthermore, the wind
strength is stronger and less turbulent over the sea than over land. An array of sizes for a
wind farm is available offshore while land ownership can be an obstacle to having a large
land-based wind turbine park. Land-based wind farm capacity is limited to 50 MW while in
offshore applications more than 100 MW farm capacities are possible. Despite these clear
advantageous, it is necessary to keep in mind some of the challenges of developing offshore
wind power, such as logistics and foundations, electrical connection (grids) and maintenance.

The cost of fixed mounted offshore wind turbines increases with water depth, so that their use
is not economical in some locations. In deep-water areas, floating wind turbines can be the
most cost-effective and reasonable solution. Relevant technology for support structures for
floating wind turbines is available from the offshore oil industry. The offshore oil and gas
industry has previously experienced technological development challenges similar to those
currently faced by the offshore wind energy industry. Offshore oil and gas production began
with the use of fixed structures such as jackets and jack-up platforms in shallow waters and
continued with floating concepts such as semisubmersibles, buoys, spars and tension leg
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platforms in deep water areas. The lessons learnt can be used to minimise the development
needed for offshore wind turbines by starting from the most reliable and robust concepts.
Nevertheless the differences between the oil and gas offshore industry and the offshore wind
industry should be kept in mind. For instance, offshore structures are commonly one-of-a-
kind while a floating offshore wind turbine park would require a large numbers of identical
support structures, i.e., mass production of structures (Henderson et al. 2002).

The purchase price of offshore wind electricity may be higher than onshore generated
electricity due to the need for support structures and additional electric infrastructure such as
grids. However, higher average wind speeds and lower turbulence can increase the amount of
electricity produced offshore and cover the initial greater investment. For floating wind
turbines, a large platform is preferable to minimise the motion responses, and the weight of
the wind turbine compared to the support floating platform is less. Hence, it is possible to
install larger wind turbines with capacities of 5-10 MW to minimise the cost of generated
electrical power (ISSC 2009).

A variety of concepts for fixed offshore wind turbines have been introduced; these include
monopiles, tripods, guided towers, suction buckets, lattice towers, gravity-based structures,
piled jackets, jacket monopile hybrids, harvest jackets and gravity pile structures (DNV 2007).
Most of these concepts were developed in the past decade for water depths of 5-50 m and
have been used to build structures that now produce electrical power. Figure 1.2 illustrates
some fixed offshore wind turbine structures. As mentioned above, it is not feasible to go
further based on fixed mounted structures, because the cost increases rapidly and practical
issues such as installation and design are affected by depth. In deep-water zones, the use of
floating wind turbines provides more options for a proper solution for a specific site.

Several concepts for floating wind turbines (FWT) based on semisubmersible, spar, TLP, and
ship-shaped foundations have been introduced (Roddier et al. 2009). Each of these concepts
has its benefits and disadvantages, which should be considered based on site specifications
such as water depth, environmental conditions (Met-ocean), distance to shore, and sea bed
properties. Figure 1.3 illustrates some of the floating wind turbine concepts. Floating wind
turbine components include the following:

e Mooring system including mooring lines, tendons and clump masses

e Fairleads and anchors

e Platform (i.e., spar) and tower

e Blades, nacelle and hub

e Gear box, low speed shaft, high speed shaft with its mechanical brake

e Electrical generator and electronic controller

e Pitch and yaw mechanisms

e Hydraulics system and cooling unit
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e Anemometer and wind vanes

Monopile Tripod Jacket

MWL

Seabed

Figure 1.2: Fixed offshore wind turbines.

Barge Spar Semisubmersible

MWL

VA

Figure 1.3: Floating offshore wind turbines.

Barge concepts are very simple and cheap to build, but their wave-induced response
behaviour is weak. It is possible to use old, out-of-use ships as the base for wind turbines, but,
like barges, ship-shaped structures are sensitive to wave loading. However, in calm seas such
as the Persian Gulf and the Mediterranean, it is possible to use such a concept.
Semisubmersible, TLP and spar-type FWTs are stabilized by water plane area, tension and
buoyancy, respectively. The common characteristic of these types is that they are compliant
in the horizontal plane, with surge and sway periods generally longer than 60 sec. In
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conventional platforms, the natural period of the yaw motion is usually larger than 100 sec;
this period is reduced to less than 10 sec in floating wind turbines to avoid turbulent wind
excitation. The differences among these concepts are related to the motions in the vertical
plane (DNV 2008), that is heave, roll and pitch. Mooring system, ballast and water plane area
are the important design factors influencing the vertical motions. Combining these floating
concepts into hybrid concepts by considering the required behaviour can provide a robust
design with the advantages of different models (e.g., tension leg spar). The main challenge is
to design an economically practical floating wind turbine. Butterfield et al. (2005) listed some
key factors for finding the optimum platform as the support structure for a floating wind
turbine:

e Requirements for design tools and methods

e Buoyancy tank cost

e Mooring line system cost

e Anchors cost

e Load out cost, complexity, options and requirements

e Onsite installation requirements

e Decommissioning and maintainability

e Corrosion resistance requirements: coatings, cathodic protection, etc.

e Depth dependence and depth range

e Required footprint (as a function of depth)

e System weight and central gravity sensitivity

e Induced tower top motions (wave sensitivity and allowable heal angle)

e Costs for candidate configurations

Of the concepts introduced for floating offshore wind turbines, the spar seems to be the most
suitable concept for deep-water areas. The small water plane area and the deep draft of the
spar reduce the heave excitation forces, which, in combination with the mass-dominated
behaviour of this concept, provide very good heave motion performance. The spar concept is
usually ballast-stabilised by setting the heavy ballast at the lower part of the structure and
bringing down the centre of gravity, which has the most effective contribution to the pitch
and roll motions. Mooring lines are used to keep the structure in position and reduce the
surge and sway motions, a configuration that is suitable for power production purposes from
wind turbines. It is possible to eliminate the wind-induced yaw motion by introducing the
delta mooring lines for such a concept (Nielsen et al. 2006). Figure 1.4 illustrates the Hywind
concept developed by Statoil, which was launched in 2009 and is located 10 km offshore of
the Norway coast.
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Figure 1.4: Hywind concept, 2.3 MW floating wind turbine (courtesy of Statoil).

The amount of available offshore energy depends on the site of the wind turbine park, the
water depths and the diameter of the turbines, which is related to the installed power per wind
turbine and the height of the turbine. Using offshore wind turbines in a location with 10

m/sec annual mean wind velocity it is possible to capture S MW from each km® of the ocean
(ISSC 2006).

1.2 Dynamic response analysis

The entire structure composed of rotor, nacelle, tower, substructure (platform) and mooring
system should be analysed using an integrated model. Gao et al. (2010) showed that for a
fixed offshore jacket wind turbine, uncoupled dynamic analysis gives accurate results under
certain conditions. However, this is not true for a floating wind turbine as the coupling of the
top side and the floater is important (Karimirad et al. 2009a). For a floating wind turbine, the
key issue is how to combine the highly nonlinear and dynamically responsive rotor, nacelle
and tower with a dynamic substructure and mooring system. The model must include the
gyroscopic loads of the wind turbine rotor on the tower and floater, the aerodynamic damping
introduced by the rotor, the hydrodynamic damping introduced by wave-body interactions,
and the hydrodynamic and the aerodynamic forces caused by wave and wind excitations
(Wayman et al. 2006). Moreover, the nonlinear wave loading and nonlinear hydro-elastic
response of the floater and the mooring system add to the complexity of the system (ISSC
2006). Accurate numerical tools that consider these complex aspects, including the flexibility
and coupling of the turbine and platform, are needed (Butterfield 2007).
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Model testing has been widely used in offshore engineering to determine the offshore
platforms’ wave-induced responses and to demonstrate feasibility of concepts and verify
numerical tools. Unfortunately, it is not possible to build a scaled model of an operational
wind turbine and attach it to a scaled floater. The behaviour of such a model wind turbine
would not realistically mimic the response of a large-scale machine (Withee 2004). The
reason for this is that the Froude scaling of the hydrodynamic and the Reynolds scaling of the
aerodynamic loads cannot be simultaneously satisfied in a model. However, some useful data
can be obtained by testing the scaled floating wind turbine in the ocean basin. Statoil tested a
scaled model of the Hywind concept in the MARINTEK ocean basin before launching the
full scale 2.3 MW floating wind turbine.

The time-domain/frequency-domain, uncoupled/integrated analysis, linear/nonlinear
modelling, rigid/elastic body modelling, steady/turbulent wind simulation and
linear/nonlinear wave theory are options for an integrated dynamic response analysis. For a
floating wind turbine, nonlinear stochastic time-domain analysis tools that can be used with
hydro-elastic-aero-servo simulations are needed. Because the hydrodynamic and
aerodynamic loads vary over time and space, the equations of motions should be solved at
each time step. The loads should be updated considering the instantaneous position of the
structure at each time step.

Several numerical tools are available for the dynamic response analysis of wind turbines;
these include Bladed, HAWC2, FAST, Flex5, Simo/Riflex and USFOS/vpOne codes.
Benchmark studies are needed in order to improve and develop such codes for the analysis of
floating wind turbines.

Hydrodynamic loads on the floater consist of nonlinear and linear viscous drag effects,
currents, radiation (linear potential drag) and diffraction (wave scattering), buoyancy
(restoring forces), integration of the dynamic pressure over the wetted surface (Froude-
Krylov), and inertia forces. A combination of the pressure integration method, the boundary
element method and the Morison formula can be used to represent the hydrodynamic loading.
The linear wave theory may be used in deep water areas, while in shallow water the linear
wave theory is not accurate as the waves are generally nonlinear. Agarwal et al. (2009)
showed that, for offshore wind turbines, nonlinear (second-order) irregular waves can better
describe waves in shallow waters. Linear and nonlinear hydrodynamic loading based on the
linear wave theory has been studied for a catenary moored spar wind turbine (Paper 2).
Considering the instantaneous position of the structure in finding the loads adds some
nonlinearity. These hydrodynamic nonlinearities are mainly active in the resonant responses,

which influence the power production and structural responses at low natural frequencies.
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The aerodynamic loads are highly nonlinear and result from static and dynamic relative wind
flow, dynamic stall, skew inflow, shear effects on the induction and effects from large
deflections. The complex methods for calculating the aerodynamics are based on solving the
Navier-Stokes (NS) equations for the global compressible flow in addition to accounting for
the flow near the blades. The extended blade element momentum theory can be used to
consider advanced and unsteady aerodynamic effects for aero-elastic time-domain calculation.
Approaches of intermediate complexity, such as the vortex and panel methods, can also be
applied (Hansen et al. 2006). Computational fluid dynamics methods (CFD) are the most
accurate but are very time consuming. The advanced blade element momentum (BEM)
theory is fast and gives good accuracy compared to CFD methods. The BEM method relies
on airfoil data; therefore, the results obtained using this method are no better than the input.
Hansen et al. (2006) proposed using NS methods to extract airfoil data and applying them in
less advanced methods (e.g., BEM theory).

The aerodynamic loads and the time-dependent structural behaviour of the system are
strongly coupled. For a floating wind turbine, the structural behaviour is wave- and wind-
induced. A blade might change its twist and thus its angle of attack when deflected.
Additionally, the angles of attack are changed when the blades have a velocity relative to the
fixed ground. For instance, if the tower of a floating wind turbine is moving upstream due to
wave-induced surge motion, it will be seen by the blades as an increased relative wind speed;
thus, higher angles of attack will be present along the blades (Hansen et al. 2006). In Paper 3,
the effect of the aerodynamic and the hydrodynamic damping on the dynamic response of a
catenary moored spar wind turbine is presented.

Wind- and wave-induced motions directly affect the nacelle motion and its velocity, which
can influence the relative velocity. The relative wind velocity contains motion response
frequencies (resonant and wave frequency responses). The magnitude/frequency of the
platform’s rigid body motion influences the dynamic structural responses and power
production and its quality through the relative wind velocity. In Paper 1, it is shown that for
survival cases, the dynamic motion responses can be found accurately by assuming a rigid
body formulation of a floating wind turbine. However, it was found that the structural
responses were sensitive to the elastic body formulation and that it was necessary to model
the elastic body to capture accurate structural responses (Paper 4). Ahlstrom (2005) showed
that large blade deflections have a major influence on power production and that the resulting
structural loads must be considered in the design of very slender turbines. Finite element
modelling (FEM) with multi-body formulation and substructure approach is commonly used
to model the wind turbines (e.g., HAWC2 code). In such modelling, the gravitational,
centrifugal and gyroscopic forces are accounted for through the mass matrix. On the other
hand, it is possible to describe the structural motion of a turbine by a finite series of structural
eigen-frequencies (mode shapes); the accuracy of such a model is highly dependent on the
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modes chosen to describe the wind turbine (e.g., FAST code). This approach is not
appropriate for floating wind turbines because the mode shapes of the tower are, in reality,
affected by the platform (spar) through the elasticity and added mass contribution.

The tower and the blades are slender structures. The geometrical nonlinearities in their
physical behaviour are primarily introduced by large deflections and should be accounted for
by subdividing the structure into several linear structural elements (e.g., Timoshenko beam)
or by applying nonlinear elastic theories. It was found that the beam modelling of the slender
structures, such as the tower, can be sufficiently accurate compared to shell modelling (Paper
5). Wind turbines suffer from low structural damping, which can become critical under
certain operational conditions (Hansen et al. 2006). Because offshore wind turbines are large
in size compared to land-based wind turbines, investigation of their aero-elastic stability is
even more required. Bir et al. (2007) studied the aero-elastic instabilities of large offshore and
onshore wind turbines and showed the potential of aero-elastic instability in some modes of
motion for a barge-type floating wind turbine.

A proportional-integral-derivative (PID) controller is commonly used to control wind
turbines. The PID controller is a generic control loop feedback mechanism that attempts to
minimise the error (the difference between the measured and desired value of a process
variable) by adjusting the process control inputs. The three constants (proportional, integral
and derivative constants) should be tuned in the PID controller algorithm to provide the
needed control action for a specific process according to the nature of the system. The control
algorithm of the turbine limits the power taken from the wind to keep the drive train torque
constant when the wind speed is higher than the rated speed. The control algorithm shuts
down the wind turbine when the wind speed is above a certain cut-off value of around 25
m/sec. Pitching the blades, controlling the generator torque, applying the high speed shaft
(HSS) brake, deploying the tip brakes and yawing the nacelle are the basic methods of
controlling the wind turbine (Jonkman et al. 2005). Usually, the wind turbine control is
applied as a dynamic link library (DLL) interface to the aero-hydro-elastic code (e.g., the
Bladed, HAWC2 and FAST codes). By tuning the land-based control algorithm, it is possible
to use such a controller for an offshore wind turbine. For a floating wind turbine, changing
the controller target from constant power to constant torque can reduce the aerodynamic
loads on the structure. Larsen and Hanson (2007) showed a method for avoiding negatively
damped low-frequency motion of a floating pitch-controlled wind turbine (spar buoy
concept). Jonkman (2008) studied the influence of the control on the pitch damping of a
barge-type floating wind turbine. The blade pitch control of an operating turbine can
introduce negative damping in a floating wind turbine. For example, if the relative wind
speed experienced by the blades increases due to the rigid body motion of the system, then, if
a conventional controller is used, the blades will feather to maintain the rated electrical power.
In this research, the controller gains were modified to tune the controller to get rid of
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negatively damped responses for over-rated wind speed cases (Papers 7). The results showed
that modifying the controller gains is efficient to remove the servo-induced instabilities. This
method was applied to ameliorate the negative damping in the dynamic responses of tension
leg spar-type wind turbine with both downwind and upwind rotors (Paper §).

The effect of the presence of the turbine tower on the flow field is modelled by the tower
shadow. The rotor configuration effects on the power performance and responses accounting
for the tower shadow models proper for each concept were studied (Paper 8 and 9). The
potential flow and jet wake models were used to represent tower shadow effect of upwind
and downwind rotors, respectively. The results showed that the tower shadow does not
significantly affect the global responses. However, the tower shadow effects on the blade
responses were notable (Paper 9).

The dynamic behaviour of floating wind turbines is highly dependent on the environmental
conditions. Unlike other offshore structures in which wave loads usually dominate, offshore
wind turbines may be equally loaded by wind and waves (Argyriadis et al. 2006). The wave-
induced and wind-wave-induced reposes of spar-type wind turbines were compared (Papers
2 and 8). The mean values of the dynamic responses are primarily wind-induced and the
standard deviations of the responses are mainly wave-induced. The maximum of the
responses under operational and survival conditions are wind-induced and wave-induced,
respectively (Papers 2 and 8).

The correlation of wave and wind should be considered when dealing with offshore wind
turbines. The waves are wind-generated. However, at a given site, it is possible to have a
combination of wind-generated waves and swell. Site assessments that include met-ocean
data are needed to develop the joint distribution of the wave and wind for such analysis.
Johannessen et al. (2001) studied the joint distribution of wind and waves in the northern
North Sea. The 25-year recorded wave and wind data have been smoothed and fitted to
analytical functions. The contour surface of the joint distribution of significant wave height,
wave peak period and mean wind speed can be used to represent the environmental
conditions for the response analysis. This method was used in Paper 5 to estimate the 100-
year response of a floating wind turbine utilising the contour surface method.

Limited work has been done regarding the coupled aero-hydro-servo-elastic time-domain
dynamic response analysis of floating wind turbines, especially under harsh environmental
conditions. IEA Wind Task 23 deals with the offshore wind turbine computer code
comparison carried out by a number of research centres and universities. A study of spar-type
floating wind turbine modelling was recently completed (Jonkman et al. 2010). Sclavounos et
al. (2010) considered the dynamic response analysis of tension leg platform and taut leg buoy
floating wind turbines. Roddier et al. (2009) introduced the WindFloat as a semisubmersible-
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type offshore wind turbine. Utsunomiya et al. (2009) carried out tests in a scale model of a
spar-type floating wind turbine. Their study focused on the wave-induced responses and the
viscous hydrodynamic effects. Jonkman (2007) studied the dynamic response analysis of
barge concepts. He developed the FAST code to include the hydrodynamic forces for floating
wind turbines. Larsen and Hanson (2007) presented a method for avoiding negatively
damped low-frequency motion of a floating, pitch-controlled spar-type wind turbine. Their
work is related to the Hywind concept from Statoil. Nielsen et al. (2006) studied the dynamic
response analysis of a catenary moored spar buoy wind turbine, the Hywind concept from
Statoil. A comparison of model tests and numerical simulations was presented in their work.
Withee (2004) studied the coupled dynamic response analysis of TLP-type floating wind
turbines.

The operational and survival conditions should be considered for a floating wind turbine. The
fatigue limit state can be governed by operational cases, and the ultimate limit state can be
governed by survival cases. However, the limit states are concept-dependent and should be
investigated using integrated response analysis. The operational case is the power-generating
status of the wind turbine, in which the control is active. However, in the survival case, the
wind turbine is parked with the blades feathered and locked in order to minimise the
aerodynamic loads and the control is inactive. It is common to shut down the turbines at high
wind speed, typically at wind speeds in the range from 20 to 25 m/sec. Ultimate loads on
parts of the wind turbine can occur during shutdown conditions at very high wind speed
(Hansen et al. 2006). It has been shown that the extreme responses for spar-type floating
wind turbines occur in survival conditions (Papers 2, 5, 8§ and 9). The maximum of the
structural response for the survival case was found to be almost two times greater than its
value for operational conditions.

The stochastic nature of the wind makes the dynamic response analysis complicated and time
demanding. The results presented in Paper 2 and Paper 9 showed that the turbulent wind
does not significantly affect the global motion and structural responses; thus, it is possible to
use the constant wind model in fatigue and ultimate limit state analyses with an acceptable
accuracy. However, the blade structural responses are significantly affected by the turbulence
and a proper turbulent model to investigate the blade response behaviour is needed.

Because the nature of the turbulent wind input is highly stochastic, the calculated extreme
loads of a wind turbine are random with significant variation. For a floating wind turbine, the
stochastic wave adds more randomness to the response. Paper 5 presented an efficient and
robust method for capturing the extreme value response of a floating wind turbine based on
extrapolation methods. The extrapolation methods are used to estimate the extreme value
responses under operational and survival conditions for both the CMS (Paper 2) and TLS
(Paper 9) offshore wind turbines. Extrapolation of the response events will give much higher
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ultimate loads than will the extreme wind gusts (Madsen et al. 1999). The IEC 61400-3
recommends the use of ultimate strength analysis of parked wind turbines in harsh conditions
(design load case, DLC 6) in the design of offshore wind turbines. For fixed offshore wind
turbines, several standards and guidelines, such as the IEC 61400-3, GL Wind Offshore,
Danish Recommendation and DNV-OS-J101 exist. Standards for assessing floating offshore
wind turbines are expected in the near future.
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1.3 Objectives and scope of the thesis

This thesis is written in article-based format. It consists of collection of articles, including
four journal papers and five conference papers, as listed in the Appendix. The stochastic
dynamic motion and structural responses to investigate the power production and structural
integrity of the system are discussed in the papers. The aero-hydro-servo-elastic coupled
response analysis of floating wind turbines is one of the key issues in the present thesis.
Several aspects of this topic are studied in the papers. The main objectives of the thesis are
listed below. They include:

¢ Modelling
Catenary mooring and tension leg mooring systems
Nonlinear spring model
Physical model of the lines
Structural damping of the mooring lines
Environmental conditions
Joint distribution of the wave and wind
Stochastic wave and wind modelling
Avoiding repetition of the wave and wind time series
Number of frequencies, cut-in and cut-out frequencies
Effect of the sample size
Damping
Structural damping effects of the tower/support structure
Aerodynamic damping
Hydrodynamic damping
Negative damping
Constant torque control algorithm
Modifying the controller gains and tuning the controller
Tower shadow effects
Upwind (potential tower shadow model)
Downwind (jet tower shadow model)

¢ Comparative studies
Hydrodynamic and hydro-elastic code-to-code comparison
Parked versus operational conditions
Wave-induced versus wind-wave-induced responses
Constant and turbulent wind speeds
Rigid and elastic body
Rotor configuration
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Extreme value estimation
Monte Carlo simulations
Up-crossing rates
Extrapolation methods

In the following paragraphs, the scope and objectives of the papers are listed separately.
Figure 1.5 shows the main topics and the interconnection between the papers.

Paper 1:

Dynamic response analysis was conducted by focussing on the motion responses of a parked
wind turbine. Two parked rotor configurations, blades parallel to wind and blades
perpendicular to wind (a fault condition), were discussed. Rigid and elastic body modelling
were compared.

Paper 2:

The hydrodynamic code-to-code validations were performed for catenary moored spar-type
floating wind turbines. The Simo/Riflex (DeepC) and HAWC2 codes were compared through
wave-induced responses. The panel method and the Morison formula were applied to the
CMS to investigate the hydrodynamic features of such a concept. The turbulent and constant
wind modelling was compared for the motion response, power production and structural
responses for several load cases. The wave- and wind-induced responses of an operating and
parked wind turbine were investigated.

Paper 3:

Power production and the effect of aerodynamic and hydrodynamic damping on the
performance of a wind turbine were discussed. The wave-induced and wave- and wind-
induced responses of a CMS in operational conditions with a rotating and parked rotor were
compared to illustrate the aerodynamic damping. A simplified formula for addressing the
hydrodynamic and aerodynamic damping was presented. Power production and motion
response in below-rated, rated and over-rated wind speeds were studied.

Paper 4:

The structural response of a catenary moored spar-type floating wind turbine was investigated.
The contour surface method was used to perform extreme response analysis. The operational
and survival cases were compared. It was shown that for a floating wind turbine, it is possible
to have extreme structural responses in survival conditions.
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Paper 5:

The extreme value analysis and the sensitivity study of the ultimate limit state were studied
and discussed. Extrapolation methods for estimating the extreme value responses were used
to reduce the sample size in the Monte Carlo simulations. The accuracy of methods to
estimate the extreme responses as a function of sample size and methods applied was
investigated.

Paper 6.

Hydro-elastic analysis of a tension leg spar-type wind turbine was performed to establish the
basis for coupled integrated analysis. The USFOS and HAWC2 codes were compared using a
wave-induced analysis of a TLS wind turbine. Different hydrodynamic methods, such as the
displaced volume method and pressure integration method, were compared. Tension leg
spring and damping effects, rigid versus elastic modelling, and simulation convergence are
studied. The effects of wave elevation sampling and total simulation time on the stochastic
dynamic response were studied.

Paper 7:

The servo-induced instabilities for a tension leg spar-type wind turbine were investigated.
Dynamic responses of a TLS with downwind turbine configuration subjected to wave and
wind loads under different operational conditions were studied to highlight the negative
damping. The controller gains were modified to remove servo-induced negative damping.
The responses obtained using tuned and untuned controllers were compared. It was shown
that the tuning of controller gains can help to reduce the structural responses and to increase
the power production.

Paper 8

The wave-induced and wave-wind-induced responses of a TLS with both downwind and
upwind rotor configurations were studied. The effect of the rotor configuration on the
dynamic responses of tension leg spar-type wind turbine was discussed. The results showed
that the responses under operational and survival conditions are wind-induced and wave-
induced, respectively.

Paper 9:

The effect of turbulence and tower shadow on the dynamic responses of a tension leg spar-
type wind turbine subjected to stochastic wave and wind loads was investigated. The dynamic
response of the downwind TLS subjected to simultaneous wave and wind actions was
compared for both constant and turbulent wind with and without tower shadow. Extrapolation
methods were used to estimate the maximum responses and the normalized responses for
both the operational and survival conditions were presented to make more generalized
conclusions.
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Figure 1.5: Scope of the thesis and interconnection between the appended papers. CMS is a catenary

moored spar wind turbine with an upwind rotor configuration. TLS is a tension leg spar wind turbine

primarily with a downwind rotor unless it is explicitly mentioned to be upwind.
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Chapter 2

Analysis for the Design of Floating Wind Turbines

2.1 Floating wind turbine configurations

Based on offshore oil and gas experiences, several floating wind turbine configurations are
possible that utilise different foundations and mooring systems. In Figure 2.1, some of the
floating wind turbine concepts suitable for deep water applications are presented. The spar
concept moored by catenary (CMS) or taut mooring lines gets stability by using ballast at the
bottom of the spar. The tension leg platform (TLP) achieves stability through the use of
tendons and the excess buoyancy in the platform. Hybrid concepts such as the tension leg
spar (TLS) can be used to obtain the advantages of both concepts (Paper 6).

Floating offshore wind turbines may be located in intermediate to deep water depths, a region
of the seas where relatively few structures have been built. The offshore oil and gas industry
has considerable experience in the design and construction of platforms for deep waters.
Coastal engineering has focused on the design of fixed structures for use in shallow water
regions. The design objectives for both these branches of engineering are different from those
of the offshore wind energy industry. In the former, cost has a lower priority compared to
other aspects such as time scale, reliability and safety (Henderson 2003). Although much
useful knowledge can be gained through study of the offshore and coastal engineering
experiences, the design methods used in these industries may need to be modified for
offshore wind turbine design in order to avoid an extremely costly or possibly even unreliable
structure. To develop a robust offshore wind power design, competency in both offshore
technology and wind industry application is needed.

The stability of a floating structure is affected by the restoring forces/moments that come
from hydrostatic and mooring system effects. Moreover, the restoring forces/moments have

important effects on dynamic responses. As an example, the pitch stiffness (X,,,, ) of a spar

is given in Equation 2.1 (K, is calculated with an axis origin at the centre of gravity).
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Figure 2.1: Floating wind turbine concepts for deep water.
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where pis the water density, V is the submerged volume, K, is the mooring stiffness in

pitch motion, and GM is metacentric height, connected to the stability of the platform and
should be positive in order to have a stable system (Usually, GM =2GM,,,,, ). KG is the

distance of the centre of gravity (CQG) from the bottom of the spar, KB is the distance of the
centre of buoyancy (CB) from the bottom of the spar and [ is the area moment of inertia.

For a catenary-moored spar, K, Bpone is given by the following expression:

K, =Ky, (KG—KF)’ (2.2)

‘mooringCMS

where K is the mooring stiffness in surge and KF is the distance of the fairlead from the

Surge

bottom of the spar.
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For a tension leg spar K, is given by the following expression:

rrrrrrrrr

OrmooringTLS

= %(KG +L)KG 2.3)

where 7 is the pretension and L is the tension leg length.

For a spar platform, the area moment of inertia is negligible. For a semisubmersible and ship-
shaped structures (i.e., barges), however, it is the main source of stability. For a TLP concept,
the mooring system is the main restoring part. In a spar concept, the difference between the
CB and CG assures the stability (ballast-stabilised).

To give an idea of the effect of the platform motions and the performance of the wind turbine,
a simple relation of the thrust force ( f;,,,.,) is presented in Equation 2.4. Through the relative
velocity (V,), the platform motion induces some extra aerodynamic loading which directly

affects the power production. C

aero
1

f‘T hrust = 5 Caerap V;il A (24)

For a fixed wind turbine (offshore or land-based), the relative velocity is very close to the

is the aerodynamic coefficient.

wind velocity. The elastic deflections of the blades, tower and substructure have limited
effect. However, for a floating wind turbine, motion-induced velocities are comparable to the
wind velocity. In fact, both the hydrodynamic and aerodynamic loads are coupled through the
instantaneous position. This coupling illustrates the importance of coupled wave- and wind-
induced dynamic analysis for a floating wind turbine.

Another important point regarding the floating wind turbine is the variety of characteristic
frequencies involved. The main frequencies are listed below:
Natural frequencies:

e Surge and pitch natural frequencies: 0.05-0.2 rad/sec

e Heave natural frequencies (i.e., TLS, depends on many factors such as water depth
and system mass): 3-6 rad/sec

e First flexible eigen-frequencies for tower and blade modes: 2-4 rad/sec

Excitation frequencies:

e  Wave frequencies (first order): 0.2-0.8 rad/sec and sum frequencies: 0.4-1.6 rad/sec

e Wind frequencies: 0.01-1 rad/sec with slowly varying peaks

e Rotor frequencies i.e., the first, second and third rotor harmonics (three-blades rotor)

e Motion-induced excitation frequencies: accounting for instantaneous position of the
structure introduces nonlinear hydrodynamics (Paper 2). The nonlinear effect of the
tension leg introduces the sum and difference of the pitch, surge and wave frequencies
for the heave and tension responses (Paper 6).
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The wide range of characteristic frequencies of a floating wind turbine makes it difficult to
design a robust concept. In so doing, one must ensure that the system frequencies, such as the
structural rigid and elastic frequencies, are out of the range of the wave and wind excitation
frequencies. In Figure 2.2 the main characteristic frequencies in a floating wind turbine are
illustrated.

Excitation frequencies

Wave and wind

- & - Turbulentwind |@ - @ -@ -® - @
—o— Wave (firstorder)

Wave (sum
frequencies)

Motion-induced

W Large motion-induced
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Figure 2.2: Frequencies involved for spar-type wind turbines: excitation and natural frequencies.

As an example, for the NREL Offshore SMW baseline wind turbine (Jonkman 2007), the
rotor harmonics can be calculated in the following manner. The rated rotational speed of rotor
is 12.1 rpm. Therefore, the first and third rotor harmonics are given as follows:

rotor

113,0,”:12.1?—;[:1.26 rad/sec  and 3P =12.122—g=3.80 rad | sec (2.5)

The first elastic natural frequency of a floating wind turbine (i.e., a catenary-moored spar-
type wind turbine) is a function of the mooring system stiffness, the added mass, the mass of
the system and the structural elastic stiffness (Equation 2.6). To find the elastic eigen-
frequencies, modal analysis using finite element analysis is usually performed.

a)eigen = f(Elﬂ k L’ mmp > mmwer > mxpar > ma) (26)

ms >
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where @,

eigen

is the system elastic natural frequency, EI is the system bending stiffness ( £ is
the elastic modulus and 7 is the area moment of inertia), k,_is the mooring system stiffness,

Lis the system length, m,,, =m + m_, is the mass of the nacelle and the rotor together at

nacelle rotor

the top of the tower, m,

ower

is the mass of the tower, m,,, is the mass of the spar and m,is the

added mass.

In this design, the goal is to set the natural frequencies between, above or below the harmonic
frequencies to avoid resonance. If the first structural mode is between the first and third rotor
harmonics then the system is soft-stiff. A very stiff structure has a first natural frequency that
is greater than the third rotor harmonic. It is possible to design a soft system whose first
structural mode is below the first rotor harmonic. The softest structure has the least cost
because the cost increases with the tower mass.

2.2 Spar wind turbines

In oil and gas offshore technology, the Spar platform is being considered the next generation
of deep water offshore structures. Such a platform consists simply of a vertical cylinder that
floats vertically. Strakes (finlike structures) can be attached in a helical fashion around the
exterior of the platform act to break the water flow against the structure for further
enhancement of stability (Agarwal et al. 2003).

2.2.1 Spar with catenary mooring

A catenary-moored spar wind turbine (CMS) is a moored spar platform supporting a wind
turbine. By wind turbine we mean the tower, nacelle and rotor. The dynamic behaviour of the
integrated structure is complicated as we are dealing with an aero-servo-hydro-elastic multi-
body system. The wind and wave motions induced through time- and geometry-dependent
loading can excite the rigid and elastic modes. Coupling is inevitable in such structures
because the aerodynamic and hydrodynamic damping and excitation forces are highly
affected by each other through the relative motions. The elasticity of the structure shows its
effects mainly on the structural responses. The first elastic mode excited by wave- and wind-
induced loading makes a clearly defined contribution to the structural responses (Paper 4). In
harsh environmental conditions the wind turbine is parked with blades parallel to wind to
reduce the loads. In such a situation the control is inactive. However, for operational cases,
the role of the control in decreasing the structural loads, reducing fluctuations in the output
power, and increasing the mean value of power is significant.

Spar platforms are slender compared with the wave length, and the past work has shown that
for such a structure, the extended Morison formula accounting for the instantaneous position
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of the structure is suitable if the pressure integration method is used to account for the heave
excitation. The heave motion of the spar is reduced due to the small water plane area and
deep draft. The surge and sway rigid body motions are very low responses governed by
catenary mooring line stiffness. The mooring lines keep the structure in position by allowing
it to smoothly surge with less influence on the electrical power production. The pitch and roll
motions are mainly ballast-stabilised. The hydrostatic restoring forces due to high righting
moment provided by the low centre of gravity stabilise the structure in pitch and roll motions.
There is no hydrodynamic yaw excitation force for the spar, but the wind excites the yaw
motion which should be stabilised by introducing delta mooring. If the spar motions are small
enough, the taut system can be used instead of catenary mooring lines. The taut mooring
systems save a significant length of wire and chain. The schematic of such a system is shown
in Figure 2.3.

Figure 2.3: Moored spar wind turbine (CeSOS Annual Report 2009).

Mathieu instability for a spar platform arises when there is harmonic variation in the pitch
restoring coefficients caused by large heave motion. Moreover, the period of the heave
motion and the pitch natural period have a special ratio of 0.5 (Koo et al. 2004). The pitch
restoring coefficient can be represented by a function of the displaced volume and the
metacentric height of the spar platform. Due to heave motion, the displaced volume and the
metacentric height of the spar platform change in time and this heave/pitch coupling can be
represented by Mathieu’s equation. It is possible to have this instability for other ratios of
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heave/pitch natural frequency. Haslum et al. (1999) showed that for a system with no
damping, no excitation, and no coupling between pitch and surge, these ratios are 0.5, 1, 1.5
and 2. The Mathieu instability has been avoided in the present study by considering the
criteria mentioned by Haslum et al. (1994) and Koo et al. (2004).

For analysis of the dynamic behaviour of floating wind turbines, comprehensive numerical
tools are needed. The hydrodynamic loads based on panel methods, the Morison formula and
pressure integration methods should be accounted for when considering the geometrical
updating. The position-dependent terms of the hydrodynamic loading add nonlinearities,
which can excite the natural frequencies.

The aerodynamics of a floating wind turbine can be treated similarly to that of a fixed
bottom-mounted wind turbine, keeping in mind the large rigid body motions of the structure,
which induce the additional aerodynamic damping and excitation forces through relative
velocity. These additional forces can affect the survival cases, as the wave-induced motions
in harsh conditions are significant. These wave-induced motions can influence the wind-
induced motions and vice versa. For operational cases, the relative velocity can cause
negative damping through the constant power application of conventional controllers. As an
example, if the structure surges toward the coming wind for an over-rated wind speed, the
controller pitches the blades to decrease the aerodynamic forces due to increased wind
velocity. For over-rated wind speed zone, the slope of the thrust curve versus the wind speed
(dT / dV gradients) is therefore negative (Papers 7 and 9). However, this is not the case for
fixed wind turbines because the pitch controller is normally slow compared to the changes in
wind speed induced by structural vibrations (Larsen et al. 2007). The remedy for this error
when using conventional control algorithms is to set a constant torque instead of constant
power for over-rated wind speeds and tune the gains so that the controller frequency is less
than the low rigid body natural frequency (Paper 7). The constant torque control algorithm
for over-rated wind speed helps to reduce the loads in higher wind speeds as well.

The low rigid body natural frequencies of the structure can be excited by the wind. However,
these frequencies are kept below the wave frequencies. Because the wind covers a wide range
of frequencies, avoiding the wind-induced resonances of low rigid body motions is not
possible. Wave-induced aerodynamic damping has been shown to be active in both over- and
below-rated wind speed (Paper 3). The hydrodynamic damping of a spar wind turbine can be
increased by introducing pins and strakes on the circumference of the spar platform. The
damping is the key issue for resonant responses. Because the structure is inertia-dominated,
increasing the hydrodynamic damping does not affect the wave response, but it reduces the
resonances. Some of the options for reducing the resonant responses are discussed in Section
44.2.
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As mentioned above, turbulent wind excites the rigid body modes associated with low natural
frequencies. Moreover, the modes corresponding to these natural frequencies are also excited
in the steady (constant) wind case. The reason for this is that the platform motion frequencies
show themselves in the relative wind velocity and hence in the excitation forces. Thus, for a
floating wind turbine the motion of the platform can be “self-excited” through the
aerodynamic forces. Although wave-induced aerodynamic damping reduces the resonant
responses, this excitation can still be important.

The mooring line inertia and damping can be neglected because the velocity of the lines’
motion is small and the wet weight of the lines compared to the whole system weight is
negligible. However, if mooring system responses are to be determined, a detailed model of
the mooring system is necessary and the coupled dynamic responses should be performed. In
some cases, the lines effects can be handled in a quasi-static manner for simplification of the
problem. FE modelling of the mooring line system, including the delta lines and clump
masses considering the large deflections, can be performed to capture the mooring line force-
displacement relations. This approach was used in Paper I to carry out the coupled analysis
in the HAWC2 code. The mooring line’s position-dependent forces at each time increment
were imported into the HAWC?2 code through a dynamic link library (DLL).

2.2.2 Spar with tension leg mooring

The tension leg spar wind turbine (TLS) is a spar platform with a pre-tensioned mooring line
that supports a wind turbine. Actually this line is a tubular member with a diameter of e.g. 1.0
m. The dynamic behaviour of the TLS can be more complicated compared that the CMS due
to additional nonlinearities from tension leg effects. The wind- and wave-induced motions
can excite the rigid and elastic modes through time- and geometry-dependent loading. The
motions are strongly coupled because of the tension leg (Paper 6).

In the single-leg TLS concept, a pre-tensioned vertical tension leg connects the bottom of the
spar to the seabed. The torsional stiffness provided by one leg is not very high; consequently
an upwind turbine is much less convenient in yaw compared to a downwind configuration.
To create a more stabilised yaw motion, the downwind rotor configuration is recommended
for a TLS floating wind turbine. The simplest way to make a downwind turbine is to hang the
rotor behind the tower; thus, the downwind turbine has its rotor behind the tower. Therefore,
in the downwind turbine, the wind faces the blades in the same manner as in the upwind
turbine. This ensures that the aerodynamic properties of the blades and airfoils are correct
(Paper 8). An upwind turbine has a shaft tilt and hub cone angle designed to avoid the
blades’ hitting the tower due to large aeroelastic deflections. In a downwind turbine, these
values can be set to zero because the rotor is behind the tower (Papers 7, 8 and 9). The effect
of rotor configuration on the dynamic responses has been investigated for a TLS-type wind
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turbine in Paper 8. The tower shadow model proper for modelling the tower wake deficit
(potential model for upwind and jet model for downwind) is applied. It is found that the
tower shadow does not significantly affect the global responses (Paper 9). However, the
tower shadow effect on the blade responses is notable (Paper 9).

As with the CMS, the extended Morison formula accounting for the instantaneous position of
the structure is suitable for the TLS if the pressure integration method is applied to deal with
heave excitation forces. The TLS has very small heave motion due to large tension leg
stiffness. The surge and sway rigid body motions are very low responses that are governed by
tension leg stiffness. The single tension leg keeps the structure in position, allowing it to
smoothly surge with less influence on electrical power production. The pitch and roll motions
are stabilised due to ballast and tension leg effects; the tension leg provides restoring
moments for pitch and roll motions. Moreover, the hydrostatic restoring forces due to the up
righting moment provided by the low centre of gravity help to stabilise the structure in pitch
and roll. There is no hydrodynamic yaw excitation force for the spar, but the wind excites the
yaw motion, which should be stabilised by introducing a proper yaw mechanism and
individual blade pitch control. Moreover, a downwind rotor configuration helps reduce the
aerodynamic yaw moments. An artistic impression of such a system is shown in Figure 2.4.

Figure 2.4: Tension leg spar wind turbine (CeSOS Annual Report 2009).
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Because the heave motion is very small for the TLS due to the effective tension leg stiffness,
the Mathieu instability is not possible for a tension leg spar. However, for this concept other
instabilities can appear in poor designs. Some of these instabilities are given below:
1) Yaw instability
The yaw instability can occur because the single tension leg has limited yaw stiffness.
To reduce the effect of this instability, one must ensure a robust yaw mechanism (at
the top of the tower, the spar-leg connection or the spar-tower connection) and
provide an individual blade pitch controller
2) Heave instability
The tension leg spar has a high heave natural frequency, which can be close to rotor
harmonics or the first tower eigen-frequency. This can cause extraordinary heave
resonance.
3) Pitch instability
The servo-induced negative damping can present and affect the structural responses
and power production. The negative damping and its effect on the performance and
structural integrity is studied in Papers 7 and 9. The controller gains have been tuned
to remove the pitch motion instability (Paper 7).

By accounting for the instantaneous position of the TLS in calculating the forces, some
hydrodynamic nonlinearity is introduced due to the nonlinear hydrodynamic excitation. In
addition, the TLS is more sensitive to the numerical discretisation of the wave spectrum
(Paper 6). All the motions are highly connected through the tension leg. The governing mode
is the pitch response, which affects all the other responses through the tension leg. The
nonlinear effect of the tension leg introduces sum and difference of pitch, surge and wave
excitation frequencies for heave and tension responses (see Figure 2.2). It is necessary to
design the system so that the pitch natural frequency is outside the wave spectrum. However,
the nonlinear hydrodynamic loading can cause excitation at the natural frequencies.

2.3 Limit states and safety

A floating wind turbine (FWT) is designed to produce power from offshore wind resources.
The dynamic behaviour of the system is important for the survivability in severe sea states
and for its ability to resist high loads over a long period of time with respect to fatigue (FLS).
When survivability is to be assessed, it is the most severe conditions that are of interest
(ULS). When the power absorption is to be estimated, it is the most probable conditions that
are the most important. In other words, the structure and all structural members should be
verified according to four limit states: a) ultimate limit state (ULS, the structure is checked
against extreme loads); b) serviceability limit state (SLS, the maximum deflections are
checked for a safe operation); c) accidental limit state (ALS, structural damage caused by
accidental loads will be checked); and d) fatigue limit state (FLS, the structure is checked
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against failure due to fatigue damage) (DNV 2007). The different limit states help the
designers determine the survivability of the structure in extreme and operational conditions
and assess the ability of the concept to produce power. The first three limit states represent
the wind turbine’s integrity over its lifetime. The serviceability limit state (SLS) corresponds
to tolerance criteria applicable to normal use (e.g., acceleration at the nacelle).

Three safety classes are considered for structures in an offshore wind park. A low safety class
is used when the failures imply low risk for personal injuries and pollution, low risk for
economic consequences and negligible risk to humans. A normal safety class is used for
structures for which failures imply some risk for personal injury, pollution or minor societal
losses, or significant economic consequences. A high safety class is used when failures imply
large possibilities for personal injuries or fatalities, for significant pollution or major societal
losses, or very large economic consequences (DNV 2007).

The safety level of a floating wind turbine is acceptable when the design load effect does not
exceed the design resistance. In this respect, the following design approaches can be used
(DNV 2007):
e Design by the partial safety factor method
e Design by direct simulation of the combined load effect of simultaneous load
processes

Because floating wind turbine structures are subjected to several simultaneous loads, design
by direct simulation of the combined load effect may be more accurate than design by the
linear combination model of the partial safety factor method. The linear combination model
of the partial safety factor method may be insufficient where the load effect associated with
one of the applied load processes depends on the other load effects. For instance the wave-
induced aerodynamic forces (damping or excitation) are aerodynamic load processes
dependent on wave-induced motions.

2.3.1 Load cases

The IEC (International Electrotechnical Commission) issued the 61400-3 standard, which
describes 35 different load cases for design analysis (IEC 2008). An appropriate combination
of wind and wave loading is necessary for design purpose in an integrated analysis. In the
IEC standard, different load cases are introduced for offshore wind turbines to assure the
integrity of the structure in installation, operation and survival conditions. The defined load
cases are given below:

e Power production

e Power production plus fault condition

e Start-up
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e Normal shutdown

e Emergency shutdown

e Parked

e Parked plus fault condition

e Transport, assembly, maintenance and repair

The power production case is the normal operational case in which the turbine is running and
is connected to an electrical load with active control. The power production plus fault
condition involves a transient event triggered by a fault or loss of electrical network
connection while the turbine is operating under normal conditions. If this case does not cause
immediate shutdown, the resulting loads could affect the fatigue life. Start-up is a transient
load case. The number of occurrences of start-up may be obtained based on the control
algorithm behaviour. Normal shutdown and emergency shutdown are transient load cases in
which the turbine stops producing power by setting to the parked condition. The rotor of a
parked wind turbine is either in the standstill or idling condition. The ultimate loads for these
conditions should be investigated. Any deviation from the normal behaviour of a parked wind
turbine resulting in a fault should be analyzed. All the marine conditions, wind conditions and
design situations should be defined for the transport, maintenance and assembly of an
offshore wind turbine. The maximum loading of these conditions and their effects should be
investigated.

When combining the fault and extreme environmental conditions in the wind turbine lifetime,
the realistic situation should be proposed. Fatigue and extreme loads should be assessed with
reference to material strength, deflections and structure stability. In some cases, it can be
assumed that the wind and waves act from one direction (single-directionality). In some
concepts, multi-directionality of the waves and wind can be important. In the load case with
transient change in the wind direction, it is suggested that co-directional wind and wave be
assumed prior to the transient change.

For each mean wind speed a single value for the significant wave height (e.g., expected value)
can be used (IEC 2009). This method has been used to analyse the wave- and wind-induced

response of a catenary-moored spar wind turbine in operational and survival cases (Papers 2

and 9).

2.3.2 Operational versus parked condition

The pitch-regulated variable-speed wind turbine is the state-of-the-art wind machine device.
Depending on the wind speed, the status of the wind turbine is divided into four regions (e.g.,
Kallesge 2007):
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The wind speed is too low for cost-effective operation of the wind turbine, so the rotor
is parked.

The wind speed is greater than the cut in wind speed, but still less than the maximum
capacity of the generator. Therefore, the turbine should extract as much energy from
the wind as possible. The rotation speed of the rotor is kept below the rated rotor
speed to optimise the efficiency of the turbine. The blade pitch is constant in this
region.

The wind speed is above the rated wind speed. The pitch controller turns the blades
towards less aerodynamic torque such that the energy extracted from the wind fits the
capacity of the generator. The rotation speed of the rotor is constant.

The wind speed is too high for safe operation of the wind turbine. After passing the
cut-out wind speed, the rotor is parked.

In operational conditions, the wind turbine produces electricity, and the control is active.

During survival conditions the wind turbine is parked (shut down) and the control is inactive.

In parked configuration, the blades are feathered and set parallel to the wind to decrease the

aerodynamic loads on the blades. Figure 2.5 shows, the power curve for a 5 MW wind

turbine is shown.
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Figure 2.5: Schematic illustration of power production as a function of wind speed for a 5 MW

bottom-fixed wind turbine.

2.3.3 Wind turbine in harsh environmental conditions

In a storm conditions (harsh environmental conditions), the turbine is shutdown and placed in

parked (stationary) position with the blades parallel to the wind. In this situation, the

mechanical brake prevents the blades from rotating. This is done in order to reduce the loads

on the wind turbine to help it withstand hurricane conditions.



32 Chapter 2

Appropriate extreme value analysis of these types of environmental conditions is needed for
investigation of the reliability and safety of a wind turbine structure during hurricanes. The
mechanical brake keeps the blades from rotation. If the brake fails because of extreme wind
and corresponding forces, the blades will over speed, creating extreme loads. The blades,
tower or, in the worst case, the whole structure can be damaged. Below a certain critical wind
speed, the yaw system can prevent the blades from over speeding if the mechanical brake
fails.

In the operational cases, the rotor follows the incoming wind by using the yaw system to
produce maximum power. The nacelle along the axis of the tower rotates. However, in
survival cases, the wind turbine is parked with the blades parallel to the wind to reduce the
loading. If the yaw system fails, the rotor rotates so that the blades are no longer parallel to
the wind, which may cause large aerodynamic forces. The yaw system may fail for a variety
of reasons:

e Failure of the anemometer (error in showing the wind direction)

e Grid failure

e Failure of the yaw system electric motors
If the yaw system fails, the mechanical brake is the only system to keep the blades from over
speeding in harsh environmental cases.
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Chapter 3

Equations of Motion for Offshore Wind Turbines

3.1 General

The equations of motions can be written in the form of Newton’s second law

Mx=F, . .(tx,X),in which the generalised force vector Fy_ . .(¢,x,X) includes all the

environmental forces, inertial and gravitational forces, mooring system and soil interaction (if
applicable), and all kind of stiffness and damping forces (including aerodynamic,
hydrodynamic and structural stiffness and damping). M is the mass matrix, and x is the

position vector including translations and rotations.

The equations of motion for a floating wind turbine are nonlinear and can be solved in the
time domain using direct step-by-step integration techniques. Time domain analysis allows
the handling of nonlinearities involved in hydrodynamic and aerodynamic loading and finite

wave amplitude effects as well as nonlinear material and geometrical effects.

The rigid body equations of motion for a floating structure, such as a floating wind turbine in
regular waves, can be written as follows:

m + Cx + Dhydmlx + DhydmZghydm + Daeml).c + DaemZguem + Kx = F(tﬂ X, x) (3 1)
M =m+ A(w),
Alw)= A, +a(w), A, = A(w =), (3.2)

Cw)=C_+c(w), C,=C(w=2o)
where M is the frequency-dependent mass matrix, m is the body mass matrix, A4 is the
frequency-dependent added mass matrix, C is the frequency-dependent potential damping

matrix, D, ,,, 18 the linear viscous hydrodynamic damping matrix, D, ,,, is the quadratic

viscous hydrodynamic damping matrix, D

aerol

is the linear aerodynamic damping matrix,

aero

D,,,, is the quadratic aerodynamic damping matrix, g,,, and g,,, are vector functions
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where each element is given by g, =X, |)'ci

, K is the position-dependent hydrostatic stiffness

matrix, x is the position vector including translations and rotations, and F is the exciting
force vector given by Equation 3.3.

F=F,

Hydrodynamic + F Aerodynamic + F Mooring System + F Gravitational +.. (33)
In Equation 3.3, other forces, such as earthquake forces, current and tidal forces, ice loading
and others, can be added depending to the offshore site and the concept.

The frequency-dependent coefficients make it difficult to solve Equation 3.1. One of the
most-used methods for solving Equation 3.1 is based on a convolution integral. Considering
the radiation part of the problem and applying the inverse Fourier transform, the radiation
part is related to the retardation function ( R(#) ), which can be calculated using either

potential damping or added mass (Equations 3.4 and 3.5), see e.g. Falnes (2005).
(m + Avo ))C + Dhydmlx + thdroZghydro (X) + Daeroljc

o h (3.4)

aero2 g aero

(X)+ K(x)x+ j R(t—7)x(7)dt = F(t,x,X)

oo

R(t)= % [le(@) - C.1cos(ar)dw= —%Tco[a(a)) — A_Jsin(en)de 3.5)

Equation 3.4 is known as the Cummins equation and contains the memory effect of the
generated waves (radiation part). As the potential damping and added mass is almost
frequency-independent for the spar, the retardation function (Equation 3.5) converges to zero.
However, for large-volume structures, such as semisubmersible and ships, the added mass
and potential damping are highly frequency-dependent. The rigid-body equations of motion
for a spar-type floating wind turbine can be written without the convolution integral as
Equation 3.6, which is consistent with the Morison formula. In the present thesis, the
potential damping and added mass of the spar are assumed to be frequency independent.

(m + Aoo )'x + Dh 'dmlx + thdroZghydro + D

} werotX ¥ Doro28ery + Kx = F(1,X,X) (3.6)
The rigid-body equations of motions for spar-type wind turbines are introduced above
(Equation 3.6). Usually, the structure is divided into several bodies for an elastic multi-body
system. Within each body, the elastic formulation is applied, while the rigid body connections
through constraints (i.e., dashpot) are used to link the bodies. This methodology is used in the
aero-hydro-servo-elastic codes such as HAWC?2 code. Utilising finite element modelling, this
equation can be solved for an elastic formulation of a floating wind turbine in the time
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domain by time increment approach. In the following, the finite element formulation for the
elastic equations of motions for floating wind turbines is discussed.

The dynamic equilibrium of a spatial discretised finite element model of a floating wind
turbine can be expressed as the following equation:

R'(r,#,t)+R” (r,7,t)+ R*(r,t) = R* (r,7,1) 3.7

where R'is the inertia force vector, R” is the damping force vector, R’ is the internal
structural reaction force vector, R” is external force vector, and r,7,# are the structural

displacement, velocity and acceleration vectors.

This equation is a nonlinear system of differential equations due to the displacement
dependencies in the inertia and the damping forces and the coupling between the external
load vector and structural displacement and velocity. Also, there is a nonlinear relationship
between internal forces and displacements. All force vectors are established by an assembly
of element contributions and specified discrete nodal forces.

The external force vector ( R”) accounts for the weight and buoyancy, drag and wave
acceleration terms in the Morison formula, mooring system forces, forced displacements (if
applicable), specified discrete nodal forces, and aecrodynamic loads.

The aerodynamic loads including the drag and lift forces are calculated by considering the
instantaneous position of the element and the relative wind velocity. The blade element
momentum (BEM) theory is used to present the acrodynamic loads on the tower, nacelle and
rotor including the blades and hub. The aerodynamic damping forces can be kept on the right-
hand side or moved to the damping force vector on the left-hand side. In the present
formulation, the aerodynamic drag and lift forces and hydrodynamic drag forces accounting
for the relative velocity are put on the right-hand side in the external force vector.

The inertia force vector (R’ ) can be expressed by the following:

R'(r,ii,t)=[M* + M" (r)|F (3.8)
where M?® is the structural mass matrix, and M"”(r) is the displacement-dependent
hydrodynamic mass matrix accounting for the structural acceleration terms in the Morison

formula as added mass contributions in local directions.

The damping force vector (R”) is expressed as the following:
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R” (r,7,t) =[C*(r)+C" (r)+ C" ()i (3.9)

where C®(r)is the internal structural damping matrix, C” (r)is the hydrodynamic damping
matrix accounting for the radiation effects for floating and partly submerged elements, and
C”(r)is the matrix of specified discrete dashpot dampers, which may be displacement-

dependent.

The dynamic equilibrium equations (Equation 3.7) can be solved in the time domain through
step-by-step numerical integration based on Newmark- £ methods.

3.2 Environmental conditions

To design, install and operate offshore wind turbines in a safe and efficient manner, it is
necessary to have realistic metocean (meteorological and oceanographic) data available for
the conditions to which the installation may be exposed.

3.2.1 General

The first step in performing rational structural dynamic analysis is setting realistic
environmental conditions. The most important for a floating wind turbine are the wind and
wave at the wind park site. However, at some offshore locations, other parameters may be
important (e.g. air and sea temperature, tidal conditions, current and ice conditions).

The wave and wind are random in nature. This randomness should be represented as
accurately as possible to calculate reasonable hydro-aero-dynamic loading. Both the waves
and the wind have long-term and short-term variability. The simulation time depends on the
natural periods of the system. Wave-induced motions of common floating structures have
been carried out considering 3-hour short-term analysis (Naess and Moan, 2005). In wind
engineering, the 10-minute response analysis can cover all the physics governing a fixed
wind turbine. When it comes to floating wind turbines, the correlation between the wave and
wind should be accounted for. For each environmental condition, the joint distribution of the
significant wave height, wave peak period, wave direction and mean water level (relevant for
shallow water) combined with the mean wind speed, wind direction and turbulence should be
considered.

3.2.2 Joint distribution of wave conditions and mean wind

The wave and wind show long-term and short-term variability. The long-term variability of
the wind can be defined by the mean wind speed and direction. The short-term variability of
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the wind is usually defined by the turbulence. In an offshore site, the ocean waves can be
wind-generated and swell. The waves are usually defined by the peak period and significant
wave height. The correlation between the waves and wind should be considered for stochastic
analysis of floating wind turbines. Site assessments containing metocean data are needed to
develop the joint distribution of the waves and wind for the analysis. The joint distribution
can include the wave and wind characteristics, such as the mean wind speed, turbulence,
direction of the waves and wind, significant wave height, and wave peak period. However,
development of the joint distribution requires measurement of simultaneous wave and wind
time histories at the offshore sites for several years. Currently, limited site assessments
considering the correlated wave and wind time series are available. These data are missing
the correlation between the turbulence and wave/mean wind characteristics. The offshore
wind turbine is a new technology, and large metrological/oceanological studies for
determining the proper joint distribution of wave and wind characteristics are needed.

In the present research, the wind and wave were assumed to have the same direction. The
correlation between the mean wind speed, significant wave height, and wave peak period was
considered which can be done by fitting the analytical functions to the site assessments by
considering a mathematical distribution for the mean wind speed and significant wave height.
Johannessen et al. (2001) modelled the significant wave height as a Weibull distribution
whose parameters were functions of the mean wind speed. In this thesis, the turbulence was
assumed to be correlated to the mean wind speed, and proper values based on currently
available offshore wind standards and codes considering operational and survival cases were
selected (Paper 5).

Figure 3.1 illustrates the Weibull probability density function of the significant wave height

(H,) given the mean wind speed at nacelle (V') for the representative offshore wind park,

Statfjord offshore site at 59.7°N and 4.0°E and 70 km distance from the shore (Paper 2).

The significant wave height increased with the increase of the wind speed. For higher wind
speeds, the Weibull distribution was negatively skewed. For each wind speed, a range of
significant wave heights was possible. Smaller wind speeds had a narrower range of
significant wave heights. The IEC 61400-3 standard recommends the use of the median
significant wave height at each wind speed for dynamic response analysis of offshore wind
turbines.
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Figure 3.1: The Weibull probability density function of the significant wave height (H g ) given the
mean wind speed at nacelle (V') for the Statfjord offshore site at 59.7°N and 4.0°E and 70 km from

the shore.

3.3 Hydrodynamics

In this section the regular wave theory, modified regular wave theory and wave loads are
described. In Chapter 4, the irregular wave theory and stochastic waves are explained.

3.3.1 Regular wave theory

In the regular wave theory, the wave is assumed to be sinusoidal with constant wave
amplitude, wave length and wave period. Thus, the regular propagating wave is defined as

¢ ={ sin(ax—kx). The linear wave theory, usually called the Airy theory, can be used to

represent the wave kinematics. In the Airy theory, the sea water is assumed to be
incompressible and inviscid. The fluid motion is irrotational. Then, a velocity potential exists
and satisfies the Laplace equations. By applying the kinematic boundary conditions and the
dynamic free surface conditions, the velocity potential and the wave kinematics can be found.
For more information, refer to Faltinsen (1995). Based on the Airy theory, the horizontal
water particle kinematics are described by Equations 3.10 and 3.11 (Faltinsen 1995). The
dynamic pressure is presented in Equation 3.12.

u=ag, OECED G o — k) (3.10)
sinh kh
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, coshk(z+h)

o -k 311
" emngn N ) (3-11)

a, =

where v and a,, are the water particle velocity and acceleration in the x -direction (wave
propagation direction), respectively, @ is the wave frequency, ¢, is the regular wave

amplitude, k£ is the wave number, the z axis is upward, and /4 is the mean water depth.

coshk(z+h)
P, = _
b= LB cosh kh

sin(ar — kx) (3.12)
In deep water, the water particles move in circles in accordance with the harmonic wave. In
deep water, the depth is greater than half of the wave length (2> A/2). Thus, the effect of
the sea bed cannot disturb the waves. For shallow water the effect of the seabed transforms
the circular motion into an elliptic motion.

When the wave amplitude increases, the wave particle no longer forms closed orbital paths.
In fact, after the passage of each crest, particles are displaced from their previous positions.
This phenomenon is known as the Stokes drift. The Boussinesq equations that combine
frequency dispersion and nonlinear effects are applicable for intermediate and shallow water.
However, in very shallow water, the shallow water equations may be used.

Linear wave theory represents the first-order approximation in satisfying the free surface
conditions. It can be improved by introducing higher-order terms in a consistent manner via
the Stokes expansion (Faltinsen 1995). In the present research, the linear wave theory was
applied. The wave theory discussed here is just applicable for non-breaking waves. The wave
breaks when H/h>0.78 in shallow water and when H /A >0.14 in deep water (DNV 2007).
H is the wave height, and the % is the mean water depth. For extreme waves, when the
height increases greatly, the nonlinear features of the wave kinematics cannot be captured
through linear wave theory. However, the nonlinear methods are mainly applicable for
deterministic waves; they are not suitable for stochastic wave fields. Fortunately, the
probability of breaking waves is relatively small. Moreover, most of the waves break close to
the coast and not at the offshore wind turbine site. Although not considered further in this
document, breaking waves would need to be considered for detailed design.

3.3.2 Modified linear wave theory

The Airy wave theory is only valid up to the mean water level surface and does not describe
the kinematics above that level. Different mathematical models, such as constant stretching
and Wheeler stretching, have been suggested to describe the wave kinematics above the mean
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water level surface. In the constant stretching model, it is assumed that the wave kinematics

are constant above the mean water level (MWL). In the Wheeler stretching model, the

vertical coordinate z is substituted by the scaled coordinate z' (Equation 3.13). In present

research, the Wheeler stretching model was used (Paper 6).
, h

Z=(z-¢ )m

where ¢ is the wave elevation, and { = ¢, sin(ar —kx) . In Section 4.2, the stretching in the

(3.13)

stochastic context is explained.
3.3.3 Wave loads

Considering the size and type of the support structure and turbine, wave loading may be
significant and can be the main cause of fatigue and extreme loads that should be investigated
in coupled analysis. Hence the selection of a suitable method of determining the
hydrodynamic loads can have an important effect on the cost of the system and its ability to
withstand environmental and operational loads.

The panel method, Morison formula and pressure integration method or combination of these
methods can be used to calculate the hydrodynamic forces. The selection of the method
should be concept-dependent. Some of the hydrodynamic aspects for a floating wind turbine
that may be considered depending on the concept and site specification are listed below
(Faltinsen 1995 and Henderson 2003):
e Appropriate wave kinematics models
e Hydrodynamic models considering the water depth, sea climates and support
structures
e Extreme hydrodynamic loading, including breaking waves, using nonlinear wave
theories and appropriate corrections
e Stochastic hydrodynamic loading using linear wave theories with empirical
corrections
e Consideration of both slender and large-volume structures depending on the support
structure of the floating wind turbine

The Morison formula is practical for slender structures where the dimension of the structure
is small compared to the wave length, i.e., D<0.2A4 (Faltinsen 1995), where D is the
characteristic diameter, and A is the wave length. In other words, it is assumed that the
structure does not have significant effect on the waves. The hydrodynamic forces (Fy,u,omamic )
through the Morison formula include the inertial and quadratic viscous excitation forces. The
inertial forces in the Morison formula consist of diffraction and Froude-Krylov forces for a
fixed structure. For a floating structure, the added mass forces are included in the Morison
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formula through relative acceleration as well and the damping forces appear through the
relative velocity.

Equation 3.14 shows the hydrodynamic forces per unit length on the floater based on the
Morison formula, which was extended to account for the instantaneous position of the
structure for floating wind turbines (Faltinsen 1995).

2

2
dF=§CdD|u,, u,+p%cmu,+p%uw (3.14)

U, =uy, —ug (3.15)
where pis the mass density of sea water, D is the cylinder diameter, #, and u, are the
horizontal relative acceleration and velocity between the water particle velocity u,, and the
velocity of the body u, (Equation 3.15), respectively, and C, and C, are the added mass and

quadratic drag coefficients, respectively.

The first term is the quadratic viscous drag force, the second term includes the diffraction and
added mass forces, and the third term is the Froude-Krylov force (FK term). A linear drag

term Cu, can be added to the Morison formula as well, where C, is the linear drag

coefficient. However, for the spar-type platforms such as CMS and TLS, the quadratic
viscous drag is dominant, and the linear drag term was not included (Papers 2 and 6). The

positive force direction is in the wave propagation direction. C, and C, have to be

empirically determined and are dependent on many parameters as the Reynolds number,
Kaulegan-Carpenter number (KC), a relative current number and surface roughness ratio
(Faltinsen 1995).

For large-volume structures, the diffraction becomes important. The MacCamy-Fuchs
correction for the inertia coefficient in some cases can be applied. Based on the panel method
(BEM) the added mass coefficient for a circular cylinder is equal to 1, which corresponds to
the diffraction part of the Morison formula. The Froude-Krylov contribution can be found by
pressure integration over the circumference; for a cylinder in horizontal direction, is equal to
1. Therefore, the inertia coefficient for a slender circular member is 2.

It is possible to use the pressure integration method to calculate the Froude-Krylov part of the
Morison formula and just apply the diffraction part through the Morison formula. The
USFOS code uses pressure integration method to calculate the vertical forces and horizontal
Froude-Krylov part of the Morison formula. However, the HAWC2 code uses the pressure
integration method just for calculating the vertical forces and forces on conical sections.

For a floating wind turbine, the instantaneous position should be accounted for when
updating the hydrodynamic forces. Hence, the moving structure Morison formulation should
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use the accelerations and velocities at the instantaneous position. The relative velocity will be
applied to the quadratic viscous part. The pressure integration method and the Morison
formula use the updated wave acceleration at the instantaneous position. The geometrical
updating adds some nonlinear hydrodynamic loading that can excite the low natural
frequencies of the spar.

Based on second-order wave theory, the mean drift, slowly varying (difference frequency)
and sum frequency forces, drift-added mass and damping can be added to the above linear
wave theory. The Morison formula combined with the pressure integration method is a
practical approach to model the hydrodynamic forces for a spar-type wind turbine. Using the
modified linear wave theory accounting for the wave kinematics up to the wave elevation and
the pressure integration method in transversal directions (Froude-Krylov), the mean drift
forces were considered in the present research. Moreover, the sum frequency forces were
considered by using the instantaneous position of the structure to calculate the hydrodynamic
forces.

3.4 Aerodynamics

The aerodynamic forces ( F, ) consist of the lift and drag forces. The lift forces, skin

erodynamic
friction and pressure viscous drags are the main sources of the aerodynamic forces for the
slender parts of a wind turbine. For slender structures the 2D aerodynamic theory is
applicable. Through the blade element momentum (BEM) theory, the lift and drag
coefficients are used to model the aerodynamic forces. For a parked wind turbine, the
aerodynamic forces are calculated directly using the relative wind speed. However, for an
operating wind turbine, the induced velocities and wake effects on the velocity seen by the
blade element need to be determined.

The wind turbine blades and the tower are long and slender structures. The span-wise
velocity component is much lower than the stream-wise component, and in many
aerodynamic models, it is therefore assumed that the flow at a given point is two-dimensional
and the 2D aerofoil data can be applied (Hansen 2008). Figure 3.2 illustrates a transversal cut
of the blade element viewed from beyond the tip of the blade. In this figure, the aerodynamic
forces acting on the blade element are also depicted. The blade element moves in the airflow

at a relative speed V.

re

,- The lift and drag coefficients are defined as follows:

¢ @=1L—

PV e

2 p (3.16)
Cpla)= 1—D
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where £, and f; are the drag and lift forces (per length), ¢ is the chord of the airfoil, p is the

air density, « is the angle of attack, and V

rel

,1s the relative velocity.

V= V\/(l—a)z +ER )y

(3.17)

a=¢-p (3.18)
_V l-a

@)= T 6.19)

wherea and o’ are the axial and rotational induction factors, respectively, V is the upstream
wind velocity, f;is the thrust force, ris the distance of the airfoil section from the blade root,
and Q. is the rotational velocity (rad/sec). a and a” are functions of ¢, C,, C,and the

solidity (fraction of the annular area that is covered by the blade element). The aerodynamic
theories to calculate the wind loads for operational and parked conditions are very similar.
For a parked wind turbine, the rotational speed (€, ) is zero as the blades are fixed and
cannot rotate. @is 90 degrees, which means the relative wind velocity and the wind velocity

are parallel.

ri2:(1+a)

Rotor plane

Figure 3.2: Forces on a blade element (Bianchi et al. 2007).

The following features need to be included in the aerodynamic model (Burton et al. 2008):
e Deterministic aerodynamic loads: steady (uniform flow), yawed flow, shaft tilt, wind
shear, tower shadow and wake effects
e Stochastic aerodynamic forces due to the temporal and spatial fluctuation/variation of
wind velocity (turbulence)
e Rotating blades aerodynamics, including induced flows (i.e., modification of the wind
field due to the turbine), three-dimensional flow effects and dynamic stall effects
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Dynamic effects from the blades, drive train, generator and tower, including the
modification of aerodynamic forces due to vibration and rigid body motions
Subsystem dynamic effects (i.e., the yaw system and blade pitch control)

Control effects during normal operation, start-up and shutdown, including parked
conditions

The aerodynamic loads can be divided into different types (Manwell 2006):

Static loads, such as a steady wind passing a stationary wind turbine

Steady loads, such as a steady wind passing a rotating wind turbine

Cyclic loads, such as a rotating blade passing a wind shear

Transient loads, such as drive train loads due to the application of the brake

Impulsive loads, i.e., loads with short duration and significant peak magnitude, such
as blades passing a wake of tower for a downwind turbine

Stochastic loads, such as turbulent wind forces

Resonance-induced loads, i.e., excitation forces close to the natural frequencies

The mean wind induces steady loads while the wind shear, yaw error, yaw motion and

gravity induce cyclic loads. Turbulence is linked to stochastic loading. Gusts, starting,

stopping, feathering the blades and teetering induce transient loads. Finally, the structure’s

eigen-frequencies can be the source of resonance-induced loading.

The aerodynamic performance of a wind turbine is mainly a function of the steady state

aerodynamics. However, there are several important steady state and dynamic effects that

cause increased loads or decreased power production compared to those expected from the

basic BEM theory. These effects can especially increase the transient loads. Manwell et al.

(20006) listed some of the advanced aerodynamic subjects:

a) Non-ideal steady-state acrodynamic issues

e Decrease of power due to blade surface roughness (for a damaged blade, up to
40% less power production)

e Stall effects on the airfoil lift and drag coefficients

e The rotating condition affects the blade aerodynamic performance. The delayed
stall in a rotating blade compared to the same blade in a wind tunnel can decrease
the wind turbine life.

b) Turbine wakes

e Skewed wake in a downwind turbine

e Near and far wakes. The turbulence and vortices generated at the rotor are
diffused in the near wake and the turbulence and velocity profiles in the far wake
are more uniformly distributed.

e Off-axis flows due to yaw error or vertical wind components
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¢) Unsteady aerodynamic effects
e Tower shadow (wind speed deficit behind a tower due to tower presence)
e Dynamic stall i.e., sudden aerodynamic changes that result in or delay the stall
e Dynamic inflow i.e., changes in rotor operation
e Rotational sampling. It is possible to have rapid changes in the flow if the blades
rotate faster than the turbulent flow rate.

The effect of turbulence on the dynamic responses is investigated for both CMS and TLS
wind turbines. The structural responses showed that turbulence has a limited effect on the
global responses. The turbulence does not affect the structural responses very much; thus, it is
possible to use the constant wind model in fatigue and ultimate limit state analyses with an
acceptable accuracy (Papers 2 and 9). The turbulence does not affect the mean of the
generated power very much. However, the electrical power fluctuations are increased for
turbulent wind cases. The rotor configuration effects on the dynamic motion and structural
responses for TLS-type wind turbine under different operational and survival cases are
studied. The proper tower shadow model for each rotor configuration (downwind and upwind)
is applied to represent the tower wake deficit (Paper 8).

Acroelastic instability can occur whenever any modal response creates accompanying
periodic aerodynamic forces that feed the resonant response, for instance the negative
damping mechanism (Spera 1998). The servo-induced negative damping can present
instabilities for resonant motion of TLS wind turbine (Paper 7). It is possible to remove the
negative damping by modifying the controller gains. The results showed that the tuning can
help to reduce the structural responses and increase the power production (Paper 9). The
cyclic disturbance of the blade’s angles of attack can be the prime mechanism of rotor
aeroelastic instability. If the controller acts faster than the changes in the wind fields, negative
damping can occur. For a floating wind turbine, it is possible to have the controller acting
faster than the low natural frequencies. The nacelle/tower instability for the horizontal axis
wind turbine is another aeroelastic instability that can occur in the absence of corrective
control system actions. Whirl mode instability can occur in which the shaft moves through a
conical locus, with the tower deflecting and the hub moving in a nearly circular path. The
other instability is the yaw angle oscillation of the turbine shaft, which can occur when the
tower axis does not pass through the centre of the nacelle/rotor combination.

3.5 Mooring system, inertial and other forces

The mooring system forces ( F, ) are nonlinear time- and position-dependent

looring System
restoring forces. Nonlinear spring or finite element modelling is usually applied. Drag forces
on the mooring lines can contribute to the damping effect on the spar motions. If inertia and
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the damping effects of the mooring system are neglected, it is possible to model the mooring
system as a nonlinear spring.

The gravitational forces ( F, .one )» deterministic inertial forces ( F,

nertial ) inCthing
centrifugal loads, gyroscopic forces, breaking loads and other forces, such as sea current and

mechanical control forces (i.e., shutdown forces), should be included, if applicable.
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Chapter 4

Stochastic Load Modelling and Analysis of Floating
Wind Turbines

4.1 General

Accurate analytical methods can be applied to investigate the dynamic response of a floating
wind turbine using stochastic wave- and wind-induced response simulations. Knowledge of
the joint distribution of the wave and wind is necessary to set realistic environmental
conditions. The proper statistical methods are required to investigate the fatigue and ultimate

limit states in operational and harsh environmental conditions.
4.2 Irregular wave theory

Wind-generated waves are forced waves that are sustained by receiving energy from the wind.
Swell waves are free waves that do not receive wind energy due to absence of wind or
movement to a new free-wind location. The practical way to model ocean waves in ocean
engineering assumes that the sea surface forms a stochastic wave field that can be assumed to
be stationary in a short term period. The stationary assumption of the wave is site-dependent
(Naess and Moan, 2005). For most practical offshore engineering purposes this assumption
works very well and gives good agreement with full-scale measurements. The wave field is
assumed to be Gaussian, which gives a reasonably good approximation of reality in most
cases. The stochastic model approved for the waves leads to a normally distributed water
surface elevation. The wave crests follow the Rayleigh distribution if the wave elevation is
assumed to be Gaussian and narrow-banded. However, some phenomena, such as slamming,
do not have a Gaussian distribution.

Based on the Gaussian assumption, the stationary sea (represented by the wave elevation at a
point in space) can be modelled by a wave spectrum. The Pierson-Moskowitz (PM) and
JONSWAP spectra (Equations 4.1 and 4.2) are examples of mathematical models to represent
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the ocean wave spectrum (Sagli 2000). For a fully developed wind sea, the PM spectrum can
be used, and for a growing wind sea, the JONSWAP spectrum can be used. Moreover, the
Torsethaugen spectrum (two-peaked wave spectrum) is introduced to define a sea comprising
wind-generated waves and swells.

5 H 5
Spu(f) = T6 T,;‘;S eXID(—Z(.}” T,)™) (4.1)
where His the significant wave height, 7, is the wave peak period, and f is the frequency
in hertz.
_ _ 2
S5 ()= F, Sy (N 1 exp(CL L) (42)
2 O.JS fP

o, forf<f, (typically:0.07) 43)

O, = .
B\,  forf>f, (typically:0.09)

F, =[5(0.065 %" +0.135)]"  for 1<y, <10 4.4

where ¥, is the shape parameter, which is around 3.3 for seas that are not fully developed.

For fully developed seas, y,is taken to be 1. Therefore, the JONSWAP and PM spectra are

1. .
the same fory,, =1. f, = 7 is the wave peak frequency in hertz.
P

In Figure 4.1, the JONSWAP wave spectrum for operational and harsh environmental
conditions is illustrated. The extreme sea state has much larger peaks, and it also covers a
wider range of frequencies. The peak frequency of a harsh sea state is shifted to lower
frequencies as well. This shift means that the probability of resonant motion occurrence is

higher in extreme environmental conditions.

For a suitable wave spectrum representing the offshore site, the calculations may begin by
converting the spectrum back into individual sinusoids using inverse fast Fourier
transformation (IFFT). Each sinusoid has a frequency and amplitude that can be derived from
the energy density given by the wave spectrum. The phase angle is assigned randomly to each
sinusoid.

In the stochastic context, the Wheeler stretching can be applied as well. For each regular
wave, the stretching is applied, and the wave kinematics up to the instantaneous water level is
obtained. Then, the wave elevation, and the velocities and acceleration of regular waves are
added together to obtain the irregular wave elevation, velocity and acceleration for that
particular time.
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Figure 4.1: The JONSWAP wave spectrum for harsh and operational conditions.
4.3 Turbulent wind theory

The wind varies over space and time. It is important to know these variations to investigate
the site energy resources for making electrical power, which is the first concern for a specific
location. Spera (1998) mentioned the spatial and temporal variations of the wind:

Spatial variations:

e Trade winds emerging from subtropical, anticyclonic cells in both hemispheres

e Monsoons which are seasonal winds generated by the difference in temperature
between land and sea

e Westerlies and sub-polar flows

e Synoptic-scale motions, which are associated with periodic systems such as travelling
waves

e Mesoscale wind systems which are caused by differential heating of topological
features and called breezes

Time variations:
e Long term variability which are annual variations of wind in a special site
e Seasonal and monthly variability
¢ Diurnal and semidiurnal variation

e Turbulence (range from seconds to minutes)
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The temporal variations are usually represented by the energy spectrum of the wind. In
Figure 4.2, the Van der Hoven wind speed spectrum (Hoven 1957) is shown. The yearly wind
speed changes, pressure systems and diurnal changes are influencing the left side of the wind
speed spectrum. However, the turbulence shows itself in the right side of the spectrum.

wSy (w) ((m/s)*)

0 L 1 L 1 J
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4 days semi-diurnal 5 min 5s

Figure 4.2: Van der Hoven wind speed spectrum (reproduced), Bianchi et al. (2007).

The wind is characterised by its speed and direction. The wind energy is concentrated around
two separated time periods (diurnal and 1 min periods), which allows the splitting of the wind
speed into two terms: the quasi-steady wind speed (usually called the mean wind speed) and
the dynamic part (the turbulent wind). In other words, the time-varying wind speed is
considered to be made up of a steady value plus the fluctuations about this steady value. The
steady value is assumed to be quasi-static; thus, its time dependency is negligible for the
current purpose (the probabilistic dynamic response analysis). The long-term probability
distribution of the mean wind speed is predicted by fitting site measurements to the Weibull
distribution (Equation 4.5). The Weibull probability density function ( £, ) shows that the

moderate winds are more frequent than the high-speed winds.
k, V ._

Sy 0= ) exp( ") (4.5)
c, ¢C, w

where V' is the wind speed, k, is the shape parameter describing the variability about the
mean, and ¢, is a scale parameter related to the annual mean wind speed. In Figure 4.3, the

Weibull probability distribution for three different areas, i.e., onshore, coastal and offshore,
with typical values of shape and scale parameters are plotted (Twidell and Gaudiosi 2008).

An empirical formula for the annual mean wind speed (V. ) is given in Equation 4.6 by
Lysen (1983).

V= €,,(0.568+0.433/ k)" (4.6)

Annual

nnual

The annual mean wind velocities corresponding to different sites in Figure 4.3 were 6.5, 8
and 11.3 m/sec for the onshore, coastal and offshore sites, respectively. Considering Equation
1.1, the ratio between the offshore and onshore power corresponding to the present example
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can be up to 5, which confirms the possibility of generating more electrical power by moving
offshore.

The mean wind speed is a function of height, which can be represented by different shear
models such as the Prandtl logarithmic and power laws. In these mathematical models, a
parameter called the roughness length or exponent, accounts for the effect of the type of
surface over which the wind blows (Bianchi et al. 2007).
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Figure 4.3: Weibull probability distribution of wind velocity for three different sites: onshore, coastal
and offshore considering typical values of shape and scale parameters (Twidell and Gaudiosi 2008).

The turbulence in the wind is caused by the dissipation of the wind kinetic energy into
thermal energy via the creation and destruction of progressively smaller eddies or gusts.
Turbulent wind may have a relatively constant mean over time periods of an hour or more,
but over shorter times (minutes or less) it may be quite variable. Turbulent wind consists of
longitudinal, lateral and vertical components (Manwell et al. 2006).

The dynamic part of the wind speed, turbulence, includes all wind speed fluctuations with
periods below the spectral gap. The spectral gap occurs around 1 hour which separates the
slowly changing and turbulent ranges. Therefore, all components in the range from seconds
to minutes are included in the turbulence. The captured annual power is not affected by
turbulence very much, but the turbulence has a major impact on aero-elastic structural
response and electrical power quality. It is common to describe the wind turbulence in a
given point in space using the power spectrum. The Kaimal and von Karman spectra are
widely used. Both models depend on the mean wind speed and the topography of the terrain.
One useful parameter is the turbulence intensity, which is defined as the ratio of the standard
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deviation of the wind speed to the mean wind speed. The turbulence intensity decreases with
height. The turbulence intensity is higher when there are obstacles in the terrain; hence, the
turbulence intensity for an offshore site is less than that for a land site.

The turbulent wind spectrum, such as the Kaimal spectrum (Equation 4.7), is a function of the
frequency, turbulence intensity, and mean wind speed (Hansen 2008).

IV
S(f)= L‘m'“l 4.7
a+15 1 y%
10min
where /[, = O-V is the turbulent intensity, f is the frequency in hertz, V), . is the 10-
10min

minute averaged wind speed, and / is a length scale. / =204, for h,, <30m or [ =600m

otherwise, where £, is the height above ground level.

In Figure 4.4, the Kaimal spectra for onshore and offshore sites are plotted. The harsh and
operational environmental conditions with their mean wind speed and turbulent intensity
were considered. The spectrum under harsh conditions has much more energy compared to
those under operational conditions, especially in the low frequency region. At the offshore
site, the wind is steadier, and the turbulence is decreased, but at onshore sites, the obstacles in
the terrain influence the boundary layer and make the wind more turbulent.
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Figure 4.4: Kaimal spectra for onshore and offShore sites under operational and extreme
environmental conditions, with the corresponding mean wind velocities and turbulent intensities for

those conditions.
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4.4 Stochastic response analysis

Frequency-domain, time-domain and hybrid time-frequency domain analyses are widely used
for dynamic response analysis of offshore structures. The frequency domain analysis is very
fast. However, it is not possible to use the frequency domain methods for a floating wind
turbine due to nonlinear wave and wind loading, control, strong coupling of rotor-platform,
geometrical updating, and large deformation. Hence, the integrated time domain analysis is
necessary for such structures. As the environmental conditions are stochastic, the
aerodynamic and hydrodynamic loads, and consequently the responses of offshore wind
turbines, are stochastic. We can distinguish mainly generalities from a time domain analysis:
maximum, high and low frequency responses, strange peaks and very slow variations. The
time series can be transformed into the frequency domain and presented in spectral format to
make it easier to follow the nature of the response. IEC recommends 1-hour stochastic time-
domain simulations to ensure statistical reliability. The first part of the time-domain
stochastic simulation, which is influenced by transient responses, should be eliminated before
transforming to the frequency domain.

The fatigue and ultimate limit states are two important factors in the design of ocean
structures. The environmental conditions can be harsh and induce extreme responses for a
floating structure. For a land-based wind turbine, the fatigue is the key parameter in design,
and the extreme responses that occur in operational conditions are connected to the rated
wind speed. However, for a floating wind turbine, the extreme responses can occur in

survival conditions.
4.4.1 Time domain analysis

The time domain analysis should be applied for solving the equations of motion for nonlinear
systems. For a floating wind turbine, because the nonlinearities involved in the loading are
dominant, the linearisation of the equations of motion does not accurately represent the
dynamic structural responses. Even if linear elastic theory is used to model the structure, the
loading is nonlinear. Consequently, the responses are nonlinear as well. The aerodynamic
loading is inherently nonlinear and the aerodynamic lift and drag-type forces for a parked or
operating wind turbine are fully nonlinear. The hydrodynamic drag forces are similar to
aerodynamic forces in nature and add nonlinearities. The instantaneous position of the wind
turbine should be accounted for when calculating the hydrodynamic and aerodynamic forces.
The geometrical updating introduces nonlinear loading which can excite the resonant motions.
The hydrodynamic nonlinearities due to geometrical updating for a catenary moored spar-
type wind turbine are investigated in Paper 2. It was shown that both the hydrodynamic
inertial and drag forces need to be updated considering the instantaneous position of the
system. The aerodynamic damping, wave-induced aerodynamic damping, hydrodynamic
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damping and wind-induced hydrodynamic damping need to be considered for a floating wind
turbine. The coupled time-domain analysis is the reliable approach to account for all these
damping phenomena. For an operating wind turbine, the control algorithm controls the output
power by controlling the rotational speed of the rotor or the attack angle of the blades by
feathering the blades. Time-domain analysis is necessary to implement the control loops. The
mooring lines are nonlinear elastic elements; the nonlinear force-displacement or FE
modelling can be used.

The above discussion is summarised in the following to introduce the importance of coupled
time-domain analysis for a floating wind turbine.
1) Nonlinear hydrodynamic excitation forces:
¢ Inertial and drag forces considering the instantaneous position of the system
e Hydro-elasticity
2) Aerodynamic forces:
e Lift and drag excitations considering the relative velocity
e Aero-elasticity
3) Damping:
e Aerodynamic damping
e Hydrodynamic damping
e Wave-induced aerodynamic damping
e Wind-induced hydrodynamic damping
4) Mooring system:
e Nonlinear finite elements
5) Control

Figure 4.5 (taken from Paper 3) shows the hydrodynamic and aerodynamic damping effects
on the dynamic nacelle surge motion of a catenary moored spar-type wind turbine in below-
rated operational conditions. In the left part of Figure 4.5, the quadratic viscous
hydrodynamic effects are compared for two different drag coefficients. As the structure is
inertia-dominated, the increase of the drag coefficient did not affect the wave frequency
responses. However, the resonant responses were decreased. In the right part of Figure 4.5,
the wave-induced response and wind- and wave-induced response are compared to show the
effect of the aerodynamic damping. The aerodynamic damping decreased the resonant
responses. However, the wave frequency responses were not affected by the wind loads in
this case.
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Figure 4.5: Left: Nacelle surge motion spectrum in a wave condition with Hs=3 m and Tp=10 sec,
based on a I-hour time domain simulation in HAWC?2 (wave-induced), Right: Nacelle surge motion

spectrum (Hg =3 m, T, =10 sec and V =8 m/sec), based on a I-hour time domain simulation in

HAWC?2 (constant wind)

Every time-domain simulation starts with the generation of the wave and wind time series.
This step can be done through different strategies based on fast Fourier transforms (FFT) and
inverse fast Fourier transform (IFFT) approaches (Moan et al. 2007). If the position is
updated due to large motions, e.g., in a floating wind turbine, the FFT algorithm is not
directly applicable, and the discrete Fourier transform (DFT) is usually applied. The wave
and wind spectrum are used to represent the energy distribution for each frequency. For a
specific location, the significant wave height, wave peak period, mean wind speed over a
certain level from mean water surface and turbulence intensity are identified. The choice of
the wave spectrum depends on the site. For developing wind-generated waves, the
JONSWAP spectrum is suitable for the North Sea. Based on the significant wave height and
the peak wave period, the distribution of energy for each frequency is defined for the chosen

characteristics. The amplitude of each regular wave (¢,) is related to the wave spectrum.
After introducing the regular waves for each frequency, the regular waves are added together
to make the ocean surface (Equation 4.8). Random phases (¢, ) are used for the stochastic
realisation. @, and k, are the wave frequency and the wave number of the n™ regular wave,

respectively. N is the number of regular wave frequencies. To avoid repetition of the

irregular wave, 1000 regular wave frequencies were chosen in the present study for each 1-
hour analysis.

(=3¢, sin(@i—kx+,) 48)

If the turbulence intensity and the mean wind speed are defined for a site, the inverse DFT
approach can be used to develop the turbulent wind. The Fourier transform that satisfies the
wind spectrum may be in the form of Equation 4.9 (Hansen 2008).
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M
V(t):V+nZ:} @cos(a)"t—(pn) (4.9)

t=ixAt fori=1,.,N
where T is the total time, and the phase angle ¢, is not reflected in the wind spectrum and

can be modelled using a random number generator yielding a value between 0 and 27 .
Mathematically, by performing a DFT of the wind spectrum, all frequencies between 0 and

oo are involved. However, frequencies between% and %T are sufficient for generating

the proper wind time series.

For a 3D wind simulation not only the frequency but also the distance between different
points is important. In other words the time series for different points are not independent.
This is introduced by the coherence function. If the distance between the points increases,
then the correlation of their energy will be less.

The generated wave and wind time series should not contain repetition. There is a limitation
of the turbulence box for most of the 3D turbulent wind generators. For instance, for an over-
rated wind speed case, if a 1-hour simulation is needed then the simulation should be split to
2-4 shorter simulation periods with different seeds to ensure accurate stochastic
representation. The responses of these shorter periods are combined together to make the 1-
hour response. For the wave time series, the number of the frequencies and cut-in and cut-out
frequencies of the spectrum are connected to repetition of the waves in a defined time-domain
analysis. A wider frequency range and fewer frequencies lead to repetition even in a short

simulation.

After generating the wave and wind time series, the motion equations should be set up, taking
into account the coupling. At each time step, the position-dependent aerodynamic and
hydrodynamic forces can be calculated based on aerodynamic and hydrodynamic theories.
Integration methods are used to calculate the responses step by step. After finding the
responses including the position of the structure in the new time step, all the terms in
equations of motions can be updated considering the new geometrical and environmental

conditions.

The time-domain analysis for a floating wind turbine is very time-consuming. Sufficient
simulation time is needed to capture accurate dynamic responses. To capture accurate
responses, the lowest natural frequency of the system is important. For example, if the surge
natural frequency is around 0.07 (rad/sec) then each 1-hour simulation contains only 40 surge
cycles. The other important factor in time-domain simulations is the selection of the time step.
Less accuracy can be achieved with a larger time step. The maximum time step should be less
than a certain value to capture at least 20 cycles of the lowest natural period involved in the
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system. For example, for a catenary moored spar wind turbine, the largest eigen-frequencies
are the blade eigen-frequencies, which are around 3 rad/sec. Twenty cycles can be achieved

by choosing 0.1 sec for the time step in this example.

Figure 4.6 (taken from Paper 2) shows the nacelle surge time history (turbulent wind case)
and nacelle surge spectrum (constant and turbulent wind cases) for harsh environmental
conditions. All of the smoothed spectra in the present study were obtained based on time-
domain simulations by applying a Fourier transformation. The nacelle surge motion in a
survival condition is dominated by the pitch-resonant response. The comparisons between the
turbulent and constant wind cases show that the turbulent wind excites the rigid body pitch
and surge natural frequencies. The resonant response is dominant in both pitch motion and
nacelle surge motion. Resonance should not be confused with instability. A resonant motion

requires external excitation and initially grows linearly and not exponentially as in the case of

instability.
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Figure 4.6: left: nacelle surge time history (turbulent wind case), right: nacelle surge spectrum for
turbulent and constant wind cases. Hg=14.4m, T,=13.3 sec, V =49 m/sec and I, =0.1 (Paper 2).
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In Figure 4.7 (taken from Paper 2) the bending moments at the tower/spar interface for
different mean wind speeds are plotted. The statistical characteristics are based on five 1-hour

samples. The maximum responses correspond to the up-crossing rate of 0.0001 and are

obtained by extrapolation.
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Figure 4.7: Bending moment at the tower-spar interface (wave- and wind-induced) for constant and
turbulent wind cases. The statistical characteristics are based on five 1-hour samples. The maximum
responses correspond to the up-crossing rate of 0.0001 and are obtained by extrapolation (Paper 2).

4.4.2 Response characteristics

In this section the characteristic features of the response are briefly outlined. The response of
floating wind turbines may consist of three kinds of responses: quasi-static, resonant and
inertia dominated responses. When the frequency of the excitation is much less than the
natural frequencies, the response is quasi-static; the dynamic response is close to the response
due to static loading. For example, the mean wind speed can create quasi-static surge
responses. The resonant responses can occur if the excitation frequencies are close to the
natural frequencies of the system. The nonlinear hydrodynamic and aerodynamic forces can
excite the natural frequencies and create the resonant responses. The inertia-dominated
response happens when the loading frequencies are much higher than the natural frequencies.
The rigid body motions can be inertia-dominated as the wave frequencies are greater than the
platform natural frequencies.

The idea is to minimise the wave- and wind-induced responses to therefore increase the
power output with less fluctuation. The aerodynamic damping due to operation of the wind
turbine can reduce the resonant responses. However, this aerodynamic damping is not
significant for a parked or idling wind turbine (when the turbine does not generate power).
The controller in variable-speed wind turbines can be tuned to skip rotational frequencies
around the natural frequencies. Thus, the top displacement and fatigue damage are reduced.
Moreover, adjustment of the blade pitch can provide damping, but it increases the rotor loads.
This extra damping may help to produce more electrical power.
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By reducing the projected area of the support structure against the waves in splash zone
(where the hydrodynamic loads are maximal), it is possible to reduce wave-induced
responses. Therefore, the main part of the platform should be below the splash zone. In deep
spars (i.e., CMS or TLS), a large portion of the spar is below the splash zone.

The resonant motions (rigid-body natural frequencies) can be avoided by adjusting the low
rigid-body natural periods away from the wind and wave spectral peaks. Usually, the pitch
and surge natural frequencies are put below the wave frequencies.

The other option is to increase the inertia of the structure. This option is an effective but
costly approach. However, the hydrodynamic damping may be increased by the following
means (Henderson 2008):

e Damping plates

e Vortex-suppression strakes

¢ Buoyancy cans at the water line
When applying the above damping features, it is necessary to always keep in mind the
possibility of increasing the excitation forces. Moreover, some of these features change the
added mass and consequently change the natural periods of the system. Proper dynamic
response analysis and experiments are needed to investigate the effects.

Figure 4.8 (taken from Paper 4) shows the bending moment spectrum for a CMS wind
turbine subjected to wave and wind loads. The first elastic mode of the system connected to
the tower’s flexible bending mode was clear at 2.4 rad/sec. The flexible mode response was
comparable to the wave frequency and pitch resonant responses. Hence, elastic modelling of
floating wind turbines is necessary to present the structural responses correctly.

The tension spectrum (based on 1-hour time domain analysis) for a TLS wind turbine is
presented in Figure 4.9 (taken from Paper 6). The tension response below 1 rad/sec was
formed by several complex combinations of the three characteristic frequencies: wave, surge
and pitch natural frequencies. These frequencies are mixing through the nonlinear
relationship of the tension leg stiffness. More precisely, the square and square-root functions
in the tension relationship generated the sum and difference of frequencies. For the higher
frequencies, the lowest bending mode of the tower had a frequency of 2.4 rad/sec (Paper 5),
and the heave natural frequency was 3.7 rad/sec. The heave resonant part of the tension is as
important as the low frequency parts. The other high frequencies seen in the USFOS result
were connected to the tower’s eigen-frequencies. However, the HAWC?2 code did not capture
some of the high frequencies which may be related to the linear beam theory of the HAWC2
code.
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Figure 4.8: Bending moment spectrum at z= -20 m (20 m below MWL) based on a 1-hour time-
domain simulation considering wave- and wind-induced loads. H s=14.4m, T, »=13.3 sec, V =49

m/sec and I,=0.1 (Paper 4).
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Figure 4.9: Tension spectra, smoothed spectra are based on a 1-hour time-domain simulations.

Significant wave height: 15 m and wave peak period: 16 sec (Paper 6).

Figure 4.10 (Paper 7) shows the comparison between the nacelle surge motion with the
untuned and tuned controller to avoid negative damping in the over-rated constant wind
condition (V' =17 m/sec, H;=4.2 m and T,=10.5) for a downwind TLS. The tuned controller

has much lower pitch resonant response. In the over-rated wind speed range and due to the
negative damping effect of the controller, the pitch resonant was dominant. After tuning the
controller gains, the pitch resonant response is positively damped out.
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Figure 4.10: Nacelle surge spectra, with an untuned and tuned controller in the over-rated constant

wind condition (V =17 m/sec, Hg=4.2m and T, =10.5).The motion response instabilities are due to

servo-induced negative damping (Paper 7).

4.5 Extreme response

4.5.1 General

For offshore wind turbines, limited research has been performed, especially in terms of the
extreme value analysis of these structures. However, for land-based wind turbines, various
techniques for the estimation of extreme loads/responses have been used. Peak over threshold
methods using Weibull models (Moriarty et al. 2004 and Sorensen et al. 2007) and block
maxima techniques (Fogle et al. 2008 and Agarwal et al. 2008) comprise some of the recent
attempts to model the extreme value statistics of fixed wind turbines by determining the
extreme value distribution. In most of these works, comprehensive effort was needed to
determine the type of the extreme value distribution and its parameters, which can be
uncertain.

While analytical models are used for determining the linear response, the distribution of the
nonlinear response generally needs to be treated in a semi-empirical manner by modelling the
distribution of the response peaks or up-crossing rates. Several methods have been introduced
to estimate extreme values such as Monte Carlo methods, the Weibull tail, the Gumbel
method, the Winterstein method and the peaks-over-threshold method (POT). Alternatively,
extreme value statistics for a 1-hour or 3-hour period are obtained by taking into account the
regularity of the tail region of the mean up-crossing rate.
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Extreme values have a low probability of occurrence. Therefore, even with the present
computational power, the prediction of low exceedance probabilities requires a large sample
size, which results in a time-consuming calculation. Moreover, simulations of complicated
dynamic structural systems subjected to stochastic wave and wind loading are
computationally intensive. This computational cost is even worse when dealing with a
floating wind turbine, as the total simulation time is higher than that for a fixed wind turbine.
Therefore, extrapolation methods are used to accurately estimate the extreme values. The
extrapolation methods were applied to investigate the extreme value response of a catenary
moored spar-type wind turbine (Paper 5).

One of the most reliable and robust approaches to estimate the extreme value is based on the
mean up-crossing rate. The up-crossing rate is the frequency of passing a specified response
level. For a higher response level, the up-crossing rate is lower. As the occurrence of extreme
values is rare, it is therefore possible to assume the Poisson distribution for extreme values.
The Poisson distribution can be defined based on the up-crossing rate. For a floating wind
turbine, the response is nonlinear and non-Gaussian. Therefore, the semi-empirical approach
based on the up-crossing rate is more robust and accurate. The time histories are used to
count the number of up-crossings for each response level. Long time-domain simulations are
needed to obtain low up-crossing rates. For instance, a 1-hour or 2-hours simulation cannot
provide any information about an up-crossing rate of 0.0001; this rate roughly corresponds to
a 50% fractile in a 100-year extreme value distribution. Extrapolation methods can be applied
to extrapolate raw data and provide information for higher response levels (Naess et al. 2008).

To predict long-term extreme response of offshore structures, different approaches can be
applied based on the environmental conditions and the structure characteristics. In the
following, alternative approaches are mentioned (Haver et al. 2004):
e Complete long term response analysis
a) All sea state approach (for extratropical areas like the North Sea)
b) Random storm approach (for hurricane prone area)
e Selected sea states
e Reliability methods used for long-term response prediction
e Contour surface method, a short-term approach for prediction long-term extremes
a) Neglecting the short-term response variability
b) Accounting for the short-term response variability

Full long-term analysis for some structures is very time-consuming when each short term
analysis is carried out in the time domain. The all sea state approach is the most general
method. An alternative is to consider the responses in connection with storms exceeding a
certain severity. This approach is convenient in areas where the weather is almost calm most
of the time with rare storms happening randomly in time (Haver et al. 2004). The reliability
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methods utilising the first-order-reliability-method (FORM) can be applied for long-term
response analysis to find the extreme values. For complicated response structures, such as
floating wind turbines, performing the full long term analysis is not practical. In these cases
the contour line approach can be applied to investigate the extreme responses.

4.5.2 Contour line (surface) method

As mentioned earlier, full long-term analysis of floating wind turbines to estimate the
extreme value responses is not practical. For wave-induced responses, it is found that the
extreme values are governed by a few sea states. One way to select the wave conditions is the
so-called contour line method (Sagli 2000). The contour surface method can give the load
and response extremes corresponding to a prescribed return period, or equivalently, a
prescribed annual probability of exceedance (Naess and Moan, 2005) by use of the joint
model of the probability density function (PDF) of the mean wind speed, the significant wave
height and the wave peak period parameters for the relevant site.

To find a contour line corresponding to a constant annual exceedance probability, the joint
model should be transformed to a space consisting of independent and standard Gaussian
variables. All combinations of environmental parameters (the mean wind speed, the
significant wave height and the wave peak period) corresponding to a special annual
exceedance are located on a sphere in the standard Gaussian space (Johannessen et al. 2001).
The radius of this sphere is related to the desired annual exceedance. By applying the inverse
first-order reliability method (IFORM), the desired contour line (surface) can then be
obtained after transforming back from the Gaussian space (Winterstein et al. 1993).

The contour surface (line) method is an approximate method for estimating the extremes
corresponding to a given annual probability. In this approach, the inherent randomness of the
short-term extreme value is excluded from the given contours. It is therefore necessary to
introduce this missing randomness by alternative approaches. Haver et al. (2004) suggested
the utilisation of one of the following methods:

e Artificially inflating the 100-year variability artificially;

e Introducing a correction factor to the predicted median response; and

e Selecting a higher fractile as the short-term characteristic instead of selecting the

median response.

The benefit of the contour surface method is that in the time-domain simulations, only a
limited set of environmental cases needs to be analysed. The 100-year extreme response can
be taken as the fractile of the distribution of the 3-hour extreme response value obtained from
the contour surface approach (Sagli 2000). For the wave-induced responses of ocean
structures, the 10% fractile seems reasonable to capture the 100-years extreme value response
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(Naess and Moan, 2005). However, for wave- and wind-induced responses of floating wind
turbines the contour surface method is not proven yet and further research is needed to
accomplish this task.

To find the fractile level needed in the contour method for a special problem, the following
steps need to be carried out (Baarholm et al. 2010):
e Performing a full long-term analysis with a sufficient number of 3-hour time-domain
simulations for a sufficient number of different environmental conditions.
¢ Finding the worst environmental condition by a screening analysis performed along
the required contour surface (e.g., 100-year return period contour line).
e Setting up the 3-hour extreme value distribution for the worst environmental
condition.
e The fractile level is then obtained by the fractile that gives the same result as the long
term simulation.
However, this method is not proven for wind turbines subjected to wave and wind loads. For
wind turbines, different operational and nonoperational conditions including fault machine
status should be considered. In this thesis “design” wave and wind conditions corresponding
to Statfjord site are selected (Table 4, Paper 2) and the focus herein has been on the short
term analysis.

Figure 4.11 (taken from Paper 5) shows the up-crossing rate for 20 different 2-hour
simulations and the average up-crossing rate for all samples (40 hours). The results of 20 1-
hour, 20 3-hour and 20 5-hour simulations had the same trend. Therefore, we just plotted the
results of the up-crossing rate for the 20 2-hour simulations to illustrate the trend.
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Figure 4.11: Up-crossing rate for 20 2-hour simulations and the average up-crossing rate over 40
hours (Paper 5).
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In Figure 4.12 (taken from Paper 5), the coefficient of variation (o/u) of the bending

moment for an up-crossing rate of 10~ is plotted as a function of the simulation time (20 1-
hour, 20 2-hour, 20 3-hour and 20 5-hour simulations). The original up-crossing rate was
obtained from the analysis of the raw time series. The Naess and Winterstein methods for
extrapolating to lower up-crossing rates were used. The comparison of the different
simulation periods shows that the 20 1-hour simulations were sufficient for predicting the 3-
hour extreme bending moment if the up-crossing rate was based on a reasonable

extrapolation.
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Figure 4.12: Coefficient of variation (o / 1) of the bending moment for an up-crossing rate of

107 versus simulation time (Paper 5).

The extreme value response can be roughly estimated by: u#+ko, where x4 is the mean

value, o is the standard deviation (STD) and k is the normalized maximum response and
varies between 2 and 6 which is concept, environmental condition and offshore site
dependent. Figure 4.13 shows the normalized maximum responses for the TLS-type wind
turbine (Paper 9). The normalized maximum responses in Figure 4.13 correspond to up-
crossing rate of 0.0001 and they are close to the 3-hours most probable maximum for the
present case study. In Figure 4.13, STD is the standard deviation.
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Figure 4.13: Normalized maximum of the bending moment (BBM) at the blade root, the bending
moment (BM) at the tower-spar interface, the shear force (SF) at the tower-spar interface, the nacelle
surge (NS) and the tension (TE). Statistical characteristics are based on five 1-hour samples. The
maximum responses correspond to an up-crossing rate of 0.0001 and are obtained by extrapolation
(Paper 9).
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Chapter 5

Conclusions and Recommendations for Future

Research

5.1 Conclusions

The objective of the research conducted in this thesis was to study the power production and
structural integrity of spar-type wind turbines with catenary and tension leg mooring systems.
Stochastic dynamic motion and structural response analysis was the key issue in the present
thesis as documented in a collection of articles. The main conclusions obtained are presented
here.

A comparison of hydrodynamic and hydro-elastic computer codes for a spar with catenary
mooring and a spar with tension leg mooring systems (CMS and TLS) based on codes such as
HAWC2, DeepC (Simo/ Riflex) and USFOS/vpOne was performed (Papers 2 and 6). This
comparison showed that predictions of motion and tension responses in the programs to a
reasonable extent agreed for both concepts. However, some differences were found in the
resonant responses. Accounting for the instantaneous position of the platform when
calculating the forces, introduced hydrodynamic nonlinearity (Paper 2).

For the TLS, all the motions were highly connected through the tension leg. The governing
mode was the pitch response for both the TLS and CMS concepts. In the TLS concept, all the
other responses were affected by the pitch motion through the tension leg. The nonlinear
action of the line introduced the sum and difference of pitch, surge and wave frequencies for
the heave and tension responses. It was necessary to ensure that the pitch natural frequency is
outside the wave spectrum. However, the nonlinear hydrodynamic loading could excite the
natural frequencies. The effect of the stochastic waves on the response of each code was
studied as well. The response was different for different wave time histories. More precisely,
the stochastic low-frequency responses (surge and pitch resonance) were affected. Ten 1-hour
simulations in the HAWC2 and USFOS codes were used, and the averages of the simulations
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showed a better agreement (Paper 6). However, there were still some differences in the

resonant responses.

Different methods for calculating the hydrodynamic forces were investigated. The panel
method, Morison formula, displaced volume method and pressure integration methods were
used in this thesis (Papers 2 and 6). The hydrodynamic comparison was performed based on
different codes for both TLS and CMS. It was found that for spar-type wind turbines, the
combination of the Morison formula and pressure integration methods can introduce a robust

numerical tool.

Two parked rotor configurations for CMS, the blades parallel to the wind and blades
perpendicular to the wind, were discussed (Paper I). The wave-wind-induced motion
responses in harsh environmental conditions were studied. The results showed that when
blades are parallel to the wind due to a decrease of aecrodynamic loading, the nacelle surge
motion can be 2 times less than that in the fault condition.

The rigid body and elastic modelling of the CMS showed that the effect of elasticity on
motions can be neglected, but the structural responses can be affected by the elastic structural
response (Paper I). The first elastic bending mode can be affected by the wind- and wave-
induced responses. For extreme environmental conditions, the elastic response is comparable
with the rigid body wave frequency responses (Paper 4). The comparison of models with
rigid body and elastic modelling of the spar and the tower showed that the structural damping
of the elastic body slightly affects the rigid body motions. For the TLS, the structural
damping has a clear influence on the modes associated with the high eigen-frequencies

(Paper 6).

Different strategies for modelling the mooring system were considered in the present thesis.
The comparison of the DLL and real line model (in the TLS concept) showed that the spring
effect of the tension leg is governing the overall motion of the spar (Paper 6). However, the
heave resonance in the tension is sensitive to the damping. For the CMS concept, the full
finite element model of the mooring system including clump masses and delta lines was
applied in Simo/ Riflex (Paper 1). Based on a quasi-static analysis of the mooring system, the
force-displacement relation for different modes of motions was calculated and applied
through a dynamic link library (DLL) to the HAWC2 code. This feature significantly
decreases the simulation time. The accuracy of this DLL approach was investigated through
the analysis of the TLS concept.

The structural response for both concepts was to limited extent affected by turbulence
(Papers 2 and 9). Hence, this suggests that it is possible to use the constant wind model in
fatigue and ultimate limit state analyses with an acceptable accuracy. However, this needs to
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be systematically verified in the further analyses. The turbulence does not affect the mean of
the generated power very much. However, the electrical power fluctuations are increased for
turbulent wind cases. For the over-rated wind speeds, the mean values and standard
deviations of electrical power produced are almost the same for the constant and turbulent
wind cases. However, for the below-rated wind speeds, the differences are notable. These
differences are due the calm sea state that corresponds to low wind speeds. For CMS, the
mean of electrical power generated at the rated wind speed in the turbulent wind case was 4.1
MW, compared to 5 MW for the original land-based wind turbine (Paper 2). This aspect may
be considered in the design of new wind turbines for offshore applications.

To obtain a good quality for the generated power (steady electrical power), the wave
frequency responses and resonant responses (surge and pitch resonances) should be decreased.
The fluctuations of the generated electrical power are dominated by the wave frequency
responses, and the motion responses are governed by the pitch resonant responses (Paper 3).
It was found that the higher frequencies in motion response have a greater effect on the
quality of the electrical power than the low resonant frequencies.

Coupled wave- and wind-induced motion response analyses were performed in the
operational conditions in order to investigate the ability of a floating wind turbine to produce
power. Wind- and wave-induced motions directly affect the nacelle motion and its velocity,
which can influence the relative velocity. The magnitude and frequency of the platform’s
rigid motions influence the power production and quality (Paper 3).

The motion responses and power production of CMS wind turbines in operational
environmental conditions were considered as well. The coupled time-domain analysis was
performed for over-rated, rated and below-rated wind speeds in different sea states.
Comparisons were made for wave-induced and wave-wind-induced responses of parked and
operating floating wind turbines. The effect of aerodynamic and hydrodynamic damping in
different frequency ranges on the dynamic motion responses and electrical power production
was investigated (Paper 3). The coupling is inevitable in such structures, as the aecrodynamic
and hydrodynamic damping and excitation forces are highly affected by each other through
the relative motions.

A comparison of the rotating rotor wind-wave-induced response, parked rotor wave-wind-
induced response and parked rotor wave-induced response showed that (Paper 3) the
aerodynamic damping of the rotating rotor reduces the wave-induced responses through the
control of the blades/rotational speed of shaft and also reduces the pitch resonant response
through the relative motion of the platform.
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The aerodynamic and hydrodynamic damping are active in resonant responses. It is not
possible to damp all of the resonances because of the wind excitation forces and nonlinear
hydrodynamic loads arising from the quadratic drag terms and consideration of instantaneous
positions for calculating loads (Paper 3). The relative wind velocity contains the motion
response frequencies that can excite the rigid body resonant motions. For below-rated wind
speed, the aerodynamic damping is sufficient for reducing the resonant responses, but for
over-rated wind speed, the aerodynamic excitation forces are higher, and the damping is not
sufficient. By introducing more hydrodynamic damping (through the addition of passive
hydrodynamic features such as pin/strake), the resonance can be damped out.

The blade pitch control of an operating turbine can introduce negative damping in a floating
wind turbine. It is necessary to avoid the servo-induced negative damping to get an adequate
fatigue life. In Paper 7, the controller gains are modified to reduce the instabilities caused by
the servo negative damping. When the tuned controller was applied, the pitch resonant
motion was reduced and the power production was improved compared with when the
untuned controller was used. For TLS, the ratio between the standard deviation of the
electrical power generated when the untuned and tuned controller is applied for an over-rated
wind speed case is 8.1. The similarly defined ratio for the nacelle surge motion, the bending
moment at the tower-spar interface and the bending moment at the blade root is 14.5, 4.4 and
2.7, respectively. These results show that negative damping adversely affects the performance
and structural integrity of a floating wind turbine (Papers 7 and 9).

The effect of upwind vs. downwind rotor on the performance and responses of tension leg
spar-type wind turbine was studied. The results show that the global responses of downwind
and upwind turbines are close. However, some small differences are clear which can be due
to the small difference applied to the upwind turbine to make a downwind turbine (Paper 8).
The wave-induced and wind-wave-induced responses are compared for TLS with downwind
and upwind rotors. The results show that the wave frequency part of the responses is less
affected by the aerodynamic or controller actions in integrated analysis. The pitch resonant
response is damped for below-rated wind case due to aerodynamic damping. The surge
resonant response is excited by aerodynamic excitation forces for the rated wind speed case.
For operational below- and over-rated wind speed cases the responses are governed by wave-
induced responses when a tuned controller is applied (Papers 7 and §). Under survival
environmental conditions the aerodynamic damping helps reducing the pitch motion
resonance. In storm and hurricane conditions the wave loading is dominant compared to wind
loads (Paper 8).

The effect of the turbulence and tower shadow effect on the different structural and motion
responses were discussed for TLS with downwind rotor. The results showed that the global
responses were less affected by the tower shadow. However, the dynamic part of the blade
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root bending moment the dynamic part of the responses was more affected. The relative
magnitude of the turbulence effects was larger than the tower shadow effects. The ratio of
standard deviation of the blade root’s bending moment, nacelle surge motion and tension
response considering turbulent and constant wind speed cases were found to be 8.5, 2.3 and
1.4, respectively (Paper 9). The results showed that the turbulence effect on the mean value
of electrical power and tower structural response was negligible. The ratio of the responses to
a 100-year environmental condition and to the load case associated with the rated wind speed
was found to be as high as 2.6, 3.2, 1.3 and 1.2 for the bending moment (BM), shear force
(SF), nacelle surge (NS) and tension (TE) responses. This finding showed that for the present
tension leg spar-type floating wind turbines, the extreme value of responses can occur under
survival conditions. However, land-based wind turbine extreme values are linked to the rated
wind speed and occur under operational conditions (Paper 9).

The structural responses of a catenary moored spar wind turbine in both survival and
operational conditions were compared to show the importance of analysing the structural
response in survival conditions to obtain the lifetime maxima (Papers 4 and 5). The critical
structural sections due to the bending moment and shear forces were found, and the responses
at those sections were determined. The bending moment and shear forces in the tower and
spar are dominated by the platform pitch resonant response. The analysis showed that for a
floating wind turbine the extreme responses can occur in harsh environmental conditions,
while for a fixed wind turbine, the extreme value responses are connected to the rated wind
speed in operational conditions. The maximum of the structural response for the survival case
was found to be almost two times greater than its value for operational conditions.

To limit the computational efforts required to determine the 100-year extreme response value,
a contour surface method was applied based on a joint distribution of the wind speed,
significant wave height and wave period. The 100-year return period environmental condition
was set in order to obtain the 100-year response of the floating wind turbine under harsh

environmental condition (Paper 4).

Extreme values for severe environmental conditions were obtained based on 20 1-hour, 20 2-
hour, 20 3-hour and 20 5-hour simulations (Paper 5). Because the response is governed by
resonance, the response is close to Gaussian. However, the process is wide-banded. The
minimum total simulation time (number of simulations multiplied by simulation period) to
obtain accurate results depends on the needed up-crossing rate. The 1-hour and 2-hour
original values cannot provide any information for 0.0001 up-crossing rates. The
extrapolation of the 1-hour period was used to capture the up-crossing rate of 0.0001.

If up-crossing of the high response level is needed, the total simulation time should be
increased. The extrapolation of the up-crossing rate based on the Naess and Winterstein
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approaches was used to predict the high response level crossing. The most probable maxima
obtained by these approaches are close. The most probable maximum of the bending moment
is very close to the bending moment for an up-crossing rate of 0.0001 in the present study. A
comparison of different simulation periods showed that the 20 1-hour simulations are
sufficient to predict the 3-hours extreme bending moment if the up-crossing rate is based on a
reasonable extrapolation (Paper 5).

Generally, normalized responses are greater for survival conditions than for operational
conditions. For CMS under survival conditions, the normalized maximum corresponding to
an up-crossing rate of 0.0001 varies between 4 and 6. Under operational conditions, the
normalized maximum responses of CMS-type wind turbine vary between 2 and 4. The
turbulence has limited effect on structural responses, while nacelle surge motion is more
affected by turbulence (Paper 2 and 9). The normalized responses of TLS-type wind turbine
under both operational and survival conditions corresponding to an up-crossing rate of 0.0001
vary between 3 and 5 (Paper 9).

The original scientific contributions of this thesis are summarised as follows:
e The comparison of computer codes for dynamic analysis of TLS and CMS, using
HAWC2, USFOS/vpOne and Simo/Riflex (DeepC)
e Comparison of alternative hydrodynamic models for CMS and TLS
= Panel method (boundary element method) and Morison formula for the CMS
concept
= Panel method, Morison formula and pressure integration methods for the TLS
concept
= Investigating the geometrical updating (instantaneous position) when
calculating the hydrodynamic loads and its effect on the wave-induced
responses
= Nonlinear hydrodynamic loads based on linear wave theory, mean drift forces
and Wheeler stretching
e Sensitivity study of the hydrodynamic model with respect to stochastic wave

generation

Integrated dynamic response analysis

= Time-domain analysis of offshore spar-type floating wind turbines with
catenary and tension leg mooring systems

= Wave- and wind-induced response analysis

= Comparison of wave-induced and wind-wave-induced responses

= Effect of turbulence in wind loads, power production, structural and motion
responses

= Effect of elastic and rigid body modelling

Investigation of the servo-induced negative damping of the TLS
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= Modifying the controller gains to remove negative damping
=  Comparison of responses obtained with application of tuned and untuned
controller to study the effect of tuning in different load cases
e Study the effect of rotor configuration on the performance of the wind turbine
= Analyzing both the upwind and downwind turbine for TLS
= Effect of tower shadow on the power production and dynamic responses
e Extreme value estimation for spar-type wind turbines for short-term responses
= Study of the effect of simulation periods in extreme value analysis
= Alternative extrapolation methods

5.2 Recommendations for future research

Further research on spar-type floating wind turbines is needed. For the catenary moored spar
the modelling of the mooring lines was limited in present research. In the present model, the
inertia and damping of the mooring lines were neglected in the dynamic analysis. In the
future, the quasi-static model can be replaced by a more complex coupled model.

This study is primarily concerned with response analysis for ULS design. Moreover, in the
present study, the contour line method was assumed to be valid. The contour surface method
needs to be validated for floating wind turbines. The fatigue limit state of the present and
other concepts also needs to be investigated.

Accidental limit state analysis was not addressed in this study. Consideration of fault
conditions for floating wind turbines, and especially the transient response during shutdown
and control actions for these conditions should be studied in future research. Another aspect
is to validate current analysis by comparison with experiments for scaled models as well as
field measurements.

In the present study, the focus was on the spar-type floating wind turbines. Other concepts
such as semisubmersibles, disk buoys and TLPs may also be relevant especially for
intermediate water depths. A conceptual study based on the analysis of wave- and wind-
induced responses should be performed.

A modified linear wave theory was applied in this study. Appropriate wave theory for
shallow water is needed to represent the waves correctly. For large-volume structures such as
semisubmersibles and ship-shaped structures, the second-order wave excitation and damping
forces should be calculated. The spar is a slender structure compared to wave length, and the
free surface memory of the waves can be neglected. For large structures, the convolution
integrals through using retardation functions should be set in the equations of motion to
represent the dynamic responses correctly.
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The conventional wind turbine control algorithms tuned for offshore applications were used
in the present research. More advanced control algorithm proper for floating wind turbines
could be developed.

One of the important aspects of offshore wind technology is the cost of generated electricity.
The present thesis did not deal with cost assessment neither for the capital cost of the design
nor the cost of operating the wind farm. This is a topic for future research.

The response and generated power of a wind turbine in a farm can be different compared to
that of a single wind turbine. Due to wake of the surrounding wind turbines and different
boundary layers, the aeroelastic response may be different. Floating wind turbine farms and
their wake generation, the turbine park effect on the wind velocity, and other similar aspects
is a subject for future research.
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ABSTRACT

The development of robust design tools for offshore wind
turbines requires knowledge of both wave and wind load
models. Existing numerical codes are typically extended to
account for both aerodynamic and hydrodynamic effects on a
structure. Therefore, verification of the extended codes is
required by the use of experiments and code-to-code
comparisons. This paper presents a hydroelastic code-to-code
comparison between the HAWC2 and USFOS/vpOne codes for
a floating platform that is suitable for offshore wind turbines.
The HAWC?2 code, which is an aero-servo-elastic code that was
developed by Rise/DTU for the dynamic response analysis of
land-based wind turbines, was extended to account for
hydrodynamic loads. The USFOS/vpOne code, which is a
hydroelastic code that was developed by USFOS Ltd. for the
dynamic response analysis of offshore structures, was extended
to include the aerodynamic effects on offshore wind turbines.
This study compares the two codes for a tension leg spar (TLS)
with a single tether, which is a hybrid concept that combines
the TLP and Spar concepts. The comparison is performed using
coupled hydroelastic time domain simulations under wave
loads. Additionally, the methods that are required to perform a
time-domain analysis for this concept are presented based on
systematic studies of several aspects such as damping, wave
simulation, and hydrodynamic and structural modelling. Wave-
induced motion of a support platform affects the power
generation of a wind turbine. Furthermore, overload of the
tension leg should be avoided. The tension leg introduces
nonlinear effects on the spar motion. The difference and sum
frequency responses are created by nonlinear wave loads.
Therefore, the motion and tether tension are compared. Yaw
motion is constrained in this study. The spectral analysis and
statistical characteristics of the results are presented. A

combination of the Morison formula and the pressure
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integration method provides accurate results for the structure. A
comparison indicates that the motion responses and the tension
obtained in the two codes are in good agreement. However,
some differences were found in the resonant responses.

Keywords: Tension Leg Spar (TLS), Coupled Hydroelastic
Dynamic Analysis, Floating Wind Turbine

NOMENCLATURE

FK: Froude-Krylov force

KC: Kaulegan-Carpenter number

MWL: Mean water level

NREL: National renewable energy laboratory
TLP: Tension leg platform

TLS: Tension leg spar

C, : Quadratic hydrodynamic drag coefficient

C,, : Mass coefficient

C,, : Added mass coefficient

d : Draft

D : Diameter of the spar

E : Elastic modulus of the tension leg
h : Mean water depth

H : Wave height (regular wave)

H : Significant wave height

L : Length of the tension leg

T : Wave period (regular wave)

T, : Peak wave period

A : Wave length
o : Wave frequency (rad/sec)



1. INTRODUCTION

Wind turbines on land have been widely used in the past
two decades to generate green energy. In recent years, the wind
energy industry has transitioned from land-based wind power
to offshore fields.

Numerous concepts have been proposed for floating wind
turbines with different floaters such as TLP, semi-submersibles
and spars [1]. Each concept requires specific methods to handle
the relevant dynamic behaviour of the turbine. In this paper, a
hybrid concept combining a TLP and spar is chosen: the
tension leg spar (TLS) with a single tether for deep-water wind
farms. The current TLS type floating wind turbine is similar to
SWAY [2]. The spar exhibits a very good heave motion
characteristic because of the deep draft; on the other hand, the
multiple legs TLP exhibits less angular motion but a higher cost
for the tension legs. This new concept requires specific
numerical tools.

Numerous studies have been performed for catenary
moored spar type floating wind turbines [3, 4, 5, and 6]. This
paper introduces a hydrodynamic code-to-code comparison
between the HAWC2 and USFOS/vpOne codes for a spar with
a single tension leg. The HAWC2 code [7], which is an aero-
servo-elastic code that was developed by Rise for the dynamic
response of wind turbines, was extended to account for
hydrodynamic effects. The USFOS/vpOne code [8], which is a
hydroelastic code that was developed by USFOS Ltd. for the
dynamic response of offshore structures, was extended to
include aerodynamic effects on offshore wind turbines. A time
domain code-to-code hydroelastic comparison was performed
in this study. This study is limited to wave induced responses;
no wind or aerodynamic effects were included. Aerodynamic
effects will be considered in a subsequent paper. First, the
theoretical basis of the relevant parameters is discussed, and the
model of the single leg spar is described. Based on systematic
studies of several aspects (wave generation, hydrodynamic
modelling, damping and the like), a global stochastic analysis is
presented.

Wave-induced motion of the nacelle affects power
generation in the wind turbine, and the tension can be a limiting
parameter for TLP concepts because of tether slack or buckling.
Therefore, the motion and tether tension were chosen as
relevant response variables. The results are presented in terms
of time histories, spectral density functions and statistical

characteristics.

2. TENSION LEG SPAR WIND TURBINE

The NREL 5 MW wind turbine [9] was chosen as a
reference. The turbine was mounted on a 120-m spar platform
with a displacement of 8,126 m’. Figure 1 shows a schematic
layout of the TLS concept. The primary system properties are
shown in Table 1.

In the single leg TLS concept, a pre-tensioned vertical
tension leg connects the bottom of the spar to the seabed. The
torsion stiffness provided by one leg is not very high;
consequently, for the TLS, an upwind turbine is much less
convenient in yaw compared to a downwind configuration. The
downwind turbine has a rotor on the back side of the turbine,
and the nacelle is typically designed to follow the wind (Figure
1). In this study, yaw motion is constrained to avoid
instabilities because of the lack of controller yaw stiffness. The

total mass is directly related to pretension.

Table 1: System properties (single leg TLS)

Draft 120 m
Diameter Above Taper 6.5 m
Diameter Below Taper 94 m

Centre of Buoyancy z=-60m, x=y=0

Displacement 8126 m’
Total Mass 7.682E+06 kg
Centre of Gravity (CG) z=-80m,x=y=0

Pitch/Roll Inertia About CG | 2.18E+10 kg.m*

Yaw Inertia About Centreline | 1.215E+08 kg.m’

7.624 MN

Pretension

The linearised stiffness of the line (at the initial position of
the spar) is used to calculate the surge, heave and pitch natural

frequencies.
T
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Equation 2 presents the surge natural frequency, where K,
is the surge stiffness, 7| is the pretension, L is the leg length,

M is the total mass and 4, is the surge added mass.
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Equation 5 presents the heave natural frequency, where K

Heave

is the heave stiffness, K H, is the hydrostatic heave stiffness,

K

u,. is the tension leg stiffness, E is the modulus of
elasticity, A is the leg section area and 4,; is the heave added

mass. The hydrostatic heave stiffness is negligible compared to

the tension leg stiffness.

Kpien = KPM,,,,, + KP,,U (6)
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Equation 10 presents the pitch natural frequency, where X,,,

is the pitch stiffness, K,  is the hydrostatic pitch stiffness,

K

. is the tension leg stiffness, O is the water density, V is
the submerged volume, GM is the metacentric height, KG is
the distance of the centre of gravity (CG ) from the bottom of
the spar, KB is the distance of the centre of buoyancy (CB )
from the bottom of the spar, / is the area moment of inertia,
1, is the pitch inertia and /,; is the added pitch inertia.

In Table 2, the natural frequencies of the first (rigid body)
modes that were obtained based on the above equations are

summarised (Equations 1-10).

Table 2: System natural frequencies obtained
from the analytical formulas (rad /sec).
Surge/Sway 0.05
Heave 3.69
Pitch/Roll 0.20

Downwind turbine Blade
Nacelle
—
I ——— — Hub
Wind flow
—_—
Tower
90 m
Z| p=65m
X MWL
—. —F
Depth: 320 m
Spar
120 m
® |cB (-62 m)
o | CG(-80 m)
D=94m
Tension leg
% 200 m

Figure 1: Tension leg spar wind turbine.

3. THEORETICAL BACKGROUND

This section contains the theories that were used to model
the system, including the wave, hydrodynamic and structural
models. The stochastic theory that was used to treat the
responses is also discussed. To be consistent, the same theories
for both the HAWC?2 and USFOS/vpOne codes were applied as



much as possible. Any differences in the modelling of the codes

are explicitly mentioned.

3.1. Environmental conditions

A correlation of the waves and wind is considered to
determine realistic environmental conditions. The Statfjord site
was chosen as a representative site for a floating wind turbine
park. Statfjord is an oil and gas field in the Norwegian sector of
the North Sea that is operated by StatoilHydro. The site is
located at 59.7°N and 4.0°E at a distance of 70 km from the
shore. Simultaneous wind and wave data from the northern part
of the North Sea were smoothed and fitted to analytical
functions. For the representative site, environmental conditions
of Hg=15mand 7,= 16 sec were chosen [10, 11].

3.2. Wave theory and wave history sampling

Linear wave theory (often called Airy theory, Eq. 11) with
Wheeler stretching was used [12]. By stretching the Airy
theory, the kinematics calculated at the MWL were applied to
the true wave elevation [8]. The stretching was performed by

substituting the vertical coordinate z with the scaled coordinate

2 (Eq. 12).

¢ =¢, sin(wr —kx) (11)
ey

z'=(z é,)h+§’ (12)

The Joint North Sea Wave Project (JONSWAP) spectrum
was used to represent long-crested irregular waves. Three
parameters (H,7T,,7) from the JONSWAP spectrum were

used to model the wave. The peakedness parameter ¥, which is

the ratio of the maximum spectral energy to the Pierson-
Moskowitz spectrum [13], was chosen with a default value of
3.3. The significant wave height and wave peak period are
given in Section 3.1.

The time domain simulation was based on random waves
that were obtained using random numbers for phase angles at
discretised frequencies. A constant Aw was applied in both of
the codes. To avoid repetition of the wave sample with a
sampling time of 1 hour, 1800 frequencies were used to
generate a sample time series of the waves. The cut-in and cut-
out wave periods were selected as 1.5 and 40 seconds,

respectively.

3.3. Hydrodynamic forces

For this structure, both viscous and potential flow may be
important depending upon the wave height. Figure 2 [14] can
be used to judge the relevant effects of inertial and drag forces.
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Figure 2: Relative importance of the inertial, drag and
diffraction wave forces [14].

In Figure 2, H/D is the ratio of the wave height to the
structure diameter, and A/D is the ratio of the wave length to
the structure diameter. For the TLS case, in extreme wave
conditions, the ratios are H/D=2.5 and A/D=26.

Inertial force is the governing force, and wave diffraction
can be neglected. Furthermore, the motion is large; thus, the
linear theory from the Panel method (sometimes referred to as
the boundary element method (BEM), which computes the
wave loads at the mean position of the spar) is not applicable.
The instantaneous position of the platform must be accounted
for at each time step. Then, the Morison formula should be
used. The Morison formula combined with a pressure
integration method was used to model hydrodynamic loads on
the structure.

3.3.1. Morison formula

The hydrodynamic force per unit length on the floater of
the wind turbine (strip of a cylinder) is partially determined
according to Morison's equation [12]. The Morison formula
was originally developed for fixed bottom mounted offshore
structures, but it can be extended to a floating structure (Eq.
13).

2

2
u,+p%c u +p%uw (13)
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u =u, —u, (14)
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where p is the mass density of sea water, D is the
diameter of the cylinder and # and wu, are the horizontal

relative acceleration and velocity between the water particle
velocity u, and the velocity of the body u, (Eq. 14),
respectively. C, and C, are the added mass and quadratic
drag coefficients, respectively.

The first term is the quadratic viscous drag force, the
second term includes the diffraction and added mass forces and
the third term is the Froude-Krylov force (FK term). A linear
drag term Cyu, can also be added to the Morison equation (Eq.
13). C, is the linear drag coefficient. However, for a spar type
of platform such as the TLS, the quadratic viscous drag is
dominant, and the linear drag term is not included. The positive
force is along the wave propagation direction. C, and C, must
be empirically determined and are dependent on many
parameters like Reynolds number, Kaulegan-Carpenter number
(KC), relative current number and surface roughness ratio [12].
The mass and drag coefficients were chosen based on the KC
number using Table 3 [15]. In Table 3, C,, is the inertia

coefficient.

Table 3: Drag and inertia coefficients for an isolated, large
scale vertical circular cylinder in a wave with no currents.

Smooth Rough

KC | C, C, C, C,
5 0.60 | 2.00 1.30 1.90
15 1070 | 1.75 1.40 1.60
30 10.70 | 1.60 1.40 1.45
50 10.70 | 1.55 1.20 1.20
70 10.70 | 1.55 1.20 1.10

100 | 0.70 | 1.55 1.20 1.00

For the TLS, the KC number is about 5, and the structure
is assumed to be smooth. Therefore, the following values were
used: C,=060 and C,6=C, —-1=1.00. Furthermore,

WAMIT and WADAM analyses indicated that the frequency
dependency of surge/sway added mass is low for this case [3,
4]. Because the structure is dominated by inertia, the
hydrodynamic drag does not significantly influence the wave

frequency portion. However, an increase in the drag coefficient

decreases the resonant response. Therefore, the selected drag
coefficient is conservative [5].

The heave forces (excitation and damping) and heave
added mass are not included in the original Morison formula.
In the HAWC2 code, there is a feature to include heave
damping, but this feature is not available in the USFOS/vpOne
code; therefore, the model does not include any heave
damping. The heave FK force was included in both of the

codes in the dynamic pressure integration (Section 3.3.2).

3.3.2. Buoyancy and wave excitation forces

The Morison formula does not provide any excitation force
in heave and does not account for buoyancy. By using these
two codes, different approaches were used to calculate these
forces. Two features are available in the USFOS/vpOne code,
and one feature is available in the HAWC?2 code.

The first feature in the USFOS/vpOne code is a pressure
integration method. This method consists of integrating the
static and dynamic pressures (Eq. 15) over the wetted surface
of the body. The static pressure corresponds to the buoyancy
(Eq. 16), and the dynamic pressure of the waves corresponds to
the wave FK excitation forces (Eq. 17). The transversal
component of the dynamic pressure integration corresponds to
the FK term in the Morison formula. Therefore, if the pressure
integration method is applied, then the FK term should be
removed from the Morison formula.

P=P +F, (15)

Py =-pgz (16)

P, = pg¢, SSMKCED G on k) a7
cosh kh

where P is the total pressure; P; and P, are the static and
dynamic pressures for regular waves, respectively; p is the
water density; g is the gravitational acceleration; ¢, is the

wave amplitude; & is the wave number; /4 is the mean water
depth; @ is the wave frequency; ¢ is time; X is the wave
propagation direction and z is the vertical distance to the
MWL.

The second feature in the USFOS/vpOne code is a
calculation of the displaced volume up to the wave elevation at
each time step. In the displaced volume approach, the force is
calculated using Equation 18.



F, = pgA (18)
where F, is the buoyancy force and A is the displaced volume
up to the wave elevation. The displaced volume method is an
approximation of the pressure integration method. If z is small
coshk(h—z)
cosh kh

compared to /# in Equation 17, then the term is

close to one, which results in a simpler expression of the total
pressure P' (Eq. 19).

P'=pg(l-2) (19)
Integrating this new pressure P' over the body results in
Equation 18. The displaced volume method only provides a
vertical force; thus, the FK term must remain in the Morison
formula. For a deep draft structure, this method is not
appropriate. However, for small draft structures, this method is
often applied in industry. In this paper, both of these methods
are compared for the TLS.

The hydrodynamic feature in the HAWC2 code is also a
simplification of the pressure integration method. The
buoyancy is determined from the displaced volume up to the
MWL, which corresponds to the static pressure integration (Eq.
16). Transversal excitation forces are included in the FK term
in the Morison formula, which corresponds to dynamic
pressure integration in the transversal direction. The dynamic
pressure is then integrated over the bottom and conical sections
of the structure to compute the vertical forces on the spar.

3.3.3. Nonlinear hydrodynamic loads

This study is based on linear wave theory; however,
because of geometrical updating and Wheeler stretching, some
hydrodynamic nonlinearity was included. The instantaneous
position of the structure was used to calculate the
hydrodynamic loads. This geometrical updating adds some
nonlinearity, which primarily affects the resonant responses [2,
3, 4 and 5]. The quadratic hydrodynamic viscous drag term also
introduces nonlinear excitation and damping forces. The wave
kinematics are correctly accounted for up to the wave
elevation. Therefore, the mean drift force is considered by

pressure integration in the transversal direction (FK term).

3.4. Structural theory

The structure was modelled using beam elements in both
of the computer codes. In both of the codes, the rotor and
nacelle were modelled as point masses at the top of the wind

turbine tower. The corresponding mass and inertia matrices of
these parts were applied in the analysis. Two structural theory
approaches were used (linear and nonlinear), as described
below. The structural damping was modelled using Rayleigh
damping in both of the codes.

3.4.1. Beam theory

The structural theory of the HAWC2 code is based on a
multi-body formulation. In this formulation, the primary
structure portion is subdivided into a number of bodies. Each
body is an assembly of Timoshenko beam elements. The
Timoshenko beam model takes into account shear deformation
and rotational inertia effects. Inside of the body, the
formulation is linear and assumes small deflections and
rotations. The leg modelled as a single body does not include
the same nonlinear geometric effects related to large deflections
as a leg that is divided into several bodies [6, 15]. Therefore,
large rotations and translations of the body motion are
accounted for.

The structural theory of the USFOS/vpOne code is based
on nonlinear beam theory. In this formulation, the primary
structure is subdivided into a limited number of elements in
which the effects of large displacements and a coupling
between lateral deflection and axial strain are included by using
nonlinear strain relations (Green strain). In this study, linear
material properties were used. The beam model in the
USFOS/vpOne code ensures that the beam element properly
models the behaviour of a beam with axial forces.

3.4.2. Structural damping

Mass and stiffness proportional damping (Rayleigh
damping) was used in both of the HAWC2 and USFOS/vpOne
codes to model structural damping at the frequencies at which
flexible modes of the structure occur.

C=aM+aK (20)
_ 200 _
o= 0)22 _wlz (A‘lwz ﬂch) (21)
a, = 2(12?2 _22104) (22)
o, =

where C is the structural damping coefficient; K is the
tension leg stiffness (Eq. 20); M is the total mass of the
system; ¢, and ¢, are the mass and stiffness damping



coefficients, respectively; and 4 and A, are the damping
ratios at @, and @, , respectively.

For horizontal motion, structural damping is negligible
compared to hydrodynamic damping. However, for vertical
motion, the hydrodynamic damping is small, and the structural
damping in the tension leg is more active. Therefore, the
Rayleigh damping parameters were based on the heave

resonance frequency: @ =a@,,,, =4.5 rad/sec, and the
damping ratio was chosen as 4, =1%. Because @ exhibits a

relatively high frequency, the Rayleigh damping can be
considered to be stiffness proportional damping, i.e., & =0.

Furthermore, @, is considered to be 10% of @, . Consequently,
A, and ¢, were determined from Equations 21 and 22 as

2, =0.1% and @, =0.004.

3.4.3. Tension leg model

The tension leg was modelled in both codes using beam
element theory. The tension leg is a 200-m-long pipe and is
linked with pin joints to the spar and the bottom of the sea. The
cross-sectional area of the tension leg was chosen based on the
pretension.

In the HAWC2 code, the leg effect can also be modelled as
an external force depending on the motion of the top end of the
tension leg, which was implemented in a dynamic link library
(DLL) routine. This model will be used to demonstrate the
dominant spring effect of the line. The model will also be used
to introduce the importance of structural damping on the
tension at the heave resonance frequency.

In this DLL, the line was modelled with a straight spring
acting between the bottom of the spar and a fixed point at the
sea bed (anchor). The spring stiffness was defined using
Hooke’s law applied to the leg (Eq. 23). Then, the stiffness was
applied to a time- and position-dependent strain and unit vector
to determine the tension (Eq. 24). The strain and unit vector are
nonlinear functions of the position of the spar (Egs. 25 and 26).

In these equations, K is the line stiffness, 4 is the cross-
sectional area of the line, T is the line force vector, AL is the
strain of the line, ¢ is the unit vector between the bottom of the
spar and the anchor and (x,y,z) is the position of the bottom

of the spar.

EA

K—T (23)

T=KALe (24)

AL =x*+y* +(h+z)’ -L (25)
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= (26)
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The total tension (7‘) includes both the static (pretension)
and dynamic tension. The pretension is represented as an
elongation of the line (vertical motion of the spar) because of
the difference between the weight and buoyancy forces. The
DLL model in this study does not include structural damping.

3.5. Stochastic theory

To generate irregular waves, various discretisation
methods of the wave spectrum can be used. The USFOS/vpOne
code provides options with a constant A@ and constant area

(S(w)Aw). The HAWC2 code uses only a constant A@.

Therefore, in this study, a constant Aw was used in both of the
codes. In this method, the wave spectrum is discretised at
constant intervals depending on the number of frequencies, cut-
in and cut-out frequencies. The mid-frequency in each interval
is the representative frequency that defines the corresponding
regular wave. The irregular wave time history can be
determined from a superposition of the regular waves (Eq. 27).

The amplitude of each regular wave ( {, ) is related to the wave
spectrum. Random phases (¢,) were used to make the
stochastic realisation. @, and k, are the wave frequency and

the wave number of the n regular wave, respectively. N is the
number of regular wave frequencies. In this study, to avoid
repetition of the irregular wave, 1,000 regular wave frequencies
were chosen.
£=38,, s, —kx+4,) @)

n=1

The Wave Analysis for Fatigue and Oceanography
(WAFO) [16] toolbox in MATLAB was used for spectral and
statistical analyses of the response time series. As previously
mentioned, a one-hour time domain analysis was performed to
study the hydroelastic dynamic response. The time domain
results were transformed to the frequency domain by applying
an inverse Fourier transformation using WAFO. Several



realisations of the process are required to accurately estimate
the spectrum of a Gaussian process. However, in many cases,
based on the smoothing of one realisation, it is possible to
estimate the results and capture the primary phenomena. In this
paper, the spectra were smoothed by using a kernel smoother.
The maximum lag size of the Parzen window controls the
smoothing. In this study, for all of the plotted spectra, the
corresponding value of the smoothing parameter in WAFO was
chosen as 2,000 [16].

3.6. Time domain simulation methods
Step-by-step integration methods were used to calculate

the response by using an iterative routine. The Newmark-

method, which is available in both codes, was used with the
following parameters: f=0.25 and y=0.5.

In the time domain simulation, the duration and the time
step must be carefully determined. The time step must be small
enough to capture the highest frequency of the load/response
phenomena, and the duration must be sufficiently long to
capture the lowest frequency phenomena.

The highest frequency in the system is the heave natural
frequency (Table 2). Furthermore, to capture one cycle of
phenomena in the time domain, about 15 time steps are
required. Therefore, the time step should be smaller than the
heave natural period divided by 15. The time step was chosen
as 0.1sec<T,,. /15.

heave

The lowest frequency in the system is the surge natural
frequency (Table 2); therefore, a one-hour sample includes 30
cycles. Furthermore, the calculation of irregular wave
kinematics without repetition is very time consuming and is a
direct function of the sampling time. The choice of different
seeds to generate the sample affects the low frequency
response; this effect will be discussed in Section 4.1.2.

During the first few seconds of the dynamic simulation, the
loads must be applied smoothly to avoid spurious transient
effects; thus, the loads were applied with a ramp function. The
duration of the ramp is based on the highest natural frequency.
The initial results indicated that a duration of three times the
smallest period is required. Therefore, the first 200 seconds of
the results were removed to ensure the damping of transient
effects and initial numerical uncertainties.

4. HYDROELASTIC DYNAMIC ANALYSIS

The hydroelastic analysis includes several aspects. The
primary purpose of this study is to perform a code-to-code
comparison. However, because none of the codes were custom-
made for this analysis, alternative models for the tension leg
model, buoyancy and large motion analysis were addressed.

Before presenting the hydrodynamic comparison, the effect
of the time step on the convergence of the simulation will be
discussed. For this purpose, five simulations with different time
steps and the same wave time series were compared. The surge
motion results from the USFOS/vpOne analysis are shown in
Figures 3 and 4. The results indicate that a time step of 0.5 is
too large to capture the behaviour. The simulations converge
for smaller time steps. However, small time steps are time
consuming. In this analysis, a time step of 0.1 was chosen and
is used in the remainder of the paper. The effect of wave
elevation sampling on the stochastic dynamic response and the
total simulation time using an average of the responses will be
discussed in Section 4.1.2.

Surge (m)

“1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
time (sec)

Figure 3: Surge time history at MWL for five different time
steps (Hg =15 mand 7,=16 sec).
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Figure 4: Surge spectra at the MWL, smoothed spectra based
on one-hour time domain simulations for five different time
steps (Hg =15 mand 7,=16 sec).

4.1. Code-to-code hydrodynamic comparison
In the following section, the hydrodynamic codes are

compared for the sea state with H ;=15 m and 7,=16 sec. The

effects of the different seeds on the response of each code are
discussed.

4.1.1 Identical wave input

The code-to-code comparison was performed with the
same wave time series in both of the codes (Figure 5). The
motion and tension time series as well as the corresponding
spectra are presented in the following figures. For clarity, only
the time series samples for 500 seconds of the one-hour
simulation are shown. For the tension, a duration of only 100
seconds is shown to demonstrate the high frequency response
variation.

In Figures 6 and 7, the surge response time history and
spectra at the mean water level (MWL) are shown. The surge
and pitch natural frequencies as well as the wave-induced
frequencies are clearly shown in the response. The surge
motion at the mean water level is dominated by pitch motion
because of its distance from the centre of gravity. The effect of
pitch motion on the nacelle surge motion is even greater.

Regarding the surge motion at the bottom of the spar (not
shown), similar to the surge at the MWL, the surge and pitch
natural frequencies appear. The primary difference is the wave
frequency portion, which is larger at the MWL and smaller at
the bottom of the spar. Because of the nonlinearity, the low

natural surge frequency combines with the pitch natural
frequency to create motion with the same frequency as the

wave (sum frequency effects).
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Figure 7: The surge spectrum at the MWL, smoothed spectrum

based on a one-hour time domain simulation ( H;=15 m and

T,=16 sec, identical wave elevation).

Figures 8 and 9 show the pitch motion time history and
spectrum, respectively. The pitch natural frequency was chosen
as far as possible from the peak wave frequency; however, for
harsh conditions, the pitch natural frequency is excited by the
wave. For a poor system design in which the pitch natural
frequency matches the wave peak frequency, the pitch
resonance causes problems for the code-to-code comparison.
The differences in this resonance spread throughout all of the
other responses because of the highly nonlinear contribution of
the line. These nonlinearities are more obvious in the heave and
tension spectra.

== =USFOS
—HAWC2

Pitch (deg)
°
YL ek
e
angpziseiie
.mﬂ.-r::#ﬂ'
e
T
s S S
walehi= Y
ppseamesiiiizies
-
.ﬁﬁ:‘i‘"’"ﬂm
e
e hiuiiaie
K
L] e
A
e

| , \ \ | , |
650 700 750 800 850 900 950
time (sec)

r , ,
500 550 600 1000

Figure 8: Pitch time history (Hy=15 m and 7,=16 sec,

identical wave elevation).
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Figure 9: The pitch spectrum, smoothed spectrum based on a

one-hour time domain simulation ( ;=15 m and 7,=16 sec,

identical wave elevation).

Figures 10 and 11 show the heave motion response at the
mean water level. The low frequency portion may be surge
induced. The higher frequencies are related to the pitch motion.
Because the strain of the tension leg is small, it is assumed that
the bottom of the spar moves along the surface of a sphere.
Therefore, one cycle of the pitch motion or the surge motion
induces two cycles of the heave motion. Therefore, the heave
spectrum exhibits a peak at twice the surge natural frequency
and a peak at twice the pitch natural frequency. The peak at
0.65 rad/sec may be wave induced. The heave motion at the
bottom of the spar is similar to that at the MWL. However, the
other peaks appear due to a combination of various
characteristic frequencies from nonlinear effects. The heave at
the bottom of the spar is strongly related to the tension (spring
relation, Section 3.4.3). A more detailed discussion is given
below.

The tension time history and spectrum are presented in
Figures 12 and 13. The tension response below 1 rad/sec
formed because of several complex combinations of three
characteristic frequencies: wave, surge and pitch natural
frequencies. From Eq. 24, because of the nonlinear relation of
the tension leg stiffness, these frequencies are mixing. More
precisely, the square and square-root functions generate the
sum and the difference of the frequencies. For higher
frequencies, the lowest bending mode of the tower has a
frequency of 2.4 rad/sec [5], and the heave natural frequency
(Table 2) is 3.7 rad/sec. The heave resonant portion of the



tension is as important as the low frequency portion. The other
high frequencies shown in the USFOS/vpOne result are related
to the tower eigenfrequencies. However, the HAWC2 code
does not capture some of the high frequencies. This may be
related to the linear beam theory in the HAWC2 code (Section
3.4.1).
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Figure 10: Heave time history at the MWL ( H =15 m and

T, =16 sec, identical wave elevation).
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Figure 12: Tension time history (H =15 m and 7,=16 sec,

identical wave elevation), pretension is 7.6 MN (Table 1).

In Table 4, the mean and standard deviation (STD) of the
responses are compared for each of the codes. The mean and
STD of the surge and the pitch are in good agreement. The
means are very small compared to the respective dynamic
amplitudes (Figures 6 and 8). The means of the tension in both
of the codes are in good agreement with the pretension (Table
1).

In Table 5, the skewness and kurtosis of the responses are
compared. The comparison of skewness and kurtosis indicates
that the results obtained from the codes are in good agreement.
The surge motions at the MWL and pitch responses are close to
Gaussian. However, the heave at the MWL and tension

responses exhibit some non-Gaussian behaviour.
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Table 4: Mean and standard deviation of the responses.

Response Mean Standard deviation
USFOS/ | HAWC2 | USFOS/ | HAWC2
vpOne vpOne
Surge at the -0.46 0.31 4.62 4.37
MWL (m)
Pitch (deg) -0.11 0.03 2.80 2.40
Heave at the -0.08 -0.05 0.23 0.16
MWL (m)
Tension (N) | 7.77et+6 | 7.95¢+6 | 8.12e+5 | 7.05et+5

Table 5: Skewness and kurtosis of the responses.

Response Skewness Kurtosis
USFOS/ | HAWC2 | USFOS/ | HAWC2
vpOne vpOne

Surge at the 0.27 0.29 3.14 2.94
MWL (m)

Pitch (deg) 0.17 0.19 333 3.10

Heave at the -2.73 -2.83 12.30 13.64
MWL (m)

Tension (N) 0.54 0.52 3.71 3.17

4.1.2 Effect of wave elevation sampling on the stochastic
dynamic response

The time domain simulation was based on a realisation of
random waves that were obtained using random numbers for
phase angles at discrete frequencies. Because the simulation
period is limited, the number of cycles for the low frequency
responses is less than that of the wave frequency portion.
Therefore, the low frequency response will be sensitive to the
wave elevation sample size. In Figures 14 and 15, the effect of
sampling is shown for the HAWC2 and USFOS/vpOne codes,
respectively. For each code, 10 different seeds were chosen,
and the spectra of surge motion at the MWL are plotted for all
of the samples and their averages. The average spectra, which
are shown in Figure 16, represent a ten-hour simulation (ten,
one-hour simulations). However, there are some differences in
the resonant responses. In Figure 16, trends similar to the
response behaviour in Figure 7 are shown with different
magnitudes. By performing very long simulations, the
agreement for low frequency responses can be obtained, but it
requires extensive time domain simulation effort.
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Figure 14: Surge motion spectra and their averages at the MWL
for different seed numbers. Each smoothed spectra is based on
one-hour simulations using the HAWC2 code (/=15 m and
T,=16 sec).
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HAWC2 and USFOS/vpOne codes at the MWL. The smoothed
average spectra are based on ten different one-hour simulations
using each code (/=15 mand 7,=16 sec).

4.2. The displaced volume method versus the pressure
integration method

Two methods were introduced to calculate the FK wave
excitation forces; the primary difference between them is the
vertical excitation force (Section 3.3.2). The pressure
integration method is the correct approach but is very time

consuming compared to the inaccurate and quick displaced

13

volume method. In fact, the computational time of the former is
about 10 to 15 times longer than that of the latter method.

Figure 17 compares surge motion spectra at MWLs that
were obtained from the two methods, and the agreement is
reasonable. However, the tension spectra introduced in Figure
18 are very different, and the result from the displaced volume
method (Archimedes) is not acceptable. As mentioned in
Section 3.3.2, there is a large difference in the heave excitation
forces. Additionally, the displaced volume method produces
inaccurate vertical excitation forces, but the horizontal forces
are the same.

For a general motion analysis (e.g., nacelle surge motion)
of the concept, the computational time can be significantly
reduced by using the displaced volume method. This method is
much more efficient than the pressure integration method.
However, for the mooring system analysis, the pressure
integration method must be used.
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17:

Figure Surge motion spectra comparison for the
Archimedes and pressure integration methods at the MWL. The
smoothed spectrum is based on one-hour simulations using the
USFOS/vpOne code ( H; =15 m and 7,=16 sec, identical wave

elevation).
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Figure 18: Tension spectra comparison for the Archimedes and
pressure integration methods. The smoothed spectrum is based
on one-hour simulations using the USFOS/vpOne code

(Hz=15mand T,=16 sec, identical wave elevation).

As previously mentioned, Figure 18 shows the tension,
which is a nonlinear function of the surge and heave motions
(Figures 7 and 11). The appearance of various sum and
difference frequencies of the characteristic frequencies (surge,
heave, pitch and wave frequencies) in tension is due to this
nonlinear formulation.

A comparison of Figures 7 and 17 indicates that the surge
response of the HAWC2 code is similar to the surge response
that was obtained from the displaced volume method in the
USFOS/vpOne analysis. As previously mentioned, the HAWC2
code uses the displaced volume method to calculate buoyancy
forces (Section 3.3.2).

4.3. Tension leg spring and damping effects

This section presents a comparison between a physical
model (a beam with structural damping) and the DLL model of
the tension leg (only the spring effect was included). Both of
these features are only available in the HAWC2 code. The
purpose of this comparison is to demonstrate the predominance
of the spring effect of the tension leg and the importance of the
structural damping in the tension leg (Figures 19 and 20).
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Figure 19: Surge motion spectra comparison between the
simple DLL routine and the beam model of the tension leg
using the HAWC2 code. The smoothed spectra is based on one-
hour simulations (Hy=15 m and 7,=16 sec, identical wave

elevation).
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Figure 20: Tension spectra comparison between the simple
DLL routine and the actual model of the tension leg using the
HAWC2 code. The smoothed spectra is based on one-hour
simulations (Hy=15 m and 7,=16 sec, identical wave

elevation).

In Figures 19 and 20, the low frequency responses at less
than 2 rad/sec match perfectly between the two models.
Therefore, a simple spring (Section 3.4.3) is sufficient to model
the global motion of the concept and the low frequency portion
of the tension. In Figure 20, the high frequency portion that
was obtained by the DLL and the physical model of the tension

leg are different. The heave viscous damping is not included in



this study (Section 3.3.1); thus, the structural damping is the
only source of damping. However, the DLL routine does not
include this feature (Section 3.4.3). Consequently, the DLL
model exhibits a much higher response around the heave
natural frequency.

4.4. Rigid versus elastic modelling

This section presents a comparison between the rigid and
elastic models of the spar and the tower. The spar is a stiff
structure in bending. However, the tower is more flexible, and,
because of the elastic deflection, it can induce some structural
damping.

Figure 21 shows that the surge spectra for the rigid and
elastic models are slightly different. The elastic case is more
damped than the rigid case because of structural damping in the
spar and the tower. However, the tension spectrum (Figure 22)
is not significantly affected. For low frequencies (less than 2
rad/sec), Section 4.3 demonstrated that this portion of the
spectrum is dominated by the spring formulation of the tension
leg. The eigenfrequencies, which appear at 1.9 and 2.4 rad/sec
in the flexible model, disappear in the rigid body model. The
response at the heave resonance is only slightly affected.
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Figure 21: Surge motion spectra comparison between the rigid
and elastic models of the spar and the tower using the HAWC2
code. The smoothed spectra is based on one-hour simulations

(Hg=15mand T, =16 sec, identical wave elevation).

15

—Rigid body model
= » =Elastic body model

“ j

Spectrum (N?rad/sec)

B .

0 0.5 1 15

2 25 3
Frequency (rad/sec)

Figure 22: Tension spectra comparison between the rigid and
elastic models of the spar and the tower using the HAWC2
code. The smoothed spectra is based on one-hour simulations

(Hg=15mand T,=16 sec, identical wave elevation).

5. CONCLUSIONS

This paper deals with a code-to-code hydrodynamic
comparison of the USFOS/vpOne and HAWC2 codes for a
tension leg spar wind turbine. The analyses were limited to
wave-induced responses. The purpose of this paper is to
contribute to the validation of commercial codes used for this
purpose and to demonstrate some essential features in the
modelling process of this type of structure. A coupled
hydroelastic stochastic time domain analysis was performed to
estimate the dynamic behaviour of a tension leg spar (TLS)
wind turbine. The hydrodynamic and structural models were
described.

The comparisons indicated that the surge as well as the
pitch motion and tension responses is in reasonably good
agreement. However, some differences were identified in the
resonant responses, especially in heave motion and tension
responses. By accounting for the instantaneous position of the
platform in the calculation of the forces, some hydrodynamic
nonlinearity was implicitly introduced because of nonlinear
hydrodynamic excitation. All of the motions are highly
connected through the tension leg. The governing behaviour
mode is the pitch response that affects all of the other responses
through the tension leg. The nonlinear effect of the tension leg
introduces the sum and difference of the pitch, surge and wave
frequencies for the heave and tension responses. The system
should be designed such that the pitch natural frequency is



of the

hydrodynamic loading can excite the natural frequencies,

outside wave spectrum. However, nonlinear
which can be even worse for wind-induced motion because
turbulent wind has significant energy around these frequencies.

The effect of wave elevation sampling on the response of
each code was examined as well. The results for the low
frequency responses (surge and pitch) are significant because
the number of cycles in each sample is small. Ten, one-hour
simulations of each of the codes were conducted, and the
averages of them exhibited better agreement. However, there
were also some differences in the resonant responses. By
performing very long simulations, the agreement for low
frequency responses can be improved, but a significant time
domain simulation effort would then be required.

Two methods were introduced to calculate wave excitation
forces: the pressure integration method and the displaced
volume method. The computational time differed by an order of
two full

hydrodynamic study of a tension leg, the pressure integration

magnitude between these methods. For a
method should be used. However, for studies that do not focus
on the tension leg response, the displaced volume method can
be used to save computational time.

A comparison of the DLL and actual line models indicated
that the spring effect of the tension leg governs the overall
motion of the spar. However, the heave resonance in tension is
sensitive to damping. A feature for hydrodynamic heave
damping can be added to the model to reduce this high
frequency.

A comparison of the use of a rigid and elastic formulation
of the spar and the tower indicated that structural damping of
the elastic body only slightly affects the general surge and pitch
motion. However, the tension is not affected by this feature,

except for the resonant responses.
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Stochastic Dynamic Response Analysis of a Tension Leg Spar-Type
Offshore Wind Turbine

Madjid Karimirad*
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ABSTRACT

This paper deals with stochastic dynamic response analysis
of a tension leg spar-type wind turbine subjected to wind and
wave actions. The model is implemented in HAWC2 code. The
controller gains are tuned to avoid negative damping at over-
rated wind speeds. Amelioration of the negative damping can
reduce the structural dynamic responses, which is very
important for the fatigue life. The responses induced by wave
and wind actions at the wave frequencies are not affected very
much by the aerodynamic excitation or damping forces. Near
the rated wind speed, the surge resonant response governs the
responses and is excited by the aerodynamic forces and
controller actions. Because of the nonlinear effects of the
tension leg, all the motion responses are strongly coupled. The
global responses of the upwind and downwind turbines are
found to be close because the tower shadow has limited effect
on the global responses. However, the blade structural dynamic
responses are more affected by the tower shadow. The results
show that the mean values of the responses are less affected by
the turbulence. However, the ratio of the standard deviation for
turbulent and constant wind speeds are 8.5 and 2.3 for the blade
root’s bending moment and nacelle surge motion. Extrapolation
methods are applied to estimate the maximum responses. The
maximum response is found to occur in the survival cases as a
result of the wave actions. The results show that the normalised
maximum responses corresponding to the up-crossing rate of
0.0001 vary between 3 and 5.

Keywords: Wind-wave-induced, Stochastic dynamic response,
Tension Leg Spar, Offshore Floating Wind Turbine

NOMENCLATURE
BEM: Blade element momentum
BM: Bending moment
DLL: Dynamic link library
MWL: Mean water level
NREL: National renewable energy laboratory

Torgeir Moan
CeSOS, NTNU, Norway

PDF: Probability density function
STD: Standard deviation

TLS: Tension leg spar

VS: Versus

H : Significant wave height (m)
1 : Turbulence intensity

T, : Wave peak period (sec)

V' : Mean wind speed (m/sec)

« : Shape parameter

[ : Scale parameter

INTRODUCTION

Offshore floating wind turbines are one of the most
challenging ocean structures, which demand coupled time
domain analysis to consider the aerodynamic, hydrodynamic,
structural dynamics and control algorithms [1]. These structures
are subjected to stochastic wave and wind loads described by a
joint distribution.

In this paper, a tension leg spar (TLS) similar to SWAY [2]
is considered as a base structure for a floating wind turbine.
The 5-MW NREL upwind wind turbine is modified to be a
downwind turbine. An integrated dynamic response analysis is
performed for both the upwind and downwind turbines.

The hydro-elastic response of the TLS wind turbine under
the stochastic wave loading has been studied and the
hydrodynamic modelling has been documented [3] through the
code-to-code comparison.

In the present analysis, the yaw bearing is at the top of the
tower, though in SWAY [2], it is at the bottom of the support
structure. Moreover, the yaw motion of the platform is
constrained to avoid the instabilities due to the lack of yaw
stiffness. The deployment of the collective pitch controller for
the downwind turbine is not the best option for such a rotor
configuration. However, the results are relevant for the present

research.
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The results are presented in the format of the time domain,
frequency domain (spectral analysis based on the time domain
results) and statistical characteristics of the responses. This
study considers both constant and turbulent wind. The
objectives of the present study are

1) Ameliorating the negative damping in the dynamic

responses of a TLS wind turbine,

2) Comparison of upwind and downwind rotor

configurations for TLS,

3) Studying the dynamic responses due to wave-only

and wave and wind loads,

4) Studying the tower shadow effects,

5) Comparison of the dynamic responses for turbulent

and constant wind load cases,

6) Normalised responses to draw more generalised

conclusions.

THEORY

The irregular long crested waves are generated using the
JONSWAP spectrum [4]. The cut-in, cut-out and the number of
frequencies are precisely set to avoid any repetition of the
waves [3]. The hydrodynamic loads are expressed by the
Morison formula [4] considering the instantaneous position of
the structure. Thus, geometrical updating is applied [5]. In
addition, the heave excitation forces are expressed by the
pressure integration method [3]. The linear (Airy) wave theory
with Wheeler stretching to take into account the wave
kinematics up to the wave elevation is used [3, 4]. Thus, the
mean drift forces are included approximately.

The aeroelastic model in the HAWC2 code is based on a
finite element formulation of the structural dynamics and an
advanced blade element momentum theory for the
aerodynamics [6]. The structural modelling is based on the
multi-body formulation. The floating wind turbine is divided
into several beams, each beam is a Timoshenko beam, and the
beams are connected to each other by constraints. The dashpot,
stiffness, ball joint and bearing are some of the modelling
features in the HAWC2 code [7].

The HAWC?2 code is based on an advanced blade element
momentum theory (BEM). The power law for the mean wind
shear with an exponent of 0.1 is used. A normal BEM dynamic
induction, Prandtl tip loss model and the MHH (M. H.
Hansen)-Beddoes method for the dynamic stall are applied [7].
Leishman-Beddoes model for unsteady blade aerodynamics is

used [8]. The aerodynamic drag of the nacelle and tower and
the drag and lift forces on the blades are considered [9]. The
Mann turbulence model is used to generate three-dimensional
turbulent winds [6].

The effect of the presence of the turbine tower on the flow
field is modelled by the tower shadow. The potential flow and
jet wake models for tower shadow effects on the upwind and
downwind rotors in the HAWC2 code [7] are chosen. The
tower shadows used in this study allow the shadow source to
move and rotate in space as the tower coordinate system moves
and rotates, which is suitable for floating wind turbines [7].

The potential flow model is appropriate for upwind rotors.
The modified flow velocity component in the axial direction

(u ) based on the potential flow model is [10]
2_ .2
u=",(1+(D/2} ==L )
X +y

where D is the tower diameter, xand y are the lateral and
axial Cartesian coordinates in tower cross section with respect
to the tower centre (y : from the hub toward the nacelle for the
upwind rotor) and V¥ is the ambient undisturbed flow velocity.

In the case of a downwind rotor, the flow separation and
generation of eddies are less amenable to analysis, so empirical
methods are used [11]. The HAWC2 code uses the jet wake
model for tower shadow of downwind rotors. In this model, the
modified axial velocity component (u ) is defined as [10, 11]

u= ﬁ,/“f(l ~tanh (@) @
2\ py y

where o is an empirical constant equal to 7.67 and x” and )’

are lateral and axial non-dimensional (with respect to the tower
diameter) Cartesian coordinates in the tower cross section. y”
is toward the hub from the nacelle for the downwind rotor, and
p is the air density.

Using the correlation between the initial tower wake deficit
and the drag coefficient of the tower (C, ), the momentum

deficit behind the tower (J,, ) is defined by

VDp 1 16 ,
= —[-+—]C 3
2 w8 37r] P ®

For below cut-in wind speed, the turbine is shutdown

‘]M

because the production of electricity is not cost effective.
Between the cut-in and the cut-out wind speed, the wind

turbine produces electricity, and the control is active. The wind
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turbine is parked in storm conditions with blades parallel to the
wind.

The Bladed-style DLL (dynamic link library) controller is
used to implement a variable-speed generator-torque controller
and PI collective blade pitch controller for the NREL Offshore
5-MW baseline wind turbine. The routine was written by Dr.
Jonkman of NREL/NWTC for use in the IEA Annex XXIII
OC3 studies [12]. The collective pitch controller is not the best
option for the TLS type floating wind turbines. However, the
results of this research can give an insight to this concept.

The variable-speed generator-torque controller and PI
collective blade pitch controller (constant power) act based on
the relative wind velocity. For below-rated wind speeds, the
control is active by changing the rotational speed of the shaft
(no feathering of the blades in the below-rated region). For
over-rated wind speeds, the control is active by feathering the
blades (the shaft rotational speed is constant). For a floating
wind turbine in a rated wind speed, depending on the relative
wind velocity, the controller acts similar to the below- or over-
rated wind speed cases.

The blade pitch control of a turbine during operation can
introduce some negative damping on a floating wind turbine.
As an example, assume that the relative wind speed
experienced by the blades is increased because of the rigid
body motion of the system. Then, the conventional controller, if
used, feathers the blades to maintain the rated electrical power.
Thus, the thrust force decreases, which introduces some
negative damping for over-rated wind speed cases. However, it
is not the case for fixed wind turbines because the frequency of
the blade pitch controller is normally less than the frequencies
associated with the relative wind speed induced by structural
responses [13].

The target of the controller is modified from a constant
power to constant torque to reduce the aerodynamic loads. To
eliminate the negative damping of the controller, the controller
gains should be tuned such that the controller action
frequencies are lower than the natural frequencies of the system
[13, 14]. Based on Newton’s second law and performing some
mathematics, the controller gains can be linked to the system
characteristics as following

1) Qlw} 20K
), = L > K, = OaP . K,= ! 4)
1-¢ >0 @

where the @,, @, and { are the controller natural frequency,
controller damped natural frequency and controller relative
damping, respectively. 7 is related to the second moments of
inertia of the rotor and generator, Q, is the reference shaft
rotational speed, P is the power, @ is the blade pitch angle
and K, and K, are the proportional and integral gains of the
controller. To avoid negative damping, the controller frequency
should be less than the natural frequency of the floating wind
turbine (for, i.e., pitch natural frequency), which requires that
w, < @y
chosen to be 0.7 [14].

All the smoothed spectra in this study are obtained based

. In this paper, the controller relative damping is

on time domain simulations by performing Fourier
transformations. In this study, the maximum lag size of the
Parzen window function controls the smoothing [15].

The size of the turbulent box is limited, and, over long
simulation periods, the wind starts to repeat itself. To avoid the
repetition of the wind in turbulent wind cases, each 1-hour
simulation is divided into four 15-min simulations with
different seed numbers. After running each 15-min simulation,
the obtained results are used to make a 1-hour simulation.

TENSION LEG SPAR WIND TURBINE

The NREL 5-MW Wind Turbine [12] is chosen as a
reference. It is a 3-bladed upwind wind turbine. Changes are
applied to this turbine to make it a downwind turbine. The
simplest way to make a downwind turbine from an upwind one
is to hang the rotor behind the tower, which ensures that the
aerodynamic properties of the blades and airfoils are applied
correctly. An upwind turbine has a shaft tilt and hub cone angle
to prevent the blades from hitting the tower due to large
aeroelastic deflections. In a downwind turbine, these values can
be set to zero because the rotor is behind the tower. The
changes applied to the upwind turbine to make it a downwind
turbine are presented in Table 1. The turbine is mounted on a
120-m spar platform with displacement of 8126 m®. Figure 1
illustrates the schematic of the TLS concept.

The main system properties are listed in Table 2. In the
single leg TLS concept, a pretensioned leg connects the bottom
of the spar to the seabed. The torsional stiffness provided by
one leg is not very high. Thus, a proper yaw mechanism and
the application of an individual blade pitch controller are
needed. In this study, the yaw motion is constrained to avoid
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the instabilities due to the lack of the yaw stiffness. The
collective blade pitch controller is applied. In Table 3, the
natural frequencies (first modes) are summarised. The
analytical formulas are used to calculate the natural frequencies
using the linearised stiffness of the tension leg.

Table 1: Changes applied to the 5-MW NREL wind turbine.

Parameter Upwind Downwind
Rotor position Front of tower | Behind the tower
Shaft upward tilt | 5.0 (deg) 0.0 (deg)

Hub upwind cone | 2.5 (deg) 0.0 (deg)

Table 2: System properties (single leg TLS wind turbine).

Wind turbine 5 MW

No. blades 3 bladed

Blade length 61.5 m

Hub height 90 m

Controller Collective blade pitch
Rated wind speed 11.2 m/sec

Draft 120 m

Diameter above taper 6.5 m

Diameter below taper 94 m

Centre of buoyancy -62 m
Displacement 8126 m’

Total mass 7,682E+03 kg
Centre of gravity (CG) -80 m

Pitch/Roll inertia about (CG) [ 2.18E+10 kg.m’
Yaw inertia about centreline 1.215E+08 kg.m®
Leg length Up to 200 m

Leg diameter 1.0 m

Leg thickness 0.036 m
Pretension 7.624 MN

Table 3: System natural frequencies ( rad /sec ).

Surge/Sway 0.05
Heave 3.69
Pitch/Roll 0.20

Downwind turbine Blade
Nacelle

_—

— )— Hub
Wind flow
—_—

Tower
90 m

| —
W
=
z
=

Depth: 320 m
Spar
120 m
® |cB (62 m)
o | CG (-80 m)
D=94m— |
Tension leg

200 m
F . 1

Figure 1: Schematic layout of the tension leg spar wind turbine.

METOCEAN CONDITIONS

To design, install and operate offshore wind turbines in a
safe and efficient manner, it is necessary to have a realistic
metocean (meteorological and oceanographic) data available
for the conditions to which the installation may be exposed.
The most important data for a floating wind turbine are the
wind and wave conditions. However, at some offshore
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locations, other parameters may be important (e.g., tidal current
and ice conditions).

In this study, the Statfjord site has been chosen as a
representative site for the floating wind turbine. Statfjord is an
oil and gas field in the Norwegian sector of the North Sea
operated by Statoil. The site location is 59.7°N and 4.0°E with a
70-km distance from the shore. Simultaneous wind and wave
measurements covering the years 1973-1999 from the Northern
North Sea are used as a database. The data have been smoothed
and fitted to analytical functions [16].

The probability density function (PDF) of the 1-hour mean
wind speed at 10 m above the MWL can be described by a 2-

parameter Weibull distribution:
o a- o
f(V)=E(V/ﬂ) Lexp(=(V'/ B)) ©)

The shape and scale parameters recommended for the
representative site are o = 1.708 and f = 8.426.

For the wind turbine the wind velocity at the top of the
tower (nacelle) is more relevant to the study. Figure 2 illustrates
the Weibull PDF of the wind speed at the nacelle (90 m above
the MWL) and the reference (10 m above the MWL).

===@90 m, Nacelle
—@10 m, Reference

0.1

0.09-

0.08-

0.07

Weibull PDF
o o o o o
o o o o (=3
N w > [ =)

g
o
=

25 30 35

N
0 5 10 15 20
Wind Speed (m/sec)

Figure 2: Weibull probability density function of the wind
speed at the nacelle (90 m above the MWL) and the reference
(10 m above the MWL) for the representative offshore site.

The probability of the wind speed at the nacelle for three
ranges is listed in Table 4. When the wind speed at the nacelle
is less than 3 m/sec, the wind turbine does not work because
the wind speed is too low to make cost effective electricity.
Between the cut-in and cut-out wind speeds (3-25 m/sec), the
wind turbine operates and produces electrical power. After

passing the cut-out wind speed, the wind turbine is shut down
to prevent the damage and failure of the wind turbine parts,
especially the blades. In this region, the wind turbine is parked
with blades parallel to the wind, and the controller is inactive.
The probability of the occurrence of high wind speeds
(hurricanes and storms) is low. According to Table 4, only 2.3%
of winds are more than 25 m/sec. However, for a floating
turbine, due to combined wave- and wind-induced loading,
extreme responses can occur in harsh environmental conditions
[S, 6].

Table 4: Probability of wind speed at the nacelle.

Wind speed (m/sec) | Probability
Less than 3 0.096
3-25 0.881
More than 25 0.023

The significant wave height is often described by a Weibull

distribution.
S(Hy)= Z (Hg ! By )™ ™ exp(—(H /B, )™) (©)

Hy
The proposed parameters for the shape and scale parameters are
a, =2+0.135 and B, =1 .8+0.1V"** [16]. In Figure 3,

the Weibull distribution for the significant wave height given
the wind speed (top of tower) for the representative offshore
site is shown for three different wind speeds. The significant
wave height increases with the increase of the mean wind
speed. Moreover, for higher wind speeds, the Weibull
distribution of the significant wave height is negatively
skewed. For each wind speed, a range of significant wave
heights are possible. Smaller wind speeds have a narrower
range of significant wave heights.

In Table 5, the load cases based on the relevant metocean
data are listed [5]. V' is the 10-min averaged wind speed at the
nacelle.

For design purposes, metocean conditions that may occur
once in a hundred years are required. Estimating extreme
values associated with return periods of 100 years and beyond
is an area of active research [6]. For the present offshore site,
the 100-year environmental conditions are assumed to be
V =49 m/sec, Hg=14.4mand 7T,=13.3 sec [6].
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Figure 3: Weibull probability density function for the
significant wave height given the wind speed for the
representative offshore site for three different wind speeds (at
the nacelle).

Table 5: Load cases for operational and survival conditions.

Turbulence Turbine

V (m/sec) | Hg(m) | T, (sec) intensity
status
(1)

49 14.4 13.3 0.10 Parked
30 7.1 11.9 0.11 Parked
25 5.9 11.3 0.12 Parked
17 42 10.5 0.15 Operating
14 3.6 10.2 0.15 Operating
11.2 3 10 0.15 Operating
8 25 9.8 0.18 Operating

AMELIORATING NEGATIVE DAMPING BY TUNING
THE CONTROLLER GAINS

The comparison of wave-induced versus wind-wave-
induced responses for operating and shutdown of the wind
turbines in the previous studies showed that [13]

e In the below-rated wind speed case, no negative
damping is present because the controller does not
feather the blades

e In the rated wind speed case, some negative damping
is caused by the controller action in the surge resonant
response

e In the over-rated wind speed case, some negative
damping is caused by the controller action for the
pitch resonant response

As discussed in the theory part of this paper, the controller
can introduce some negative damping if the controller natural
frequency is greater than the resonant response frequencies.
The tuning procedure is explained in the theory part of this
paper (for more information refer to [13]). The surge resonant
response is very slow, and its effect on the power production
and fatigue damage is limited, so, in the present study, the
controller gains are tuned to set the frequency of the controller
action to less than the pitch resonant frequency. Thus, if the
relative wind speed and, consequently, the power change due to
the pitch resonant motion, then the controller action to modify
the blade angle of attack occurs with a frequency less than the
pitch natural frequency. The pitch natural frequency of the
system is 0.2 rad/sec (Table 3), which means that the damped
natural frequency of the controller (@, ) must be less than 0.2

rad/sec. Using Equation 4, the proportional and integral gains
of the controller are found to be K, =0.86 and K, =0.13.

These gains are used in the input files of the HAWC2 code for
the following tuned cases.

The nacelle surge motions for the operating downwind
TLS turbine with tuned and untuned controllers subjected to
the wave and wind loads are compared. Then, the statistical
characteristics of different responses are compared for the
tuned and untuned controllers.

Figure 4 shows the comparison of the nacelle surge motion
with untuned and tuned controllers to avoid negative damping
in the over-rated constant wind condition (V =17 m/sec,
Hg=4.2 m and 7,=10.5). The tuned controller has decreased
the instabilities. In the over-rated wind speed range, due to the
negative damping effects of the controller, the pitch resonant
response was dominant. After tuning the controller gains, the

pitch resonant response is positively damped out.
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Figure 4: Nacelle surge spectra with untuned and tuned
controllers in the over-rated constant wind condition (V" =17
m/sec, H;=4.2 mand 7,=10.5).

In Table 6, the mean value and standard deviation of the
different responses are compared for the tuned and untuned
controllers to highlight the positive effects of the tuning. The
ratio between the standard deviation of the power and nacelle
surge motion with the untuned and tuned controller are 8.1 and
14.5, respectively. Reducing the standard deviation of the
responses can help to increase the fatigue life of the system.
For the bending moment at the tower-spar interface and at the
blade root, the ratios of the standard deviation with the untuned
and tuned controller are 4.4 and 2.7, respectively. The spectra
of the shaft rotational speed have a trend similar to the nacelle
surge spectra presented in Figure 4. The ratio of the standard
deviation for the shaft speed for the untuned and tuned
controllers is 5. Hence, tuning can reduce the fatigue damage of
the drive train. The shaft rotational speed for the original land-
based wind turbine is 1.26 (rad/sec). The negative damping
increased the mean of the shaft rotational speed to 1.29
(rad/sec). By tuning the controller, the rotational speed is close
to its original value.

The tuning of the controller does not affect the rated and
below-rated wind speed cases very much. As previously
mentioned, the blade pitch control is not active for the below-
rated wind speed cases. The rated wind speed case is also
dominated by the surge resonant responses. In this study, the
controller gains are tuned to remove the negative damping
caused by the pitch resonant response. Thus, if the relative

wind speed and, consequently, the power change due to surge

resonant motion, then the controller action to modify the blades
angle of attack can occur with a frequency close to the surge
natural frequency. Hence, some negative damping can be seen
for the surge resonant motion, which can be important for the
fatigue life of the mooring system.

Table 6: The mean value and standard deviation of the wave-
wind-induced responses for untuned and tuned controller
(V =17 m/sec, H;=42mand 7,=10.5).

Not Tuned Tuned
Response
Mean STD Mean STD
Nacelle
22.8 20.4 20.7 1.4
surge (m)
BM at blade
5.1 E+3 4.2E+3 4.3 E+3 1.5E+3
root (kNm)
BM at
tower-spar
. 8.2E+4 1.3 E+5 7.5E+4 | 2.9E+4
interface
(kNm)
Shaft speed
1.29 0.15 1.26 0.03
(rad/sec)
Tension
8.8 0.5 8.5 0.3
(kN)
Power
4.80 1.05 5.00 0.13
(MW)

DOWNWIND VERSUS UPWIND ROTOR
The wind-wave-induced responses of the downwind and
upwind rotor configurations are compared with the wave-

induced response of a shutdown turbine. The purpose of this

section is
a) Comparison of the wave-induced and wind-wave-
induced responses to show the dominant effects,
b) Comparison of upwind and downwind rotor

configurations to illustrate the aerodynamic

features of the downwind floating wind turbine.
For the wave only case, the rotor configuration obviously
does not affect the wave-induced responses. A shutdown
upwind rotor subjected to only wave loads is used for this load
case. As mentioned above, a constant torque is chosen for the
control algorithm to minimise the aerodynamic forces on the
structure. The controller is tuned to avoid the pitch response
instabilities due to the servo negative damping. However, some
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negative damping is present for the surge resonance. Because
the rated wind speed load case is governed by the surge
resonant motion, the rated wind speed load case is considered
to address the effects of the rotor configuration on the dynamic
responses.

Rated wind speed case
For the rated wind speed case, the environmental
conditions are chosen to be ¥ =11.2 m/sec, H;=3 m and

T,=10 sec. The wind-wave-induced responses of TLS with

upwind and downwind rotor configurations are compared with
the wave-induced responses (without wind action) to illustrate
the aerodynamic effects.

Figure 5 shows the nacelle surge time history for floating
TLS with a downwind rotor configuration subjected to
simultaneous wave and wind action for the rated wind speed
case. The slowly varying surge motion governs the response.
The relative wind velocity and, consequently, the aecrodynamic
excitation forces change due to the rigid body motions. In other
words, for a floating wind turbine, the resonant responses can
be self-excited. A previous study [13] showed that the servo
negative damping is present for the surge natural frequency.

38, T T T T T T
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Figure 5: Nacelle surge time history of an operating downwind
TLS subjected to wave and wind loading for a rated constant
wind (V' =11.2 m/sec, H;=3 m and 7,=10 sec).

Figure 6 illustrates the nacelle surge spectra obtained based
on a l-hour time domain simulations for downwind and
upwind rotor configurations subjected to simultaneous wind
and wave actions and wave only action. The wave frequency
parts of the responses are almost the same for wind-wave and
wave only cases. Thus, the wind does not affect the wave
frequency part. The controller is tuned to remove the pitch
motion instabilities. The wave-induced and wave-wind-induced

responses are very close at the pitch natural frequency. The
surge resonant response is greater for the wave-wind cases than
the wave only case due to the extra aero-servo excitation
forces, and some negative damping for this frequency might be
present due to the servo actions (refer to the paragraph above).

Figure 7 shows the tension spectra obtained based on a 1-
hour time domain simulation for downwind and upwind rotor
configurations subjected to simultanecous wind and wave
actions and wave action for the rated constant wind case. The
tension response below 2 rad/sec is formed by several complex
combinations of the three characteristic frequencies: wave,
surge and pitch natural frequencies. Through the nonlinear
relation between tension and motions, these frequencies are
mixed. More precisely, the square and square-root functions of
the tension relation generated sum and difference of
frequencies [3]. For the higher frequencies, the heave natural
frequency (Table 3) is 3.7 rad/sec. The heave resonant part of
the tension is as important as the low frequency parts. Due to
the wind action the responses below 1 rad/sec are increased
compared to those from wave only case (linked with the surge
resonant response). The high frequency part of the tension
spectrum is almost the same for both operating upwind and
downwind rotors as well as the wave only case. Hence, this
part of the tension response is mainly wave-induced.

——Downwind, wind-wave
— Upwind, wind-wave
= = = Shutdown rotor, wave only

Surge resonant response

S [m?s/rad]
N
14

10¢ Pitch resonant response  /ave frequency response
5t
Qleses .
0 0.2 0.8 1

0.4 0.6
Frequency [rad/s]
Figure 6: Nacelle surge spectra for wave-induced (shutdown)
and wave-wind-induced responses for operating downwind and
upwind rotor configurations of TLS in rated constant wind
conditions (¥ =11.2 m/sec, Hg=3 mand 7,=10 sec).
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Figure 7: Tension spectra for wave-induced (shutdown) and
wave-wind-induced responses for operating downwind and
upwind rotor configurations of TLS in rated constant wind
conditions (¥ =11.2 m/sec, Hg=3 mand 7,=10 sec).

The comparison of the upwind versus downwind rotors for
the other load cases showed the same trends with the exception
that the nacelle surge motions of the upwind and downwind
rotors are found to be closer for the other load cases than what
is presented here for the rated wind speed case. For the rated
wind speed case, the surge resonant response of the downwind
rotor is greater than the response for the upwind rotor. The
tower shadow effect is the difference in the aeroelastic
modelling of the upwind and downwind turbines. In the next
section, the tower shadow effects on the responses are

presented.

TOWER SHADOW AND TURBULENCE EFFECTS

The tower shadow and turbulence effects on the responses
are discussed in this section. The dynamic response of the
downwind TLS subjected to simultanecous wave and wind
actions are compared for constant and turbulent wind with and
without the tower shadow. The jet model tower shadow, as
explained in the theory part of this paper, is used for the
downwind turbine. The mean value and standard deviation of
the blade root bending moment, nacelle surge, tension
response, electrical generated power and bending moment at
the tower-spar interface for the tension leg spar are compared
for different load cases and environmental conditions while
considering the tower shadow and turbulence.

Blade root bending moment

The tower shadow is a modification of the velocity pattern
seen by the blades. It is not necessary that the blades be located
behind the tower or exactly in front of the tower to feel this
velocity modification. However, when the blades are close to
the tower region or when they pass the tower, an impulse can
be seen in the local responses (such as the blade deflections).
The effects of the tower deficit on the blade response are
presented here.

Figure 8 shows the blade root bending moment time
history for a downwind TLS subjected to stochastic wave and
wind actions for the below-rated wind speed case (¥ =8 m/sec,

1=0.18, H;=2.5 m and 7,=9.8 sec). The tower shadow has

limited effects on the mean of the response. However, the
dynamic response is more affected. The comparison shows that
the effect of turbulence on the dynamic response is relatively

greater than the tower shadow effect.
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Figure 8: Blade root bending moment time history for the
below-rated wind speed case (V' =8 m/sec, / =0.18, H;=2.5m

and 7,=9.8 sec), tower shadow and turbulence effects on the

wave-wind-induced dynamic response of a downwind TLS.

Figure 9 shows the blade root bending moment spectrum
for the downwind TLS subjected to stochastic wave and wind
actions for the below-rated wind speed case. The turbulent
wind has energy in the low frequency range and can excite the
low resonant responses. The surge resonant response appears
due to the turbulence effects. However, in the constant wind
cases, the resonant responses do not affect the structural
responses of blade. The tower shadow and turbulence do not

affect the wave frequency part of the responses. The first,
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second and third rotor harmonics are obviously affected by the
tower shadow and turbulence. The effect of the turbulence is
greater than the tower shadow.

Figure 10 and 11 show the mean value and standard
deviation of the blade root bending moment (BM) for different
environmental conditions, respectively. Significant wave
heights refer to the load cases in Table 5 and the corresponding
wind speed. The tower shadow and turbulence effects on the
wave-wind-induced dynamic response of a downwind TLS are
studied. The wind turbine is shut down for wind speeds higher
than 25 m/sec. The results show that the mean values of the
blade structural responses are not affected very much by the
turbulence and tower shadow. The maximum of the mean
response in the 1-hour analysis is linked to the rated wind
speed. However, the maximum of the standard deviation for
constant and turbulent wind occurs in the over-rated wind
(operational) and storm wind (survival), respectively. The
results show that the ratio of the standard deviation of the blade
root bending moment for turbulent and constant wind is up to
8.5 times in the survival conditions.

It is necessary to note that the simplified tower shadow
models are applied in the present research. In future, more
advanced methods such as computational fluid dynamic (CFD)
can be used to study more precisely the tower shadow effects
for floating wind turbines. Generally, the influence from tower
shadow is much less significant with turbulent wind loading
compared to constant wind loading. The maximum velocity
deficit will be much smaller for a floating wind turbine than a
more stationary tower because the shadow and thus also the
velocity deficit in time is being spread over a much larger area
than the tower diameter due to the tower motion. For a bottom
fixed turbine and a floating wind turbine the absolute
contribution from the tower deficit is almost the same. But, for
a fixed turbine, the tower shadow has a relatively higher
contribution to the total response standard deviation because
the other contribution to the standard deviation is only from the
turbulence. However, for a floating wind turbine wave-induced
motions have a significant contribution to the standard

deviation of the responses.
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Figure 9: Blade root bending moment spectrum for the below-
rated wind speed case (V' =8 m/sec, /=0.18, H;=2.5 m and

T,=9.8 sec), tower shadow and turbulence effects on the wave-

wind-induced dynamic response of a downwind TLS.
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Figure 10: The mean value of the blade root bending moment
(BM), tower shadow and turbulence effects on the wave-wind-
induced dynamic response of a downwind TLS. The wind
turbine is shut down for wind speeds higher than 25 m/sec.
Significant wave heights refer to the load cases in Table 5 and

the corresponding wind speeds.
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Figure 11: The standard deviation of the blade root bending
moment (BM), tower shadow and turbulence effects on the
wave-wind-induced dynamic response of a downwind TLS.
The wind turbine is shut down for wind speeds higher than 25
m/sec. Significant wave heights refer to the load cases in Table

5 and the corresponding wind speeds.

Nacelle Surge Motion

Figure 12 shows the nacelle surge spectrum for the
downwind TLS subjected to stochastic wave and wind actions
for survival environmental conditions. The wave frequency part
of the response is not affected very much by the wind action.
The aerodynamic damping is active in reducing the pitch
resonant response, which is clear when comparing the wave
only and the wind-wave-induced pitch resonant response. The
turbulent wind has energy in the low frequency region and can
excite the resonant responses. The surge resonant response is
excited due to the aerodynamic excitation for both turbulent
and constant wind.

Figure 13 and 14 show the mean and standard deviation of
the nacelle surge for different environmental conditions,
respectively. Significant wave heights refer to the load cases in
Table 5 and the corresponding wind speeds. The tower shadow
and turbulence effects on the wave-wind-induced dynamic
response of a downwind TLS are studied. The wind turbine is
shut down for wind speeds higher than 25 m/sec. The results
show that the mean of the nacelle surge motions are not
affected very much by the turbulence and tower shadow. The
maximum of the mean response in a 1-hour analysis is linked to
the rated wind speed. However, the maximum of the standard
deviation occurs in the survival conditions. The results show
that the ratio of the standard deviation of the nacelle surge

motion for turbulent and constant wind is up to 2.3 in the

operational conditions.
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Figure 12: Nacelle surge spectrum for survival environmental
conditions (V' =49 m/sec, 1=0.10, H;=14.4 m and 7,=13.3

sec), wave-induced versus wave-wind-induced dynamic
responses for constant and turbulent wind for a shutdown

downwind TLS.
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Figure 13: The mean of the nacelle surge to study the tower
shadow and turbulence effects on the wave-wind-induced
dynamic response of a downwind TLS. The wind turbine is
shut down for wind speeds higher than 25 m/sec. Significant
wave heights refer to the load cases in Table 5 and the
corresponding wind speeds.
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Figure 14: The standard deviation of the nacelle surge to study
the tower shadow and turbulence effects on the wave-wind-
induced dynamic response of a downwind TLS. The wind
turbine is shut down for wind speeds higher than 25 m/sec.
Significant wave heights refer to the load cases in Table 5 and

the corresponding wind speeds.

Tension Response

Figure 15 shows the tension spectrum for the downwind
TLS subjected to stochastic wave and wind actions for the
over-rated wind speed case. The low frequency part of the
response is not affected very much by the turbulence. The key
frequencies in Figure 15 are similar to those in Figure 7. The
heave resonant response increased due to the turbulent wind
effects and hence the extra aerodynamic loads; see Figure 9.
One option to remove such a huge heave resonant response is
increasing the hydrodynamic damping in the heave direction,
i.e., by adding some heave damper plates. The other option is to
increase the heave natural frequency, i.e., above 5 rad/sec, to
decrease the turbulence effects.

Figure 16 and 17 show the mean value and standard
deviation of the tension for different environmental conditions.
Significant wave heights refer to the load cases in Table 5 and
the corresponding wind speeds. The tower shadow and
turbulence effects on the wave-wind-induced dynamic response
of a downwind TLS are studied. The wind turbine is shut down
for wind speeds higher than 25 m/sec. The results show that the
mean of the tension response are not affected very much by the
turbulence and tower shadow. The maximum of the mean
response in the 1-hour analysis is linked to the rated wind
speed. However, the maximum of the standard deviation occurs

in the survival conditions. The results show that the ratio of the
standard deviation of the tension response for the turbulent and

constant wind is up to 1.4 in the operational conditions.
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Figure 15: Tension spectrum for over-rated wind speed case
(V=17 m/sec, [=0.15, H;=4.2 m and 7,=10.5), wave-

induced versus wave-wind-induced dynamic response for
constant and turbulent wind for a downwind TLS.
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Figure 16: The mean value of the tension to study the tower
shadow and turbulence effects on the wave-wind-induced
dynamic response of a downwind TLS. The wind turbine is
shut down for wind speeds higher than 25 m/sec. Significant
wave heights refer to the load cases in Table 5 and the

corresponding wind speeds.
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Figure 17: The standard deviation of the tension to study the
tower shadow and turbulence effects on the wave-wind-
induced dynamic response of a downwind TLS. The wind
turbine is shut down for wind speeds higher than 25 m/sec.
Significant wave heights refer to the load cases in Table 5 and
the corresponding wind speeds.

Generated Power

Tables 7 and 8 list the mean value and standard deviation
of the electrical power for TLS with the downwind rotor
configuration subjected to wave-wind actions. The tower
shadow and turbulence have small effects on the mean of the
power. However, the effect of the turbulence on the standard
deviation of the power is greater. The relative magnitude of the
tower shadow effects on the responses compared to turbulence
is less.

Table 7: The mean value of electrical power (MW) for TLS
with a downwind rotor subjected to wave and wind actions.
Wind velocities refer to the load cases in Table 5 and the

corresponding wave conditions.

Wind Constant | Constant | Turbulent | Turbulent
velocity | -no tower | -jet tower | -no tower | -jet tower
(m/sec) shadow shadow shadow shadow

8 1.77 1.75 1.76 1.74
11.2 4.44 4.43 4.21 4.18
14 5.00 4.98 4.87 4.86
17 5.00 5.00 5.01 5.01

Table 8: The standard deviation of electrical power (MW) for
TLS with a downwind rotor subjected to wave and wind
actions. Wind velocities refer to the load cases in Table 5 and
the corresponding wave conditions.

Wind Constant | Constant | Turbulent | Turbulent
velocity | -no tower | -jet tower | -no tower | -jet tower
(m/sec) shadow shadow shadow shadow

8 0.03 0.03 0.55 0.54
11.2 0.65 0.65 0.92 0.92
14 0.26 0.34 0.52 0.53
17 0.13 0.13 0.29 0.30

Bending moment at the tower-spar interface

The effects of turbulence and tower shadow on the bending
moment response at the tower-spar interface are also studied.
Figure 18 shows the bending moment spectrum for a
downwind TLS subjected to stochastic wave and wind actions
in survival environmental conditions. The wave-induced and
wind-wave-induced responses for a constant and turbulent
wind are compared. The wave frequency responses are not
affected by the aerodynamic actions. The aerodynamic
damping in wind-wave-induced cases helps to reduce the pitch
resonant response. The elastic response for the wave only case
is higher than those values for the wind-wave-induced cases

due to the positive aerodynamic damping.

10
ox 10
9 -
== *Wave and constant wind
—Wave and turbulent wind 1:
8 ——Shutdown, wave only ! 1
7 P ]
=8 ! 1
: T
% 5 Elastic response. * R
£ N
z4 J
< Pitch resonant response T J
” 4 Il ]
2 : .~ Wave-induced ]
"
!
1 ]
K 0.5 1 1.5 2 25

Frequency (rad/sec)

Figure 18: Spectrum of the bending moment at the tower-spar
interface for survival environmental conditions (¥ =49 m/sec,
1=0.10, H;=14.4 m and 7,=13.3 sec), wave-induced versus
wave-wind-induced dynamic response for constant and
turbulent wind for a shutdown downwind TLS.
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Figures 19 and 20 show the mean value and standard
deviation of the bending moment at the tower-spar interface for
different load cases. The turbulent wind and constant wind
actions considering the effects of the tower shadow are studied.
The results show that the structural responses are not affected
significantly by the tower shadow and turbulence effects in the

present case study.
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Figure 19: The mean value of the bending moment at the
tower-spar interface to study the tower shadow and turbulence
effects on the wave-wind-induced dynamic response of a
downwind TLS. The wind turbine is shutdown for wind speeds
higher than 25 m/sec. Significant wave heights refer to the load
cases in Table 5 and the corresponding wind speeds.
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Figure 20: The standard deviation of the bending moment at the
tower-spar interface to study the tower shadow and turbulence
effects on the wave-wind-induced dynamic response of a
downwind TLS. The wind turbine is shutdown for wind speeds
higher than 25 m/sec. Significant wave heights refer to the load

cases in Table 5 and the corresponding wind speeds.

Extreme value and normalised maximum responses

The extreme value responses depend on the concept and
offshore site. Proper extreme value estimation using
extrapolation based on the previous study [6] is applied herein.
Five identical and independent 1-hour simulations are used.
The maximum responses corresponding to an up-crossing rate
of 0.0001 are found to be close to the most probable 3-hour
extreme value. A previous study showed that the uncertainty of
such an extrapolation is less than 2%. The maximum responses
for the bending moment (BBM) at the blade root, bending
moment (BM) at the tower-spar interface, shear force (SF) at
the tower-spar interface, nacelle surge (NS) and Tension (TE)
are listed in Table 9. Wind speed (V) refers to the load cases in
Table 5. The statistical characteristics are based on five 1-hour
samples. The maximum responses correspond to an up-crossing
rate of 0.0001 and are obtained by extrapolation. The extreme
value of the responses occurs in survival conditions, except
that, for the blade root bending moment (BBM), the extreme
value response under the survival and operational conditions
are close. The ratio of the responses to the 100-year
environmental conditions and to the load case associated with
the rated wind speed can be as high as 2.6, 3.2, 1.3 and 1.2 for
the bending moment (BM), shear force (SF), nacelle surge (NS)
and tension (TE) responses, respectively. This finding shows
that, for this floating wind turbine, the extreme value of
responses can occur under survival conditions. However, land-
based wind turbine extreme values are linked to the rated wind
speed and occur under operational conditions.

The extreme value response can be roughly estimated as

M, +ko,, where u, is the mean value, o, is the standard

deviation and k& is the normalised maximum response

X — AL, . . .
(Lﬂ* ). The normalised maximum responses for different
o

«
load cases for the TLS subjected to stochastic wind and waves
are discussed below. To draw more generalised conclusions, it
is possible to present normalised responses. The normalised
maximum of the responses for different load cases, considering
turbulent winds, are presented in Figure 21.
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Table 9: Maximum of the bending moment (BBM) at the blade
root, bending moment (BM) at the tower-spar interface, shear
force (SF) at the tower-spar interface, nacelle surge (NS) and
tension (TE). The wind speed (V) refers to the load cases in
Table 5. The statistical characteristics are based on five 1-hour
samples. The maximum responses correspond to an up-crossing
rate of 0.0001 and are obtained by extrapolation.

\% BBM BM SF NS TE
(m/sec) | (kNm) | (kNm) (kN) (m) (kN)
8 11784 | 154163 1327 34 9764
11.2 13306 | 183495 1591 41 10193
14 14207 [ 204589 1871 38 10276
17 14380 [ 215765 1953 34 10440
25 3994 217404 | 2214 18 9681
30 5129 262168 2741 24 9810
49 11849 [ 470096 5103 53 11899

(Max-mean)/STD
o = N w A
S G = N Ww A o
.

6 10 14 18 22 26 30 34 38 42 46 50

Mean wind speed (m/sec)

Figure 21: Normalised maximum of the bending moment
(BBM) at the blade root, bending moment (BM) at the tower-
spar interface, shear force (SF) at the tower-spar interface,
nacelle surge (NS) and tension (TE). The wind speed (V) refers
to the load cases in Table 5. The statistical characteristics are
based on five l-hour samples. The maximum responses
correspond to an up-crossing rate of 0.0001 and are obtained
by extrapolation.

Five identical and independent 1-hour integrated analyses
for each load cases are simulated. The mean and standard
deviation of the responses are obtained by averaging the mean
and standard deviations of the five 1-hour ensembles.
Extrapolation is used to reduce uncertainty in the estimated

extreme values. The normalised maximum for the bending

moment (BBM) at the blade root, bending moment (BM) at the
tower-spar interface, shear force (SF) at the tower-spar
interface, nacelle surge (NS) and tension (TE) are shown in
Figure 21. For the present concept, the normalised responses
corresponding to an up-crossing rate of 0.0001 vary between 3
and 5. Accepting the uncertainty involved in the present
extrapolated maxima, these values provide insight regarding
the responses of offshore wind turbines. However, the
normalised responses depend on the concept, environmental

conditions and offshore site.

CONCLUSIONS

This paper deals with the stochastic dynamic response of
TLS wind turbines. The comparison of wave-induced and
wind-wave-induced responses for a floating downwind TLS
with parked and operating rotors in operational and survival
conditions showed that:

1) The wave frequency responses are not affected

very much by aerodynamic and controller actions.

2) For below-rated wind speeds, no negative damping
occurs because the controller does not feather the
blades for this wind speed region.

3) The surge resonant response governs the responses
for the rated wind speed load case. The controller
introduces some negative damping to surge
resonant response for rated wind speeds.

4) The pitch resonant response is greatly affected by
the negative damping of the collective blade pitch
controller for over-rated wind speed region.

5) For survival cases, the aerodynamic damping helps
to reduce the pitch motion resonance. In storm and
hurricane conditions, the wave loading is dominant
compared to the wind loads.

By tuning the controller gains, it is possible to prevent
negative damping. In this study, the controller is tuned to have
a natural frequency lower than the pitch resonant response
frequency. The comparison of tuned and untuned controller
showed that the deployment of the constant torque algorithm
and tuning the controller gains helps to decrease the motion
instabilities and improve the power production for the over-
rated wind speed. At the rated wind speed, the response is
governed by the surge resonance and the tuning effect is less

effective. However, for the over-rated wind speed region,
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because the response is governed by the pitch resonant motion,
the tuning is very effective to remove the negative damping.

Comparison of statistical characteristics of responses for
tuned and untuned controllers for the wind turbine subjected to
wave and wind loads at over-rated wind speeds showed that the
standard deviation (dynamic part) of the responses are
decreased due to the removal of the negative damping. The
ratio between the standard deviation of the power applying the
untuned and tuned controllers for the over-rated wind speed
case is 8.1. For the nacelle surge motion, the ratio of standard
deviation with the untuned and tuned controllers is up to 14.5.
Reducing the standard deviation of responses can help increase
the fatigue life of the system. The results show that
ameliorating the negative damping reduces the standard
deviation of the structural dynamic responses up to 4.4 times.

The comparison of upwind and downwind configurations
of floating TLS shows that the responses are very close for
these turbines. However, some small differences are clear,
which can be due to small modifications to the upwind turbine
to make it a downwind turbine.

The effects of the turbulence and tower shadow on the
different structural and motion responses are discussed in this
paper. The results show that the global responses are less
affected by the tower shadow. However, the blade root bending
moment and the dynamic part of the responses are more
affected. The relative magnitude of the turbulence effects is
larger than the tower shadow effects. The ratio of the standard
deviation of the bending moment at the blade root, nacelle
surge motion and tension response for turbulent and constant
wind speeds are 8.5, 2.3 and 1.4, respectively. The results show
that the tower shadow does not significantly affect the mean
value of the power and global responses.

It is necessary to note that the simplified tower shadow
models are applied in the present research. In future, more
advanced methods such as computational fluid dynamic (CFD)
can be used to study the tower shadow effects for floating wind
turbines. Generally, the influence from tower shadow is much
less significant with turbulent wind loading compared to
constant wind loading. The maximum velocity deficit will be
much smaller for a floating wind turbine than a more stationary
tower because the shadow and thus also the velocity deficit in
time is being spread over a much larger area than the tower
diameter due to the tower motion. For a bottom fixed turbine

and a floating wind turbine the absolute contribution from the

tower deficit is the almost the same. But, for a fixed turbine, the
tower shadow has a relatively higher contribution to the total
response standard deviation because the other contribution to
the standard deviation is only from the turbulence. However,
for a floating wind turbine wave-induced motions have a
significant contribution to the standard deviation of the
responses.

It is important to keep in mind that for land based wind
turbines, the extreme response usually occurs in the operational
cases related to rated wind speeds, but, for floating wind
turbines, the extreme responses can occur in harsh
environmental conditions when the rotor is parked. The ratio of
the responses to 100-year environmental conditions and to the
load case associated with the rated wind speed found to be as
high as 2.6, 3.2, 1.3 and 1.2 for the bending moment (BM),
shear force (SF), nacelle surge (NS) and tension (TE)
responses, respectively.

It is noted that the maximum response in a 3-hour period
can be estimated as the mean value plus & times the standard
deviation. For the TLS-type wind turbine studied here, the &
corresponding to up-crossing rate of 0.0001 varies between 3
and 5.

FURTHER WORK

In this research, collective blade pitch control is applied.
Due to the lack of yaw stiffness and a proper yaw controller,
the yaw motion is constrained. More advanced control
algorithms such as an individual blade pitch controller for the
tension leg spar wind turbine concept are needed to stabilise the
yaw motion. Further research is needed to investigate the
proper yaw stiffness and the selection of the yaw bearing (top
of the tower, spar-tower interface or leg-spar joint). Further
studies are needed to examine the responses in fault conditions.
The tower shadow models used in the preset study are
simplified models representing the velocity deficit due to the
tower presence. In future, more advanced numerical methods,
for i.e. computational fluid dynamics (CFD) can be used to
study more precisely the tower shadow effects especially for

downwind floating wind turbines.
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