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d F Platform
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[kgm’]
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kg'm?/s]
[kg'm?/s]

[N/m]

[m]

Description
Water-plane area of the support platform when it is not displaced
Rotor area

(1,j) Component of the impulsive hydrodynamic added mass

Component of the undisturbed fluid-particle acceleration in
Morison’s equation in the direction of the i translational degree of
freedom of the support platform

Added inertia (added mass) associated with hydrodynamic radiation
in pitch
(i,j) Component of the hydrodynamic-damping matrix

Damping associated with hydrodynamic radiation in pitch

Normalized hydrodynamic-added-mass coefficient in Morison’s
equation
Normalized viscous-drag coefficient in Morison’s equation

(1,) Component of the linear restoring matrix from all mooring lines

(1,)) Component of the linear hydrostatic-restoring matrix from the
water-plane area and the center of buoyancy

Effective damping in the equation of motion for the platform pitch
in terms of the translation of the hub

Diameter of cylinder in Morison’s equation

Effective diameter of a mooring line

Lifetime damage

Lifetime damage equivalent load

i"™ Component of the total external load acting on a differential
element of cylinder in Morison’s equation, other than those loads
transmitted from the wind turbine and the weight of the support

Length of a differential element of cylinder in Morison’s equation
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E[Hs | Vi) [m] Expected value of the significant wave height conditioned on the
mean hub-height wind speed, based on the long-term joint-
probability distribution of metocean parameters

EA [N] Extensional stiffness of a mooring line
Fhrdrostatic [N, N'm] i-th Component of the total hydrostatic load on the support platform
EHres [N, N'm] i Component of the total load on the support platform from the
contribution of all mooring lines
Elrest [N, N'm] i Component of the total load on the support platform in its
undisplaced position from the contribution of all mooring lines
e [N, N'm] i"™ Component of the total excitation force on the support platform
from incident waves
FCmder [N, N'm] i" Component of the total load on a cylindrical structure from
Morison’s equation
Fiseos [N, N'm] i" Component of the total viscous-drag load acting on the support
platform from Morison’s equation
Sfowaves [Hz] Incident-wave frequency
g [m/ sz] Gravitational acceleration constant
Hp [N] Horizontal component of the effective tension in a mooring line at
the fairlead
H; [m] Significant wave height
Hy; [m] Significant wave height based on a 3-hour reference period, with a
recurrence period of 1 year
Hgs [m] Significant wave height based on a 3-hour reference period, with a
recurrence period of 50 years
Dgass [m2 kg] Pitch inertia associated with wind turbine and platform mass
Ly, sys, & aim [m2 kg] Pitch inertia associated with wind turbine and platform mass,
including added mass
J [-] Imaginary number, /-1
k [-] Wave number of an incident wave
K [N/(m/s>, (i,j) Component of the matrix of wave-radiation-retardation kernels
Nm/(m/s”), or impulse-response functions of the radiation problem
Nm%/(m/s%)]
K, [N/m]  Effective stiffness in the equation of motion for the platform pitch
in terms of the translation of the hub
[m] Total unstretched length of a mooring line
L [N/(m/s, (i,j) Component of the matrix of alternative formulations of the

Nm/(m/s), wave-radiation-retardation kernels or impulse-response functions of
Nm?/(m/s)] the radiation problem

yoid [N'm] k™ Load range at fixed mean
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1™ Load range

Fixed load mean
1™ load mean bin

Ultimate load

Mass of the wind turbine and platform, including added mass

Effective mass in the equation of motion for the platform pitch in
terms of the translation of the hub
Discrete-time-step counter

Number of cycles to failure in the k™ load range bin at fixed load
mean

Number of equivalent lifetime cycles in the ] wind speed bin

Number of equivalent lifetime cycles in the k™ load range bin and ™
wind speed bin

Number of equivalent short-term lifetime cycles in the j" wind
speed bin
Pressure

Wind speed probability
Pressure just before the rotor
Pressure just behind the rotor
Probability density function
™ system degree of freedom

Radius from the platform center (symmetry) line to the attachment
points (= fairleads) of the mooring lines
Radius of gyration

One/two-sided power spectral density of the wave elevation per unit
time
Simulation time

Aerodynamic rotor thrust force
Lifetime

Short-term lifetime

Peak spectral period

Velocity

Reference velocity for wind shear equation
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V [m’] Volume

Vo [m’] Displaced volume of fluid when the support platform is in its
undisplaced position

2 [m/s]  Velocity far in front of rotor

V3 [m/s]  Velocity far behind rotor

Vi [N] Vertical component of the effective tension in a mooring line at the
fairlead

Wlk] [-] Fourier transform of a realization of a white Gaussian noise time-
series process with unit variance

Xy [m] Horizontal distance between the anchor and fairlead of a mooring
line

X; [kg/s*,  i-th Component of the frequency- and direction-dependent complex

kgm/s’]  incident-wave-excitation force on the support platform per unit
wave amplitude

XY Z [m] Set of orthogonal axes making up an original reference frame (when
applied to the support platform in particular, X, Y, Z represents the
set of orthogonal axes of an inertial reference frame fixed with
respect to the mean location of the platform, with the XY-plane
designating the still-water level and the Z-axis directed upward
opposite gravity along the centerline of the undeflected tower when
the platform is undisplaced)

X,z [m] Set of orthogonal axes making up a transformed reference frame
(when applied to the support platform in particular, x, y, z
represents the set of orthogonal axes of a body-fixed reference
frame within the platform, with the xy-plane designating the still-
water level when the platform is undisplaced and the z-axis directed
upward along the centerline of the undeflected tower)

ZcoB [m] Body-fixed vertical location of the center of buoyancy of the
support platform (relative to the still-water level and negative
downward along the undeflected tower centerline when the support
platform is in its undisplaced position)

zZF [m] Vertical distance between the anchor and fairlead of a mooring line

Zyref [m] Reference height for wind shear equation

Greek Symbols
Symbol Unit Description
[deg] Angle of attack
S [deg] Incident-wave propagation heading direction
r [-] Peak shape parameter in the Joint North Sea Wave Project (JONSWAP)

spectrum
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[m?/s?]
[rad/s]

[N/m]

(1,j) Component of the Kronecker-Delta function (i.e., identity matrix),
equal to unity when i=j and zero when i#j
Instantaneous elevation of incident waves

For the blade-pitch controller, the full-span rotor-collective blade-pitch
angle
i-th Translatory or rotational platform displacement

Mass of mooring line per unit length

Kinematic viscosity

i-th Platform degree of freedom
The ratio of a circle’s circumference to its diameter

Density

Scaling factor in the Joint North Sea Wave Project (JONSWAP) spectrum
Variance of the instantaneous elevation of incident waves (= RMS value)
Dummy integration variable using the same units as the simulation time

Velocity potential function

For hydrodynamics, this is the frequency of incident waves or frequency
of oscillation of a particular mode of motion of the platform

For mooring systems, this is the apparent weight of a line in fluid per unit
length of line

List of Acronyms and Abbreviations
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recommendations for design of offshore wind
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Executive Summary

This report presents results of the analysis of a 5-MW wind turbine located on a floating offshore
tension leg platform (TLP) that was conducted using the fully coupled time-domain aero-hydro-
servo-elastic design code FAST with AeroDyn and HydroDyn. The report also provides a
description of the development process of the TLP model. The model has been verified via
comparisons to frequency-domain calculations. Important differences have been identified
between the frequency-domain and time-domain simulations, and have generated implications
for the conceptual design process. An extensive loads and stability analysis for ultimate and
fatigue loads according to the procedure of the IEC 61400-3 offshore wind turbine design
standard was performed with the verified TLP model. This report compares the loads for the
wind turbine on the TLP to those of an equivalent land-based turbine. Major instabilities for the
TLP are identified and described.

A comprehensive analysis of three floating-platform concepts for offshore wind turbines—
including the TLP—is also presented. In addition to the TLP, models were made of a 5-MW
turbine supported on land and a 5-MW turbine located offshore on a barge and spar buoy. A
loads and stability analysis according to the procedures of the IEC 61400-3 offshore wind turbine
design standard was performed for each model using FAST with AeroDyn and HydroDyn. The
concepts are compared based on the statistics, extreme event tables, instabilities, and fatigue-
lifetime calculations. The results will help resolve the fundamental design trade-offs between the
basic floating-system concepts.
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1 Introduction

1.1 Background

Wind power has emerged as an alternative to conventional power generation. It has established
itself as a major source of non-polluting, inexhaustible renewable energy and—according to the
World Wind Energy Association [36]—by the end of 2008 a capacity of 121,188 MW was
installed worldwide. This capacity equals more than 1.5% of global electricity consumption. The
turnover of the wind sector worldwide reached U.S. $ 40 billion in 2008, and the market for new
wind turbines showed a 42% increase and reached an overall size of 27,261 MW.

In the wind energy industry, offshore technology is a relatively new field, having only
1,486 MW installed (Nov. 2008 [10]). These fixed-bottom offshore wind turbines are erected in
shallow water in the North Sea and Baltic Sea in depths ranging from 10 m to a maximum of
45 m. In the United States, China, Japan, Spain, Norway, and many other countries, such
shallow-water areas are scarce. Additionally, space requirements onshore and the public pressure
to place wind turbines out of visual range further push the demand for offshore wind plants in
deeper coastal waters. Huge potential sources for supplying coastal areas with offshore wind
energy therefore are wind turbines located on floating support platforms in deep offshore waters
(in depths of approximately 60 m to 900 m). Even at transitional depths of 30 m to 60 m, floating
structures could provide a viable alternative to conventional monopile, tripod, and jacket
structures. The European Wind Energy Association (EWEA) reports that, by 2015,
30,882 MW [10] of new offshore wind energy capacity will be installed in Europe alone, with
Norway having installed the first full-scale floating offshore wind turbine in 2009 with a 3-MW
capacity 10 km off Karmoy in water depths around 120 m using the so-called Hywind spar buoy
floating concept. The U.S. potential 5 to 50 nautical miles off the coast is estimated to be more
than 900,000 MW, with major metropolitan areas located on the U.S. coastline providing a huge
future market for floating offshore wind turbines.

A requirement for deep-water floating offshore wind turbines is the development of reliable,
viable floating-platform support structures. To develop cost-effective, high-performance floating
wind turbines with structural and dynamic integrity and reliability, the IEC 61400-3 design
standard for offshore wind turbines requires that integrated loads analysis be performed before a
turbine is certified. Such analysis also is crucial for conceptual design and preliminary analysis.
It is conducted using numerical aero-hydro-servo-elastic simulation tools like FAST (Fatigue,
Aerodynamics, Structures, and Turbulence), GH Bladed, or FLEX, which are based on a
combined modal and multibody structural-dynamics formulation in the time domain. These
design codes are suited for performing numerous design-load case simulations within short
computing time and can simulate fixed-bottom offshore support structures. Hydrodynamic loads
in these codes usually are simulated using Morison’s equation, which only is valid for slender
cylinders. Important effects for offshore floating platforms, like free-surface memory or atypical
added-mass-induced couplings between modes of motion in the radiation problem, are ignored
and the diffraction problem is simplified using G.I. Taylor’s long-wavelength approximation.

More-complex simulation codes like MSC. ADAMS or SIMPACK employ higher-fidelity
multibody-dynamics and can incorporate more advanced aerodynamics formulations (e.g. CFD,
free vortex wake models,...) and structural (FEM) models. But due to significant computing
time, they are currently not suited for the extensive load case simulations required for a loads



analysis according to the IEC 61400-3 design standard. The loads analyses for this project were
performed with FAST with AeroDyn and HydroDyn, because it provides unique capabilities in
simulating floating-platform wind turbine designs, incorporating sophisticated hydrodynamic
and mooring-system modules in a fully coupled integrated simulation environment. The work
presented here investigates the tension leg platform (TLP) floating concept by developing the
FAST model and performing a thorough loads analysis. Further, the results from the TLP are
compared to results from the loads analysis of a barge and a spar-buoy floating concept.

1.2 Previous Research

Several studies have been conducted on floating wind turbines using a linear frequency-domain
approach. Bulder et al. [3] investigated a tri-floater design for a 5-MW turbine with linear
frequency-domain analysis, based on finding response amplitude operators (RAOs) for the
platform’s six rigid-body modes. This technique was also used by Lee [23] to analyze a 1.5-MW
turbine, and by Wayman et al. [33], and Jonkman [34] to analyze various TLP and barge designs.
Vijfhuizen [32] investigated a 5-MW barge design with an oscillating water column (OWC)
wave-energy device. Tracy [31] (from MIT) used a frequency-domain approach described in
Wayman [34] and conducted a parametric study determining the optimal TLP and slack and taut
catenary spar-buoy designs with best overall performance in combination with low cost. These
studies did not model the wind turbine realistically, however, and instead included the turbine’s
structural and aerodynamic properties by augmenting the mass, damping, and restoring matrix of
the platform with the proper turbine values at an initial condition with defined platform
displacement and rotor thrust. The linearized mooring system’s restoring properties also were
derived at that static equilibrium platform displacement.

Thus, these linear frequency-domain analyses have the important limitation that they do not
capture nonlinear structural-dynamics, aerodynamics, and hydrodynamics and transient effects.
To overcome these limitations, time-domain simulations were used by several research teams.
Henderson and Patel [15] used a so-called state-domain technique to study the effects of platform
motion on turbine fatigue loads. Withee [35] used a aero-servo-elastic design code which was
modified to include platform motion and hydrodynamic loading based on Morison’s equation.
The so-called Hywind spar buoy concept is investigated by Nielsen, Hanson, and Skaare [28],
and by Larson and Hansen [21]. They use a combined aero-servo-elastic hydrodynamic and
mooring program. The technical feasibility of floating wind turbines was demonstrated by
Zambrano et al. [37], but they used an unsophisticated aecrodynamic and structural model for the
turbine. Further limitations (not mentioned here) exist in these time-domain studies.

To overcome these limitations, Jason Jonkman [18] at NREL developed a fully coupled aero-
hydro-servo-elastic simulation tool which overcomes most limitations of previously developed
floating wind turbine codes. It consists of the sophisticated GL-certified [24] aero-servo-elastic
design code FAST with AeroDyn, and is augmented by the coupled hydrodynamics module
HydroDyn. HydroDyn has the capability of simulating time-domain hydrodynamic effects from
linear hydrostatic restoring, nonlinear viscous drag, and sea currents. It accounts for added-mass
and damping contributions from linear radiation, including free-surface memory effects, and in-
cident-wave excitation from linear diffraction, and includes a quasi-static mooring line module.
Jonkman applied the tool in a loads analysis of a barge concept, the ITI Energy barge, where he
characterized the dynamic response and identified extreme loads and instabilities resulting from
the dynamic coupling between the turbine and the floating barge. Important results include the



influence of increased pitch motion on the extreme loads and the identification of instabilities in
yaw and tower side-to-side motions. In addition to the barge concept, Jonkman specified and
developed a preliminary FAST model of the so-called OC3-Hywind spar buoy concept within
the Benchmark Exercise of Aero-Elastic Offshore Wind Turbine Codes (OC3 stands for
Offshore Code Comparison Collaboration) [17].

1.3 Floating Support Platform Concepts

Several support platform configurations are possible for floating offshore wind turbines,
particularly considering the variety of the mooring systems, tanks, and ballast options that are
used in the offshore oil and gas industries. The three principal concepts—classified in terms of
how the concepts achieve static stability—are:

1. A shallow drafted barge, achieving pitch restoring via waterplane area moment;

2. A ballasted deep-drafted spar buoy with pitch restoring by ballasting; and

3. An unballasted tension leg platform, for which pitch restoring mainly is provided by the
mooring system.

Figure 1 shows this classification in a simple symbolic triangle plot. In Section 3 a quantified,
more detailed plot of the design space is given.

Figure 1. Floating wind turbine concepts

The barge and spar-buoy types can be anchored to the seabed either with slack catenary or with
taut vertical mooring lines, but the TLP must be equipped with taut mooring lines. There are



various types of possible mooring cables, such as chains, steel or synthetic fibers, or a
combination of these. Numerous anchor systems exist, ranging from simple deadweight anchors
and conventional “mushroom” anchors to more sophisticated screw-in and suction anchors.

Further information on the advantages and disadvantages of each investigated concept is
provided in Section 5 In addition to these basic concepts and hybrids thereof, there are
conceptual unconventional floating systems being investigated which do not easily fit into these
basic categories(for example, systems with an inclined tower attached to a horizontal spar buoy
support platform). This report focuses on the three basic concepts.

1.4 Project Description and Software Used

This work uses the design tool FAST with AeroDyn and HydroDyn—developed and verified by
Jonkman and Buhl at NREL [19]—to create a model of a TLP floating wind turbine concept. As
noted in subsequent sections, the time-domain simulation tool FAST can model the aero-hydro-
servo-elastic response of a variety of offshore floating wind turbines.

The aerodynamics are calculated in the FAST module AeroDyn, which uses a state-of-the art
blade element-momentum approach (BEM) with empirical corrections to calculate the rotor
aerodynamics. The empirical corrections consider the losses caused by the airflow around the
blade tip and at the rotor hub. The effect of a turbulent-wake state that occurs if the rotor strongly
decelerates the axial airflow is considered, as well as unsteady airfoil aerodynamics and wake
inertia and 3-D effects such as stall delay. AeroDyn also is able to apply the generalized dynamic
wake (GDW) theory to account for the effects of dynamic inflow.

The FAST module HydroDyn adds the capability of simulating time-domain hydrodynamic
effects from linear hydrostatic restoring; added-mass and damping contributions from linear
radiation, including free-surface memory effects; incident-wave excitation from linear
diffraction; and nonlinear viscous drag, including sea current loading. The code also includes a
nonlinear quasi-static mooring line module. These models are of higher fidelity than most of the
models that have been used in the past to analyze floating turbines and which neglected
important hydrodynamic and mooring system effects.

With these modules, FAST with AeroDyn and HydroDyn provides a fully coupled aeroelastic
and hydrodynamic design code environment capable of simulating extreme and fatigue loads of
two- and three-bladed horizontal-axis onshore, fixed-bottom offshore, and floating offshore wind
turbines. Additionally, FAST can produce linearized representations of the nonlinear aero-elastic
wind turbine model to help identify natural frequencies, damping ratios, instabilities, and in
developing control systems. The software also produces input files for the multi-body code
ADAMS (MSC Software), which can be used to obtain tower mode shapes and to verify the
results of FAST simulations for critical load cases. Turbulent wind-inflow files are calculated
with NREL’s TurbSim [16] and then provided as an input for FAST. Figure 2 illustrates the
various FAST modules and their interfaces. A close link between MATLAB (The Mathworks)
and FAST exists, enabling the use of MATLAB’s comprehensive embedded analysis functions
in user-programmed MATLAB routines as a pre-processor and postprocessor or for control
design purposes. For evaluating raw data from the loads analysis with FAST, the software utility
Crunch/MCrunch—developed by Marshall Buhl at NREL [4]—is used.
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1.5 Objectives

The aim of this present study is to provide new insight in the modeling, loads, and dynamics of
the TLP concept. It also is intended to provide valuable information to help clarify the
advantages and disadvantages of TLP, barge, and spar-buoy floating platform concepts and to
help to improve the design of floating wind turbine systems. Section 2 additionally provides a
concise overview of aerodynamic and hydrodynamic loads on floating offshore wind turbines.

Figure 2. FAST modules

A FAST model of a 5-MW turbine supported by a TLP platform—modified from a MIT design
derived from a parametric linear frequency-domain optimization process—is developed and
compared to frequency-domain results for verification. Next, an extensive time-domain loads
and stability analysis is performed in FAST for ultimate and fatigue loads according to the
procedure of the IEC 61400-3 offshore wind turbine design standard, and using the verified TLP
model. Major instabilities for the TLP are identified and are described. The loads for the wind
turbine on the TLP are compared to those of an equivalent land-based turbine. This onshore
design uses exactly the same 5-MW turbine as used on the TLP, but instead of being mounted on
a floating TLP the land-based system is cantilevered to the ground. The foundation at the tower
base is simulated in FAST by a rigid restraint of 0 degrees of freedom (DOF). Section 3 presents
the TLP model development and Section 4 provides the results from the loads and stability
analysis of the TLP.

The same design load case simulation process is performed for the OC3-Hywind concept.
Including results from Jonkman, who used the same process to analyze the ITI Energy barge [18]



concept, the onshore and offshore floating concepts are compared based on the statistics, extreme
event tables, and fatigue lifetime calculations. The OC3-Hywind and ITI Energy barge also use
the same 5-MW wind turbine as the TLP and the land-based machine, and differ only in certain
control system and tower properties. Details on the specific models and their differences are
provided in Section 5. The results from the comprehensive comparison, given at the end of
Section 5 and in Section 6, can help resolve fundamental design trade-offs between the floating-
system concepts.

Summarized, the study had the following main objectives, which are described in this report.

e Develop a tension leg platform floating wind turbine model in the design code FAST
with AeroDyn and HydroDyn;

e Verify the TLP model and compare results with frequency-domain simulations in
WAMIT;

¢ Run a series of time-domain simulations with the TLP model and
o analyze the ultimate loads on the turbine
o analyze the fatigue loads on the turbine
o 1identify and analyze instabilities
e Run a series of time-domain simulations with the OC3-Hywind model

e Compare ultimate and fatigue loads analysis and stability analysis results of TLP, ITI
Energy barge, and OC3-Hywind floating concepts to equivalent land-based turbine

e Analyze and discuss the results for the different floating concepts and identify the
fundamental design trade-offs between the floating system concepts

2 Loads on Offshore Wind Turbines

Wind turbines on floating support platforms are designed to be installed in a deep offshore
environment several miles off the coast and in water depths greater than 60 m. The loads on
these systems, as shown in Figure 3, are dominated by aerodynamic and hydrodynamic effects.
Effects from sea ice, varying mean sea level, and marine growth constitute additional loads that
must be considered in a real design process. The following section is an overview of the various
loads governing the design of a floating wind turbine. The study simulated the loads using the
numerical code FAST, therefore at the end of each section is a brief description the code’s
simplifications to the real physics and discussion of the resulting implications. Theory and
derivations of aerodynamics, structural dynamics, and general descriptions of wind turbines are
not provided here, but such information can be found in great detail in various textbooks ([1],

[51, [12], [25D).

2.1 Aerodynamic Loads

The power production of a wind turbine depends on the interaction between the airfoils of each
rotor blade and the wind. Air flowing over the blades’ airfoil generates aerodynamic lift and drag
forces.



The resulting aerodynamic loads on the blades and the turbine can be subdivided into three
categories.

1. Steady aerodynamic forces generated by the mean wind speed.
Periodic aerodynamic forces generated by wind shear, rotor rotation, off-axis winds, and
tower shadow.

3. Randomly fluctuating aerodynamic forces induced by gusts, turbulence, and dynamic
effects.
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Figure 3. Loads on an offshore wind turbine [18]

2.1.1 Steady Aerodynamic Loads

Mean wind loads constitute the steady aerodynamic forces on a turbine. They occur when the
wind is decelerated by the rotor, which can be represented simply as an actuator disc. According
to Bernoulli’s equation, this deceleration causes a discontinuity in pressure just before and
behind the rotor (p_» — p+2) and, thus, a uniform thrust force over the rotor area A4,. This thrust



force T is a constant force only depending on the mean wind speed v; (far in front of the rotor),
v3 (far behind the rotor), the rotor area A,, and the air density p [20].

T=A2(p2—p+2)=%pA2(V12—v32) (1

Regarding, for example, a floating TLP offshore wind turbine, this aerodynamic thrust force
pushes the platform downwind to a mean offset position, where the thrust equals the restoring
effect from ballast, buoyancy, and mooring lines forces in surge and pitch. For the TLP, the
aerodynamic thrust force primarily is balanced by the mooring-line forces. At the mean offset
position in surge the effective tension deflections on the tethers generate a negative moment
which takes the positive moment from the wind thrust so as to be at equilibrium. This tension
deflection becomes positive at the windward side and becomes negative at the leeward side. This
is why, for TLPs, the leeward-side line tension is the critical one that is most likely to go slack.
For other concepts with slack catenary mooring lines, thrust is balanced by ballast and buoyancy
of the platform and the gravity of the mooring lines.

2.1.2 Periodic Aerodynamic Loads

The wind speed is not constant over the height of the turbine, it increases with increasing height
above ground. The rate of that increase depends on the surface roughness. Due to the lower
ground roughness length parameter z, offshore, the wind speed v(z) increases more rapidly with
increasing height than it does onshore. Figure 4 illustrates the difference in wind profiles for a
typical onshore and typical offshore location, using the logarithmic wind shear description.

W2)=v In(z/z,)
" In(z,,,/z,)

ref

Often the vertical power shear law for the wind-speed profile is used instead, its basic form being
the following [20].

v(z>=vm_,~<zi)“ )
ref

In the present research, according to the IEC 61400-3 offshore design standard [8], a shear
exponent of o =0.14 was used for all normal wind conditions and a =0.11 in extreme 1- and
50-year wind conditions. Instead of utilizing different wind shear exponents for the onshore
machine as advised in the IEC 61400-1 [9] onshore design standard, the IEC 61400-3 shear
exponent values are used for both onshore and offshore locations to produce results that are
easier to compare.
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Figure 4. Differences between onshore and offshore wind shear [20]

The wind shear generates loads on the spinning rotor blades which change periodically at the
rotor frequency because each blade experiences periodically changing wind speeds during each
full rotation. Constant off-axis winds cause a similar periodically changing load on the turbine
and the blades. Additionally, the tower poses an obstacle for the incoming airflow, a stagnation
point and associated boundary layer forms and the flow in front of the tower is decelerated. So
that each time a blade passes the tower, the aerodynamic forces on that passing blade drop. This
oscillation excites the blade at a strong 1P (and multiples 2P, 3P, ...) frequency and the tower and
nacelle at a 3P (and multiples 6P, 9P, ...) frequency. Here, the abbreviations 1P, 2P, 3P, etc.,
refer to the rotor frequency and multiples thereof. Wind turbines generally are designed so that
the major natural frequencies of the tower and platform modes are well above (usually 10%) or
below these 1P and 3P frequencies to avoid resonances which negatively affect the lifetime of
the turbine.

2.1.3 Randomly Fluctuating Aerodynamic Loads

In addition to these steady and periodic loads which are very predictable, randomly fluctuating,
stochastic aerodynamic loads occur on an operating or idling (parked) wind turbine. The main
stochastic aerodynamic load contribution comes from turbulence. It is characterized as a random
variation of wind speed in space and time around a mean value. The turbulence varies in
intensity and introduces fluctuating loads on the blades. A exemplary turbulent wind field
generated with TurbSim [16] is shown in Figure 5. Loads due to turbulence generally are the
defining factor for the fatigue life of an onshore turbine. Regarding extreme peak loads from
aerodynamics, high-speed gusts typically are the most important effect. A gust is a sudden
increase in wind speed that lasts between 3 sec and 20 sec and imposes high loads on the blades
and the turbine. In addition to gusts affecting the whole rotor, partial gusts which only affect part
of the rotor area, also can occur. This so-called eddy slicing or rotational sampling generates
great eccentric transient loads on the rotor. The turbulence level—which increases with rougher
sea conditions—as well as the 50-year gust speed both generally are less offshore than onshore.



Gusts also can trigger aerodynamic states in which the airfoils stall, which subsequently changes
the loads on the blades rapidly and can lead to extreme load changes.
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Figure 5. Turbulent wind field

In sum, the steady aerodynamic loads are important for long-term power production estimations.
Periodic loads mainly are associated with resonance issues and govern the design of the system’s
natural frequencies. Lastly, fluctuating loads due to turbulence affect the fatigue lifetime and
gusts—which are short-term effects—dominate the ultimate loads. The required strength of most
of the system’s components usually is governed by fatigue loads.

AeroDyn—the aerodynamics module of FAST—models these aerodynamic effects that cause the
loads described above. Nevertheless, to calculate the aerodynamics in acceptable computation
time, substantial simplifications are made to account for the various effects. AeroDyn uses the
blade element momentum (BEM) theory to calculate the aerodynamic forces and moments on
the blades. This theory captures the primary features of the air flow in and around wind turbines:
The induced velocities due to power production and the rotation of the expanding turbine wake
downwind. Empirical corrections are required to overcome the simplicity of the BEM theory,
which is based on the assumption of uniform induction on radial annuli and steady two-
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dimensional aerodynamics, but neglects, for example, the interdependence of the airflows at
adjacent radial blade sections.

The corrections include the Prandtl tip-loss model to capture the effect of reduced lift at the blade
tips. Further losses from the airflow around the rotor hub also are modeled. A dynamic inflow
model based on the generalized dynamic wake (GDW) theory is implemented to consider
unsteady, turbulent wind inflow. The airfoil data is augmented to account for some rotational 3D
effects and unsteady airfoil aerodynamics. The effect of turbulent-wake-state that occurs if the
rotor strongly decelerates the axial airflow also is considered, as is wake inertia or some 3-D
effects such as stall delay. The dynamics of stalled blades during turbine operation are simulated
using a Beddoes-Leishman dynamic stall model.

The actual flow field and aerodynamics, however, are more complex and the capabilities of the
correction models to account for the various influences that are not captured by simple BEM
theory are limited. These limitations include:

e The correct modeling of the rotor wake, especially when the rotor is misaligned in yaw
with the mean wind direction,;

e Simplifications when the turbine is operating in or near the blade stall region or in other
aerodynamically greatly unsteady, nonlinear wind regimes; and

e Neglecting aerodynamic tower damping, which becomes important in high wind speeds.

The consequences of neglecting these more-complex aerodynamic effects and interactions are
that, in some cases, actual fatigue and ultimate loads on the turbine differ from AeroDyn’s
prediction. These known limitations always must be considered when reviewing simulation
results, and are reflected in the partial safety factors applied on the calculated loads.

2.2 Hydrodynamic Loads

Onshore and shallow-water fixed-bottom offshore turbine loads mainly are dominated by
aerodynamics. For offshore floating turbines, hydrodynamic loads become more important. The
significance of hydrodynamic loads depends on the particular floating concept and the
investigated turbine component, as well as on the severity of the wind and wave conditions.
Aerodynamics and hydrodynamics are related in terms of the long-term statistical correlation of
wind speed, wave height, and wave period, which are expressed in the long-term joint
probability density distribution. Although no short-term correlation exists, long-term statistics
show the correlation: In the long term, the wind generates the waves. Therefore load cases with
high wind speeds and increased aerodynamic loads usually are accompanied by increased wave
heights resulting in greater loads on the floating platform.

In the equations presented in the next sections, a right-hand Cartesian coordinate system (X, Y,
Z) fixed to the mean position of the wind turbine is used as shown in Figure 6. The positive
Z-axis is vertically upwards through the center of gravity of the platform in its undisplaced
position; the origin of the CS is in the plane of the undisturbed free surface, the mean sea level,
and the X-axis is parallel to the nominal downwind direction. The incident-wave-propagation
heading direction f is zero for waves propagating along the positive X-axis, and positive for
positive rotations about the Z-axis. The translatory displacements are 7, 72, 73, respectively
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surge, sway, and heave. The rotational displacements are 74, 75, 776, respectively roll, pitch, and
yaw. In all derivations, the angles of the platform rotations are assumed to be small.

Surge

Pitch

Figure 6. Coordinate system

The following sections describe the hydrodynamic loads on floating offshore wind turbines and
assume knowledge in general aspects of free-surface fluid flow, potential theory, the Bernoulli
equation, and basic fluid mechanics. More-detailed information on basic theories and the topics
described below are found in Newman [27], Faltinsen [11], Cummins [6], Oglivie [29], and
Anderson [1].
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First an introduction to linear, steady-state hydrodynamic loads on floating offshore structures
resulting from periodic (regular) sinusoidal incident-waves is provided. These linear hydro-
dynamic forces and moments can be expressed as the sum of three separate contributions from
hydrostatics, diffraction, and radiation, which are discussed separately. It is followed by sections
on non-steady-state, transient linear hydrodynamic loads from irregular incident-waves, which
go beyond the steady-state linear theory, the so-called true linear hydrodynamic model. Next, a
concise section on the numerical implementation of hydrodynamics within FAST’s HydroDyn is
presented. HydroDyn is capable of simulating irregular waves and non-steady-state hydro-
dynamic loads. Additionally, because it still is widely used in the wind turbine offshore industry,
an overview of the Morison equation is presented, specifically including the viscous drag
equation which is used in HydroDyn. The mooring system also is discussed in this section.
Finally, the general limitations of the described potential flow—based theories are described.

2.2.1 Steady-State Hydrodynamic Loads
The total time-dependent external load F”“*™ (¢) from a periodic, regular wave with amplitude

A, frequency o, and direction f, acting on a floating support platform with a mooring system,
can be expressed as shown in Eq. 3.

EPIatform (t) _ _A,-j (a))?7 + Re{AXl (a)’ ﬁ)ej(ot} _[Cl;inex + Cijljlydmstatic ]77] _BU- (a))n] + ng/oé‘lS + F;Lines,o (3)

This expression is equal to the time-domain representation of the frequency-domain hydro-
dynamic problem. Except C;"’“ and F""*" representing the mooring system forces, each term in

Eq. 3 represents a different type of hydrodynamic load. Each term is described below; but first a
concise introduction on regular wave theory is provided.

2.2.1.1 Regular Wave Theory
Linear, regular wave theory, which also is termed Airy wave theory, is based on potential flow.
When applied to hydrodynamics of floating bodies on the water surface, the velocity potential ¢

must satisfy the linearized free-surface boundary condition (Eq. 4).

O¢  of
?‘l'gg:OOT’ZZ:O (4)

Equation 4 fulfills the linearized kinematic and dynamic free-surface conditions. It states that the
vertical velocities of the free surface and fluid particles are equal to each other and that the water
pressure is equal to the constant atmospheric pressure on the free surface. A simple linear, peri-
odic solution for the free-surface condition in Eq. 4 is the two-dimensional plane progressive
wave system; that is, a regular, sinusoidal wave. After solving Eq. 4 for the velocity potential,
the free-surface elevation ({) at the time (¢) and position (x) for a regular wave can be derived as
shown in Eq. 5.

S (x,t)= A-sin(wt —kx) (%)

Where 4 is the wave amplitude, @ is the wave’s radian frequency, and & is the wave number (the
number of waves per unit distance) with A denoting the wavelength (Eq. 6).
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The equations for the velocity potential, pressures, velocities, and accelerations for plane
progressive waves which satisfy the free-surface boundary condition can be found in
Faltinsen [11]. Nonlinear, higher-order wave kinematic effects—such as steep crests and flatted
troughs—are not examined here and can be accounted for by using nonlinear, higher-order
representations. Nevertheless, Figure 7 shows that for deep water—where floating offshore
platforms are installed—and up to a certain dimensionless wave steepness, the linear, regular
wave theory gives a valid approximation. Figure 11 in Section 2 indicates the location within the
diagram of the sea states used in the present study for all three investigated floating concepts. In
H

Figure 7 and Figure 11, the dimensionless wave steepness is —_. The dimensionless water
gT
depth—dimensionalized by both gravity and wavelength squared—is represented by 4 —
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Figure 7. Validity of different wave theories [20]
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2.2.1.2 Total Hydrostatic Forces
The third term in Eq. 3 includes the hydrostatic restoring matrix C;yd”’”””". Together with the

buoyancy term, these two terms constitute the total hydrostatic force on the floating body [18].

EHydrostatic (q) — ngOé‘,3 _ Cijl‘fydrosmticqj‘ (7)
00 O 0 0 0
0 0 0 0 0 0
0 0 pgd, 0 0 0
o 2|0 00 pef[ A+ pezco 0 0 ®)
00 0 0 og ”A XCdA+ pgVyzeps 0
0
00 O 0 0 0

Here the structure is assumed to be symmetrical around its body-fixed xz-plane and yz-plane.
The total hydrostatic forces F™"*“*“ in Eq. 7 acting on a semi-submerged body consist of a

buoyancy force from Archimedes’ principle (first term in Eq. 7), linear restoring forces from
water-plane area effects, and effects from the change of the COB position (second term in Eq. 7).

The term in C(3,3) in Eq. 8 simply is the change in the vertical buoyancy force when the
structure is vertically displaced from its mean position. The term A4, denotes the water plane area
of the undisplaced platform in calm water. The first terms in matrix entries C(4,4) and C(5,5)
represent the restoring moments from the water plane area effect. When the platform is
perturbated in pitch or roll, one side of the structure is submerged and the other side is elevated
from the water. According to Archimedes’ law, the buoyancy force acting in z-direction on the
submerged side of the body is increased and on the elevated side it is decreased. This yields a
restoring moment counteracting the moment exerted on the body to displace it in pitch or roll.
Due to the symmetry of the examined TLP structure, the moments from waterplane area
restoring effects are equal for pitch and roll. The last terms in C(4,4) and C(5,5) represent the
hydrostatic moments about the platform reference point due to the change in the position of the
COB in z-direction zcpp when the platform is displaced. Note that, due to the upward orientation
of the coordinate system’s z-axis, zcop is negative (zcop < 0). In the literature [11], however, the
last terms in C(4,4) and C(5,5) often are augmented by the restoring moment due to the weight of
the platform.

(Zcos) = (Zcop — Zcog)
When adding this effect to the hydrostatic restoring matrix Cj;, the sum in Eq. 7 comprises not
only hydrostatic restoring but the full static restoring forces and moments on the support

platform, including the gravity (ballast) contribution. This formulation makes it easier to identify
the forces and moments from the effect when the center of gravity does not coincide with the
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center of buoyancy. For a structure displaced in roll or pitch, the separation between the COB
and COG yields a moment because the horizontally offset vertical buoyancy and gravitational
forces acting at the COB and COG produce a moment aggravating or counteracting the pitch or
roll movement. Nevertheless, because it constitutes no contribution from hydrostatic effects, it is

not included inC fy drostatic b are,

2.2.1.3 Radiation (Added Mass and Damping) Forces and Moments

Ai(w) in the first term and Bjj(w) in the third from last term of Eq. 3 represent the 36-element
oscillation-frequency dependent hydrodynamic added-mass and damping matrices. When the
structure is forced to oscillate with the wave excitation frequency and no incident-waves are
present, hydrodynamic loads defined as added mass and damping are acting on the floating body.
The oscillating structure generates outgoing waves which change the fluid pressure field.
Integration of the changing fluid pressure surrounding the floating body over its surface yields
the hydrodynamic radiation loads on the structure. More simply explained, added mass is the
inertia added to a system because an accelerating or decelerating body must move some volume
of surrounding fluid as it moves through it; the object and fluid cannot occupy the same physical
space simultaneously. The two matrices are influenced by body form, frequency of oscillation,
forward speed, finite water depth, and restricted water area.

2.2.1.4 Diffraction Forces and Moments

In the second term of Eq. 3, Xi(w, f) represents the wave frequency and direction-dependent
hydrodynamic wave excitation force vector. Re denotes the real value of the argument with the
harmonic exponential ¢,

When a floating structure is restrained from oscillating and there are incident regular waves, so-
called diffraction or wave excitation forces and moments are acting on the structure. These
forces occur because of the varying, unsteady fluid pressure around the fixed structure in
incident regular waves. In ocean-engineering literature a distinction typically is made between
forces due to the corresponding undisturbed pressure field (i.e., the pressure field in the fluid
only due to the waves ignoring the structure), the so-called Froude-Kriloff forces, and additional
forces, which are called wave scattering forces and are due to the structure changing the
undisturbed pressure field. Note that, in common ocean engineering literature [11], the scattering
forces instead often are called diffraction forces, and the sum of scattering and Froude-Kriloff
forces are called wave excitation forces.

The potential flow theory to calculate the diffraction forces assumes that no flow separation
occurs. For a cylindrical structure such as a TLP, flow separation occurs when the Keulegan-
Carpenter number K exceeds 2 [13]. The Keulegan-Carpenter number is defined as shown in
Eq. 9.

_rr
=

K €

Where T is the wave period, D is the cylinder diameter, and V is the amplitude of the fluid
velocity normal to the cylinder. This means that for a TLP-like cylinder with a large diameter,
flow separation occurs only in the upper section of the cylinder and only in extreme sea states.
Therefore for TLPs the potential flow theory in general is valid.
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2.2.2 True Linear Hydrodynamic Model

The linear, steady-state hydrodynamic problem described in the previous section assumes that
the incident wave propagates at a single amplitude, frequency, and direction and that the
platform motions are oscillating at the same frequency as the incident wave. To overcome these
limitations for transient analyses in which optional nonlinear effects, transient behavior, and
irregular sea states are important, the steady-state solution is extended and a irregular wave
formulation is introduced. The total forces in the time domain acting on a semi-submerged
platform with a mooring system in irregular incident waves are shown in Eq. 10.

EPla_tﬁ)rm (77) — _Ajjﬁj + EWaves + ngoé‘,_g _ C;Iydi‘ostaticﬂj _ J‘OtKU (t _ T)ﬁj (T)dT + ELines (1 0)

Following Jonkman’s nomenclature [18] within the thesis, this formulation is called the true
linear hydrodynamic model in the time domain. Although the previously described steady-state,
respectively frequency-domain solution in Eq. 3 cannot be directly applied, it is valuable for
determining important parameters for the true linear hydrodynamic-loading equations. The
parameters derived from the frequency domain are the added mass and damping matrices 4, and
Bj;, and the wave excitation load vector X;, which is part of the wave excitation force term

F"™ . To obtain these matrices, the frequency-domain potential flow panel method code

WAMIT (described in Section 3) is used. The hydrostatics for the true time-domain
representation remain unchanged.

2.2.2.1 Irregular Waves

To obtain a description of random, irregular waves, multiple linear wave components are
summed. This approach assumes that the sea can be described as a stationary random process,
which generally is valid for the limited periods of no more than a few hours used in a typical
wind turbine loads analysis. Expressing the time-dependent wave elevation {(¢) by an appropriate
wave spectrum S(w) yields the expression shown in Eq. 11 [18].

% 272_ - cided j27rkn
> Wikl Esg DY g€V (11)

—ﬂ+1
2

1
l’ _ =
C( ) |t—nAt N L

forn=0,1,...N -1

Where j is the imaginary number, » and k are the discrete time-step and frequency-step counters,
and N is the number of discrete steps. W[k] represents the discrete Fourier transform of a realiza-
tion of white Gaussian noise and is calculated using the Box-Muller method. It ensures a
Gaussian-distributed wave elevation but causes the actual variance of the wave elevations to vary
among realizations. Further information on the calculation and effect of W[k] is found in

Jonkman [18]. Here, S;”’”"" is the two-sided power spectral density of the wave elevation per

unit time.

Figure 8 illustrates the relationship between the time-domain solution {(#) of the waves and the
frequency-domain representation of the waves by a wave spectrum S(w). Basically, multiple
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regular waves of different frequencies and with random phase angles are summed with respect to
their probability spectral density according to the wave spectrum used for the specific site.
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Figure 8. Wave elevation of irregular waves in the time domain as a combination of regular waves
and a typical wave spectrum [11]

A typical wave spectrum implemented in FAST and used in the analysis of the TLP is the
JONSWAP spectrum presented in Figure 9, defined from the IEC 61400-3 design standard [8].

ol
P
A 1 5 oT 5( ol exp[~0.5[-2Z 77
Stsided ()= ——H’T (—2) exp[-=| —£ [|*[1-0.287In (@) 12
() 2160 ,,(27[) Pl 2l 2 [ ]y (12)

The two-sided spectrum, as used in Eq. 11, is defined as shown in Eq. 13 and Eq. 14.
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S;—sided (a) >— 0) — %Sé—sided (CO), (13)

Sé—sided (a) < 0) — %Sésided (—CU) (14)

In Eq. 12, H; is the significant wave height (i.e., the mean of the one-third highest waves), T, is
the peak spectral period, y is the peak-shape parameter, and o is a scaling factor. The figure also
presents a Pierson-Moskovitz spectrum, which is a reduced JONSWAP spectrum with the peak-
shape parameter y set to unity. Further information on the JONSWAP spectrum is provided by
the IEC 61400-3 design standard [8].
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Figure 9. Typical JONSWAP and Pierson-Moskovitz wave spectra [8]

2.2.2.2 True Linear Radiation (Added Mass and Damping) Forces and Moments
The wave radiation loads in Eq. 10 consist of the impulsive hydrodynamic added-mass
components 4; and an additional wave-radiation contribution from added mass and damping. It

is not included in 4;; and can be expressed as the convolution integral —IOtK ;(E—1)q,(v)d7 .

The velocity and acceleration forms of the convolution integral are related by Jonkman [18].
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—j;K,.j (t-7)g,(r)dz = - j;L[j(z ~0)j,(r)dr, (15)

Here, L; represents an alternative form of the wave radiation retardation kernel. The wave
radiation retardation kernel K;; depends on both added mass and damping, which are intrinsically
related [18].

K, = 2 j "o 4y (@)~ A4, (0)Jsin(wt)dw (16)
T 0

K, = 2 [ "B, (w)cos(at)do. (17)
T 0

Each component (i,j) of the wave radiation kernel represents the hydrodynamic force at a time (¢)
in the direction of DOF (i) resulting from a unit impulse in velocity at time zero of DOF (j). That
essentially means that an impulse in platform velocity causes a force for infinite lasting
subsequent time because the pressure field induced by the resulting outgoing waves exists as
long as the waves radiate away. More detailed information is given by Jonkman [18].

The wave radiation retardation kernel K;;(#) can be assumed to be of finite energy. For Bj;, the
infinite-frequency limit is zero, whereas the infinite-frequency limit of 4, (o0) in Eq. 16 yields

the following [18].

A, =lim, A, (0)= A;(0) (18)
The impulsive added mass term A4; in the true linear hydrodynamic loading equation Eq. 10
therefore is not frequency dependent.

In FAST’s hydrodynamics module, HydroDyn, the wave-radiation loads are calculated by
summation of 4; and K;, therefore accounting for all radiation effects including surface memory
effects. Equation 17 is used to caclculate Kj;; that is, the radiation loads in FAST’s true linear
hydrodynamic model in the time domain are computed utilizing the damping matrix B
calculated from the frequency-domain representation in WAMIT.

2.2.2.3 True Linear Diffraction Forces and Moments
When extending the diffraction formulation from periodic to irregular waves, the expression for
the total wave excitation load from Eq. 10 is given by the following.

27kn
J

N
waves 1 3 2 T 2-sided N
F [ N Z Wik] ESQ‘ (@) | ptrr * Xi (@5 B) | iro € : (19)
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2

forn=0,1,...,N -1

Equation 19 consists of the irregular wave elevation presented in Eq. 11 and X}, representing the
wave frequency and direction dependent hydrodynamic wave excitation vector obtained from the

20



frequency domain. The difference from the steady-state to the true linear diffraction formulation
is the addition of the irregular wave representation. Modern numerical potential flow panel codes
like WAMIT calculate the excitation force and moments X; from direct integration of
hydrodynamic pressure over the surface [22].

2.2.3 Morison’s Representation

Nonlinear viscous drag from incident-wave kinematics, sea currents, and platform motion also
must be taken into account. The viscous drag term of the Morison’s representation with a fixed-
drag coefficient Cp is used for this purpose (Eq. 20).

dF>" (1, 2) = % L, P(Dd2)[v,(1,0,0,2) = G,(2)V (1,0,0,2) — 4, (2)F +[1,(1,0,0,2) =g, (=) (20)

fori=1,2

The diameter of the cylinder is denoted by D; dz is the height of a differential strip around the
cylinder; Cp is the viscous drag coefficient; v; are the components of the undisturbed fluid-
particle velocity in the direction of DOF i = 1 or 2; the translational velocities ¢,(z)are related to

the rigid-body platform surge, sway, roll, and pitch velocities by the following expressions.
Gi(2) =1, + 1z
6}2 (Z) = 772 _7742

An overview of the complete Morison’s representation is provided here because it is used widely
in the analysis of fixed-bottom monopile offshore wind turbines. Morison’s representation, when
combined with strip theory, gives a straightforward equation to calculate wave loads and viscous
forces on slender vertical, bottom-mounted surface-piercing cylinders. The total load on a
cylinder in surge and sway according to Morison’s representation is shown in Eq. 21.

2 2

dz)ij (z)+(1+C,) p(% dz)a,(t,0,0,z)+ dF"" (t,z) 1)

D

dF;Cylinder (t, Z) — _CAp( 2

fori=1,2

Here a; represents the components of the undisturbed fluid-particle acceleration in the direction
of DOF i = 1 or 2. Similar equations apply to the pitch and roll moments (i = 4: —dF,”"* - z;

i=5: dE°"" - z,[18]). The heave force and yaw moment are zero by definition.

Equation 21 ignores radiation damping forces and moments and off-diagonal terms in the added-
mass matrix other than those which couple surge and pitch or sway and roll, and uses a
simplified solution of the diffraction problem for long wave length approximation. It only is
valid for cylindrical structures and does not compute heave forces or other end effects. Taking all
these simplifications and neglected effects into account, Morison’s equation mainly is applicable
to a narrow range of floating platforms (e.g., the spar-buoy concept). For most other concepts the
true linear hydrodynamic loading equations described above must be applied.
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2.3 Numerical Hydrodynamics Modeling in HydroDyn

In the present study, the added mass, damping, and excitation force matrices 4;;, B;;, and X; are
calculated using the software WAMIT (Wave Analysis at MIT) [22]. WAMIT works for any
shape and it uses the panel method (as do other similar numerical codes for wave loads). This
method is based on potential flow theory and it neglects flow separation.

For the analysis, first the surface of the structure is discretized with an appropriate number of
panels. The velocity potential then is computed using the source distribution method. After the
velocity potential is calculated, the force matrices are obtained by integration of the pressure
over the structure’s surface. A view of a discretized cylinder with flat panels is shown in Figure
10. More information on WAMIT and on numerical panel methods in general can be found in
the WAMIT User Manual [22] and in Faltinsen [11].

10 410

Figure 10. Visualization of a grid for potential flow panel method [22]

All potential flow—based theories, including higher-order representations, inherently neglect
viscous effects and do not capture the effects of turbulence, flow separation, free-surface tension,
boundary layers, breaking waves, or multiphase flow. Additional drag originating from wave
slamming also is excluded from this simplified model. To account for some of these effects,
extensions to the potential flow theory exist [11]. In the present study, however, only viscous
drag is added using a simple approach based on Morison’s equation (described in Section 2.2.3).

The first-order linear theory also neglects several effects which second-order (and higher)
potential flow solutions are able to capture. Second-order theory accounts more properly for the
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zero-normal flow condition through the body at the instantaneous position of the body, and also
approximates the free-surface pressure condition more accurately. Improvements also include a
better consideration for non-linearities in the velocities of fluid particles on the free surface. In
addition to the linear solution, the second-order solution for the problem results in mean drift
forces and forces oscillating with difference and sum frequencies. Further information on
second-order (and higher) solutions of the hydrodynamic problem is provided by Faltinsen [11].
Despite improvements being possible with higher-order representations, the inherent limitations
of potential flow theory remain. Very detailed data that captures all existent hydrodynamic
effects only can be obtained with experiments and, to some extent, with next generation CFD
solvers.

Figure 11 shows the location and flow regime of all investigated concepts for all simulated
stochastic wave conditions. The plotted points from the different simulations are drawn using the
significant wave height (H = H,) and peak spectral wave period (7' = T),). The lines constituting
the limits of linear theory and breaking waves use the periodic wave height H = H e ioaic and
wave period T'= Tperioaic- If the average values for wave height and period would be used for the
simulated stochastic wave conditions, the points mostly would fall within the linear limit.
Therefore, although some points given here are out of the range of valid linear theory, the error is
considerably small. For the structures and flow regimes investigated in the present study, the
linear theory incorporated in HydroDyn therefore provides a great degree of accuracy—and it is
more than sufficient for use here.
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Figure 11. Validity of linear theory for investigated floating concepts
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2.4 Mooring System

An integral part of all floating-platform concepts is the mooring system. A tension leg platform
obtains stability mainly due to stiffness provided by the taut mooring lines, therefore the mooring
system especially is critical for a TLP design. Mooring systems consist of cables attached to the
floating platform at fairlead connections with the lower ends anchored to the seabed. There are
various types of cables available, such as chains, steel, synthetic fibers, or a combination of
these. Numerous anchor systems exist, ranging from simple dead-weight moorings and conven-
tional “mushroom” moorings, to more sophisticated screw-in and suction anchors. For the
purpose of the study, anchors simply were regarded as rigidly fixed to the seabed and the
mooring lines were regarded as consisting of a single material with a constant elasticity.

2.5 Quasi-Static Mooring System in HydroDyn
When ignoring mooring inertias and damping, and assuming linearity, the mooring line forces on
a floating platform can be described as shown in Eq. 22.

ELine.v — ELines,O _ CiJLlinesqj (22)

Here F""*" represents the mooring system load acting on the platform in its undisplaced, static
position as a result of pre-tension from excess buoyancy. The linearized restoring matrix is Cl.f.””e“'

due to the elastic stiffness of the cables and the effective stiffness from the weight of the cables
in water. For taut lines of a TLP with no part of the cables lying on the seabed, the linearity
assumption is a relatively good approximation and Eq. 22 therefore illustrates the basic
functionality of a mooring system very accurately.

Nevertheless, in reality mooring system dynamics are not linear. In the present study, a quasi-
static mooring system calculation procedure implemented in FAST was used. An analytical
formulation for an elastic cable suspended between two points hanging under its own weight in
water was utilized to compute the actual location of all parts of the line and to determine whether
any part rests on the seabed. For the TLP, the mooring lines are supposed to be taut under all
conditions, therefore this report uses only the equation for the effective horizontal and vertical
line tensions Hr and Vr (effective actual cable wall tension plus hydrostatic pressure) for a line
with no part resting on the seabed. These equations also are valid for catenary lines as long as no
part is resting on the seabed. The fairlead location relative to the anchor of each mooring line is
represented by x, and z;, EA represents the line’s extensional stiffness, and L is the overall
unstretched line length. The implicit Eq. 23 and Eq. 24 are solved for the effective fairlead
tensions Hr and Vr with a Newton-Raphson iteration scheme. From the fairlead tensions, a
balance of external forces on the line yields the anchor tensions.

x,(Hp V)——F{l[ + /1+( F) Ik Z[ + /1+( )] H L (23)
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This quasi-static approach assumes the line to be in static equilibrium at each calculated time-
step. It neglects (increased) different anchor and fairlead tensions because of inertia effects due
to the line’s acceleration and deceleration—which can be significant for a TLP where large
waves can lead to quick changes of line tensions in short periods. The numerical model allows
the line tension to drop to zero and then tauten again, but it must be noted that in reality this
event probably would cause the line to snap. A more detailed description with additional
equations for lines resting on the seabed and details on the numerical scheme is found in
Jonkman [18].

3 Tension Leg Platform Model Design in FAST

To perform a thorough loads analysis in the design code FAST, the floating wind turbine model
first must be created. This section provides information about the 5-MW wind turbine used in the
study and the properties of the TLP design. Each step necessary to develop a valid, viable FAST
model of the floating platform is explained. The model design process described here is not
limited to the TLP but can be applied to almost any floating-platform design. Summarized, the
steps performed in the present study to create the TLP model in FAST are listed below.

e Defined geometry and structural properties of wind turbine and blades

e Defined geometry and structural properties of TLP platform and mooring system

e Obtained hydrodynamic frequency-domain properties with WAMIT

e Obtained tower mode shapes with ADAMS

e Created FAST model with the TLP floating platform and NREL’s 5-MW baseline turbine

e Compared MIT’s published predicted performance with results from FAST model for
MIT’s extreme sea state reference-load case

e Validated time-domain FAST model with frequency-domain results in terms of response
amplitude operators and PDFs for MIT’s extreme sea state reference-load case

e I[fthere were problems with the original design, redesigned the TLP and repeated the
validation process to meet desired design capabilities

3.1 NREL 5-MW Baseline Turbine Properties

The NREL 5-MW baseline wind turbine represents a typical state-of-the-art multi-megawatt
turbine. This section gives an overview of its properties without providing details that are out of
the scope of this work. An in-depth description of the turbine can be found in Jonkman [18]. The
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baseline turbine’s properties presented in Table 1 are derived from publicly available data on the
Multibrid M5000 and REpower 5-MW machines and from conceptual models used in the
WindPACT, RECOFF, and DOWEC projects.

Table 1. NREL 5-MW Baseline Turbine Specifications

Property Specification
Rated power 5 MW
Rotor orientation Upwind
Rotor configuration 3 blades, 61.5-m length
Rotor, hub diameter 126 m, 3 m
Hub height 90 m
Wind speed:
Cut-in V3, 3 m/s,
Rated, 11.4 m/s,
Cut-out Vo, 25 m/s
Cut-in rotor speed 6.9 rpm,
Rated rotor speed 12.1 rpm
Drivetrain concept Geared,
Gearbox ratio 97:1
Rated generator speed 1173.7 rpm,
Generator efficiency 94.4 %
Rated tip-speed 80 m/s
Overhang Sm,
Shalft tilt 5°,
Precone 2.5°
Rotor mass 110,000/kg
Nacelle mass 240,000/kg
Tower mass 347,460/kg
Tower diameter base, 6 m,
Tower top diameter 3.87m
CM location -0.2m, 0.0 m, 64.0 m
Control system Variable-speed generator torque

& collective active pitch (PI)

To accurately approximate the blades’ smoothly changing cross-section geometry, each blade is
subdivided into 17 sections with different airfoils over the blade’s length (Cylinder (1-3), DU40
(4), DU35 (5-6), DU30(7), DU25 (8-9), DU21(10-11), NACA64 (12-17)). Detailed airfoil
geometries and diagrams of lift and drag versus angle of attack for each airfoil are provided in
Jonkman [18]. The quality of this airfoil data is critical for the calculation of lift and drag
coefficients and the overall accuracy of the BEM-based aerodynamic model.

Very important for the final loads on the wind turbine is the baseline turbine’s control system,
schematically presented in Figure 13. The incorporated so-called “baseline controller” operates
in five regions: 1, 1'%, 2, 2%, and 3 (presented in Figure 12). Region 1 is before cut-in wind
speed; the generator torque is zero and and no power is generated. In this region the rotor is
accelerating for start-up. The next region (1'%2) is a linear transition between regions 1 and 2.
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Figure 12. Torque versus generator-speed diagram of baseline controller [18]
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Figure 13. Flowchart of baseline control system [18]

In region 2, the turbine starts producing power that is less than the rated power. This region is
optimized for power capture. The controller maintains an optimal, constant tip-speed ratio of
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A =1.55 to sustain the maximum power coefficient of ¢, = 0.482. Control in this region is
achieved by adjusting generator torque while the rotor collective pitch angle is a, = 0°. Region
2' assures smooth transition between region 2 and region 3, and is used to limit tip-speed and
noise emissions.

In region 3, collective active pitch is used to hold the generator speed—respectively the power
generation—constant at rated speed. The blade-pitch commands are calculated using a gain-
scheduled proportional-integral (PI) controller on the speed error between the filtered and the
rated generator speed. Hansen et al. [14] describe methods and equations to obtain viable gains.
Note that this baseline controller uses collective pitch, has no start-up and shut-down routines,
and is not optimized to limit ultimate and fatigue loads by applying sophisticated control
algorithms and techniques. This task currently is investigated by several dedicated control
research teams for this and other floating wind turbine concepts.

3.2 Platform Properties MIT TLP#1

As a basis for the development of the FAST model, a TLP design from Tracy’s “Parametric
Design of Floating Wind Turbines” [31] (conducted at the Mechanical Engineering Department
at MIT) was selected. Tracy’s thesis contains a parametric optimization study conducted for
several different floating-platform concepts for NREL’s 5-MW baseline wind turbine. The study
resulted in a number of designs that show Pareto fronts for mean-square acceleration of the
turbine versus multiple cost drivers, including platform displacement and total mooring line
tension. The report concludes that the TLP represents the most attractive choice because of its
low root mean square (RMS) accelerations and negligible heave and pitch motions. For the
present study, the tension leg platform design (TLP#1) for the 10-m sea state was chosen. The
properties of this TLP#1 are listed in Table 2. (Tensions provided in Tracy [31] were rendered
using the uncommon unit kg, and were converted to kN using g = 9.81 for the gravity constant.)

Table 2. Static Properties of MIT TLP#1 [31]

Static Properties Value
Platform diameter 18 m
Platform draft 47.89 m
Water depth 200 m
Mooring system angle 90°
Average mooring system tension per line 3,931 kN
Ballast at platform bottom:

Concrete mass 8,216,000 kg

Concrete height 12.6 m
Total displacement 12,187,000 kg
Wind Speed (constant, no shear) 11.0 m/s
Sea state significant wave height 10.0 m
Peak spectral wave period 17.6394 sec
Windward static line tension 5,290 kN
Leeward static line tension 2,570 kN
Steady state surge offset 4.394 m
Steady state pitch offset 0.438°
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Note that the concrete ballast at the platform bottom (cf. Table 2), which is uncommon for
typical TLP designs, is due to constraints of Tracy’s optimization process. The next section
briefly explains these design constraints.

In addition to this information, Mr. Sungho Lee (of MIT) provided further data on the mooring
system, platform wall thicknesses, and steel and concrete properties (presented in Table 4). The
TLP investigated uses a vertical tension leg mooring system; stability primarily is generated by
the excess buoyancy of the platform. This buoyancy exceeding the system weight must be great
enough that the mooring lines stay taut under all wind and wave conditions. Additionally, to
sustain tension in the mooring lines, the position of the fairleads is an important factor. Moving
the fairlead positions further from the center line of the structure leads to reduced line tension
oscillating amplitudes and therefore decreases the probability of the lines going slack under
heavy wind and wave conditions.

Table 3. Dynamic Properties of MIT TLP#1 in 10-m Sea State at 11-m/s Windspeed [31]

Dynamic Properties Value

Nacelle RMS acceleration 0.031¢g
RMS surge displacement 2.095 m
RMS heave displacement 0.067 m
RMS pitch displacement 0.224°
Windward RMS tension 779 kN
Leeward RMS tension 767 kN
Static plus 30 dynamic windward line tension 7,626 kKN
Static minus 3¢ dynamic windward line tension 2,956 kN
Static plus 30 dynamic leeward line tension 4,871 kN
Static minus 3¢ dynamic leeward line tension 268 kKN

Based on the data in Table 2, Table 3, and Table 4, and following the steps described in the
subsequent sections, a model of the TLP#1 was created in FAST.

Table 4. Properties of MIT TLP#1 Platform and Mooring System

Properties Value
Number of mooring lines 8
Fairlead distance from center 18 m
Unstretched mooring-line length 151.73 m
Line diameter 0.127

Line mass per unit length 116.03 kg/m
Line extensional stiffness 1,500,000,000 N
Average steel density 7850 kg/m’
Average concrete density 2562.5 kg/m’
Steel-wall thickness 0.015m
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3.2.1 Center of Gravity and Inertias

Using FAST requires input of the basic inertial properties of the support platform. With the
available data on the selected TLP#1 design, the center of gravity and the inertias of the platform
have been calculated using a custom-built MATLAB script.

Table 5. Properties of MIT TLP#1 Center of Mass and Center of Buoyancy

Properties Value [m]
Center of mass (platform) -40.612
Center of mass (full system) -32.7957
Center of buoyancy -23.945

Due to the large amount of concrete ballast at the bottom of the TLP, the center of mass of the
full system—the wind turbine and the platform—is well below the center of buoyancy, as shown
in Table 5. Therefore this particular design is statically stable without the mooring system. This
is uncommon for generic TLPs because the main contribution in restoring is provided by the
mooring system. One of MIT’s constraints in its design optimization, however, was that the
structure would be minimally stable without the mooring system so that the whole system with
the tower and the blades could be assembled at a coastal facility and then towed by boat to the
installation site at sea [31]. The platform would be additionally ballasted with water during
towing and unballasted when the mooring system would be attached to the platform. For MIT’s
analysis, the TLP needed to provide enough stability to not exceed 10 degrees of pitch during
towing.

In summary, the MIT TLP#1 can be considered a hybrid design of a deeply drafted, ballast-
stabilized spar buoy and an unballasted generic TLP for which all restoring is provided by the
mooring system. Note that, without the moorings, this design is stable only in calm sea states
when the turbine is not operating. When anchored to the seabed, most of the restoring still is
provided by the mooring system, despite the large amount of ballast. Other TLP designs solve
the on-site installation problem alternatively and therefore do not need to ballast the lower
section of the platform to achieve stability without a mooring system. Regarding costs, this
second option might be preferable.

3.2.2 Hydrodynamic Properties with WAMIT

When FAST’s HydroDyn is calculating the hydrostatic and hydrodynamic loads on the platform,
it requires the inputs for hydrostatic, added mass, damping, and wave-excitation forces matrices
Cy, Ay, Bj, and X;. These matrices are calculated using the potential flow hydrodynamic code
WAMIT. The potential flow—based approach for the TLP is valid, as the calculation of the
Keulegan-Carpenter number in Figure 14 illustrates for different sea states with associated
periodic wave periods (7) and wave heights (H) defined in the OC3 definition [17]. Except for
the most extreme sea state 8 (with T=17s, H=15.24m), the Keulegan-Carpenter number remains
less than 2, which marks the limit for potential flow theory validity as described in Section
2.2.1.4. Accordingly, no flow separation occurs at the main tank of the TLP for Sea States 1-7,
but separation on the spokes is still possible.
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Figure 14. Keulegan-Carpenter number for TLP in different sea states

Because the code is a panel code (as described in the previous section), the support platform is
discretized into flat panels. WAMIT takes advantage of the symmetry of the platform which
makes it sufficient to calculate only a quarter of the cylinder. The utilized discretization with
3,024 panels for one quarter of the cylinder is presented in Figure 15 (here displayed as a full

cylinder with 4 - 3,024 = 12,096 panels).

The WAMIT-calculated coefficients for added mass 4; (w), damping B; (w), and wave-
excitation forces X; (w) are shown in Figure 16, Figure 17, and Figure 18. Most of the wave

energy is concentrated between (c.f. Figure 9):
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S

waves
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Figure 15. Tension leg platform discretization with flat panels
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Figure 16. Tension leg platform added-mass coefficients

Figure 16 presents the 36 frequency-dependent coefficients of the added mass matrix calculated
with WAMIT. The upper-left diagram shows the force-translation modes. Because the TLP is
axisymmetrical, the coefficients in surge and sway are equal. They are significantly greater than
the added mass in heave, because wetted surface and subsequently the amount of displaced water
from motions in these directions apparently is much greater. All off-diagonal translational
coefficients are zero. This similarly is true for the moment rotation modes displayed in the
upper-right corner. Here, only pitch and roll coefficients are non zero. From the remaining
coupled modes, only surge-pitch and sway-roll modes are not zero. For HydroDyn calculations,
especially the infinite-frequency limits of the added-mass coefficients are important.
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Hydrodynamic damping coefficients, presented in Figure 17, are non-zero in the same modes as
added mass coefficients. Conforming with theory [11], the damping vanishes in all coefficients
at the low- and high-frequency limits. The maxima in damping occur here at the upper-frequency
limit of the energy-rich wave spectrum range, that is, for small waves with short periods the
damping is increased.
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Figure 17. Tension leg platform hydrodynamic damping coefficients

Figure 18 presents the exciting forces and moments with associated phase angles over frequency
from incident-waves in surge-direction f = 0°. In Figure 18, depending on the incident-wave
direction, only surge, heave, and pitch are excited and show non-zero values. Corresponding to
theory, the infinite frequency limit is zero for all coefficients.
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Figure 18. Tension leg platform hydrodynamic excitation force coefficients
for B = 0° incident-wave direction

3.2.3 Tower Mode Shapes with ADAMS

To obtain valid simulation results, the correct tower mode shapes for the TLP design must be
implemented into the FAST model. For the modal elements in FAST, the selected mode shapes
have a great influence on the final results. The multi-body code ADAMS (MSC Software) is
used for this purpose. First, the ADAMS input files are created using FAST. To calculate viable
mode shapes, ADAMS linearizes the multi-body representation of the wind turbine. The
linearization in ADAMS cannot be performed for accelerations, which are not independent
states. Therefore the added mass cannot be included via HydroDyn. To account for added-mass
effects, the actual mass of the platform is augmented to obtain a similar response. Due to
numerical issues, ADAMS also cannot linearize the model with the quasi-static mooring system,
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therefore the mooring system is linearized about the zero initial position and hardcoded into
FAST’s HydroCalc module (also used within ADAMS).

Figure 19. ADAMS visualization of second side-to-side tower bending mode

After performing these modifications to the original model, the tower mode shapes are calculated
in ADAMS. The full model has more than 900 degrees of freedom and the same number of mode
shapes therefore, by using the visualization in ADAMS, the correct first and second fore-aft and
side-to-side tower mode shapes are identified. Figure 19 shows the ADAMS visualization of the
second side-to-side tower bending mode. Here, the red depicts the undisplaced system. Possible
ambiguities were discarded by also running an ADAMS simulation with rigid blades, where the
tower modes are much easier to identify, and thus double-checking the natural frequencies for
the identified tower modes. Because ADAMS only provides the x and y values and slopes of the
mode shapes, a tool developed at NREL is used to obtain the 5 parameters needed by FAST,
representing coefficients of a sixth-order polynomial of the mode shape. A normalized projection
method is used for this calculation, and the coefficients then are put into FAST. To check the
validity of the mode shapes, FAST is linearized and the eigenfrequencies of important modes are
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compared to the ADAMS results. In the present study, results from both simulations were in
good agreement. Additionally, the ratios between the first and second fore-aft and, respectively,
side-to-side tower modes were checked. Large ratios were calculated; that is, the first and second
modes are well separated. When all steps described above are completed, all data to create the
FAST input files are available and the model in FAST can be assembled.

3.3 Design Evaluation

After completion of the TLP#1 model in FAST, the results predicted by Tracy [31] were
attempted to be reproduced. A simulation was run with the FAST model under MIT’s
environmental conditions. These are:

e 11 m/s hub-height wind speed,
e 10-m significant wave height, and
e awave peak spectral period of 7, = 17.64 sec.

These results showed a significant deviation compared to the predictions from Tracy [31].
Results differed both from the predicted steady-state and dynamic properties. In FAST, the line
tensions, surge, and pitch offsets were considerably greater; the RMS values for surge, heave,
and pitch were increased; and the line tension on the leeward line dropped to zero. The most
significant deviation was the greatly increased pitch motion. Figure 20 shows that the RAO in
pitch from the FAST calculation has increased five times compared to the MIT calculation. Due
to this significantly increased pitch motion, the leeward mooring line went slack numerous times
during a 10-min simulation, which in practice would mean the destruction of the mooring line
and the failure of the TLP.
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Figure 20. Tension leg platform pitch RAOs MIT TLP#1 from FAST and MIT
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Figure 21. Tension leg platform line tensions

Various possible causes have been investigated to determine the reason for the great differences
in the model. First, FAST’s quasi-static mooring system was investigated but, as Figure 21
illustrates, the linearity assumption used by MIT in its frequency-domain calculation is
considered valid over the range of possible platform displacements. The yellow highlighted
ranges in the graphs represent the range of motion in surge, heave, and pitch of the TLP in the
MIT 10-m reference sea state.

Next, the mass, stiffness, and damping matrices were compared. A meticulous analysis process
was followed and ultimately an error in Tracy’s calculation of the platform’s mass matrix was
identified as the cause of the lesser amount of pitch motion in MIT’s results. By changing the
mass matrix to imitate Tracy’s error and re-running a frequency-domain analysis in WAMIT, the
same pitch RAO as in Tracy’s calculation was obtained. That result further proved that the
design optimization in Tracy’s thesis was flawed. After much deliberation, this fact was
confirmed by MIT as well. Because the original optimization study from Tracy was flawed,
Tracy’s TLP#1 design cannot be considered an optimal design. Nevertheless, because it was
impossible to quickly redo Tracy’s extensive optimization study, it was decided that the existing
sub-optimal TLP#1 design would be used as a basis for design where the concept would be
modified to arrive at a viable design.
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3.4 Modification of the TLP#1 and Final Redesign

Various possible modifications of the original design to overcome the design’s limitations and
resolve the increased pitch motion were assessed. These included changing the platform’s
inertias by changing ballast or its geometry, altering the stiffness of the tower and blades, or
increasing the mooring lines stiffness. Eventually, a change in the fairlead location—where the
mooring lines are attached to the platform—was found to be the most straightforward solution.
This solution was favorable because, in the modeling process, the spokes are assumed to be
massless. Except that the restoring in pitch is increased considerably, the extension of the spokes
does not change the hydrostatic and hydrodynamic properties of the platform and also does not
affect the NREL 5-MW baseline turbine properties. Regarding the input files for the FAST
model, only the fairlead and anchor locations and the tower mode shapes are affected by this
change and require recalculation in ADAMS.

In a parametric study, the necessary extension of the spokes length to satisfy the [(Fiuic) —
(3 O aynamic leeward and line tension)] > 0 KN condition was identified as 23 m (increased from originally
18 m). This value also matches a formula found in Demirbilek [7] to estimate the optimum
position for the fairlead connections. The equation states that the radius of the fairleads, that is,
the distance from the center of the platform to the connection point of the mooring line, should
be equal to or greater than the system’s radius of gyration Ry,

I,
w,sys&alm (26)

msys&a/m

7,

Fairleads

>R, =

Here [, ss¢am represents the turbine plus platform mass moment of inertia in pitch (including
inertia from added mass) around the system’s center of gravity and mysem & added-mass 1S the total
system mass plus the added mass in pitch. After choosing a length of 23 m for the new spokes,
new tower mode shapes were calculated and the modified FAST model assembled. Note that the
basic TLP#1 design before the modification was not optimal due to the flawed optimization
process, and that the extension of the spokes further changed the design. Therefore, no definite
statement can be made on the quality and degree of optimization of the investigated TLP.
Conversations with Sungho Lee from MIT, however, indicated that the modified TLP#1 still is a
viable design. He also pointed out that the critical spokes length would be approximately 30 m.

To verify the capabilities of the new design, a time-domain simulation with MIT’s reference
conditions was conducted. Confirming the parametric study, the lines stayed taut in this design.
To analyze the pitch motion, the platform’s RAOs were calculated. These show a maximum in
the pitch RAO exactly at the 1P rated wind-speed rotor frequency (illustrated in Figure 22) of

12rpm = 0.2 Hz = 1.2 @. In normal operation load cases, if the turbine spins at rated rotor
s

speed, this could pose severe resonance problems.
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Figure 22. Tension leg platform (23-m spokes) pitch RAO resonance

To resolve that problem, the spokes were extended to 27 m—which still is within a reasonable
range. Using the extended spokes, the RAO in pitch showed no coincidence with the 1P rotor
frequency After confirming the non-existence of resonance problems, the TLP with 27-m spokes
length was selected as the final model for the present TLP study. An illustration of the selected
TLP is provided in Figure 23.

Using the final model, a linearization in FAST with a subsequent eigenanalysis was performed to

obtain important natural frequencies. These are presented in Table 6 and the TLP’s Campbell
diagram is shown in Figure 24.

Table 6. Natural Frequencies of Redesigned (Final) TLP#1

Natural Natural
Mode Frequency [Hz] Mode Frequency [Hz]
Platform surge 0.0165 Platform roll 0.2229
Platform sway 0.0165 Platform pitch 0.2211
Platform heave 0.4375 Platform yaw 0.0972
Ist Tower S-S 0.5745 Ist Tower F-A 0.6311
2nd Tower S-S 3.1491 2nd Tower F-A 3.0578
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Figure 23. Tension leg platform with 27-m spokes (MIT/NREL TLP)
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Figure 24. Campbell diagram of final redesigned TLP#1 with 27-m spokes; MIT/NREL TLP

3.5 Model Verification—Frequency Domain Versus Time Domain

To verify the results from the FAST model, a comparison with a frequency-domain solution was
conducted. The commercial hydrodynamics code WAMIT has the capability of producing
frequency-domain results if the non-hydrodynamic mass, damping, and stiffness matrices of the
complete system (i.e., the turbine, the platform) are provided directly as inputs.

In WAMIT, the frequency-domain model calculates only the 6-DOF platform; the tower, blades,
and remainder of the turbine are considered rigid and are represented by mass, stiffness, and
damping matrices. To run WAMIT, these input matrices were obtained by linearizing a modified
FAST model. In this model only the platform’s 6 DOF are activated. The control system is
turned off, no waves are present, and the rotor is spinning at 12.1 rpm at a constant wind hub-
height wind speed of 11 m/s with no shear.

WAMIT automatically calculates the added-mass matrix. To obtain the WAMIT mass-matrix
input, the infinite-frequency limit added-mass matrix is subtracted from the linearized FAST
mass matrix. WAMIT also includes the hydrostatic restoring matrix by default; therefore the
stiffness matrix from the FAST linearization also must be corrected for that factor. It also is
important to exclude the gravity restoring terms in WAMIT. The simplest solution is to set the
center of gravity position in WAMIT to zero. Using these inputs, WAMIT can calculate the
response amplitude operators (RAO) for the 6 platform DOFs ({). The PDFs are computed based
on these RAO:s.
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A response amplitude operator represents the non-dimensional response of a system to a unit-
amplitude periodic incident wave at a given direction. It basically is the transfer function
between the wave amplitude and the platform displacements, depending on the wave frequency
and direction. A custom-programmed MATLAB script is used to compute probability density
functions from the RAOs. This is done by first calculating the standard deviation as shown in
Eq.27.

ol = J‘:(RAOf(a))fS(a))da), for £=1,2,3 o

ol = J.:(RAOé(a)))zS(a))rda), for E=4,5.6

Here, S(w) represents the Pierson-Moskowitz wave spectrum with ;= 10 m and 7, = 17.64 sec
Assuming a normal, Gaussian probability density function and using the mean displacements
(u¢) from the previous FAST calculation, the PDFs are obtained as shown in Eq. 28.
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These frequency-domain results are compared with the RAOs and PDFs calculated with FAST in
the time domain. In FAST the RAOs are obtained simply by running numerous simulations with
periodic, 1-m amplitude waves at different wave periods. After the transient effects have
disappeared, the amplitudes of the platform’s constant-amplitude surge, sway, heave, roll, pitch,
and yaw displacement oscillations are recorded for each selected wave period. The resulting
amplitudes at different wave periods are the RAOs for each platform DOF.

The PDFs are computed within MCrunch [4] using the outputs of aggregate standard deviations
(O'é) and mean displacements (u;) of 6 FAST simulations with all DOFs enabled, turbulent 11

m/s wind, stochastic waves, and an active control system.

Figure 25 presents four different RAO calculations. The black lines represent a FAST time-
domain simulation with the inputs described above (i.e., a model with every possible DOF). This
result is compared to the red lines, a WAMIT frequency-domain calculation. Additionally, to
illustrate the previously described error, the RAOs from Tracy’s flawed calculation are
represented by the green lines. The most evident differences are that the FAST RAO values have
higher maxima and the peaks are shifted towards smaller frequencies as compared to the
WAMIT results.

To imitate the frequency-domain approach in FAST, and thus verify the model by the
comparison to the frequency-domain results, the turbine also is simulated as a completely rigid
structure. This approach results in RAOs represented by the blue curves. These FAST-generated
RAOs resemble the WAMIT RAOs almost perfectly. Hence, the agreement of the RAOs
constitutes a code-by-code verification of the FAST model with the commercial WAMIT code.

The differences between the FAST model and the WAMIT model were determined to be due to
the turbine flexibility. The couplings between platform motions and the flexible tower and
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blades—which mostly are not captured in a typical frequency-domain approach—have a
significant influence on the results. Particularly the shift of the peaks to smaller frequencies in
the time domain could cause problems in a design process that relies on frequency-domain
simulations. A design which has no resonance problems in the frequency domain because all
RAO maxima are outside the resonance zone could fail in the time domain. This is because
down-shifting to smaller frequencies could move these maxima into the critical resonance
frequency ranges and cause severe resonance issues. In further simulations not included here, the
tower DOFs were identified to have the most significant impact on the shift for this TLP design.

RAO(1) RAOM)

0015 T T T

. . . .
—— RAO(1) Surge FAST e R ; :
=&~ RAD(1) Surge WAMIT ) :
RAGE) Surge MIT eeepee RAO() Roll FAST Rigid Turbine | |
urge T T T T i
e RAQ(T) Surge FAST Rigid Turbine 0o

0.005

o [rad/s] o [radfs]

RAQ(E)

RAO(R)

—— RAD(2) Sway FAST ; ; —w— RAQ(E) Pitch FAST
--&-= RAO[Z) Sway WAMIT : : 4 1
--&-= RAO(5) Pitch WAMIT
]
)

...... RAO(Z) & FAST Rigid Turb
‘b- C (2) way ‘\g\ ur! \‘ne R&OD(5) Pitch MIT :
[ RAQ(E) Pitch FAST Rigid Tutbine

0.08 4

T 006

0.04 -

nozr T

o [rad/z] o [radfs]

RAD(3) RAOE)

0.06

004

! [ ——Raom) vaw FasT
--d-1 ==€-= RAD(E] Vaw WAMT

': —— RAQ(3) Heave FAST M 005k
~=€r= RAD(3) Heave WAMIT
RAD(3) Heave MIT
[+ RAO(3) Heave FAST Rigid Turbine

0035 -

003 -

[

0.04 -+

0.025 -

o= 002 003

0.015 |- -

001 -
0005 0.01 4

o [rad/s] o [radfs]

Figure 25. Tension leg platform RAOs for 23-m spokes

After identifying the source of the discrepancies, the RAOs for the two different spokes lengths
were compared. Figure 26 shows the results from the fully flexible FAST model and the
WAMIT model. Again, the shift to smaller frequencies and the higher maxima can be observed.
The figure shows that the further increase in the TLP’s spokes length results in reduced RAOs,
therefore the platform is less susceptible to excessive motions, especially in pitch.
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Figure 26. Tension leg platform RAOs for 23-m and 27-m spokes

In addition to the deviations in the RAOs, the PDFs also show significant differences between
time-domain and frequency-domain simulations. Figure 27 presents the PDF results from the
fully flexible FAST model and the WAMIT model. In surge, heave, and pitch the time-domain
and frequency-domain results are similar. The PDFs have the same means and approximately the
same standard deviation. In contrast, the PDFs for the platform’s sway, roll, and yaw motion
differ considerably. The WAMIT solutions have a much smaller standard deviation and therefore
have highly increased peak PDF values, but the means remain the same. In this simulation,
waves are proceeding in downwind direction along the turbine’s surge direction (x-axis). The
frequency-domain model is based on a linearized 6-DOF floating-turbine model, so the sway,
roll, and yaw modes are not excited by the incoming wind and waves. Except the rotor
gyroscopic effects, most couplings between the platform and the turbine are not captured in the
frequency domain. The PDFs therefore show a very small standard deviation around the mean.
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Figure 27. Tension leg platform PDFs for 23-m and 27-m spokes

3.6 Conclusion

Frequency-domain results for RAOs and PDFs were obtained with WAMIT, which has the
capability to produce RAOs. To compare the results with the time domain, FAST was used to
also calculate RAOs. Using the RAO results, PDFs were calculated for both frequency domain
and time domain and compared to each other. These comparisons showed significant but
explainable differences between the frequency-domain and time-domain simulation results. The
most interesting result from the RAO comparison is that the maximum values in the time domain
of the curves generally were shifted towards lower frequencies. That could mean that a model
performing well in the frequency domain could run into critical resonance issues in the time
domain. The PDFs showed that, in general, the standard deviations of the frequency-domain
results were much smaller (and the peaks higher) because nonlinearities were neglected. In future
frequency-domain design processes, these findings should be considered carefully. It is
suggested that at least one tower fore-aft DOF should be added to the frequency-domain model
to account for the errors.
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4 Loads Analysis of Tension Leg Platform

Using the final FAST TLP model, multiple simulations of selected design load cases from the
IEC 61400-3 standard [8] were defined and run. The steps performed in the study to complete
the analysis are listed below.

¢ Ran series of time-domain simulations with the TLP model and analyzed the loads on the
turbine

e Identified critical design load cases

e Investigated critical design load cases

e Analyzed statistics, extreme event tables, and fatigue loads
e Identified and analyzed instabilities

e Compared results to land-based system

41 Design Load Cases

The IEC 61400-3 standard prescribes running numerous design load cases to verify the structural
integrity of an offshore wind turbine design. The results from each DLC are combined and
analyzed to determine the extreme (ultimate) and fatigue loads expected over the lifetime of the
turbine. Loads on each primary component of the turbine including the blades, tower, nacelle,
drivetrain, and mooring system are examined. The DLCs in the IEC standard cover design-
driving situations such as normal operation, start-up and shut-down events, and parked and idling
states, combined with various sea and wind conditions and possible fault scenarios. Overall, the
standard describes eight different design situations with sub-DLCs in each category dealing with
ultimate or fatigue loads and covering different wind and wave conditions.

Only a subset of these DLCs is selected for the loads analysis of the TLP. First, DLCs 8.x, which
define transport, assembly, maintenance, and repair situations are discarded because they are not
considered in this study. The baseline control system routine does not include logic for start-up
and shutdown events, so DLCs 3.x, 4.x—and 5.x, defining start-up, normal shutdown, and
emergency shutdown situations—also are omitted. For fatigue analysis, only DLC 1.2 is
selected. As described in more detail in Section 4.3, DLC 1.1 and DLC 1.2 are equivalent within
this report’s loads analysis. The remaining DLCs simulated in the present study are:

e Power Production: 1.1 (1.2), 1.3, 1.4, 1.5, 1.6a;
e Power Production and Fault: 2.1, 2.3;

e Parked: 6.1a, 6.2a, 6.3a; and

e Parked and Fault: 7.1a.

The standard defines the minimum length of each simulation used in each DLC and also requires
performance of more than one simulation for each pair of turbulent wind and stochastic wave
conditions. To reduce the number of simulations, wind and wave random seeds are combined.
Instead of running » different wave seeds for each wind condition and vice versa—thus resulting
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in n” simulations—only # seeds for each pair of wind and wave conditions are used, reducing the
numbers of simulations to n.

For the loads analysis of the TLP the selected load cases are divided into three groups. The first
group represents normal operation results from DLCs 1.1, 1.3, 1.4, and 1.5. The wind turbine is
in normal operation in a normal sea state with varying wind conditions at or below rated wind
speed. The second group represents the previous DLCs 1.1, 1.3, 1.4, and 1.5, and includes the
normal operation DLC in an extreme sea state 1.6a, DLC 2.3, and DLC 6.1a. The latter two
consider faults in normal operation and extreme 1-year or 50-year events with the turbine idling,
but still generate no instabilities. The last group consists of DLCs in which the model failed or
violated simulation constraints due to instabilities, or the results were unreasonable. This group
consisted of DLCs 2.1, 6.2a, 6.3a, and 7.1a. For this group, no extreme event results are
presented but each identified instability is discussed in detail. Results from groups one and two
are compared to the land-based NREL 5-MW baseline wind turbine to correlate the
performances, identify the major differences, and draw conclusions on the viability of the
investigated TLP design. Overall, more than 2,000 single simulations—ranging from 60 sec to
3,600 sec simulation time—were performed and generated more than 100 GB of data.

Table 7 shows details on wind and wave conditions and the applied partial safety factors for each
DLC. Table 8 presents the definitions of the abbreviations of the utilized wind and wave models.
Note that the expected wave height Hy = E[H; | V] in Table 7 at a wind speed [V also
determines the range of the associated peak spectral wave periods (7),). Here, for each expected
wave height (H,), a set of three peak spectral wave periods (7)) is used uniformly distributed
over the associated wave period range. For further information on the DLC definitions refer to
IEC 61400-3 [8] and Jonkman [18].

Table 7. Selected IEC 61400-3 Design Load Cases

Wind Conditions Wave Conditions
DLC | Model | Wind Speed Model| Wave Height | Direction Events PSF
1.x Power Production
1.1 NTM (Vi < Vi < Vou NSS |H,=E[H, | Vgs] |p=0° Normal operation 125-1.2
1.3 ETM |V <V < Vou NSS |H,=E[H, | Vgs] |p=0° Normal operation 1.35
1.4 ECD V. =V 42 m NSS |H,=E[H, | Vgs] |f=0° Normal operation 135
s
1.5 EWS | Vii < Vs < Vou NSS |Hy=E[H, | Vsl |[f=0° Normal operation 1.35
1.6a [NTM |V, <Vuw <Vou ESS |H,=1.09 -Hs, |f=0° Normal operation 1.35
2.x Power production plus occurrence of fault
2.1 NTM | Vi, < Vi < Vou NSS |H,=E[H,|Vgs] |f=0° Pitch runaway 1.35
2.3 EOG v, =V izﬂ’VOm NSS |Hy=E[H; | V] |f=0° Loss of load 11
S
6.x Parked (standing still or idling)
6.1a |EWM |V, =095 Vs, ESS |H,=1.09-Hs, |f=0°%30°|Yaw=0° +8° 1.35
6.2a |EWM |V, -0.95- Vs ESS |H,=1.09-Hs, |f=0°%30°|-180° < Yaw < 180° 1.1
6.3a |EWM |V, -0.95-V, ESS |H,=1.09" - H, £ =0°%30° | Yaw = 0°, £ 20° 1.35
7.x Parked and fault condition
7.1a |EWM |V, -0.95-V, ESS |H,=1.09 - Hy L=0°+30°|Yaw=0°, £ 8&° 11
1 seized blade )

47



Table 8. Design Load Case Abbreviations

Abbreviation | Definition
ECD Extreme coherent gust with direction change
EOG Extreme operating gust
ESS Extreme sea state
ETM Extreme turbulence model
EWM Turbulent extreme wind model
EWS Extreme wind shear
NSS Normal sea state
NTM Normal turbulence model
Vb Hub-height wind speed averaged over simulation time
V150 1-year, 50-year extreme wind speed over 10min
H.oiso 1-year, 50-year extreme signiﬁgant wave height,
o based on a 3-hour reference period
E[H| Vi) | Expected significant wave height at Vi,

4.2 Ultimate Loads and Deflections in Normal Operation

This section focuses on the dynamic response—the time series’ statistics and the extreme events
of the TLP in normal operation mode when the turbine is operating in a normal sea state with
varying wind conditions at or below rated wind speed. For this group—composed of DLCs 1.1,
1.3, 1.4, and 1.5—all simulations yielded reasonable results and no simulation failed. The TLP
statistics and extreme loads and deflections are compared to results of the equivalent land-based
turbine in normal operation. This set was grouped for consistency with the ITI Barge anlysis of
Jonkman [18].

4.2.1 Dynamic Response of Tension Leg Platform

To characterize the dynamic response of the wind turbine in normal operation, statistical data
from the first group of DLCs was analyzed. Figure 28 shows the minimum, mean, and maximum
values from each simulation in DLC 1.1 for eight important output parameters. The partial safety
factors are not applied to these values. The dots and the lines represent the mean values, the
maximum values are represented by upward-pointing triangles, and the minimum values are
indicated using downward-pointing triangles. Each graph—except the first for platform pitch—
contains data from the land-based system (displayed in green) and data from the offshore TLP
system (displayed in blue). Both systems use the exact same controller, therefore the values for
generator power, rotor speed, and rotor torque differ only very slightly.

The rotor speed mean values increase linearly with mean hub-height wind speed from cut-in:
(3.0 m/s) to just below rated wind speed: (11.4 m/s). This increase keeps the tip-speed ratio
constant, and ensures that the blades operate at the optimal lift-to-drag coefficient and that the
system maintains optimal wind power conversion efficiency. Above rated speed, the rotor speed
is held constant with active pitch control. Similarly, the generator power and the rotor torque
increase below rated wind speed and maintain a constant value above rated wind speed.
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The out-of-plane tip deflection and the root bending moment of blade 1 show an increase below
rated wind speed and a decrease above the rated operating point. This behavior is characteristic
of any active-pitch-to-feather controlled wind turbine, because the thrust reaches maximum at
rated wind speed and drops due to active blade pitch action above rated wind speed. Therefore
the maximum force on the blades is reached at the turbine’s rated operating point.
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Figure 28. Statistics from DLC 1.1 simulations

The figures show that the differences between the TLP and the land-based turbine again are
small, with a slightly greater tip deflection and root bending moment for the offshore system.
These excursions increase with greater wind speeds, because a greater wind speed is reflected in
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greater wave amplitudes and, therefore, increased surge and pitch motion of the TLP. Increased
excursions in pitch with increasing wave height are shown in the upper-left graph in Figure 28.
Because the pitch amplitude never exceeds 1 degree, even at the highest wind speed, the
deviation between land and TLP systems is relatively small. This also is valid for the tower-top
fore-aft displacements and bending moments, where an increasing deviation between the onshore
and offshore system is shown. Compared to the blades, the tower’s fore-aft motions are
responding more sensitively to the increased surge and pitch motion of the offshore system
because of the inverted-pendulum effect. This effect originates from the comparatively high
inertia at the tower top and its great distance to the system’s pivot point near the bottom of the
platform. At the greatest wind speed, the excursions for the land-based tower fore-aft
displacement and bending moment roughly are doubled for the TLP, as compared with the mere
10% increase in the blade deflection and bending moment.

Overall, the differences between the TLP and the land-based machine are moderate. The main
effect derived from the statistics to be considered in a design process are the increased stresses
on the tower, which might need to be strengthened to withstand the increased loads. Design load
case 1.3 is not shown here but exhibits very similar behavior. For DLCs 1.4 and 1.5, the
excursions become much greater because these DLCs dominate most of the extreme loads in
normal operation. More detail on these DLCs is given in the following section.

4.2.2 Extreme Events
Table 9. Extreme Events for the Blade 1 Root Moments—Tension Leg Platform
RootMxcl RootMycl RootMzcl Time

Parameter Type File [kN-m] [kN-m] [kN'm] [s]

RootMxcl Min DLCI1.1_0187_Sea_24.0V0_05.5Hs_12.7Tp_S03.out -7.23E3 -1.30E3 -1.54E2 5.94E2
RootMxcl Max DLC1.3_0183_Sea 24.0V0_05.5Hs_18.3Tp_SOl.out 1.15E4 1.18E4 -9.19E1 5.66E2
RootMycl Min DLC1.4 0099 _Sea ECD-R+20_02.7Hs_16.4Tp_S03.out 2.15E3 -9.55E3 -1.86E2 6.92E1
RootMycl Max DLC1.4_0028_Sea ECD+R_02.4Hs_09.2Tp_S04.out 7.64E2 2.63E4 9.98E1 7.88E1
RootMzcl Min DLC1.4_0037_Sea ECD+R+20_02.7Hs_08.9Tp_SOl.out -1.26E3 -6.44E3 -3.57E2 8.13E1
RootMzcl Max DLC1.3_0112_Sea 16.0V0_03.4Hs_10.1Tp_S02.out -2.21E3 1.97E4 2.07E2 1.14E2

Table 10. Extreme Events for the Tower-Base Moments—Tension Leg Platform

TwrBsMxt TwrBsMyt TwrBsMzt  Time

Parameter Type File [kN-m] [kN-m] [kN'm] [s]

TwrBsMxt Min DLC1.3_0187_Sea 24.0V0_05.5Hs_12.7Tp_S03.out -4.16E4 2.17E4 -7.16E3 2.80E2
TwrBsMxt Max DLCI.1_0190_Sea_24.0V0_05.5Hs_12.7Tp_S04.out 5.11E4 1.55E4 -2.57E3 6.04E2
TwrBsMyt Min DLC1.3_0169_Sea 22.0V0_04.7Hs_11.0Tp_S03.out 3.09E3 -9.73E4 -2.18E3 8.16E1
TwrBsMyt Max DLCI.1_0124_Sea_16.0V0_03.4Hs_10.1Tp_S06.out 4.61E3 1.91ES 6.74E2 9.10E1
TwrBsMzt Min DLC1.3_0189_Sea 24.0V0_05.5Hs_18.3Tp_S03.out 1.27E4 -2.72E3 -1.39E4 2.77E2
TwrBsMzt Max DLCI1.4_0081_Sea ECD-R_02.4Hs_17.6Tp_S03.out -2.84E3 1.28E5 1.28E4 7.78E1

The ultimate loads on the turbine were assessed by analyzing the Crunch-generated extreme
event tables. Table 9 and Table 10 show two exemplary extreme event tables for the TLP, Table
9 for the root moments in blade 1 and Table 10 for the tower-base moments. Overall, 32 extreme
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event tables have been generated for the floating platform, displaying all significant loads on the
turbine, platform, and mooring system. These can be found in Appendix A.l. Each table’s first
columns contain a group of similar output parameters, representing certain internal loads such as
blade or tower moments, mooring line tensions, and nacelle accelerations. The second and third
columns give information on the type (minimum or maximum) and the specific load case
filename for the extreme event. The filenames list the DLC, the simulation number, the land or
sea basis, the hub-height wind speed, the significant wave height and peak spectral wave period,
and the random seed identifier. The final columns show the minimum and maximum magnitudes
of the extreme loads (the shaded values on the diagonal) with the last column containing the
exact simulation time at which the particular extreme event occurred. All extreme loads
presented in the extreme event tables are weighted with their associated PSFs according to Table
7.

Note that the loads presented in the extreme event tablesare recorded at the connections of the
multi-body representations of the particular elements. They do not provide exact data on detailed
stress distributions and possible stress peak values in the actual structural element; obtaining this
data requires additional finite element analysis. The coordinate systems used in the extreme
event tables are according to FAST’s internal conventions, which are found in FAST’s user
manual [19], and for the platform and mooring system described in Jonkman [18]. The
examination of the extreme event tables for normal operation DLCs shows that no particular load
case is dominating the loads. No single DLC simulation produces more than 15 minima or
maxima in the output parameters, which means there cannot be one single design-driving load
case simulation identified. Therefore particular loads, which are considered most important and
design driving, are analyzed in more detail (rather than examining each of the 92 distinct
simulations which caused minimum or maximum values). The output parameter names and
definitions are listed below.

e “WindVxi” represents the instantaneous wind speed component in x-direction

e “WaveElev” represents the instantaneous wave elevation relative to the still water level
(SWL)

e “BIldPitch3’’ represents the instantaneous pitch angle of blade 3

e “Azimuth” represents the instantaneous rotor azimuth angle of blade 1, clockwise
positively from the positive z-direction when looking downwind

e “RotSpeed” represents the instantaneous rotational speed of the rotor
e “OoPDefl3” represents the instantaneous out-of-plane deflection of blade 3

e “PtfmRoll, PtfmPitch, PtfmYaw” represent the instantaneous roll, yaw, and pitch angles
of the platform

o “PtfmSurge, PtfmSway, PtfmHeave” represent the instantaneous surge, sway, and heave
displacements of the platform

e “RootMMxy3” represents the instantaneous combined root bending moment of blade 3
around the blade’s x-axis and y-axis

e “AnchlTen” represents the instantaneous line tension at the leeward anchor 1
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All simulations in normal operation mode use the NSS wave model, therefore the simulated
wave conditions for each DLC are essentially equal. The highest wave peak and, respectively,
lowest wave trough values recorded occurred in DLC 1.5 with approximately +5 m, that is a
possible maximum of 10 m absolute wave height.

Wind speed, the other significant environmental parameter for an offshore wind turbine, reaches
its instantaneous maximum during an extreme turbulence in DLC 1.3 with 38 m/s in downwind
x-direction. As described in the previous section, due to active pitch control (pitching between
0° <6, <29.6°) the excursions in generator torque and power and rotor speed above the rated
values are relatively small, with 5.34 MW as maximum generator power, 4.8 kNm torque and a
maximum rotor speed of 14.6 m/s. These maximum excursions occur in DLC 1.3 and 1.4
simulations, and do not trigger any other significant extreme loads.

One design-driving parameter for a wind turbine during normal operation is the out-of-plane
maximum blade deflection and the associated minimum tower clearance and maximum blade
root moment. The maximum blade deflections for each blade occur solely in DLC 1.4 after
extreme coherent gusts with direction changes. Figure 29 shows time series results from the
DLC 1.4 simulations 88 and 106.
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Figure 29. Histories from TLP DLC 1.4 simulations 88 and 106

The maximum blade deflection appears for blade 3 in simulation 88 at a time of 78 sec. This
point in time is highlighted by the vertical solid line. Simulation 106 is plotted to illustrate why,
compared to simulation 88, the 2 m/s higher constant wind speed and gust speed in simulation
106 does not yield the highest deflection as initially could be suspected.

Understanding this behavior requires looking at the blade pitch angle and the azimuth. For
simulation 88, at the instant when the maximum deflection of 12.4 m is reached the pitch angle is
0° and the azimuth is 220°. That means blade 3 is facing flat into the wind at a azimuth position
Q = 220° — 120° = 100° measured clockwise from the rotor top. At the same time, the wind
direction has changed 54° to the left (when looking downwind) and the turbine has yawed 5°.
The highest lift coefficient on the blade’s airfoil then is reached because it is not pitched, and at
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an azimuth position of about 90°, where the resultant velocity vector on the airfoil reaches its
maximum. This maximum in the blade’s lift generates the maximum deflection. In contrast, the
pitch of blade 3 in simulation 106 never drops to zero, therefore it more than compensates for the
increased lift due to the greater wind speed.
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Figure 30. Time histories from TLP DLC 1.5 simulation 583

In summary, the maximum blade deflection and blade root moment are only triggered by the
wind gust; the effect of the waves is negligible for the TLP. That result is coherent with the
onshore turbine but can be different for other floating concepts, where the pitch motion due to
incident-waves can dominate the extreme event for blade deflection. Design load case 1.4 also
dominates most maxima for sway, yaw and roll displacements, forces, and moments because of
the extreme gust with a direction change. Simulation 774 of DLC 1.5 has maximum platform
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surge displacement which causes a minimum in heave, because the platform acts like a four-bar-
linkage (parallelogram); therefore a displacement in surge is associated with a decrease in heave.
The maximum tower-base bending moment occurs in DLC 1.1, where a blade pitch angle of 0°
at rated wind speed results in a great thrust load on the rotor and a maximum bending moment at
the tower base. Maxima in fore-aft top displacement and nacelle acceleration occur in DLC 1.3
simulations with high turbulence.

The most important criteria for avoiding failure of a TLP is that the mooring line tensions never
drop to zero. When one or more lines go slack and then suddenly regain tension, the instant peak
stresses on these lines, the anchors, and the fairleads are extensive and the lines are prone to
snap. As explained in a previous section, the pitch motion of the TLP is most critical for the line
tensions, with the leeward line tension being the most susceptible to going slack. Figure 30
shows DLC 1.5 simulation 583, in which—beginning at a time of 60 sec and lasting until 72 sec
into the simulation—a considerably large wave (9 m crest to trough) hits the TLP. At 2 sec after
the peak of the wave has passed the TLP, the pitch displacement reaches a local minimum of
-0.48°. Following that event, the TLP pitches back in the other direction, and 2 sec after the
trough of the large wave (—4.89 m, a global minimum for all normal operation DLCs) has passed
the platform, it pitches to its maximum displacement of 0.68°. This large pitch motion causes the
leeward line tension to drop to 646 kN, the minimum line tension value for all normal operation
simulations. This result proves that the TLP design is viable in normal operation.

The complete extreme event tables for the TLP in normal operation are presented in Appendix A.
The following section compares selected extreme events from the TLP to the land-based
system’s extreme events.

4.2.3 Ultimate Load Ratios of Tension Leg Platform

Figure 31 compares various output parameter extremes from the TLP and the land-based turbine.
The bar charts present the ratios of the TLP extreme loads divided by the land-based extreme
loads. A ratio of 1, for example, implies that the loads are unchanged compared to the land based
system, and a ratio that is greater or less than 1 indicates that the loads have increased or
decreased. These ratios provide a basis to estimate the impact on structural loads of placing a
wind turbine on a floating TLP in an offshore environment. Based on this data, necessary
changes to the land-based turbine design, such as strengthening of the tower base, can be esti-
mated. With these results a detailed cost analysis is possible, but is out of the scope of this work.

Frequently throughout this work, ratio charts equivalent to the chart in Figure 31 are presented.
Therefore a short description of the various parameters from the FAST User Guide [19] will be
given here. For convenience some previously described parameters will be repeated:

Generator Output Parameters
e “GenPwr” represents the instantaneous electrical generator power

e “GenTq” represents the instantaneous electrical generator torque
e “GenSpeed” represents the instantaneous angular speed of the HSS and generator

e “RotSpeed” represents the instantaneous rotor azimuth angular speed
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Rotor and Low Speed Shaft Output Parameters
e “RotThrust” represents the instantaneous rotor thrust force

e “LSSGagFMyz” represents the instantaneous total rotating LSS shear force (this is
constant along the shaft)

e “RotTorq” represents the instantaneous rotor torque (this is constant along the shaft and
is equivalent to the LSS torque)

o “LSSGagMMyz” represents the instantaneous total rotating LSS bending moment at the
shaft tip

Blade Root Forces and Moments Output Parameters
e “RootFMxyl” represents the instantaneous Blade 1 total shear force at the blade root

e “RootFzcl” represents the instantaneous Blade 1 axial force at the blade root

e “RootMMxy1” represents the instantaneous Blade 1 total bending moment at the blade
root

e “RootMzcl” represents the instantaneous Blade 1 pitching moment at the blade root

Blade Tip and Tower Top Deflections Output Parameters

e  “OoPDefll” represents the instantaneous Blade 1 out-of-plane tip deflection (relative to
the pitch axis)

e “IPDefll” represents the instantaneous Blade 1 in-plane tip deflection (relative to the
pitch axis)

o “TTDspFA” represents the instantaneous Tower-top / yaw bearing fore-aft
(translational) deflection (relative to the undeflected position)

o “TTDspSS” represents the instantaneous Tower-top / yaw bearing side-to-side
(translational) deflection (relative to the undeflected position)

Tower Base Forces and Moments Output Parameters
o “TwrBsFMxy” represents the instantaneous total tower base shear force

o “TwrBsFzt” represents the instantaneous tower base axial force
o “TwrBsMMxy” represents the instantaneous total tower base bending moment
o “TwrBsMzt” represents the instantaneous tower base torsional moment

Yaw Bearing Forces and Moments Output Parameters
o “YawBrFMxy” represents the instantaneous total non-rotating (with nacelle) tower-top /
yaw bearing shear force
e “YawBrFzp” represents the instantaneous tower-top / yaw bearing axial force

56



e “YawBrMMxy” represents the instantaneous total nonrotating tower-top / yaw bearing
bending moment

e _YawBrMzp*“ represents the instantaneous tower-top / yaw bearing yaw moment
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Figure 31. Ratios of TLP to land-based loads from normal operation DLCs

The chart in the upper-left corner of Figure 31 presents ratios of the generator’s properties:
Generator power, generator torque, generator speed, and rotor speed. The TLP ratios are close to
unity because the variable-speed active pitch control system is identical to the onshore control
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system. Increased surge and pitch motions generating oscillations in wind inflow nevertheless
cause slight excursions in rotor and generator speed. Therefore ratios are not exactly 1, but are a
negligible 1% greater. The wind inflow oscillations (and rotor inertia effects) also cause the rotor
thrust and torque to be 5% to 10% greater than for the land-based machine, as illustrated in the
upper-right chart of Figure 31. This also leads to increased moments in the low-speed shaft. The
chart in the middle-left presents ratios of blade 1 root forces and moments. Platform pitch, roll,
and yaw motions resulting in changed inflow increase the combined flap and edgewise blade-
root bending moment by 13%, and the moment in twist around the blade’s local z-axis is
increased up to 27%. The chart in the middle-right position presents ratios for the out-of-plane
and in-plane deflections of blade 1 and ratios of the tower top fore-aft and side-to-side
displacements. Although the blade in-plane deflection is inreased by only a mere 0.4%, the out-
of-plane blade deflection increases by 16%, primarily caused by platform pitch motions. The
tower top is displaced 18% and 19% more than on the land-based system, again because of the
wave-induced platform motions. The same effect is responsible for the greater than 1 ratios in the
two charts at the bottom of Figure 31; tower-base forces and moments are increased by up to
25% and yaw bearing forces and moments by up to 20%. Here, greater platform heave motion
caused the increased forces and moments in the turbine’s loads in global z-direction.

Further assessment is required to fully evaluate and explain the implications of these calculated
(maximal) 20% to 25% increased blade and tower loads. Partial safety factors for floating
offshore wind turbine components, which are not yet standardized, will be significant as will
fatigue-life calculations. As a first estimate, these numbers show the increases in turbine loads
for this particular TLP design to be only moderate, therefore modified existing onshore turbines
can be used instead of new wind turbines specifically designed for floating purposes.

4.3 Fatigue Loads

4.3.1 Fatigue Loads Analysis Overview

The design of most wind turbine components is not governed by ultimate loads but by fatigue
loads. The rotation of the rotor, aerodynamic turbulence, and partial gusts cause up to 10° load
alternations [20] in the typical 20-year lifetime of a turbine. Due to additional hydrodynamic
loads, this number is presumably even greater for floating turbines. Because of the importance of
fatigue loads and due to inconsistencies among different commonly used fatigue load calculation
schemes, an overview of the method used in this report is given here.

The fatigue calculations performed in this analysis are according to Annex G of the IEC-61400-1
design standard [9], including modifications from the offshore IEC-61400-3 design standard to
incorporate fatigue from waves. The guidelines given in the standards have been modified to be
applicable to the simulation data of the present study. Design standard IEC-61400-3 originally
demanded that, in addition to the normal operation DLC 1.1, an additional normal operation
fatigue DLC 1.2 be simulated. The only major difference between DLC 1.1 and 1.2 is that, in
addition to simulations at the expected significant wave height and associated wave peak,
spectral periods at every considered wind speed in DLC 1.1, a wider range of possible wave
heights and wave periods should be considered in DLC 1.2. The standard states that the selected
number and resolution of the normal sea states must be sufficient to account for fatigue damage.
Significant wave height, peak spectral period, and wave direction for each normal sea state at
considered wind speeds should be based on the long-term joint probability distribution of
metocean parameters.
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In terms of the fatigue calculation, this means that the data not only must be binned regarding
wind speed and load mean but also regarding significant wave height and peak spectral period.
For the basic study presented in this report, this three-dimensional approach has been simplified
to one dimension. For each wind speed, only the associated expected wave height and its median
peak spectral period is used in the fatigue calculation.

For simulations at the exemplary wind speed 4 m/s with an expected wave height of 1.6 m, only
the simulations at the median peak spectral period of 12.7 sec are used, disregarding the upper
and lower periods of 8.9 sec and 16.4 sec. This data can be extracted from DLC 1.1, therefore no
additional load case simulations for DLC 1.2 were performed in FAST. Both DLCs are
equivalent and only the post-processing and the PSFs used are different.

4.3.2 Fatigue Loads Calculation Scheme
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Figure 32. Fatigue calculation scheme

Figure 32 illustrates the procedure performed for this fatigue calculation. First the time series of
DLC 1.1 FAST simulations at different wind speeds at the associated expected significant wave
height are selected, only regarding the simulations with the median peak spectral period for each
expected wave height. That means that, from the original 198 DLC 1.1 simulations, only one
third (66 simulations) is utilized in the DLC 1.2 fatigue analysis. The 66 simulations represent
each of the 11 wind speed bins which are equally distributed over the range of from 4 m/s to
24 m/s. Every wind speed is simulated with 6 different seeds, which results in6l¥ 66
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simulations. For the fatigue analysis, the load means of the cycles cannot be neglected and
therefore all load ranges L are transformed to load ranges L; at a fixed mean [26].

LUlt_|LMF|

= L) with | L (<< L (29)
L - | Ll |

LY and LM ; represent the ultimate load and the 1-th load mean bin. The fixed load mean LM s
calculated as the mean load at each output parameter of all time series, with the means weighted
according to the Rayleigh probability at the associated wind speed. With these fixed means, for

all time series for each fatigue-relevant output parameter the numbers of short-term (ST) load

cycles 3" (L, L") at each wind speed bin j and load range bin & at a fixed load mean are

obtained using the rainflow counting algorithm according to the ASTM standard [2]. Then the
lifetime cycles of the output parameters can be calculated as shown in Eq. 30.

Life _ T v STF
Ny = 757 Pl ) (30)
j

Here, - represents the total design lifetime (20 years in the present study), TjST is the time of a
single 10-min simulation at wind speed j, and p;/ is the Rayleigh probability at wind speed ;.

The final result—the total lifetime damage (DLife) of each output parameter—is computed as
shown in Eq. 31.

Life

D =ZZ';—@ 31)
J ok k

With N, representing the number of cycles to failure (Eq. 32). Here the factor 0.5 is used to

convert L, | representing a load range (peak-to-peak), to a load amplitude.

LUlt_|LMF|
NI =(———)" 32
Life

A lifetime damage D™’ = 1 means that the component likely will experience fatigue failure at a
design lifetime of 20 years. Values that are less than unity indicate a component lifetime shorter
than the system’s planned lifetime.

Figure 33 presents the number of lifetime cycles nf,ffe at the j — th wind speed bin versus the

k—th load range L. at fixed mean, exemplary for the OC3-Hywind’s blade root bending
moment range along the x-axis. Each of the 66 simulations is represented by one curve.
Additionally, the upper red line represents the total number of lifetime cycles to failure N, . The

color of the lifetime cycles curves represent the wind speeds; low wind speeds are shown in blue,
medium speeds in green and yellow, and high wind speeds in red. Characteristic for the
presented in-plane blade root bending moment is the peak approximately 7,000 kNm, which is
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the load range due to the in-plane moment caused by the blade weight of 17,740 kg, acting on the
blade CM location at 20.274 m.

M, =+17,740kg -9.812--20.274m = +3,563kNm
S

At greater wind speeds and associated greater rotor speeds, this peak is less pronounced and
more spread out because of the increasing influence of the centrifugal forces (and because the
wind speed probability p;* is smaller at higher wind speeds). These types of diagrams were
created for all important fatigue output parameters for all concepts, and were used to confirm the
validity of the fatigue calculations.
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Figure 33. Lifetime cycles for each simulation and lifetime cycles to failure versus load ranges at
fixed mean for the OC3-Hywind blade root bending moment load range along the x-axis

In addition to lifetime damages (D*) often damage equivalent loads (DEL) are used to

characterize fatigue loads for wind turbines. A DEL essentially is the constant load applied over
the lifetime of the turbine which causes the same accumulated damage as caused by the
stochastic loads from the DLC simulations over the turbine’s lifetime. The DEL, rendered using
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the lifetime damage from Eq. 31, is as shown in Eq. 33, with the number of equivalent lifetime
cycles determined as shown in Eq. 34.

. prire L
DELsze — 2(LUlt_ | LMF D(W)m (33)
- J
Life Tufe V. ST
= Py, (34)
J

Here, nfT “? (=600 in the presented calculation) is the number of DEL cycle counts in the j — th

wind speed bin over the short-term, single simulation time T_].ST (=600s in the presented

calculation). For design purposes, the DEL provides different information than the lifetime
damage value and therefore often is preferred as a measurement for fatigue loads. The scheme
presented here has been implemented into the post-processor MCrunch which was used in the
subsequent analysis.

4.3.3 Ultimate Strength and S/N Curve Slopes

The selected output parameters are bending moments at the tower root, the blade root, the tower
top yaw bearing, and the shaft. Following suggestions from Sutherland [30] the load range bin
size for each parameter of DLC 1.2 was chosen such that at least 50 bins were within the
maximum occurring load range. No data on the component ultimate strength (L") of the
components of NREL’s 5-MW baseline turbine is available; therefore, it is assumed that the
component’s ultimate strength can be obtained by multiplying the extreme loads of the land-
based turbine (with safety factors included) occurring in the normal operation DLCs 1.1, 1.3, 1.4,
and 1.5 with a so-called ultimate load factor (ULF). The other uncertain factor in the fatigue
analysis is the S/N (stress/number of cycles to failure) curve slope m, a material-dependent
factor. Commonly, values of m = 3 for steel and m = 10 for composite materials are chosen. In
more-detailed fatigue analyses, however, segmented S/N curves with different slopes for
different load ranges are used. These segmented curves approximate the material’s real behavior
more accurately. At the time the present analysis was performed this option was not supported by
the post-processor MCrunch, therefore a range of S/N slopes was chosen.

A parametric study for all concepts was conducted to analyze the effect of various m and ULF.
Figure 34 shows this comparison of various m and ULF values for DELs of tower base fore-aft
bending moment. Here m was varied from m = 3, 4, 5 for the steel components of the tower and
LSS and m =8, 10, 12 for the composite blades. The ULF variation comprised ULF = 1.25, 2.5,
5, 10, 20. Note that for the ITI Energy barge the ULF of 1.25 and 2.5 resulted in failure of the
fatigue calculation because the land-based system’s ultimate loads with these factors were less
than the actual maximum loads from the ITI barge time series. Therefore results for these two
lower ULFs have been excluded. The parametric study shows that the particular ULF selected
has only a minor effect for low ULFs and approaches an asymptotic DEL value for ULFs greater
than 10. In contrast, the different m slopes have an effect which is not negligible. The same
behavior could be identified in diagrams for all investigated output parameters and for lifetime
damages as well. After a review of these results and discussions with fatigue analysis experts,
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ULF = 20 has been chosen for all components, because the results change only slightly for
different factors. By using ULF = 20, the problems with the ITI Energy barge for low ULFs also
are resolved. As the S/N slope m has a much larger effect and no segmented S/N curve could be
implemented, lifetime damage and DEL ratios for a range of m values is presented.
Summarizing, the final factors chosen for the S/N curve slopes m and the ULF for the four
investigated turbine parameters are presented in Table 11.
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Figure 34. Comparison of various m and ULF values for DELs of tower base fore-aft
bending moment

Table 11. Ultimate Load Factors and S/N Slopes

Component | Ultimate Load Factor (ULF) S/N Slopes (m)
Tower base 20 3,4,5
Tower top yaw bearing 20 3,4,5
Blades 20 8,10, 12
Low-speed shaft 20 3,4,5
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4.3.4 Fatigue Load Ratios of Tension Leg Platform for Design Load Case 1.2
Figure 35 presents the fatigue lifetime ratios for the tension leg platform floating wind-turbine
concept. The ratios represent the quotient of the lifetimes of the TLP and the land-based system’s
lifetimes, with a ratio of 1 representing the exact same lifetime as the land-based machine. A
value of less than 1 means that the lifetime of the floating system is less than for the land-based
system and vice versa. The y-axis of the charts is logarithmic to display the up to one order of
magnitude lower lifetime ratios. Each diagram shows three ratios for each investigated S/N slope
value m. Ratios and not absolute values are presented, therefore no definite increasing or
decreasing of lifetimes for increasing m values can be identified, whereas the absolute lifetimes
increase with increasing m for all concepts and components.
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Figure 35. Ratios of fatigue lifetimes to land-based turbine from DLC 1.2

The upper-left chart shown in Figure 35 presents the lifetime ratios for the blade 1 edgewise and
flap-wise root bending moments, RootMxc1l and RootMycl. The edgewise moment ratios drop
by maximal 6% and the flap-wise ratios by 52%, and the ratios decrease with increasing m.
These decreased lifetimes are due to the slightly increased loads on the blade root compared to
the land-based turbine. The flap-wise moment ratios are more decreased than the edgewise ratios
because the greater pitch motion of the TLP influences particularly the flap-wise blade root
moments

In the upper-right diagram shown in Figure 35, the lifetime ratios for the low-speed shaft
bending moments are displayed. Only slightly decreased ratios are identified, with the TLP
showing almost the same fatigue lifetimes as the land-based system, only a decrease of 4% is
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calculated. This equality is due to the fact that both the TLP and the land-based turbine use the
same control system.

The lower-left chart in Figure 35 presents ratios for the tower-top yaw bearing bending moments
with the TLP showing moderately decreased ratios with a minimum of 0.71. Here, again, the
increased pitch motion mainly is responsible for the shorter lifetimes.

In the lower-right chart in Figure 35, the ratios for the two tower base bending moments around
the x-axis and y-axis are presented. Here, the greatest decreases occur for the fore-aft moment,
with ratios as low as 0.09. The increased pitch motion once again is the driving mechanism
because it has its greatest effect on the tower base bending moment due to the large tower-top
mass and long moment arm. This difference of close to one order of magnitude between the TLP
and the land-based turbine has great influence on future tower design. A significant increase in
tower base strength is necessary to equal the lifetime of the land-based system. Alternatively,
advanced control strategies might achieve load reductions to increase the TLP tower’s lifetime.
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Figure 36. Ratios of tension leg platform fatigue DELs to land-based turbine from DLC 1.2

Figure 36 presents the DEL ratios for the TLP. The ratios represent the quotient of the DELs of
the floating turbine and the land-based system’s DELs, with a ratio of one representing the exact
same DEL as the land-based machine. Ratios greater than one represent a higher DEL, which—
in contrast to the lifetimes—means the floating machine’s lifetime is lower than the land-based.
The DEL ratios show essentially the same behavior as the lifetime ratios described previously,
with the tower base fore-aft moment yielding the greatest DEL ratios—up to 60%—and
therefore the shortest lifetimes.

65



4.4 Extreme Sea State, Fault, and Parked DLCs

The previous section analyzed normal operation DLCs 1.1, 1.3, 1.4, and 1.5, which all were
operating in a normal sea state and without fault conditions. The loads analysis for the remaining
DLCs in extreme sea states and with fault events is subdivided into two sections. The first
section focuses on an extended loads analysis, adding the DLCs 1.6a, 2.3, and 6.1a to the normal
operation DLCs analyzed in Section 2. The second section presents DLCs 2.1, 6.2a, 6.3a, and
7.1a, where instabilities occurred, simulation restrictions were violated, or the system failed. The
results from these DLCs must be viewed cautiously and cannot simply be included in the regular
loads analysis.

4.4.1 Loads Analysis of Tension Leg Platform, Extended Design Load Cases

In addition to the normal operation load cases. additional DLCs 1.6a, 2.3, and 6.1a are included
in the extreme event tables. DLC 1.6a is a normal-operation load case with NTM wind but in a
severe sea state. DLC 2.3 simulates the occurence of the loss of the grid during power production
and an immediate shutdown of the turbine. Last, DLC 6.1a combines extreme wind and wave
conditions with the turbine in a parked position and a yaw misalignment of up to £8°. The
extreme sea states in DLC 1.6a and 6.1a cause significantly greater extreme loads on the system,
but DLC 2.3 does not contribute to any considerable extreme events.
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Figure 37. Tension leg platform to land ratios from extended DLCs

Figure 37 presents the ratios of the extreme loads on the TLP divided by the extreme loads on the
land-based system for the same group of parameters previously discussed in Figure 31. Both the
extreme load ratios for the TLP in normal operation and for the TLP in the described extended
DLCs are depicted. Here, the extreme loads for the TLP in extended DLCs are divided by the
appropriate extreme loads of the land-based system, including DLCs 1.6a, 2.3, and 6.la.
Compared to the TLP in normal operation, the addition of the 3 DLCs results in higher ratios for
most output parameters. The upper two charts show that the excursions in rotor speed and
therefore in generator torque have increased because of more extreme motions of the platform,
especially in pitch, yaw, and roll. Generator power drops below 1 because the land-based system
achieves a greater maximum power output due to lesser tower-top motions. In the middle charts,
the overall blade 1 root bending and twisting moments remain the same as well as the out-of-
plane blade 1 displacement. In-plane, the blade displacement is increased by 29% and the tower
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fore-aft and side-to-side displacements also are increased by 17% and 57%, respectively. These
considerably increased tower-top displacement are caused solely by the platform’s increased
pitch and roll motions. The bottom two charts show that the tower base bending moment is 32%
greater and the tower base twisting moment and the yaw bearing moments remain unchanged.

Basically, all charts illustrate that under extreme environmental conditions—especially high-
incident waves—the TLP increasingly behaves differently than the land-based turbine. Its roll,
pitch, and yaw displacements and the associated accelerations increase much more than for the
land-based turbine—which only is affected by extreme winds and not waves. Therefore the ratios
for the TLP do not remain constant but increase unproportionally when adding the extreme
DLCs. Regarding ultimate loads which mainly occur in extreme DLCs, the TLP experiences
more than 50% increased ultimate loads on some components as compared to the land-based
system.
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Figure 38. Platform displacement ratios

The ratios of platform displacements of the TLP in extended DLCs in Figure 38 provide further
information on the platform motions. The diagram is obtained by dividing the extreme platform
displacements of the TLP in normal and extended DLCs by the displacements of the TLP in
normal operation. It illustrates and quantifies the impact of severe wind and wave conditions on
the 6 platform DOFs. Most prominently, the sway displacement is more than 9 times greater due
to the yaw misalignment in DLC 6.1a. Here, the aerodynamic forces and the misaligned rotor in
the direction of sway are greatly increased.
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Roll motion increased more than five times, which affirms that the increased tower side-to-side
motion discussed above is caused by large roll displacements. Pitch and yaw also are
significantly increased—by the factors 2.5 and 3.2—and surge is more than two times greater
than in normal operation DLCs. Associated with this greater surge displacement is heave, which
also increased almost four times. These ratios quantify the great impact of high waves and
extreme winds on platform motions.

Maximum and minimum surge, heave, and pitch displacements occur in DLC 1.6a. The turbine
in this load case still is in power production (i.e., a high thrust force is acting on the rotor and
pushing the turbine downwind). Because of the stiffness of the mooring lines, a displacement in
surge is accompanied by a decrease in heave (i.e. an increase of the absolute value in heave).
High rotor thrust also adds to the pitch motion. Each of these motions is further increased by the
severe sea state with 50-year waves of H, = 15 m. Figure 39 shows a section of the time history
of DLC 1.6a simulation 0017, when the extreme event in pitch occurs. Conditions in this DLC
are a hub-height turbulent wind speed of 8 m/s and 50-year waves with a significant wave height
of Hy, = 15 m at a peak spectral period of 7, = 19.2 sec.

From 2,550 sec to 2,555 sec, a very large wave is hitting the TLP. The wave has a total height
from crest to trough of more than 25 m and a period of 10 sec. With the beginning of the wave
the platform pitches slightly negative before pitching back in positive direction and one second
after the lowest point of the wave has passed the platform, the pitch reaches its maximum of
1.69°. The platform’s heave motion first follows the wave trough but its high excess buoyancy
lifts it back in positive heave direction before the lowest point of the wave is passing. The
mooring lines go slack at this point, as the plot of the leeward anchor tension illustrates. Here a
failure of the TLP (i.e. ripping of the leeward mooring lines) is likely. After the extreme wave
has passed, the line tension increases again, followed by a slowly decaying oscillation in heave,
as well as in pitch. During the extreme event and the excessive pitch motion, the rotor thrust first
increases, but then drops below zero for a short time. This fluctuation in rotor thrust further
increases the platform motions, thereby causing more extreme pitch displacements than those in
DLC 6.1a, which has equally severe wave conditions. The time series demonstrates that the
fluctuation in wind speed has a minor effect and that the extreme event in pitch and heave is
dominated by the large incident wave. This conclusion can be transferred to most extreme events
occurring in DLCs 1.6a and 6.1a, for which the waves always are the driving factor for the
particular output parameter’s extreme event.

The other minimum and maximum platform displacements in sway, roll, and yaw are recorded in
DLC 6.1a and, as described above, are due to the yaw misalignment combined with the extreme
sea state. Platform yaw stability is discussed further in the following section.
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Figure 39. Time histories from DLC 1.6a simulation 0017

4.4.2 Platform Yaw Instability in Design Load Cases 2.1 and 7.1a

When analyzing DLC 2.1 a platform yaw instability was discovered—the same instability that
Jonkman [18] discovered for the barge. The instability occurs when the rotor is idling and one
blade is seized flat into the wind at a pitch angle of # = 0° and the other two blades are fully
feathered at 6 = 90°. This fault event with one seized blade also occurs in DLC 7.1a and results
in the same yaw instability as discovered in DLC 2.1. In DLC 7.1a, the TLP is operating in an
extreme sea state with extreme winds compared to normal wave and winds in DLC 2.1, therefore
the yaw instability is more severe in DLC 7.1a. In DLC 7.1a, extreme platform yaw displace-
ments are reached—resulting in extreme loads on the platform and possible knotting of the
mooring lines. For those extreme rotational displacements the limits of the validity of FAST’s
theory are significantly exceeded, therefore no quantitative values are presented here.
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The yaw instability, which is oscillating at the platform yaw natural frequency of 0.0972 Hz, is
caused by a coupling of the platform yaw with the azimuthal motion of the seized blade.
Compared with the barge the instability is more severe for the TLP. This confirms Jonkman’s
prediction that the instability would be more pronounced for a TLP design because it is more
compliant to platform yaw motions and because smaller moment arms are available. Jonkman
suggested several methods to prevent this yaw instability, including installment of damping
plates, so-called crowfoots, applying the high-speed shaft brake or reducing the pitch angle of the
feathered blades to generate a low persistent torque producing a slow rotor rotation.

In a simplified simulation, with no waves, a constant wind speed of 25 m/s, and no yaw
misalignment, the effect of applying the shaft brake is demonstrated. Figure 40 presents the time
histories for platform yaw from these two simulations, one without applying the brake and the
other with high-speed shaft brake deployment at a simulation time of 200 sec. Up to 200 sec,
both simulations show the same increased yaw oscillations. As soon as the brake is applied and
the coupling between the azimuthal motions of the seized blade with the platform yaw motion is
prevented, the yaw oscillation ceases to increase and shows a slight decrease. Compared to the
barge, this decrease is much smaller due to the increased compliance of the TLP in yaw.
HydroDyn does not account for drag from vortex shedding, flow separation, skin friction, and
drag from the spokes, therefore the yaw instability most likely will be less severe in reality
because all of these effects can add to more damping in platform yaw. Note that there is the
possibility that the vortices generated at the spokes might lead to regions of lower pressure which
also could—contrary to the statement above—Iead to less damping. Further research on the
damping of the platforms therefore is needed, especially regarding the influence of the spokes.
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Figure 40. Time history for yaw instability with one seized blade

4.4.3 Combined Tower, Blade, and Platform Instability in Design Load Case 6.2

When trying to identify the existence of the tower side-to-side instability in the TLP model in
DLC 6.2a, which Jonkman [18] discovered for the land-based turbine, an instability was
identified, caused by the same effects, but affecting additional modes. In design load case 6.2a,
the rotor idles and all blades are fully feathered at a pitch angle of 90° and nacelle yaw
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misalignments range from —180° < Yaw < +180°. The turbine in this DLC floats in an extreme
sea and 50-year wind speed conditions are present (c.f- Table 7).

Jonkman [18] describes a tower side-to-side instability in this DLC for the land-based NREL
5-MW baseline turbine. This instability occurs when the turbine is idling with all blades fully
feathered, but only at certain rotor azimuth angles and at a misalignment of the nacelle with the
mean wind direction of 20° to 40°. Jonkman’s analysis shows that this instability does not occur
with the barge model in still water, because the barge compliance and wave radiation damping
helps prevent the side-to-side tower instability. The TLP uses taut lines and has less compliance
than the barge, therefore an instability similar to the tower side-to-side instability of the land-
based system is expected.

— 40 deg Yaw Misalignment / flexible turbine - all DOF

— 40 deg Yaw Misalignment / rigid turbine - only Yaw DOF
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Figure 41. Yaw instability

It is difficult to analyze the yaw instability in a severe sea state, therefore a simpler test case was
created in which the instability could be investigated isolated without the disturbing influences
from random waves. The turbine floats in still water with a constant wind speed of 50 m/s, and
the nacelle has a yaw misalignment between —180° < Yaw < 180°. Figure 41 presents the
platform yaw angle of two simulations under these conditions, one with a fully flexible model, in
which all DOFs are activated, and the other with only the platform’s yaw DOF active. The
platform yaw is oscillating exactly at the platform’s natural frequency in yaw of 0.097 Hz with
the oscillation increasing with simulation time. Clearly, the yaw instability is less severe in the
1-DOF case but still is present and is violating FASTs small-angle approximation, which is valid
up to about 22°.
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The instability occurs in still water, at constant wind, and only at certain yaw misalignments, it
therefore is triggered by aero-structural effects. To further investigate the instability, the platform
DOF’s damping ratios are computed for the full range of possible yaw misalignments ranging
from —180° to +180°. Figure 42 shows the TLP platform’s damping ratios for these yaw
misalignments. Negative damping in yaw occurs at yaw misalignments between 27° < Yaw
<46° and —68° < Yaw <-29°, and 135° < Yaw < +145°.

Thus far, only the instability in platform yaw has been discussed because it is most severe. The
negative damping-ratio plots for other DOFs also show negative values. In roll, negative
damping ratios are found at yaw misalignments between —59° < Yaw < —47°, 22° < Yaw < 38°,
and between 166° < Yaw < 169°. Simulations not presented here showed, that in addition to a 1-
DOF platform pitch model (cf. Figure 41), a single 1-DOF model in roll also leads to negative
damping. Damping ratio charts for all 21 DOFs of the FAST TLP model are presented in
Appendix B.1. These charts show additional negative damping ratios in flap-wise and edgewise
blade modes and in tower side-to-side and fore-aft modes.
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Figure 42. Damping ratios for tension leg platform degrees of freedom at
different yaw misalignments

To further investigate the cause of the instability the aerodynamics at each blade for 1-DOF
models are examined. Appendix B.3 contains a section of the time series of the angle of attack a
and the lift coefficient ¢; at two positions on blade 1 for a yaw misalignment of 40° in a 1-DOF
platform yaw model. These diagrams have been created for all three blades at different yaw
misalignments for all 1-DOF models where negative damping ratios were found. So far, the
author has reached no conclusion on the cause of the aerodynamic instability but it will be
further investigated and published as soon as the cause is identified.

4.4.4 Surge Instability

In addition to the severe instabilities described in previous sections, a less-severe instability in
surge relating to the active pitch-control system has been identified. The TLP in still water with a
constant wind that is less than cut-out tends to limit cycle-surge oscillations. For a case at rated
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wind speed Vg, = 11.5 m/s and active pitch control (shown in Figure 43), the TLP oscillates in
surge from —1 m < Surge < 8 m. This oscillation of 9 m occurs at the platform’s natural surge
frequency of 0.0165 Hz, which is out of the main wave-energy spectrum. The time series show
that the surge oscillation excites the other 5 platform degrees of freedom by couplings with the
mooring system to oscillations at the surge natural frequency, illustrated for pitch and heave in
Figure 43.
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Figure 43. Time histories of platform displacements during surge instability

Causing the surge oscillation is the variation in rotor thrust which, in turn, is caused by the
varying blade pitch. The wind speed is slightly greater than rated in this particular case, so the
surge and pitch motions cause the controller to command pitch angles to maintain constant
power. Simply stated, this blade pitch sustains the surge oscillation because it decreases thrust
when the surge is maximal and increases thrust when the platform reaches its minimum surge
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displacement, thereby further increasing surge in each period until the limit-cycle amplitude is
reached. To verify that assumption, a more-detailed investigation considering a 1-DOF rigid
body platform surge equation of motion was conducted (Eq. 35).

.. orT . .
(IMass + ARadiation ) X+ (BRadiatiun + BViscous + ) X+ (CLines ) x= T;) (35)
M a V K
x c x

With a damping ratio of:

C

AN (36)

Here, x denotes the translational platform displacement in surge, xthe velocity, and X the
translational acceleration. The surge mass of the turbine and the platform is Iiuss; A radiarion and
BRradiaion are the added mass and the damping associated with hydrodynamic radiation at the
surge natural frequency, B yiscous represents the linearized damping due to hydrodynamic viscous
drag, and Cp,.s is the linearized restoring from the mooring system. The rotor thrust at a
reference linearization point is 7y, and the thrust sensitivity to wind speed is 0T/0V. All values
can be obtained from a FAST linearization and WAMIT results, except for 0T/0V. For the thrust
sensitivity to wind speed, two methods described by Jonkman [18] can be used. One refers to a
ideal closed-loop blade pitch control system in which the slope 0T/0V of the steady-state thrust
versus the wind-speed response is computed with a simple central difference approximation
using steady-state FAST simulation results: (Tp+1-Tn-1)/(Vis1-Vio1).

The other method is performed by perturbating the wind speed at each operating point (wind
speed, rotor speed, pitch angle) and calculating the sensitivity in thrust by using FAST’s
linearization with a 1-DOF surge model. This method refers to an open-loop system, because the
blade pitch angle is not varied with the imposed wind-speed perturbations. The results provided
in Figure 44 show that the damping ratio for the ideal closed-loop system drops to less than zero
at approximately 11.2 m/s, reaches its minimum of —2% at about 12. m/s, and increases until the
ratio becomes positive again, at approximately 17 m/s.

For the open-loop system, the ratio stays well above zero (1% to 3.5%) over the full range of
frequencies. The real system’s control system responds to rotor-speed error and not to variations
in wind speed (as is the case in the ideal closed-loop approach), therefore the damping ratio falls
somewhere between the bounds imposed by the open-loop and ideal closed-loop results. The
active blade pitch affecting the rotor thrust eventually yields negative surge damping ratios for
short periods, and this leads to the oscillation in platform surge.

Jonkman [18] discovered a similar instability in the barge pitch motion, which also was caused
by negative damping ratios in pitch. Due to the significantly greater stiffness of the TLP in pitch,
for this design the control system—induced instability mainly affects surge, which leads to the
described oscillations in the platform DOF at the surge natural frequency. In fact, the instability
will happen on any DOF affecting fore-aft motion that has a natural frequency less than the
blade-pitch-control natural frequency [21].
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Figure 44. Tension leg platform surge damping ratios

Several methods for improving the pitch damping for the barge system by modifying the control
system have been suggested and described in detail by Jonkman [18]. These concepts also are
applicable to improving the TLP’s surge damping. In brief, the possible modifications include:
adding a second blade-pitch control loop through platform translational acceleration feedback;
and changing from variable-blade pitch-to-feather speed control to variable-blade pitch-to-stall
speed control regulation. Detuning the gains in the variable blade-pitch-to-feather rotor-speed
controller also could improve the damping, but this is rather difficult to implement due to the
TLP’s already very low surge natural frequency. Despite these possible improvements, these
methods have not been applied or further investigated in the present study because the slow
surge instability is not considered critical for the loads on the TLP.

5 Comparison of TLP, Barge, Spar Buoy, and
Land-Based Systems

This section focuses on the comparison of TLP, ITI Energy barge, OC3-Hywind, and land-based
systems. It first provides a short description of the ITI Energy barge and the OC3-Hywind spar
buoy designs. Following the analysis procedure used for the TLP is a discussion of the ratios
between each concept and the land-based system, for both extreme and fatigue loads. The last
section summarizes the results and identifies and discusses positive and negative features of each
concept.

5.1 ITI Energy Barge
This section compares loads for various output parameters from the ITI Energy barge, the
tension leg platform, the OC3-Hywind, and the land-based turbine, therefore a brief summary of
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the ITI Energy barge design is provided here. This design is stabilized simply by the buoyancy
effect of its large water-plane area and the resulting great restoring moments when the platform
is displaced in heave, pitch, and roll. The shallow draft and square shape of the support platform
enable easy, inexpensive onshore assembly of the system.

The barge is ballasted with seawater to achieve a reasonable draft to avoid excessive wave
slamming. In the center of the barge, an oscillating water column wave-power device is installed
to produce additional electric power. It is not possible to model that complex device in FAST,
therefore a square moon pool located at the center of the platform covered by a fixed plate just
below the free surface is modeled. As Figure 45 illustrates, the barge has a catenary mooring
system consisting of 8 lines total, 2 at each corner of the rectangular platform. The basic
properties of the barge are provided in the Table 12. To avoid control-system induced negative
damping, the controller’s natural response frequency for the ITI Energy barge system is reduced.
The next section—on the OC3-Hywind concept—discusses this issue in more detail. The major
instability identified by Jonkman is a platform yaw instability in DLCs 2.1 and 7.1, which is the
same instability described for the TLP in Section 4.2. Jonkman describes the susceptibility of the
barge to excessive platform motions in extreme waves, mainly pronounced in the platform’s
pitch DOF. Further information and additional references on the ITI Energy barge design are
provided by Jonkman [18].

Table 12. Properties of ITI Energy Barge System

Static Properties Value

Size (W x L x H) 40mx40mx 10 m
Moon pool (W x L x H) I0mx10mx3.99m
Draft 4m
Freeboard 6 m
Platform mass 5,452,330 kg
Center of mass location below SWL 0.281768 m
Water depth 150 m

Total displacement 6,000 m’
Unstreched mooring-line length 4733 m
Radius to anchors from centerline 386.9 m

Line diameter 0.0809 m

Line mass per unit length 130.4 k;g

Line extensional stiffness 589,000,000 N
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Figure 45. ADAMS visualization of ITI Energy barge design

Table 13. Natural Frequencies of ITI Energy Barge System

Natural Natural
Mode Frequency [Hz] Mode Frequency [Hz]
Platform surge 0.0076 Platform roll 0.0854
Platform sway 0.0076 | Platform pitch 0.0849
Platform heave 0.1283 Platform yaw 0.0198
Ist Tower S-S 0.5375 | st Tower F-A 0.5282
2nd Tower S-S 3.0458 | 2nd Tower F-A 2.9760

5.2 OC3-Hywind Spar Buoy

5.2.1 Design Description

Completing the comparison of the three major floating wind turbine concepts is the analysis of a
ballast-stabilized spar buoy concept. The design originates from a model used in Phase IV of the
IEA Annex XXIII Offshore Code Comparison Collaboration (OC3) described in an OC3 paper
by Jonkman [17]. The so-called OC3-Hywind design is based on StatoilHydro’s Hywind concept
and features a deeply drafted, slender spar buoy with three catenary mooring lines, each 120°
apart (as illustrated in Figure 46).
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Figure 46. OC3-Hywind design

The NREL 5-MW baseline wind turbine atop of the spar buoy incorporates slightly changed
tower properties because the tower is cantilevered 10 m above mean sea level to the top of the
floating platform. That decreases the tower length to 77.6 m, as compared to a tower length of
87.6 m for the TLP (measuring up from MSL). Nevertheless, the effective tower height remains
the same and the hub elevation of 90 m above MSL is consistent with the land-based and TLP
system. To be consistent in the analysis and comparison of the other three concepts, for this
analysis all tower base moments and forces were extrapolated 10 m down to the MSL, which is
where the tower base loads measurements also begin. The draft of the platform is 120 m and the
buoy consists of two cylindrical regions connected by a tapered conical region. Detailed platform
properties are summarized in Table 14.
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Table 14. Properties of OC3-Hywind System

Static Properties Value
Total draft 120 m
Elevation to platform top 10 m
Depth to top of taper below SWL 4 m
Depth to bottom of taper below SWL I2m
Platform diameter above taper 6.5m
Platform diameter below taper 9.4 m
Platform mass 7,466,330 kg
Center of mass location below SWL 89.9155 m
Water depth 320 m
Total displacement 8,029.21 m’
Unstreched mooring-line length 902.2 m
Radius to anchors from centerline 853.87 m
Line diameter 0.09 m
Line extensional stiffness 384,243,000 N
Line mass per unit length 77.7066 %

Additionally the original baseline controller used with the land-based and TLP system is
modified for the OC3-Hywind system. In blade pitch-to-feather controlled systems, steady-state
rotor thrust is reduced with increasing wind speed above rated. This effect, according to Hansen
et al. [14], introduces negative damping in the Hywind system, because the baseline controller
frequency of 0.095 Hz is higher than the platform’s natural frequency in pitch of 0.034 Hz.
Therefore, the controller’s natural response frequency for the OC3-Hywind System is reduced to
0.032 Hz. Natural frequencies of the platform for selected DOF are presented in Table 15. The
control law of region 3 (c.f Section 3.1) is changed from a constant generator power to a
constant generator torque control region, set to 43,093.55 Nm. The modification helps to reduce
rotor-speed excursions, which are amplified by the reduced gains in the blade pitch controller. A
negative effect of this change, however, is increased generator overloading when power
increases with rotor speed excursions greater than rated speeds. A more-detailed description of
the OC3-Hywind system is provided by Jonkman [17].

Table 15. Natural Frequencies of OC3-Hywind System

Natural Frequency Natural Frequency
Mode [Hz] Mode [Hz]
Platform surge 0.0080 Platform roll 0.0342
Platform sway 0.0080 Platform pitch 0.0343
Platform heave 0.0324 Platform yaw 0.1210
1st Tower S-S 0.4573 Ist Tower F-A 0.4732
2nd Tower S-S 4.2584 2nd Tower F-A 3.7512
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5.2.2 Instabilities

For the OC3-Hywind design, the same set of DLCs described in Section 4.1 were simulated. For
the DLC simulations database for the OC3-Hywind, the same loads analysis as for the TLP
design was performed. The analysis, however, is not as extensively presented in this work,
because the focus of the present work is the TLP and the comparison of the three different
floating concepts.

Out of all DLC simulations for the OC3-Hywind, DLCs 6.1, 6.2, and 7.1 failed to finish the
simulations. These failing FAST simulations did not occur for the TLP, for which all simulations
were completed without errors. Characteristic for these failed simulations is the quick build-up of
a severe instability at a certain simulation time. This ultimately causes the platform translational
displacements to become great enough to be out of the limits of the simulated turbulent wind
field, with a grid height of 179.980 m and a grid width of 254.090 m. At that point the FAST
simulations stop and generate error messages.

To eliminate the possibility of a numeric instability in FAST causing the simulations to crash,
additional ADAMS simulations for selected failing runs were performed. These ADAMS results
confirm the instabilities—and the simulations in ADAMS crash earlier due to ADAMS’ inability
to solve the equations of motion within the given tolerance for the extreme displacements. An
increase in the ADAMS tolerance to very high—and therefore inaccurate—values of up to 0.2 [-]
only slightly increases the simulation time before the simulation fails. Figure 47 illustrates for
the platform yaw a time series of such a failed simulation from DLC 6.2, with both the FAST
and ADAMS results included. The time series for most of the other output paramters are very
similar. The series all show the sudden increases in the output parameters over the time of one or
two periods, which then cause FAST and ADAMS to abort the simulation.

PtfmYaw
(deg)

0 20 40 60 80 100 120 140 160 180
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Figure 47. Time history of platform yaw of failed OC3-Hywind FAST/ADAMS DLC 6.2 simulation

This behavior occurs because the system encounters a severe instability at the beginning of the
increase, which then triggers the presented extreme response. For DLCs 6.1 and 6.2, the
instability described in Section 4.4.3 for the TLP is triggered.
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For this case—in which the turbine’s blades are fully feathered—the damping ratios for a case
with constant 50 m/s wind speed and no waves for different yaw misalignments have been
investigated in the same way as was done for the TLP. The resulting charts are presented in
Appendix B. These charts show negative ratios for the blade and tower modes. Contrary to the
TLP example, there is no negative damping in the platform DOFs. This difference is due to the
fact that the OC3-Hywind model has increased yaw damping artificially. This additional
damping has been added to match free-decay responses supplied by StatoilHydro and has been
discussed by Jonkman [17]. The magnitude of this addition is great enough that the OC3-Hywind
model maintains positive damping ratios for all platform DOFs—especially in yaw and roll—
which are negative for the TLP. For the failing simulations in DLC 7.1, no extensive study was
conducted for this report because this particular instability already is described in detail by
Jonkman [18].

The surge instability found for the TLP (described in Section 4.4.4) cannot be identified for the
OC3-Hywind. This mainly can be attributed to the changes in the control system, with the
reduced gains and the changed region 3 control law. Appendix A.2 contains the complete
extreme event tables for the normal operation DLCs 1.1 to 1.5.

5.3 Floating Wind Turbines Stability Triangle

The two concepts described above and the TLP concept achieve static stability by different
means. The introduction discussed the classifications made based on how the concepts achieve
static stability: (1) The barge concept, represented by the ITI Energy barge, achieves restoring
from buoyancy via waterplane area moment; (2) the spar buoy, represented by the OC3-Hywind
concept, is statically stable because restoring primarily is provided by ballast; and (3) for the
tension leg platform, here represented by the MIT/NREL TLP, restoring mainly is provided by
the mooring system. The static restoring coefficient in pitch Css is used to quantify this
classification. For each concept, the restoring moments due to:

e hydrostatics (buoyancy) CL",
° Welght (ballaSt) CSBSallast ’ and

e the mooring system CJ""™

are determined. These moments each then are normalized by the total restoring in pitch
C = clrovne 4 i + ¢ and plotted in a so-called ternary plot.

The ternary plot, ternary graph, triangle plot, simplex plot, and de Finetti diagram each is a
barycentric plot of three variables which sum to a constant, in this case chosen to be unity or
100%. Such plots graphically depict the ratios of the three variables as positions in an equilateral
triangle. These plots typically are used in petrology, mineralogy, metallurgy, and other physical
sciences to show the compositions of systems composed of three species. They also provide a
valuable tool used to graphically show how a specific floating wind turbine concept achieves
static stability.

In the floating wind turbine design space ternary plot, for each concept the proportions of the
three variables buoyancy, ballast, and mooring sum to one (100%). The three proportions cannot
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vary independently, thereofore it is possible to graph the intersection of all three variables in only
two dimensions. Each base—or side of the triangle—represents a proportion of 0 (0%), with the
point of the triangle opposite that base representing a proportion of 1 (100%). As a proportion
increases from 0, the point representing that sample moves from the base to the opposite point of
the triangle.

Table 16. Stability Triangle—Non-Dimensional Pitch Restoring

Concept CsBsuoyancy CSBsallast Csflglooring
MIT/NREL tension leg platform | -0.12550 | 0.13019 | 0.99530
OC3-Hywind spar buoy -3.37374 | 4.16379 | 0.20995
ITI Energy barge 1.24362 | -0.25974 | 0.01612

OMIT/NREL TLP
©O0C3-Hywind Spar Buoy

@ITI Energy Barge

Ballast= -5

Figure 48. Floating wind turbines stability triangle (ternary plot)

The ternary plot for the concepts investigated in this project is shown in Figure 48. Important
points and lines of the triangle are annotated to make the plot more easily readable. The
underlying data, normalized to unity, is presented in Table 16. The TLP and ITI Energy barge
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concept appear very close to the associated, previously predicted corners of the triangle. The
TLP is located close to the mooring = 1 corner, and most of the static restoring (99.5%) for the
TLP is provided by the mooring system. The contributions from buoyancy and ballast
restoring—+13% of the total restoring—cancel each other out.

Restoring for the ITI Energy barge primarily (+1.24) is provided by the water-plane area effect
from buoyancy of the platform, therefore the barge is located in the proximity of the left corner
of the triangle representing buoyancy = 1. The excess buoyancy of 24% is similar to the TLP
canceled out by the —26% negative restoring from weight. The mooring-line restoring
contribution for the barge concept is negligible at 1.6%.

At first glance, the OC3-Hywind concept appears at an odd location—far away from the upper
corner of the triangle, where restoring by ballast equal to 1. However, the location far from the
core triangle illustrates the different restoring contributions very well. The positive restoring
from ballast of 416% of the total restoring is counteracted by -337% of negative restoring
originating from hydrostatic buoyancy. That is, without ballast the spar statically would be
extremely unstable. The ballast provides enough restoring to more than compensate for this
effect. In contrast to the slack catenary barge moorings, the slack catenary mooring lines of the
OC3-Hywind contribute with 21% positive restoring to the spar’s static stability.

The locations of the different concepts on the stability triangle illustrate the different restoring
contributions for each concept graphically. The positions in the ternary plot, however, do not
provide a basis for determining the quality of the specific design. That is, the TLP—which is
positioned almost perfectly in the mooring = 1 corner of the triangle—is not an optimized design.
For example, the absolute value of the ballast restoring for the TLP is much greater as compared
to the ITI Energy barge. A TLP design with much less ballast probably could be designed and
would be placed at almost the exact same position as the MIT/NREL TLP, but would have a
much more economic design. This example illustrates that no statements on design quality can
be derived from concept’s the position in the stability triangle.

5.4 Ultimate Load Ratios in Normal Operation

Figure 49 compares various output parameter extreme loads from the TLP, barge, and OC3-
Hywind to the land-based turbine in normal operation DLCs 1.1, 1.3, 1.4, and 1.5. An analogue
to the TLP analysis, the bar charts present the ratios of the floating designs extreme loads divided
by the land-based extreme loads. A ratio of 1, for example, implies that the loads are unchanged
as compared to the land-based system, and a ratio that is greater or less than 1 indicates that the
loads have increased or decreased. These ratios enable estimation of the differences between the
three floating platform concepts and the effects on structural loads. Based on this data, substanti-
ated statements on advantages and disadvantages of the concepts can be made. Also, using these
results would enable performance of a preliminary cost analysis, however this is out of the scope
of this work.

The chart in the upper-left corner of Figure 49 provides ratios of the generator’s properties of
generator power, generator torque, generator speed, and rotor speed. The TLP ratios are close to
unity, because the variable-speed active pitch control system is identical to that of the onshore
control system. The ITI Energy barge controller’s gains are reduced and the OC3-Hywind has
both reduced gains and a changed region 3 control law. This results in large excursions in
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generator power, with the barge generator power ratio being 13% greater and the OC3-Hywind
ratio being 38% greater than the land-based system. The changed region 3 control law also is
responsible for the OC3-Hywind generator torque ratio of les than 1. Increased pitch motions of
the platforms generate oscillations in wind inflow and add towards excursions in rotor and
generator speed. The barge design is most susceptible to pitch motions in waves, therefore it
shows the highest ratios (+36%) for these two parameters, and the OC3-Hywind also displays a
ratio 22% greater than 1. The TLP basically is behaving like the land-based system for these
parameters.
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Figure 49. Ratios of TLP, barge, and Hywind concepts to land-based loads for
normal operation DLCs

The wind inflow oscillations due to platform motions also cause the rotor thrust illustrated in the
upper-right chart in Figure 49 to show the same behavior. This also leads to increased moments



in the low-speed shaft. For all parameters in the upper-right chart the barge shows the greatest
ratios. Interestingly, the low-speed shaft moment for the OC3-Hywind is lower than for the TLP.
The extreme event causing the maximum LSS moment for the TLP occurs in DLC 1.4 during an
extreme coherent gust with direction change and the maximum for the OC3-Hywind occurs in
DLC 1.3, featuring the extreme turbulence model. Overall, for the OC3-Hywind, approximately
50% fewer extreme events are caused by DLC 1.4 than for the TLP. As previously mentioned,
the OC3-Hywind has increased damping and stiffness in platform yaw. An analysis of time
series for both systems of the DLC 1.4 simulation, which causes the maximum for the TLP, was
performed. The time series are provided in Appendix C. Following the extreme gust with
direction change, the TLP platform yaws up to a maximum of 5°; the OC3-Hywind remains
much more stable and yaws less than 2°. This peak in platform yaw applies a large force in
y-direction on the shaft, and causes the peak of the total low-speed shaft moment for the TLP,
which is is the sum of the LSS moments in y-axis and z-axis directions.

The chart in the middle-left position in Figure 49 presents ratios of blade 1 root forces and
moments. Extreme platform pitch, roll, and yaw motions of the barge increase the combined
flap-wise and edgewise blade root bending moment by 31%, and the moment in twist around the
blade’s local z-axis is increased up to 100%. Again, the OC3-Hywind shows lower ratios for the
moments than for the TLP. Similar to the LSS moment, the maximum for the TLP is caused by
the extreme gust in DLC 1.4 and the OC3-Hywind’s maximum occurs in DLC 1.3. The time
series provided in Appendix C illustrates that the TLP’s increased yaw is the driving event for
the maximum blade root moment. Additionally, the TLP’s control system has 0° pitch angle at
the time that the extreme event occurs. The OC3-Hywind has a pitch angle of about 9° during the
same period, thus decreasing the lift coefficient and the force on the blade.

The same conclusion applies for the out-of-plane deflection presented in the chart in the middle-
right position in Figure 49, which also presents ratios for the in-plane deflections of blade 1 and
ratios of the tower-top fore-aft and side-to-side displacements. Again, the extreme motions of the
ITI barge cause the highest ratios for all parameters. The tower-top fore-aft and side-to-side
displacements especially are affected, and are 313% and 255% greater for the barge than for the
land-based system. For the tower displacements, which occur in DLC 1.3, the OC3-Hywind
yields higher ratios than the TLP, because the spar buoy’s roll and pitch motions are greater. The
time series in Appendix C illustrates this effect of increased platform motions on the tower-top
displacements.

The same effect is responsible for the OC3-Hywind’s higher moment ratios in the bottom-left
chart in Figure 49, where tower base forces and moments are displayed. The barge again
dominates these forces and moments ratios, which exceed the factor 4 for the combined total
base force and moment in x-direction and y-direction. Note that the tower base force in
z-direction for the OC3-Hywind is less than 1 because the tower in FAST has an offset of 10 m,
as described in Section 5.2.1. The moments are unaffected by that offset. The bottom-left chart in
Figure 29 displays the nacelle yaw bearing forces and moments, which are dominated by the
barge. The spar buoy has similar or slightly increased ratios as compared to the TLP.

Further assessment is needed to fully understand and evaluate the implications of these
calculated increased blade and tower loads. Clearly, the barge’s tower and blades must be
strengthened to sustain the (up to four times) greater moments and forces. The generally slightly
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higher ratios for the OC3-Hywind compared to the TLP certainly affect the turbine cost in favor
of the TLP, but final results only can be provided by a thorough and detailed cost assessment
(particularly the cost of the platform itself and its installation).

Figure 50 presents the ratios of platform displacements for the three concepts, which provide
good insight into the difference in the concept’s platform motions. The diagram is obtained by
normalizing the extreme platform displacements of the TLP, barge, and spar in normal DLCs by
the displacements of the TLP in normal operation. The TLP has been chosen as reference
because in most DOFs it yields the lowest maximum platform displacements. The ITI barge
yields the greatest ratios by far, particularly in pitch and roll; they are more than 20 times greater
than the reference TLP ratios. The spar also has 8 and 11.5 times greater ratios for roll and pitch
than the TLP. The slack catenary mooring system for the barge and the OC3-Hywind permit
greater motions in surge and sway than does the TLP’s mooring system. This also affects the
heave, for which the high-tension mooring of the TLP prevents greater heave motions, especially
in positive z-direction. Only in yaw is the spar’s ratio lower than the TLP’s. This a direct effect
of the significantly increased platform yaw damping and stiffness of the OC3-Hywind.
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Figure 50. Ratios of tension leg platform, barge, and Hywind concepts displacements to tension
leg platform from normal operation DLCs

5.5 Fatigue Load Ratios for Design Load Case 1.2

Figure 51 presents the comparison of the fatigue lifetime ratios for the three investigated floating
wind turbine concepts. Comparable to those of the TLP, the ratios represent the quotient of the
lifetimes of the floating turbines and the land-based system’s lifetimes, with a ratio of one
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representing the exact same lifetime as the land-based machine. A value of less than one means
that the lifetime of the particular floating system is significantly less than for the land-based
system, and vice-versa. The y-axis of the charts is logarithmic because particular lifetimes,
especially for the barge, are several orders of magnitude less than for the land-based system. For
each concept, three ratios for each investigated S/N slope value m are displayed. Because ratios
and not absolute values are presented, no definite increasing or decreasing of lifetimes for
increasing m values can be identified, whereas the absolute lifetimes increase with increasing m
values for all concepts and components.
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Figure 51. Ratios of tension leg platform, OC3-Hywind, and ITI Energy barge fatigue lifetimes to
land-based turbine from normal operation DLCs

The upper-left chart in Figure 51 presents the lifetime ratios for the blade 1 edgewise and flap-
wise root bending moments. For the TLP the lifetimes drop by maximal 52%. The barge shows
very low lifetime ratios which means that the barge’s blades fail within a very short time period
of normal operation. The OC3-Hywind surprisingly shows increased lifetime ratios for the blade
roots compared to the land-based system. This result is explained by the changed control system
region 3, which takes ultimate and fatigue loads off the blades but increases rotor speed
excursions and therefore decreases the lifetime of the shaft.

In the upper-right diagram in Figure 51, the lifetime ratios for the low-speed shaft bending
moments are displayed. For all concepts only slightly decreased ratios are identified, with the
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barge accounting for the lowest lifetime ratios. The TLP shows almost the same fatigue lifetimes
as the land-based system, and the OC3-Hywind ratios also are close to those of the land-based
system.

The lower-left chart in Figure 51 presents ratios for the tower-top yaw bearing bending moments.
The effect from the changed OC3-Hywind control system seen at the blade root ratios also can
be seen for the tower-top yaw bearing moment in pitch (i.e., around the y-axis). The OC3-
Hywind controller decreases the thrust forces on the rotor in region 3 of the control law,
therefore the ratios are greater than for the TLP and only slightly less than the land-based
system’s ratios. Nevertheless, the TLP also shows only slightly decreased ratios with a minimum
of 0.71. Again, the barge provides the lowest ratios by more than one order.

The lower-right chart in Figure 51 presents the ratios for the two tower base bending moments
around the x-axis and y-axis. Especially in the bending moment in pitch around the y-axis, the
differences between the concepts are great. Although the TLP already has ratios as low as 0.09,
the OC3 Hywind shows significantly lower ratios of 0.01. The ITI Energy barge—due to the
excessive platform pitch motion—has a very low ratio which would mean failure after a
considerably short time in normal operation. The difference of close to one order of magnitude
between the TLP and the OC3-Hywind, however, already has great influence on the tower design
for the two concepts. A significant increase in tower base strength is necessary for the spar-buoy
to achieve a lifetime equal to the lifetime of the TLP. For the barge, a strategy to decrease the
fatigue loads instead of strengthening the tower base probably is the better option.

Figure 52 presents the DEL ratios for all three floating concepts. The ratios represent the quotient
of the damage equivalent loads of the floating turbines and the land-based system’s DELs, with a
ratio of 1 representing the exact same lifetime as the land-based machine. Ratios greater than one
represent a higher DEL, which means that the floating machine’s lifetime is less than that of the
land-based turbine. Simply stated, the DEL ratios show essentially the same behavior as the
lifetime ratios described previously. Of all concepts, the ITI Energy barge has the greates ratios
and therefore the worst fatigue lifetime, and the differences between the TLP and the OC3-
Hywind are not significant, except for the tower base bending moments. Here, the TLP DEL
ratios are 0.5 to 1.5 less than the OC3-Hywind ratios.
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Figure 52. Ratios of tension leg platform, OC3-Hywind, and ITI Energy barge fatigue DELs to
land-based turbine from normal operation DLCs

5.6 Comparison

Based on the analysis described in this section, the three basic floating wind turbine concepts—
represented by the MIT/NREL TLP#1, the ITI Energy barge, and the OC3-Hywind spar buoy—
are compared to each other. Because the TLP design investigated in this study is not a “pure”
TLP, but rather a hybrid between a TLP and a spar buoy, hybrid features are difficult to identify.
Nevertheless some general statements on each concept can be made.

5.6.1 ITI Energy Barge

The ITI Energy barge primarily has the advantage that the platform design is easy to
manufacture and install. It consists mainly of inexpensive off-the-shelf flat steel panels and can
be assembled in almost any coastal facility due to the shallow draft. The slack catenary mooring
system allows for a simple inexpensive anchoring system. The stability analysis also showed
fewer instabilities for the barge than for the other two concepts.

In harsh contrast to these advantages are the results from the ultimate and fatigue load
comparisons. Here, the barge is by far the concept with the highest ultimate loads and lowest
fatigue lifetimes. These high loads mainly are caused by the barge’s extreme motions and
accelerations in high waves, which means that the barge design is affected greatly by extreme
seas. Nakim [38] showed that using a control system with individual blade pitching on the
floating barge wind turbine system, significant reduction in platform pitching motion could be
achieved without affecting power regulation in the above rated wind speed region. Economic
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cost analysis must show to what extent the savings due to the simple design are outweighed by
the need for a strengthened turbine. Particularly for sites that have less-severe sea states, such as
the Great Lakes, an improved barge design could provide the most cost-effective choice.

5.6.2 OC3-Hywind Spar Buoy

Of the three concepts investigated, the OC3-Hywind is the only system which is close to a real
system, Statoil Hydro’s Hywind concept, which actually is being tested full-scale in the North
Sea in 2009. The OC3-Hywind model is not completely identical to the real Hywind design and
also lacks certain details, which (most likely) make the real design superior to the investigated
OC3 model. Nevertheless, compared to the other two floating concepts investigated, the OC3-
Hywind design is supposed to be quite optimized. The analysis of the ultimate and (especially)
the fatigue ratios however indicate that the concept, although experiencing significantly less
loads than the ITI Energy barge, meets a strong challenge posed by the investigated TLP design.
The fatigue ratios—which differ up to one order from the TLP—indicate a great need for
improvements in the tower strength or the control system. Additionally, the spar buoy has the
disadvantage that it is very deep drafted and could require deep-water harbors for manufacturing
and assembly. The amount of ballast needed also adds to total costs. Compared to the TLP, the
design has the advantage of a simpler anchoring system, due to the slack catenary mooring and
the slender cylindrical body, which results in a small cross-section at MSL, it also has
advantages regarding drag forces. The spar’s natural frequencies also are very well placed out of
the energy-rich wave spectra. Further iterations, economic design analysis, and experimental data
will help to clarify the pros and cons of the spar concept, particularly as compared to the TLP.

5.6.3 MIT/NREL Tension Leg Platform

The investigated tension leg platform showed the best ratios for ultimate and fatigue loads of all
investigated concepts. It is the floating concept closest to the land-based system and therefore
requires the least effort for strengthening the turbine, which saves costs. A disadvantage of all
TLP designs is the expensive tension leg mooring system and expensive anchors needed. This
particular TLP also has the disadvantage of a large amount of ballast and a very high volume of
the platform—the largest of all three concepts. The big cross-section at mean sea level also poses
a significant obstacle for incident-waves and adds to drag. The long spokes are a source of
failure; to build them with the necessary strength requires additional costly material and
manufacturing work. Installation also is the most difficult of the three designs because the design
is fairly deep drafted, the tension leg anchors are difficult to install, and without adding
additional ballast the design is quite unstable without a mooring system (which makes the
towing-out process challenging). Nevertheless, the TLP design yields the lowest ultimate and
fatigue loads for all other concepts. The great potential for optimization of the TLP adds to its
advantages, especially regarding a possible decrease of the amount of ballast required, or
development of alternative installation and anchoring methods. The present study only provides
initial information on the loads for, and stability of, each concept. A thorough cost analysis,
improvements in the control system, further design optimization, and analysis of more concepts
can lead to a conclusion on the optimal concept.
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6 Summary and Conclusion

Three primary concepts for floating platforms exist for offshore wind turbines, classified in terms
of how the concepts achieve basic static stability in pitch and roll. The first is a shallow-drafted
barge that achieves restoring via water-plane area moment. The second is a deep-drafted spar
buoy that achieves restoring from its ballast. The third is a tension leg platform, for which
restoring mainly is provided by the mooring system.

First, the analysis of a 5-MW wind turbine on a floating offshore tension leg platform in the fully
coupled time-domain aero-hydro-servo-elastic design code FAST with AeroDyn and HydroDyn
was performed. This code has the capability of simulating time-domain hydrodynamic effects
from linear hydrostatic restoring; added-mass and damping contributions from linear radiation,
including free-surface memory effects; incident-wave excitation from linear diffraction; and
nonlinear viscous drag, including sea-current loading. The code also includes a nonlinear quasi-
static mooring line module. These models are of higher fidelity than most of the models that
have been used to analyze floating turbines in the past, and which have neglected important
hydrodynamic and mooring system effects. The TLP design was modified from a MIT design
derived from a parametric linear frequency-domain optimization process. The modifications
were needed to eliminate flaws in the original design.

The model has been verified and compared to frequency-domain calculations in terms of
response amplitude operators and probability density functions. Significant differences between
the higher-fidelity time-domain model and lower-fidelity frequency-domain model have been
found and explained. For instance, a shift of the platform-pitch RAO maxima to lower
frequencies is observed as a result of the tower bending in the time-domain model. These
differences have important implications to the required design process for floating offshore
turbine systems.

An extensive loads and stability analysis for ultimate and fatigue loads according to the
procedures of the IEC 61400-3 offshore wind turbine design standard was performed with the
verified TLP model. Response statistics, extreme event tables, fatigue lifetimes, and selected
time histories of design-driving extreme events were analyzed and presented in this report. For
normal operation cases, the loads for the wind turbine on the TLP are compared to those of an
equivalent land-based turbine. The ultimate loads for the TLP turbine are increased up to 25%
for the tower and more than 20% for the blades. The stability analysis identified a severe
aerodynamic instability in the platform pitch, platform roll, and tower and blade bending modes
for a TLP wind turbine that is idling in high winds at certain yaw misalignments with all blades
fully feathered at 90°. Also identified is a platform yaw instability occurring when the TLP
turbine is idling in high winds with one blade seized at 0° pitch (and the other two blades at 90°).
Furthermore, a minor surge instability for the turbine operating at rated wind speed is presented.

These TLP results are compared to two other basic floating platform concepts. A quantitative
comparison of the responses of each concept is presented. To make this comparison, three addi-
tional models of the NREL 5-MW wind turbine were analyzed: One model for the turbine sup-
ported on land and two models for the turbine supported offshore independently on the ITI
Energy barge and the OC3-Hywind spar-buoy. Using the MIT/NREL tension leg platform,
models representing the three primary floating platform concepts were analyzed. A com-
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prehensive loads and stability analysis according to the procedures of the IEC 61400-3 offshore
wind turbine design standard then was performed for each of the three additional models.

The calculations again used NREL’s fully coupled time-domain aero-hydro-servo-elastic design
code FAST with AeroDyn and HydroDyn. The exact same environmental conditions and loads
analysis process as for the TLP were used on all three models to facilitate a direct, equal
comparison. The concepts are compared based on the statistics, extreme event tables, and fatigue
lifetime calculations. Common and individual instabilities for each system are described and
analyzed. The comparison indicates that all floating wind turbines show increased loads on
turbine components as compared to the land-based system. The investigated barge design is very
susceptible to significant roll and pitch motions and, consequently, has the greatest turbine loads
by far among the concepts. The spar-buoy platform motions in roll and pitch are greater than for
the TLP, but for yaw the spar-buoy is more stable than the TLP. This yields generally greater
blade and tower loads for the spar buoy than for the TLP, except for loads affected primarily by
platform yaw. In addition to the quantitative comparison of the different floating system con-
cepts, a qualitative assessment of each concept regarding the technical and economic considera-
tions of the mooring system and platform was presented, including the influence of manu-
facturing, installation, maintenance, and decommissioning. The results of the present analysis
can help resolve the fundamental design trade-offs between the floating system concepts.

To arrive at a technically and economically feasible concept, further work in various research
areas is required. First the FAST with AeroDyn and HydroDyn design code could need further
enhancements. In FAST, the modal representation of the tower could be extended by a torsional
DOF, and the blades representation could be extended by including mass and elastic offsets,
torsion DOFs, and coupled mode-shape properties. The linear first-order hydrodynamic module
HydroDyn could be improved by adding second-order effects, loading from vortex induced
vibration and sea ice, and replacing the quasi-static mooring system with a fully coupled
dynamic module. A validation of the code against experimental data also should be performed in
the near future.

Besides improvements in the code, additional conceptual studies adding to the results provided in
this report are necessary to improve the knowledge on floating wind turbine concepts. The loads-
analysis process performed in the present study should be applied to further designs. Design
iterations with the presented systems also are an option to arrive at an improved concept. As a
special interest, in addition to the hybrid MIT/NREL TLP investigated here a pure TLP design
without ballast and with less draft should be analyzed to finally cover all three basic concepts
and draw further conclusions on the advantages and disadvantages of each. Promising alternative
turbine configurations such as downwind rotors, two-bladed rotors, and higher than 5-MW rated
systems with larger blades will give additional insight into the primary question of how the
optimum floating wind turbine should be designed. In the broader perspective, a study on grid
costs for the electrical power transmission from offshore floating wind parks to large coastal
metropolitan areas could be helpful to determine the impact of probable greater floating wind
turbine costs compared against cheaper onshore turbines located farther away from large coastal
metropolitan areas.

Based on the results and designs from the present study, it would be of great interest to
investigate sophisticated controllers for the analyzed concepts to estimate the load reductions
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made possible by improved control systems. Controller improvements also should be considered
for eliminating the described instabilities. Regarding instabilities, more research into the driving
causes and possible resolutions also is necessary. The ultimate and fatigue loads analysis results
could be utilized to perform a conceptual economic study on each design to draw more
substantiated conclusions on which design is providing the most cost-effective choice. Besides
examining loads, this economic study also should focus more specifically on influences from
manufacturing, installation, anchoring, and decommissioning and examine costs and
complexities of different methods thereof.

When these engineering challenges are addressed and economically feasible offshore floating
wind turbine designs are developed, these systems will diversify the wind energy portfolio
further and will be capable of providing a significant source of indigenous, nonpolluting,
inexhaustible, renewable, green energy for the world.
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FrEnieave Faximum  [DLOL.1_0109_Sen_r4.0V0_05. Eil_10 . 3Tp_503. o0t 4.00R-01 T. 13001 EER T 33007 BITER 4.7 R 00 ENEEE SR
[FeEnrniL Hinamum  JULCL. 4_0102_swa ECD-R+20 U2, THS_15. dlp_ 04,00t T TOE 00 T OUE-U1| - odE-0z] =& Z0E-0L T GEE-Z =1 g8E+00) 1. EeEr01 .
FiEnnell Faximue  |DLCL. 4_0055_Sea_RCD-Ri20_07 . THa_16. 4Tp_501 oul 51071 00) 2 10E-01 T 5RO EXTIET 1 [EESTH
FrEnmi non Hiramum  |DLOL.5_0107_Sen_2a.0V0_05. Eiia_12 . Jp_503. out EEERTE 107807 4. BaR-01 5.4 01 T [LETE
FrinFiton Haninum  |DLCL. 5 0582 _Gwa EWSHFZ0,0_04. 465 _LL. ST 502, out ERET . BT T ] 7 IR T
Fremtaw TILOL. 4_00%2_Sen_poh-Ri0_e . 7Ha_1e. 71p_s01 . ent 3. 7ami00] 6. aen 01| 6. &em-oe]  -r.136-01 . eR-02 Boammio0|  7.a1n07] T eamiol .3 & 01
neaw _0002_Tua_ECD-F20_d, THe_L2. TTp_ o0l .ouk LR | T-WETT|  -L.TeE-ol) Z.00E-UL TTIE-UT TR T.ZEE-T1 T.eeErIT REETIN
Extreme events for Platform Acc:
FrEmTARt Prontayt TLEMTATE] | EEDatAHay

WaveBlev] WinaVisl
i) i faaa)

Pae nme tar Typa Fila w/aaan2) im/zaan2) [ e im/aaan2)
irizin  |DLGL. 2 015 Cu 24 0VD 05. SHE L2 Jip SUb.cut LoigEt00] -1 FuEs0D 2L LURHL
[PLEnThxt Maxinum DLC1.3_0196_Sea_24.0V0_05.5Hs_12.7Tp_S06.out 1.34E+00] =1.46E+00 2, 91E+01
FrEnTRyt Hinimun _ GV0_0 4. 718_15. ITp_S01. out 47901 . eIR-01 1.03R+ 01
FLLnTREL Maxinum DLC1.3 0165 _Zwa 23 .0V0_04.7Hs_15. 9Tp 201, sul 4.07E-01 =2, S1E=01
FLEnTREL DLCL. 5_0774_Sea_RWEVA 24, 0_05. Eltx_10 . 3Tp_S06. aut ?.EIR-02 4.00K-01 011501
FtEntRet Masxinum  |DLCL. 5 0774 _Saa EWEVI2d.0_05. Eils_10.3Tp_S0%. out T G4E- 01|  -1.04E- 03 5 S50 01 1.39E-01
P LEn ThHaq Mininum DLC1.3_0051_Sea 08.0V0_01.8Hs_17. 4Tp_S05. out =1.03E-03] =1.00E=03 =7, IFE-04 =8 .58E=0 4] =3.24E=01 9, 5IE+00
Ip;m‘nmq Fawanum  |OLCL. J 0100 _Cas 24,000 05, GHs_1Z. TP o0, out T ..'uutﬂi T SIE-U1| - 4IE-2 T JAEt00] -1 GET T OIET 01
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Extrems

events for Blade 1 Root:

RootFrol

RoctFyol
(HT)

019 _SaA RCIHRI0_03 THE 16 4Tp 501 sut

[T

Rootiyal
18 ]

034 _Saa ROIMR_07 4HE 09 9Tp S04 sut

132 4.0V 0 18 .3Tp S04 out
198_San 7 4.0v0_¢ 18 3Tp 506 out.
008 03,090 ¢ 15 aTp 203 cut
191 ETTTNG out
187 _Saa P4 .0V 0 12.7Tp 503 out
163 Saa 24.0W0 18 3Tp S01.out
039_Zea ECD-PA20 02 .7lls 6. 4Tp 503 out
U8 _Saa ECIHE_07 s U9 3Tp 50d.cut 3
037 Saa RCOMRAI0D3 THE 08 $Tp $01 _out EERTTINE [T 1.1 SKe0] =1 gagsox]  -d. saksiy
113 _Saa 1%,0V0_03.dAs 10 1Tp ut Sgams0z] 1. 4aE+03 TgEsta) —iozlEs03] 1. 97Es0d 1 1aE+03
196 _Tea 24.0V0 05 Sils 13 7Tp_S06.ut 4.58E-01 1m0 T.om0g 3.19E. 1.06Ew03) E & 00E1 03,
003¢_Saa ECDIR_02 4ils_03.2Tp Sné sut ERCEEE N 7 30Ei02 3 simi0z] 2 eameod 2 exming] 7 aam-o;n Ei01 7_ooEsn
Dl _Saa 73 0V 04 TRe 11 _0Tp 503 _out FRTTINT T FITTIIT ERETI 1_sieon) [T 3.
0039 e BCT 07 AHE_19. 3750 8 oat (EEELE EPESEEH EEEEIT T T oREIOL I IR T IFE 01 T
Extreme events for Blade 2 Root:
Rootfyol]  mootFrod
arssatar () I
EE¥eE T30_Sea_ECDIFIEO_0E.Tis L2, TIp S0l sut =2.33E4 02| 1.03E403 1355403
oa bR T 075 Saa RCD=F 07 4Hx 17.4Tp S0) et & dugsia] [T
o Eyes 196_San 7 4.0V _05. Sits 12 E06. out. 1
[PaztEyct 183 _San 34,000 0 3. out 5.
Restrz ez 009_faa 04.0V0_01. 6 6. dIp_S03.sut EEETH ORERT o
frestre ez 177_Saa 20 .0V0_04. 7 15 7Ip_S05. sut 1.95mi07] 118402, 3.9
s s 08_Sen 7 4.0V 15 STp_S03_out T FE i
T 24,0V 12 7Tp 503 out [RTEIE [T 1.3
oMy en F4.0v 1% _9Tp S04 sut ERTEE 1
T 082_San _ECD-F_0F . 4Hs_03.21p_S04d.cut G _80Es 0F] i
oateer 3 07T L6 4Tp S0l _out KX 1
T 03 alts_16.7Tp_S04.sut XIT) 2.3
T R 1% STE T 0 T
ERyE AHz 17 6Tp 0 . . 2 mEw TeEs T a0 13E+D
B | a.emeoil  -1.05Ee02 =2 J¥Es01 2. zageool  @.2sEv0l
% &L TUESNZ EETHIE EPEIL EFSEEIE TSI 1.21E-01 1158001
Extramsa
Foorhme: Roctiye: 3 CrTn
s I o o I ; R
T 6 00T _Saa RCIHE_07 4Hs 17 4Tp_S05 cut ERETTE] I 3 T
axinun L8,0089_Saa ECD-F_0Z_4H5 0 306 _cut 3 L13ED.
Ty L TI01 Sea 3.0V 05 Sits Tp _E01 . out 1 LREEND.
TR L1 0100_Sea 32.0V0_04.70s _15.7Tp S08.out 3 I0END:
ootieel 008_Sax_04_0VD) 16_aTp $03_out z 3 3 1Sk
150 Sas 20.0V0 16.91p 502 out 1. 47E+03 1.zaEs03) . 1958402 =3 2 2SEND.
197 _Saa 24,000 ¢ 12, 7Tp 503, out 8. 30Es 2] —9.298403) 2,794 1eoEeie]  aarEedl
ook 195 _Tea 24.0v0¢ 10.3Tp 205 cut ERTTE Lumoﬂl T EEED .30 EIEOL
e EMy T 191 _fea 74 0V0 05 SHe 15 ST 7] 1.1 TR0 =1 augs 0] 3 PRI 37 584000 FRIT
oatMyc Uns_Saa ECI-B 7 dHs U8 3Tp 3 3 % _sseiy W 74x403] z 3 13K-01 119K
T £33 _San BCD+E 03 dHs 17.61p 505 .cut 2 a1E 03] 1 15E+03 -;.{qa&zl e T.am-ol 1.31Er01
frecemrar 143 _Saa _10.0V0_03.Jis_1¥. 4Ip_S06.out [TEYE . T0E 02 3028403 - 0. 108-02 1 51Er01
frcoemeys Hinirun 0103 _Saa_24.0V0_0%.Sis_19.3Tp_S01.sut 1.93E-02] 10503 6. 858407 0. 2480
Lo By Fax e 00n8_San ECO-R_U7 il 03.2Tp S06 out S _36me07] [T . NI
T ‘Mininun 5Tp 504, out 5. 51E+01 1.E1E+03 4. 68E-01) T E0] 5.7 e
ST Waximan G5 Tan KCO-F_07 - 4HE_ 093 Tp_50% Ut EEEIE OS] IS FRLITIT S
Extreme events for Blade 1 50%
Tre e
aramatar {183
Spa1MLxn] ELE1 1 0182 _Saa_zd.0v0 0 15, STp_S01.cut EIEEIS
EpaliLanl T3_010%_Zaa_24,0V0_0%. Slls_L%.7Tp_S08. o0t EEL
FPRiLyEl Fim e T 3_0190_%an_7 4. 0V0_0%. SHE_13 TTp_i04. out ST
oL yon e 1. 40038 _San_KCI4 P07 . AHE_09.3Tp 500 out —T.oaEe 0 T-a1Es 0y
GPalMLabl Hiniran |DLC1, 4_UP33_Sea RCDE_bE . AHs_17.4Tp_S05.cut 3. 01E+0d 1538107
EpaltLzEL Warirun |OLCL. 3 0114 Swa 14 0V0_U3. Al L5 . TTp _S02. out P I | 4. 3084031 1.
ATR T Wimiwun |DLC1. 3 0102_Sea_24.0V0_0E. S _15. STp_Sol.eut Tomio0] 7. leion) [P [ 1] IS EREITEIE
G w"ﬂ T WU P T e CRCE O TIOET cwﬂ'ﬂ"_'lm_rﬁ? 2 TAT o]
Extreme events for Blade 2 50%

[BLE1.i ViT8_Saa _ea,0v0_vd, Jhs_ii,Ulp ovs.out 7 WE—1 i
3_0197_5ad_2 4.0V 0, 15, ETp_S0%, o0t 1. 338400

GIN9_San_73 . UV0_U8. TRs_11.UTp_S03, o0t

q-31Ke07]

I

Faxiran

[DCCT.3_0100_tea_L6.0U0_03. dis_1€ . 7Ip_S0 4, out 0GR 07|
Tiimimon  |DLCI.E 0714 _Sea WWEV-02.0_04. JHS_1E.J1p S04, eut T_ezE 00|
i T, 000 TS {5 3 UL PR S T L P T TiEny

Extreme events for Blade 3 50%
Fam ] RavaETay
7110 [t ™)
[DLei 7 Uiv% Saa 2 4. UVi_ UE:SHE 1. TIp_bvu.out ¥, UGB+ FRESTEI)
[DLC1.3_0109_tea_ze.0V0_0%. Sis_le.3Tp 503, out - aeEs 01 T 32500
Hisimn 1.3_0190_S4a_74,0V0_05. 5iEs_17 . 1Tp_S04. o0t 7 [ 1 @mEen
Firw i 1. 4_i0nz_sen BCO-R_UT 4 03 P1p_S0d.cut ST
Wisiman 1 4_0003_tas KOO Ri50_D3 . THELE. TP 01 out ERIT =T
Faxium |DLC1.3_00US_Sea_ie.0V0_02. diis_u3 .2Tp_S0S.eut 1308003 EIE-01
Minirun |DLC1.3 0161 _Saa_20.0V0 04, dHs_1d.1Tp S06.out EFEFETIT) NI FIEDL
_Wh T 0007 _Zwa Bor-T e Tla 3. 20y o0 a.cut T-30Ee Y T OTE T ST
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Extreme events for LSS Main Br

Lesdagura|  LSEGagheys) Ravallav H
() 1) (L] is) (282
ECT P07 < Al P-4 Ty 0 B oot ERCTTETE RCTTTI YT [ S EIRAD
16.0V0_03_ake 16 7Tp_S01_sut _SIE403 1 esEs0y 1 0Tm400) . FRTT
LESCagFya Hinirun 55, 585 _ie 3T S05. out 1.zzg<t:| 181403 L] 5 Gimel 4 126403
L=sCagrya Haviran 10109 _Taa _2&.0V0 _05.Sks 10 3Tp S03_sut 1.39E403 17003, Tammioo] 2 4sEoL 5946402
Lzscagpea 169_Saa 20 .0V0_04.7s_11.0Tp_S03.sut 3) 2.axmeoa]  1.o1mi03 1. 698402
LScaaren 195_San 7 4.0V Sits_in.3Tp_S03. out 3] PACETTE i
StTary [T 4 04.0u0_o1 o8 ot 1 ) W
stTorg 187 Saa 74.0V0_0S SMs 17 9Tp 503 out 3 .1.-.u.-.c.:| 1 e0Es0y
L=5cagHya 033_San ECD-F420 02 THS 16, 4Tp 303 ou 1 2 23403 1 a7Es03
033 Zea BODAR 0. 4lls 17.6Tp S5, cut 3| 0.07E403]  1.37E403
092_Saa ECD-R420_02 .7ils_12.TTp_S01.eut 1 3] 3.semeos] crozmmeoe]  1.amies
038 Fas FCO4R_03 dHs 17 81 506 cut 3 ¥
185 _Saa _34.0V0 05 5As 15, 51p ut 3 3
1096 _Seh _74.0V0 0% SHE 17 _9Tp 506 _sut 7 3
626_San EWSV+20.0_04. 485 14.1Tp _S05.out E 3
T3E_Sas ECDIRTE Wis 17 T _s0e cut 3 £ IS 115501

Extreme events for Yaw Bearing:
Tawbs¥zp| !ﬂ‘ﬂl‘?‘l\’ Ravellev] Windei
frar ama (4 ) il
[Fehreae Trer v EERT) TE UTp SoT ot : ST
Harimun 16,040 03, 48s_10.1Tp 6ot ! —5,2 7B+ -2, 1B+ 02
¥ Winiman ETEITTNG 7. 7Tp_S0E. sut. ST
“Haximum 24.0V0_05. SiEs_12 . 7Ip_S03.eut
Hiriean EERTTNG 30 3Tp_ 505 sut
‘Haxirun 24.0V0_05. SiEs_10.3Tp_ 203, cut
Winiman S8 OV0 U1 GRE 36 ATp 505 sut A
Maximun . JSaa 18.0W0 03, 7Hs_10.1Tp S01.out GE-00 1.85E+01 -
Himimun [DLCL, 013 _Sea ECDHR 02 . 4Hs 05.2Tp S01.cut '-EQCOI 1.13E+01 T
¥ sDEMyp Hanimum kl.('l. 005 'a&f‘ 02.4ls 09.2Tp S0E.sut 3R =00 1.19E+01 7.8
Mimimun 189 _Faa 74.0V0 05 SKe 18 . ITp S0 T 00K+ 01
¥ tiriz g HaxLean 0nl_Sea ECT- 17, ATp S5 . cut. L0l
Ve g Wimiman 17%,_Sas 790" ot FREIETT
[fanBrEHxy Maximun 124_Saa_16.0V0_03.dEs_10.1Tp 506, out 1.36Ee03]  2.028401]  -5.27Ee03) 3 1.10Ev01
¥ anBrx 3 0006 _Saa, 2. 16Ee01] -z.03Ee00]  -a.6aEend 1odze0l] -3 meEwo0] -3 60Es0Z 1.11E+00
e Y00 NPT ) T ) B T PYEI
Extreme events for Tower Base:
TeaTiEwt] T B B T R iRt
rive |riie e (et)
Teriaiar T [DCL L L e T (VO f ] L UTE 0 ot WL WG
[TWrBEE bt Harimun DLCL. 1 0124 Saa 16,00 01, 468 _10.1Tp 506.out 2.20E+02] 2., 29E+02) 5
Twriafyt Mimirum [DLC1.2 0190 _Saa 24.0V0 05, Sis 12 .7Tp S04.sut 8 .30 01 9. 10Es 03] 5. Q4R 02 4
[TwrBsFyt Haximun 187 Saa_24.0V0 0. 1. 7Tp S03.out 3. 655 0 2] =3, 10E+0 6. 2IEHD2) 4l
[TwrDalzh Himirun 195 Zea 24.0V0 05, Sils 10.3Tp S0L. out 6. 7T1Es 0 2] =1.07E4 0. 8. TIBE 4
[Twrhsfz e MARiman T4_Saa 524 .0 05, ERTETE =] wﬂal 2. 198403 4 -0 498 - 07|
[Twrhamxt Mimimun 7| = U0 R0 09K 03 4 LTI
[TwrBsblxt Harimun 2| 1. 02E+ 04 57E+ f.:l ‘.9?5?04 5, J4E+0 4] -2, 038+
Mimirun 169 _Saa 22.0W0_04.76Es _11.0Ip S03.sut 3| 2. 27Es 03] QE+ 03 1.19E403) 3. TEED 4] 1. 108+ 00]
‘HMaximun L0V0_03. dRs_10.1Tp_S06.out 3] 1,048 04 2 1. B 9. A0E-0;
T P ERTEIE B B
Warinan R B
M B iman —1.0 4 x 4
Maximun =1.0 4 402 a:
Vinimn 5 303 .cJI .k
4

‘Haximun

~1.0

Tower 50%:

TWRCIMLRE] - Dciwire]
(k7. m) {15-m)
T3 0107 Saa 28,000 OF SRS 12, 1p £03. oUt T.TET [EHIE
T3 0190_San_74.0V0_ 05, SHs_17. 7T S0, oUt ERII] [ TEeoq
3_149_Ean_22.0V0_U4. THe_i1.0Tp_503.out T iEr R e
T1_0374_5an_10 .0V 03. 1Hs_10. 1Tp_S0%. o0t [REIEIIL]
3_P109_Sas_74.0V0_UE. Sds_.STp_S03. out U R
T iwan T 40001 KT 0T 4517, 01, 505 out WEELE NUEEID
Tnimn T.5 0087 _Swa EHEV-04.0_0L.flla 00 9Tp 505 ot EPETTETF IR
T OTEE Ten Y7 V00T 6 10 TTp B08. cut. TITI T RS

Line 1:

B daEto]

B AR 0L

1 0V0_UL. TRE_T% 315 504 oot

0. 93E+01] .33 01
5 0776 Sea KWIVe2d.0_05. 508 _10.3Tp _S06. cut [PESLIR 060K 01
0001 _Sea 04.0V0_01.6ls_00. 5Tp_S01. out 9 .00 0]
FALELT AR e L DAY _Gas_RHie sl 0_04. 4HE_11 . 4T S0P St [T
fraiciten Faxiran  JULCL. D VITe_Sea_<3.0V0_VS. SaE_iZ. Tip. e OuE B.2 3540 1]
events for Line 2:
7110
E IO S PN U T Y R
Haximun 1.1 0192 _Sea_74.0W0_0
HiE Lo 51,5 0774_Sea_KWSVIZe. 0_05. Sia_10.3Tp_S06.
) 1.1_0001_%as_04.0v0_01 0% UTp,_ 0L, St
Miniran [DLC: 189_Saa_z4.0V0_05 _18 . 3Tp_S03. out 0z} 8.811>Cll
TSI wiman T PO YR | TLIIET]] T
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Extreme events for Line 3:
— —

Anch3Ten Rnch3hng FairiTen| Fairihng WaveElev] WindVai Time
|Parameter Type Fila {kH) {deg) {kH) {deq) {m) {m/zac) (SQEJ
[Ench3Ten Minimum DLCl.37018775E5724.OM$712.7Tp7503.0ut. 2.07?{-03 2. 90E+01 Z.E-HJK 2. 91E+01 -4.14E-01 2, 4dE+01 6 . 1BE+02
[FnchiTen Maxinum  JDLCL,1_D187_tea_24.0V0_05. SHs_12. 7Tp_503. out 5.9 4E+03 % SIE0L 1 02E+04) % 91Er0L1] L. 68E-03 2, 7BE+01 4 32E+02]
[Enchsing Minimum  |DLCL.5_D774_5ea_EWSV+2d.0_05, SHe_LE . 3Tp_506 . out 5. 45E+03 T, SEEA0L 5. GEE+0S %, 59EF01] -1 .03E+00 . 40E+ 01 4 31E+0]]
[fnchiing Maximum  JDLCL,1_DOOL_Sea_04.0V0_0L.6Hs_08.9Tp_S01. out 5. 70EH03 5, 0DEF0L 5 G3E+03 5 00Er01] 5. 18E-01 EEEZTT 1.35E+02
[Fair3Ten Minimum DLCl.37018775E5724.OV0705.5H$712.7Tp7503.0ut 2.07E+03 2. 90E+01 2. 28E+03 2,.91E+01 -4.14E-01 2, 44E+01 6. 1BE+02

Fm] Tarinom  JOLCL. 10187 _tea td.0V0_ UG, SH=_12. TIp_S03 . out, EREL o0 TOLETOL T 02E+0d TOLET 0L B =) TTOET 0L T, E+UE|
Extreme events for Line 4:
nch aTen Thioh Ay Fairiton| Fair any WaveELEv] LTV [T
Parameter Type File {11) {dey) k) {dey) m) (m/sec) {sec)
— — — —
[hnchdTen Minimum JDLCL.3_0185_Sea_24.0V0_05. 5Hz_1g.3Tp_S05. out 3.20E+03 4§ 9SE+01 4. 00E+03 3. 97E+01] -4, L4E+00 &, 59E+01 3. 3EE+02
rD.n::thEn Maximum DLCl.1701897525724.OV0705.SHsilﬂ.KTpis()E.out. T.05E+03 2, 91E+01 7.28E+03 2, 91E+01 4.55E+m 2, 43E+01 2. 46E+02
[enchiing Mininum _ |DLCL. 5 _0774_Sea EWSV+24.0_05, SHs_18.3Tp_506.out 4. 12E+03 %, SEEF0L 4, 33E+03 5. GUE+DL] -1 .0BE+00 . 40E+01 4.34E+01]
[rnchdang Maxinum  JDLCL.1_000l_Sea 04.0V0_01.6Hs_08.9Tp_S01.out S.70EH03 9. ODE+01 5 93E+03 9 00E+01]  —2.8lE-01 3. 03E+00) 6. 72E+01
[Fairdren Minimum  |DLCL,3_D195_Gea_24.0V0_05. SHr_18.3Tp_B05. out 3.80E03 T SSEF0L T 00E+03 % 97Er01]  —4,LAE+00 T, S9E+01 T 3EEH0E
[Fairdlen Harimum  JDLCL. 1 D180 _tea £Aa.0V0_ UG, SHs_16.31p 503, out T OCET03 T OIETOL T EEET0S F.OIETOL T GEE100] T 43E10L R |
Extreme events for Line 5:
— —

AnchSTen RnchShng Fair5Ten| FairShng WaveElav] WindVai Time
[earameter Type File (kM) {deg) {RH) {dag) {m) (mizac) {z2a0)
Fneheren Monimum  JDLCI. 5. 050:. Sea EWSHTo0. 0 04, Sz 11, 31p 503, out & Q6ET0C B GEEIOL B STETOC B OLET L] o6 7EE-UL T OUETOL T OBET 0L
IRnchETEn Maximum DLCl.1701967525724.OV0705.5H5712.7Tp7505.0ut. 9. 00E+03 8. 93E+01 9. 23E+03 8.93E+01 1.34E+00 2, 47E401 2.78E+02
[fnchSing Mininum  DLCL, 5_D774_Sea EWSV+2d.0_05, SHs_18.3Tp_S06 . out 3.18Ef03 &, STE0L 3. S9EF05 G GOEFOL] 1. LOE+00 . 40E+01 4 3EE+0]
[Enchiing Marimum  |DLCI.1_DOOL_Sea U4.0V0_01.6Hs _08.9Tp _BUL. out S.S1E+03 5, ODE+01 5. SAE+03 5.00E+01]  —5.19E-01 3. 9EEF00 T.35E+0F
[FairsTen Minimum _ |DLCL. 5_0583_5ea EWSH+20.0_04, dHs_11.3Tp_S03.out 6. d6E+0E G, GEEF01 &, 53E+0% 5. 9QE+01] 6. 75E-01 =, 00E+01 3 .0BE+01
[FairSTen Maximum DLCl,17019575&5724.0V0705.5H5712.7Tp7505,0ut ERI5 8. 83E+01 9. 23E+03 8. 93E+01 1,34E+m| 2. 47E+01 2,79E+02-I
Extreme events for Line 6:

— — —

AnchéTan Bnch éing FairaTan| Fairéing WaveElav] WindVsi Time|
Faraneter Type Fila {kH) {dam) k) {dey) m) (m/zac) {zea)
[AnchéTen Taninum  JDLUL : 0180 ten 24, 0V 0. Shs 18, Slp S0s. out EEETIE 8. 87E01 4. 1SE+03 EETEN IR 2, 74E+01 2. S4E+02
[EnchéTen Maximum |DLCL.1 D192 5ea_24.0V0_05.5Hs_18.3Tp_504. out. 7 .08E+03 %, G3EF01 7.31E+03 EEET 3.89E+00| 2.8 4B+ 01 5. 50E+02
[inchéing Minimum DLCl,57077475&57EWSV+24.0705,51-!5713.3Tp7506,0ut 4.39E+03 8. 57E+01 4. 60E+03 8. S8E+01 —1.0SE+00 2. 40E+01 4.33E+01
|Ainchéing Maximum DLCl.1700017525704.0V0701.5H5708.9Tp7501.out. 5.53E+03 9. 00E+01 5.76E+03 9. 00E+01 1.66E-01 2, 92E400 6. 40E+01
[Faireren Mininum  JDLCL,3_D189_tea_24.0V0_05. SHs_18.3Tp_503. out 3.95E03 %, B7E0L 4 1SE+05 % BBEF0L] 2. 6BEF00 2. 74E+0L 2 S4E+02

EIrGTEn Taximum  [DLCL. 1 U192 _Dea 24,000 05, GHE_18. S1p_ o0 4, out T OBEFU TEIRTUT T IR TOARFUT TERET00 0T T SUET ]
Extreme events for Line 7:

TNon I Ten ] | Teiriren]  Fairienal MaveElev) L IGVRL L e
Farameter Type File {kH) {dey) {8 {der) m) (m/sec) {ze0)
[Ench?Ten Minimum DLCl.3701877525724.0m.§712.7Tp7503.out. 2.07?{-03 2, 90E+01 Z.E-HJK 2, 91E+01 -4.14E-01 2, 44E+01 6 . 1BE+02
[Fnch7Ten Maxinum  |DLCL,1_D187_tea_24.0V0_US. SHs_12. 7Ip_503. out 5.9 AEt0S % SIEF0L T 02E+04 % 91Er0L] L. 6BE- 05 2, 78E+0L 4 32Et02]
|anch7ang Mininum  DLCL, 5_0774_Sea EWSV+24.0_05 SHs_18. 3Tp_S06. out S 4SEH03 g, SBEF0L 5 G6E+03 g S8E+0L] -1 03IE+00 2, 40E+01 4 3LE+01]
[Ench7ang Maxinum JDLCL.1_DOOL_Sea_04.0V0_01.6Hs_08.9Tp_501.out 5.70E+03 5, 0DE+01 5. G3E+03 5.00E+01] -5 .18E-01 3.95E+00 1.35E+02
[Fair?Ten Minimum DLCl.3701877525724.OV0705.5H5712.7Tp7503.0ut. 2.07E+03 2, 90E+01 2. 28E+03 2, 91E+01 -4.14E-01 2, 44E+01 6 . 1BE+02
[FairiTen Maximum DLCl.17018775&5724.OV0705.5H$712.7Tp7503.0ut EFEE S 2, 91E+01 1.02E+04] 2, 91E+01 -1 .6BE-03 2, 7T8E+01 4,.32E+02
Extreme events for Line 8:

— — —

Inch8Tan Dnch8hng FairgTen| Fairsang WareElav] Windvai T1imel
Parameter Type File {k) {dey) {kH) {dey) m) (m/zec) {sec)
neneTen T (S e W L e S =L T ORI EPTIE I EPEEITI Y T T COETOT TSCET T
[ncheTen Maximum  JDLCL,1_D183_Gea_24.0V0_05. SHs_18.3Tp_503. out 7. 0EEH03 & GIE0L 7 2EE+03 & 91EH0L 4 GEE+00 . 43E+01 . 4SE+02
|Anchaang Minimum DLCl.57077475&57EWSV+24.0705.5H$718.3Tp7506.0ut 4.12E+03 2, 58E+01 4.33E403 2,.60E+01 -1 .0BE+00 2, 40E+01 4.34E+01
Imm Maxinum  |DLCL,1_DOOL_tea 04.0V0_01.6Hs_08.9Tp_S01, out S TOEH0S 5 ODEFOL 5 G3E+03 5 0DEF0L] 2. BlE- 0L 3 0SEF0) € 72ET01
[FairgTen Minimum DLCl,37019575&5724.0V0705.5H5719.STpiSUS,out 2.BOEH03 8. 85E+01 4. 00E+03 2. 97E+01 —4.14E+00 2. 59E401 2 .32E+02
Ii*aueren Harimum  |DLCL.1_D180_tea_24.0V0_ UG, SHr_16.3Ip_B03. out T.OLEr03 T OIEF0L T EEE+0S T.OIErOL T_REE+00] T, 43E+ 01 EREGE |
Extreme events for Rotor Perf:

RotCp RotCt RotCy]  TipSpaRat WaveElav] Winaval Timg
[Parameter Type File {=1 1= {=1 =) {m) {m/sec) {s2c)
[RotCp namum - JDLOL.3 D004 Ses 0 L. 0V0 01, 5Hs 8. ST BUE. ot =7 a4Er 10 2. 38E+0 5| L ETETOE] 5. AErUA| o3 REE-01] . =5 BEE-03 3. 58E+03]
[Rotcp Maxinum JDLCL.3_0004_Sea 04.0V0_01.6Hs_08.9Tp_S02. out S.95E+11 6 OBE+08 2. 41E+06 2. 46E+05] 3. 67E—01 1. 86E-04 3. SBE+02]
I-Rotct Minimum  DLCL,3_DOL3_Gea_04.0V0_OL.6Hz_08.9Tp_ 505, out T.19E+08 —5.26E+05-I —1. 93E+03| - GIER03 T, 14E-02| -1 0SE-0% 4 90+ 0]
[Fotct Maxinum _ JDLCL,3_D00S_Sea_04.0V0_UL.6Hs_12. 7Tp_S02. out 4.B4E1L 6. 24E+08] 1 G6E+06 2 46Er05] 2 SLE0L 1. 86E-04 3. SBE+02]
Iiomq Minimum  |DLCL.3_0009_5ea _04.0V0_01.6Hs_16. dTp_503. out. 5.03E+09 6.55E+07]  —5.958404]  -8.45E+0d]  -1.64E-01 5.50E-03 1.61E+02
| Tarimum  |DLel. 00 _Sea U2 Uv0_UL. 6= 06 . OTp_S0 2, out, T OCETIL o E+U€I T IIETOE .46E+U§I ) ) T oeE-0d BT |
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A.2. OC3-Hywind Normal Operation Design Load Cases

Wind:

Extreme events

L3_000T.

el et

&)

Saa_ 04 0V _01  £ll3 00 . ST 503 . st

=1. 978+

T
DLCL.3_0197_588_29.0W_05. Si3_12,7Tp_503, et 3.04E4 00 3.23E0g]
DLCT ;40001 _Saa R0 R-20_0% . 01310 . GTp 501 out = G611 00] T 0% 01
DLET . 4_DO5E _Saa ECD-F-20_02 0Hs_10 . GTp_S01.out ENTTITN 7 00Ee D]
Minimum  JDLCL.3_0180_Saa_zd.0W0_05. SHs_l2.70p_504. it 2. 02E+ 01 % T0Ee 0]
Hawamm  JOLCL . J_U15J_Sas_ 2. 0W_U5, SHe_IT. 1T 505 sat TTIETTT T TOE T LT TR T TTEr Y
events for Waves:
[ Paverin] CryE T
Ty _ {mfaac2]
_VS3_Saa_EMGHIZU.U_U4. AE_L1 TR G023, St 5, 34E-UL [T L VB
_U745_Saa_EWH-21.0_Ub, SAs_L3,TTp_ G032, Mt [T 2, 0RE-0L [T 5, VB0
Fua_EHSH 0. 0_04, Al L1 3T 5005, et 0. 00%100 . 07E-01 T O0E-01 0. 00%100 [T
0745 _Swa_RHSA-7 4.0_05 . Sla_l2 TTp_S00 . ot ERNEIT T 00RO 3. 3401 T E0E-01 T 00K 100 S
.00, OO0, GHe D8 . BTp SO0 . ok T SIE-01 n.w_m T 49E-01 T DOE0D 3. O0E+01
Saa_04.0V0_01 6lls_00.9Tp_ 500, sat 3 E7E-0L 0 00E 10D 2 00E-01 1 a7E-0L 0 _00E 00 2. 13800 ERTTITR
Saa_EWSHAZ0.0_04, AR3_L1 . 3Tp 503, sk 5 .09E-0L 0. 00E00] =3 ?!s.uol 3 00BN 0D U O0EVDD 2. 00BN 0L e |
ot vm Tan_RRSHYC0 . 0_04, AN5_11 3T 503, cut T.oon-01 T 00R 100 EIFE TR 00 T 00R V00 ERLIEAL! ERET!
Hinimun #20.0_04. dHs_L1.¥Tp_S03. cut —5 09E-DL T 0E+OD T35+ 1) -:.osmool TOEHD 2 O0EHDL [N
~1_0100_Saa_L4.0v0_03 . 0Hs_08.TTp_504.cat 2 AGE-DL 0 O0E+DD 2. 208 00] 3178 00) 0 O0E+DD T 43Ee 0L PR
T1_0001_Zaa_04.0V0_01.GHE_DE ST 501, cat ERET T ANED T 0BE-0L T 47201 [T RS 3 O0E+D1]
1_0001_Swa_U4.0V0_01 GHs_UB ST 501 ot 3. 18E=-0L 3, SUE-0L [T FRTT 1 ATE-0L 0 OUE$OD] -, 13E-0L FINETIT] 3 00E+DL]
[DLCL. 5_0405_Sas EWGV#14.0_U3,UHS_08.7Tp_505. st 2. G2E+00] 2, TARFDD 0, 00E+0D]  -1.90E-0L L2BE-0L UL ODEFVD]  B.13ER00] 1. AVERUL 3 BIEF0L]
Hasimm  [DLCT. 5 08T _Yaa RRSHI0-0_01. Ms 1T TTp_¥0T- ik LA T IORIOT] <5 0TR=UT| =7.FEEUT L I T IR0
aevents for Drivetrain:

q
TYpe {8 -m)
Hind mum ADOLE Bah 0, OV 01 63 L8, AT 08, st 0. T rar-03] 0. 00RI00 E 5. 7
T3_D1E5_Sen_22.0V0_04. WMa_L & TTp_S00 - cut. 5 T31E01 AE T IR 03 T T 03Rv00 T .94 0F]
L3 0012 Saa 04,00 01,6l 16, 4Tp S04 sut 0. 27E-02] -1.248-03 i, BOE 00 [N £, 95E-01 1. 2EE 2]
1_D050_Saa_L0,0V0_0F . 2ii5_09 . CTp_S02. oMt 4. 20E1 03 4.3eE0L] 0. 00Ew0D 1. 0. 51E-02 EXTELE
10001 _San 04, 0V0_0L . 65_00 9T _S0L. st T. 058 01 ERTL R T 5. 3. 19E-01 ERLIELR
1_0001_Sea_04.0V0_01.6Hs _08. Lot 1.86E4+01 !.SOH—CII 0. ODE+DD] [N 3. 00E+01]
_0001_Sas_04.0V0_01.6Hs_08. Lot 0. 00E+ 00} 0. D0EDD 0. 00RO (B 4. J0E401]
Haximum ~3_D165_Saa_te.0W0_04.THE_LS. 1.cat S T I1ENDL T O0E+DD T JGEPDL] -1, 03E+00 T F4Ev0E]
Hinimum  JOLCL.3_ 0001 _Sas_ 04, 000_01. 6ls 08, SRt [T T.00R DD T 00RIED [REINE | s.isv_nnl 7. 35E-01 WE=01 EETIIn
Hamiwmm  [PLEL- 01 o001 M1 %, ot T OT T 0T T 0ORvoT TOTIROT| ToTame0t] -7 .oee-ot TRIROT AL LE
avents for Blada Pitch:
Elaritomi|  BlaFitan Wavek L Windvxl
Type Fila {ideng) {dag) (=)
Tert e T3 D104 Sea 14.0V0 0300 Soat =5, 27~ B eTE-03 o3 70=01 En
et i 3_01N5_Sen_74.0W0_05, Gis 15 2 ot EHI T eaRI 00 BRI 3.
Fint mim 3_D10%_San_1 4. 0V0_03 . 0N3_L¢ . 0Tp_S05. cut . 29R-03 T 3IR-01 T 30801 3.
Haipum 3_D105 Saa 24,0V 05 Eis 16 6Tp S02_out BRIV 0L 2 EEENOL T RERIDL FRETIII FIATILN 3.
Hinimum L3 0104 Sea 14.0W 03 .00 _12.0Tp 505.:mt 27E-03 9.278-03 =5, 2TE=03] 9.378-01 1.30801 3.
DT L L T L P P 3 TETET T ERETT o IR T EOETT T
Extreme events for Nacelle Yaw:
ax amstar
187_5aa_z4. 0W_Us. SHS_LE . TLp_ 502 ST ST
HA XL RUR TA_DNEE_Sad_EiD-r-20_ 2. URS_L4. 8105 T I9ERNL] 4. GTE-DL BRI
Wi mum D001 a4, 0V0_01 . 6R5_08 ST S0L - cut o] == .ml =8 0RE=01
Fawt wm T00T Taa_0 8. 0V0_01 . oll5_00 3T p_J07 . ot b T | T SeR-0T
Extreme events for Blade 1 Defl:
TPDGEI]  TweEDGril
im) { e}
it mm 3 P W T DT IR T 3
Hasxt mis T4_D003_Sea_ECDAR-20_02, 01l3_19 . 0Tp_S01. auk. 10801 0. 00R100 T = BEEY DD R
Hintmm T 0181 Fan. 5 0. 0V0 0%, Sin 12 . TTp 501 . oat -a.w T 3.0 EREEI
Haxi nun 3 0183 Sea 24.0V0 05, Sis 19.3Tp 501.cut 2. JGE00)] OE+0 0 1 3.20Ev01
Hinimm JOLCL.1 0001 Sea 04,00 _01.G6Hs_08.3Tp 501.cat -3.31E-0z] 0 00E+00] 3.198-01 2. 13E+00 3.
Hawimm  [OLCL. 10001 _Sas 0. 0w 0T GHE_U0 0T o0l cat =T OIE-TT| ULOOERND| T ITE-TT T I T eI
Extreme events for Blade 2 Defl:
TinaTaL
Typo i/ zwc)
181 _5aa_24.0V_Us, SHE_LE . TR SUL. 0t 2, BLEFUL
Hawximun  JOLCL.3_ULL8_Sas_L%.0v0 03, AHE_LU.LTp S04, ot W, DIEF U T ASEr 0L B
Wint mim I_0189_Sus_34.0U0_0%. Sls_18 . 3Tp_S0% . cat. 3. 09K+ 00] R [
Wt i 3_D1R3_Suh_39.0V0_0%. SHS_18 ITp_S00 - cat, =3 0K+ 00| T0RV D1 7.8
Wintmim  [DLCL. 1 0001 _Sea_04.0V0_01 s 08 9Tp_S01 -t W BaE-01 S T ¥ 18R-01 BRI ¥
I 3 Hauomm JOLCT. T 0001 Sea U4, T8 01 .65 0. 5Tp S01. ot G G-Il 3 TIE-0L] 1 TRED ] 3. 19E-01 2. 1IEPDD
Extreme events for Blade 3 Defl:
TODRE1z]  TwerDafll] TinaTRL
Type File im) 1deg) nS390)
Fint mim 30190 _San_2 4. 0V0_05 . Hls 1% 7T 504. cut R [AE 3 .00Er 01
Haxi mum L 4_0065_Sea_RD-R-20_02.0Hs_l4.8Tp_504.out ~1. 59800 0. 00E+00 1.11E+01
L3 0182 Sea_24.0W0 05, S5 15.5Tp 501.cat S| o, 00E+00 ~2. S8+ 00)] 2.81Ee01
DLCL .3 0130 Sea_24.0W0 05, Sis 12.7Tp _504.cut 2. J4Er 0 0] 0. 00E+00 1. 46E+00] 2.38Ee01
DLCL . 1_0001_Sea_04.0W_01.6Hs_08.9Tp_S01.t 1.01E+00] -4, 59E-01 0. 00R+00] 2. 19E-01 2. 11E+00
o1 W TN T T T T-OIR+O0] T1.G0R-01 LR | T IOR-01 R 1)
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Extreme svents

for Blade Clrnc:

Typa

|

Hinimun

Windvel
[w/2as)

1371

011 _Sea_34.0V0_05 . s ST cut
LT1.3_0118_Sua L6, 0V0_03. Gs_10.1Tp_S04. ot ETEEIL
Fhimun 0191 Soa = T out EPITT L)
Winimun  [DLCI.4_0065_Sea_BCD-R-20_0C.0Rs_1d.0Ip_S04. sut B 4.comy 00| SRiBEEAOB|  Z.0cmioz|  -7.SdE-0l T 1101
Faniron  |PLTL 20100 Swa 08 TWITTE . Ble 17 715 509, ot T TIET ToEmL| T | T o T
events for NHacelle Acc:

3 - D1R 1 S e k8. PV0_D

18 TPl out

[/ 252)

EREETT

EREEEI)

OTp_504. cut

ERE

T.37EH1

is_L2.7Tp_501.ut -1 . 1#E+00] 1. 238+ 00) 3. 31E-01 L HEHOL

LC1.3 0163 _Swa_22.0W0_04. 7ila_L1.0Tp_S01.cut 1. 25EH00] 1. 27400 2. D0E-01 1. 00E401

THE 18 TP 01 - ot =1, RE 0] * EREECTL)

Hawimun Lok ERFITAIN

Hinimun
st mi

A.1Tp_S03. cut

TP - St

-1.238-4|
=T CoET

2. 0301

TR

1
[RFEIR
T

avents

ST oy
iw/sac)

soe]l
K

TE 7Ty B0l .cut
17 OTp_S07 st T
T 70187 _Sun 33 RITIIE
[ELC1.3 5195 Sua_24. 07240z}
ETT1.1_P001_Swa_04.0V0 01 ils 08 875 _S01. k. 3 O0E01
TTha Tees W P ) WL O ) ) YT TR
Extreme events for Platform Dsp:

Type ile
Tininun [OLCI L V171 Soa EVEVFE1-U VL. Wa 10 STp_B0% st = )
TR TR BT 07, 4RE 17, Tp 3. SaE oL EEEH
Minimun  OLC1.3_0177_Sea_22.0V0_04.THS_15.7Tp_505. cut 3.17E+ 0] =3 33EH00] 1.36Es01 5.
Vo ximun 1.3 _UL09_Seh _24.0V0_U5. 58 _I0.5Tp _S03.cut n. 3. 15K+ 00] 787K 01 3.
Minimus [DLCL 4 0007 Sen BO-T_02. dls_L7 . 6Tp S05. out 3. 12101 [
Waimun T 3_01R%_S0A_3 0. 0V0_0%. SHs_LA ITp_$03 - cut B T_ouEr0 ¥
Hininun ~3_00uG_Sua_LZ.0V0_02 . AHE_L3.ATp_S05. cut 1. SV IO IR T aREr01 T 0307
Le1.3 0198 _Sua_24,0V0_05. SAs_le.3Tp_504. ot T, -1, 55Er 00 1_73a+00) B 1 7GR0 ERTER 5.
Winimun  [DLCL.3 0101 _Sea_L6.0V_03. Gis_10.11p_S0%. st 1. T3IE-01 B 01 V. 13E-01 T.50E1 01 3.
T 30137 _SUA_LR. OV0_0T . TWe_L8 TTp_303 o0t T I I ) TaREr 0T N
T 50109 _Swa_73.0V0_0% S5 L0 STp 503 cut o ENET) YT T [FEIT] IR
T4 O0T] _Seh R-T-30_03. 0HE_14. A1p B | RO q.!ﬁ G | TAREe ]

for Platform Acc:

[Frentie TP Shd .ot

FEETRst 7Ty 501 cut

iRyt S

T T 70187 _Fen 34,000 . 10m-03 T IAE=01 ERTIE (B
P EnThzt Minimun [OLCL.5 0745 _Sua EWSH-2A.0_05. Sas_12 . 7Tp 503 cut -8 51E-02]  -3.438-03 5 05Ew 00| +
[FEErTRzE Wanimun [OLCL.3 U143 Swa 22, 0W0_04. 3 L1 0Tp_S01. c0k 3 GEE-03 1. 6E-01] 3. qm-ni] 4. 13E+ 00 ]
PRt LC1.1_0130_Sea_LU.0V0_03. Tiis_l6.71p_S04. st R ETE T SYCER )
r-.'mm?— P TN FUALRUL 38 | CW ¥ -1 T Y LELE | T aTR-uT T

for Blade 1 Root:

Hestiyel
1)

E01. cuk

2. 08B 01

S04, ok

503, cut

06, cut

01 suk

S5 cut

=01 cuk

322
0.1Tp S04.0u

20 02 76s 16 4Tp 502 out

T3 0078 _Sun 12,0V

2. ila_00.2Tp 202 cuk

3 0105 Fua 3 d. 0V

_ITp S0 cut

- .wﬂ'usl
SOOE402)
7|

3 0118 Fua_Lé. 0V

1Tp S04 cut

1 0168 Soa 32, T 502, cut
~3_BI1%_Sea_Lo. 0V ITp_S04.cut

3 0107 Suh i

Lake 01

1 118 _Sek

1 giEs01

10187 _Sun_3 1.alRed 1. 2. TIEs 01
-3 0188 Soa, 8318003 [ ZEs01
3 0128 Zuh 5.02Ee03 20BN 0L

-3 D126 Se

7.34Es

3 0108 Sun 3

3_0110_Sea_lE.0vo_

0.1Tp S04, cut

104

1. 0EE V03

1

1 1

7 1
1 0188 Sua 21, T 3 out 2 1
2 0187 Sea 24,00 05, 8 3. st zasmo] —s.simvoa] Fl 1
-3 0110_Soa_16.0V0_03 . s 04.cut voszioz]  eoaemogl 1. 1
40033 _Sea o1 0_U2 3ks 16 d4Tp 503 out st sonowor 1. EnEso1
30118 _Sea 16.0V0_03. Os 13 .4Tp S04, cut PETE 1 1
1_019% Sea_94 UV0_0S Sis_lu PTp S0 cut 5 408402 EN 1
30063 _Sua 10 _2Hs 17 6Tp 50s out 1 1
10165 Soa 2 4 £ 3T 501 cut 4 34E] 2, 1

T T




Extreme

events for Blade 3 Root:

Bcca

Ravthmad)

=]

53 _18.3Tp_504.0ut

5. 7Tp S0 cut

1z -sr,. Z01.cut

LOTp S04 _cut

1. s 09 au ’=01 cut

|

4. THs 15,3 Tp 501, cut

| T

2Ip

20_0%.78s 12 .7Tp_501.out

3. s 10.1Tp S04, ot
5.50s 1% .5Tp S01.cuk

2 s DU FTp S06_cut

3 )& 5Tp S03. cut

3 eV T TP SO0 Ut

_|.n|m07

events for Blade 1 50%:

T3.P19% Zua 24, 0V _E. Ba

C1.1 0181 _Sua_24.090_0:

S,
TEL. 30003 Swn 1T 20 02 (a5 01p 501, oot
0

Winimun 377 UVU_UA . TRE_11.OTp_

Mawimun

-4, 6

Hinimun
st mi

H5_10.1Tp 504, st

T 7Tp 501 cuE

LC1.3_0161_Saa_20.0V)_04. diia_L4.1Tp S06. suk

1 .3_U147,_Swa_L0.0W0_03. Tia_LU.1Tp, 506, cut

ToTOTTT a5 OO0 Ols 1T T 15 e st

TIRETeT

S |

events for Blade 3 50%:

Tel1_P190_Sun 240V NS SHE_1E . TTp a0t .ot

1.3 0104 Zwa, 24,0V 0%, Hla_L2.7Tp_S02.cut

LC1.3_0190_Saa_24.0V)_DS. Sia_Le.JTp S04.euk

—R-20_0z . Ui _19. 01,503

M,

Hinimm

T

T IO

Fotthrust] T ettorg Tz .m..m..vl Wenve
[ qkbtm)
SHE =1_15&4+0%]
N 2. 162403
5. 3440 3]

Hawimun

Hinimun

Hawimun

1.60Ee0 4

5191 Soa 31, S0l cuk

-3, 33E+02
2104 Sea 14, 505.cut 4. 642+ 03] 4. 36E+03
01749, 06 ., suk 0. 3T+ 03] LGERN 02
0195 = E05 . cut 4. SER 402 4. 1 58+ 03] LOOE 0 1
0190 -5 . 41E+03] 2.12Ee 02 1
NEITE) ERTTE: 1 3
0013 =6 . T0E+ 02| 12 4 2|
Hawimun Le1.1 $183 4,828 03 1 2 B
[FavErmye Minimun  [DLC1.3 0100 ~1.33E4004] 1 5. B
[raubri WITER: 4 1 5. 3|
| e S1a7.:

o006

D105 H.“" o,

0104 _Sua 14.0V0_03.0Hs 1

1. G4E+03]

D013 Sua 03,00 11 6ita 00

STp S05. cut

g0

STy s0s
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Extreme events for Tower Base:

TwcBaFet] TicBabeet10] Decbedrtio)
T m) {EH =)

3
S oTet cessaow 2. 3sme0dl -1 09Ee03 3] 3
3 5098 Sea 14, 1 85E+0d PR L 108102 5
30153 Sea_22.0W0 874402 & 54K 03] 2 | W 3
1 0198 _Sua 34 0v0 [T IR IR IS 5
1 0190 _Sua_3d. 0 _SaEs 03 4 _0RE+03] K
3 5187 Sea 34, Z05Er0d] o TaEr03 3
-3.0195 Sea_zd. v.imna] -a_J0mw0g X
1 0170 1.03E403] B
Hinimus s
Hawinun 3, 0HE 13.0Tp 503, cut
Minimus 4 TR 13 4Tp 503 cut
Hawimun 20_02.0Rs_14_0Tp_£03_sut
Hinimun 50 g 4. Ta 1% TTp_s08 cut
Haximun 3 0090 _Sea_1d.0v0_i3 . Oita Lout
Minimus 3 0109 _5eA_ 940 ITp 503 _cut
L1 5 G098 _Sua L 00| Tp_ 503 cut
events for Tower 50%:
TURCINLRL] | TeHeIra ] WanT
Type 116 {1 -8} { -] {8 60) (]
TP < N =W P Y P =T ST oen ey ToOE TooomnT 1
1.1 0170 sen “OTp 505 eut 3. 638104 R T 02E01 5.
Winimun 7.3 0101 _SuA_i TS0 cut 1. ak+0q TSR0 5
LT1.1_0104_Sua_L4,070_03.0A_12.01p_ 505, sk T, 0|
Winimun [OLC1.3 0147 Sua 35.0W0 04 JHs_L3 dTp 502 ut [FETE EREFETET) PR
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Appendix B. Instabilities

When analyzing the various instabilities for the floating tension leg platform and OC3-Hywind
wind turbine systems, note that an extensive study on the instability first encountered in DLC
6.2a has been conducted. In this design load case 6.2a, the rotor is idling with all blades fully
feathered at a pitch angle of 90° and with different yaw misalignments ranging from —180° <
Yaw < +180°. The charts presented in this section were obtained with a setup similar to
DLC 6.2. A constant wind speed of 50 m/s with no shear and still water was used.

Next, constant yaw errors of the nacelle are simulated from —180° < Yaw < +180° in 0.5° steps.
All degrees of freedom are activated in the FAST models. For both the TLP and the OC3-
Hywind five charts are provided. The first presents the damping ratios for the 6 platform DOFs,
the second chart presents the first tower side-to-side and fore-aft DOFs and the drivetrain DOF.
The third chart shows the two first flap-wise blade DOFs, the fourth shows the three first
edgewise blade DOFs, and the last chart depicts the second modes for the tower and the blades.

Note that the blades in this case are pitched to 90°, so, the flap modes are actually in plane and
the edge modes are actually out of plane (reverse to what is normally expected). The drivetrain
torsion eliminates one in-plane mode. Therefore, in this case, the charts show 2 flap and 3 edge
modes (The 90° blade pitch also explains why one of the tower frequencies shifted so much).

Due to difficulties in clearly identifying each mode—especially for 2nd tower and blade
modes—the legend shows the natural frequency at 0° yaw error for each mode. These damping
ratios show that, for this particular load case, 8 negatively damped modes for the TLP and 7
negatively damped modes for the OC3-Hywind exist.

Additionally, the charts in B.3 present a section of the time series of the angle of attack o and the
lift coefficient ¢; at two positions (60% blade length and blade tip) on blade 1 for a yaw
misalignment of 40° in a 1-DOF platform yaw model. These diagrams have been created for all
three blades at different yaw misalignments for all 1-DOF models where negative damping ratios
were found.
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B.1. Damping Ratios Tension Leg Platform

Yaw Error [deg]

- TLP Platform DOFs, Negative modes: 2
-2 0.06 T T T 1
i . ——0.016535
37'004_ T O 0.016538_
3 : 0.43778
=R < ~ £ I~ 0.2279 ||
4 ﬁ Vo 0.094206
§ -0.02 1 | I | 1
I -200 -150 -100 -50 0 150 200
Yaw Error [deg]
= TLP Tower&Drivetrain DOFs, Negative modes: 2
he 1 T T T T T
g . 0.49819
2 N N a0 e 0.67185 ||
g 0° 0.65578
=
©
a of -
p . . .
g 05 ! 'l J | !
 -200 -150 -100 -50 0 150 200
Yaw Error [deg]
- TLP 1st flapwise blade, Negative modes: 2
2 0.04 ! !
& - 0.693
= . f 0.74428 | |
£ 002 —\/v _
£
=] o o . S B
o] . .
on . .
g _0‘02 1 1 l | |
I -200 -150 -100 -50 0 150 200
Yaw Error [deg]
- TLP 1st edgewise blade, Negative modes: 2
2 0.04 T T T T I
[3] . . .
o
2 0.02f
Q.
£ . . -
o
[m] (= - : : -
Py . . .
5 -0.02 j 'l J | j
x -200 -150 100 -50 0 150 200
Yaw Error [deg]
o) TLP 2nd modes, Negative modes: 0
g 0.4 T T T T
6:5 . . .
g} 03 — m
a
£ 02
1]
a
o 01F H
©
o 0 ! : - ! R
Z -200 -150 -100 -50 0 150 200

108




B.2. Damping Ratios OC3-Hywind

OC3-Hywind Platform DOFs, Negative modes: 0
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B.3. Angle of Attack

Blade 1: Timeseries Angle of Attack; Yaw Misalignment = 30 [deg]; PreCone = -2.5 [deg]; ShaftTilt = -5 [deg]
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Appendix C. Time Histories

This appendix presents time histories of FAST design load case simulations for the TLP and
OC3-Hywind concepts for certain output parameters. The diagrams have been created with the
postprocessor MCrunch. In general, time histories are very useful tools used to analyze extreme
events and instabilities; they also help to compare the behavior of different designs under
distinctive environmental conditions (e.g., wind gusts, high waves). The following charts help to
better explain certain wind-triggered and wave-triggered effects described in the report.

C.1. Low-Speed Shaft Moment Design Load Case 1.4
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C.2. Blade 1 Root Moment Design Load Case 1.4



C.3. Tower-Top Displacements Design Load Case 1.3
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