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= disturbance-accommodating control
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= frequency-to-time
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= meteorological and oceanographic
= multiple-input, multiple-output
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OCS = offshore continental shelf

0C3 = Offshore Code Comparison Collaborative
0&G = oil and gas

owcC = oscillating water column

PI = proportional-integral

PID = proportional-integral-derivative

PSD = power spectral density

PSF = partial safety factor

RAM = random access memory

RAO = response amplitude operator

RECOFF = Recommendations for Design of Offshore Wind Turbines project
RNG = random-number generator

SAR = synthetic aperture radar

SDB = shallow-drafted barge

SISO = single-input, single-output

SML = SWIM-MOTION-LINES

SVD = singular-value decomposition
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TFB = tower feedback

TLP = tension leg platform

T™MD = tuned-mass damper

UAE = Unsteady Aerodynamics Experiment
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WAMIT® = Wave Analysis at MIT

WGN = white Gaussian noise

WindPACT= Wind Partnerships for Advanced Component Technology project
w.r.t. = with respect to
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Ay
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By

By
BRadiation
BViscous
Cy

Cs

Cp

Cq

CHydrostatic

CHydr()Static
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CLines
Lines
Cl]'

Cu

Nomenclature

amplitude of a regular incident wave
discrete-time state matrix

component of the undisturbed fluid-particle acceleration in Morison’s equation in
the direction of the /™ translational degree of freedom of the support platform

(i,j) component of the impulsive hydrodynamic-added-mass matrix

three-component acceleration vector in Kane’s equations of motion for the center
of mass (point X;) of the #" system rigid body in the inertial frame (frame E)

added inertia (added mass) associated with hydrodynamic radiation in pitch
water-plane area of the support platform when it is in its undisplaced position
amplitude of the platform-pitch oscillation

discrete-time input matrix

(i,/) component of the hydrodynamic-damping matrix

damping associated with hydrodynamic radiation in pitch

damping associated with hydrodynamic viscous drag in pitch

normalized hydrodynamic-added-mass coefficient in Morison’s equation
coefficient of the static-friction drag between the seabed and a mooring line
normalized viscous-drag coefficient in Morison’s equation

discrete-time output state matrix

= hydrostatic restoring in pitch

= (i,j) component of the linear hydrostatic-restoring matrix from the water-plane

area and the center of buoyancy

linearized hydrostatic restoring in pitch from all mooring lines

(i,j) component of the linear restoring matrix from all mooring lines

normalized mass (inertia) coefficient in Morison’s equation
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c

Dy

Platform
dF,

Viscous
dF,

dz

E[Hs| thb] =

EA

Hydro
F,

F;Lines

F;Lines,o

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

effective damping in the equation of motion for the rotor-speed error
diameter of cylinder in Morison’s equation
effective diameter of a mooring line

discrete-time input transmission matrix

h

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 platform

i™ component of the viscous-drag load acting on a differential element of cylinder
in Morison’s equation

length of a differential element of cylinder in Morison’s equation

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

extensional stiffness of a mooring line
corner frequency

component of the forcing function associated with the i" system degree of
freedom

generalized active force in Kane’s equations of motion associated with the i"
system degree of freedom

generalized inertia force in Kane’s equations of motion associated with the i
system degree of freedom

i™ component of the total load on the support platform from the contribution of
hydrodynamic forcing, not including impulsive added mass

i™ component of the total load on the support platform from the contribution of all
mooring lines

i™ component of the total mooring line load acting on the support platform in its
undisplaced position
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E Platform

F; Viscous

F;Waves

F*

GK

Hy

Hy

Hsl

Hiso

I Drivetrain
I Gen
I Mass

I Rotor

h

i component of the total external load acting on the support platform, other than

those loads transmitted from the wind turbine and the weight of the support
platform

i™ component of the total viscous-drag load acting on the support platform from
Morison’s equation

i™ component of the total excitation force on the support platform from incident
waves

three-component active-force vector in Kane’s equations of motion applied at the
center of mass (point X,) of the »™ system rigid body

gravitational acceleration constant

gain-correction factor

water depth

horizontal component of the effective tension in a mooring line at the anchor

horizontal component of the effective tension in a mooring line at the fairlead

starting value of Hr used in the Newton-Raphson iteration during the initialization
of the mooring system module

three-component vector in Kane’s equations of motion representing the first time
derivative of the angular momentum of the 0 system rigid body (body N,) about
the body’s center of mass in the inertial frame (frame E)

significant wave height

significant wave height, based on a 3-h reference period, with a recurrence period
of 1 year

significant wave height, based on a 3-h reference period, with a recurrence period
of 50 years

drivetrain inertia cast to the low-speed shaft
generator inertia relative to the high-speed shaft
pitch inertia associated with wind turbine and barge mass

rotor inertia
when not used as a subscript, this is the imaginary number, -/
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wave number of an incident wave
blade-pitch controller derivative gain
blade-pitch controller integral gain

i" component of the time- and direction-dependent incident-wave-excitation force

on the support platform per unit wave amplitude

(i,j) component of the matrix of wave-radiation-retardation kernels or impulse-
response functions of the radiation problem

blade-pitch controller proportional gain
proportional gain in the tower-feedback control loop

effective stiffness in the equation of motion for the platform pitch in terms of the
translation of the hub

effective stiffness in the equation of motion for the rotor-speed error
total unstretched length of a mooring line

unstretched length of the portion of a mooring line resting on the seabed
hub height

(i,j) component of the matrix of alternative formulations of the wave-radiation-
retardation kernels or impulse-response functions of the radiation problem

(i,/) component of the body-mass (inertia) matrix

three-component active moment vector in Kane’s equations of motion applied to
the " system rigid body (body N,)

mass of the 7" system rigid body in Kane’s equations of motion

effective mass in the equation of motion for the platform pitch in terms of the
translation of the hub

effective inertia (mass) in the equation of motion for the rotor-speed error
discrete-time-step counter

high-speed to low-speed gearbox ratio

mechanical power

rated mechanical power
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q;

9;

1-Sided
Sé

2-Sided
S§

T Aero

U,

U;

V4

Vi

sensitivity of the aerodynamic power to the rotor-collective blade-pitch angle

system degree-of-freedom j (without the subscript, ¢ represents the set of system
degrees of freedom)

first time derivative of system degree-of-freedom j (without the subscript, ¢
represents the set of first time derivatives of the system degrees of freedom)

second time derivative of system degree-of-freedom j (without the subscript, ¢
represents the set of second time derivatives of the system degrees of freedom)

unstretched arc distance along a mooring line from the anchor to a given point on
the line

one-sided power spectral density of the wave elevation per unit time

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

simulation time

aerodynamic rotor thrust

aerodynamic torque in the low-speed shaft

effective tension at a given point on a mooring line

generator torque in the high-speed shaft

peak spectral period

discrete-time step

aerodynamic rotor thrust at a linearization point

for the control-measurement filter, the unfiltered generator speed

for the system equations of motion, the set of wind turbine control inputs
first of two uniformly-distributed random numbers between zero and one
second of two uniformly-distributed random numbers between zero and one
rotor-disk-averaged wind speed

vertical component of the effective tension in a mooring line at the anchor

vertical component of the effective tension in a mooring line at the fairlead
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VO

Vb

Vi

Vin

Vout

Vo

Vi

Vso

X,Y,Z

starting value of V7 used in the Newton-Raphson iteration during the initialization
of the mooring system module

hub-height wind speed averaged over a given reference period

component of the undisturbed fluid-particle velocity in Morison’s equation in the
direction of the i"™ translational degree of freedom of the support platform

three-component partial linear-velocity vector in Kane’s equations of motion for

the center of mass (point X,) of the 0 system rigid body in the inertial frame
(frame F)

cut-in wind speed

cut-out wind speed

rated wind speed

displaced volume of fluid when the support platform is in its undisplaced position
reference 10-min average wind speed with a recurrence period of 1 year
reference 10-min average wind speed with a recurrence period of 50 years

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

for mooring systems, the horizontal distance between the anchor and a given point
on a mooring line

for the control-measurement filter, the filter state

for the platform-pitch damping problem, the translational displacement of the hub
translational velocity of the hub

translational acceleration of the hub

horizontal distance between the anchor and fairlead of a mooring line

i component of the frequency- and direction-dependent complex incident-wave-

excitation force on the support platform per unit wave amplitude

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
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X, V,Z

ZCOB

ZF

A&

A0
AD
AQ

AQ

opposite gravity along the centerline of the undeflected tower when the platform
is undisplaced)

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)

for the control-measurement filter, the filtered generator speed

for mooring systems, the vertical distance between the anchor and a given point
on a mooring line

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)

vertical distance between the anchor and fairlead of a mooring line

low-pass filter coefficient

incident-wave propagation heading direction

peak shape parameter in the Joint North Sea Wave Project (JONSWAP) spectrum
effective increase in the platform-pitch damping ratio

small perturbation of the blade-pitch angles about their operating point

blade-pitch rate

small perturbation of the low-speed shaft rotational speed about the rated speed

low-speed shaft rotational acceleration

(i,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

damping ratio of the response associated with the equation of motion for the
platform pitch in terms of the translation of the hub

damping ratio of the response associated with the equation of motion for the
rotor-speed error

for the blade-pitch controller, the full-span rotor-collective blade-pitch angle
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Ok

01,02,03

Ao

He

rotor-collective blade-pitch angle at which the pitch sensitivity has doubled from
its value at the rated operating point

= set of orthogonal rotations used to convert from an original to a transformed

reference frame (when applied to the support platform in particular, 6;,6,,0;
represent the roll, pitch and yaw rotations of the platform about the axes of the
inertial reference frame)

dimensionless catenary parameter used to determine the starting values in the
Newton-Raphson iteration during the initialization of the mooring system module

mass of mooring line per unit length

platform-pitch angle (rotational displacement)

platform-pitch rotational velocity

platform-pitch rotational acceleration

the ratio of a circle’s circumference to its diameter

water density

scaling factor in the Joint North Sea Wave Project JONSWAP) spectrum

variance of the instantaneous elevation of incident waves

dummy variable with the same units as the simulation time

the integral of ¢ with respect to time

small perturbation of the low-speed shaft rotational speed about the rated speed
low-speed shaft rotational acceleration

low-speed shaft rotational speed

rated low-speed shaft rotational speed

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

three-component partial angular-velocity vector in Kane’s equations of motion for
the 7" system rigid body (body N,) in the inertial frame (frame E)
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= natural frequency of the response associated with the equation of motion of the
platform pitch in terms of the translation of the hub

= natural frequency of the response associated with the equation of motion for the
rotor-speed error
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Executive Summary

The vast deepwater wind resource represents a potential to use offshore floating wind turbines to
power much of the world with renewable energy. Many floating wind turbine concepts have
been proposed, but dynamics models, which account for the wind inflow, aerodynamics,
elasticity, and controls of the wind turbine, along with the incident waves, sea current,
hydrodynamics, and platform and mooring dynamics of the floater, were needed to determine
their technical and economic feasibility.

This work presents the development of a comprehensive simulation tool for modeling the
coupled dynamic response of offshore floating wind turbines, the verification of the simulation
tool through model-to-model comparisons, and the application of the simulation tool to an
integrated loads analysis for one of the promising system concepts.

A fully coupled aero-hydro-servo-elastic simulation tool was developed with enough
sophistication to address the limitations of previous frequency- and time-domain studies and to
have the features required to perform loads analyses for a variety of wind turbine, support
platform, and mooring system configurations.

The simulation capability was tested using model-to-model comparisons. The favorable results
of all of the verification exercises provided confidence to perform more thorough analyses.

The simulation tool was then applied in a preliminary loads analysis of a wind turbine supported
by a barge with catenary moorings. A barge platform was chosen because of its simplicity in
design, fabrication, and installation. The loads analysis aimed to characterize the dynamic
response and to identify potential loads and instabilities resulting from the dynamic couplings
between the turbine and the floating barge in the presence of combined wind and wave
excitation. The coupling between the wind turbine response and the barge-pitch motion, in
particular, produced larger extreme loads in the floating turbine than experienced by an
equivalent land-based turbine. Instabilities were also found in the system.

The influence of conventional wind turbine blade-pitch control actions on the pitch damping of
the floating turbine was also assessed.

Design modifications for reducing the platform motions, improving the turbine response, and
eliminating the instabilities are suggested. These suggestions are aimed at obtaining cost-
effective designs that achieve favorable performance while maintaining structural integrity.
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Chapter 1 Introduction

1.1 Background

Nonrenewable resources such as coal, natural gas, oil, and nuclear power are the primary sources
of energy for many parts of the world. Burning fossil fuels, however, is harmful to the
environment, and fossil fuel supplies are limited and subject to price volatility. And the safe
storage and disposal of radioactive waste, the potential for radioactive contamination from
accidents or sabotage, and the threat of nuclear proliferation are serious challenges to the success
of nuclear power. Renewable resources such as wind possess great potential because they are
indigenous, nonpolluting, and inexhaustible.

Land-based wind power has been the world’s fastest growing energy source on a percentage
basis for more than a decade [99]. In the United States, most of the wind energy development
has taken place in the West and Midwest, where the wind is strong but the land is sparsely
populated. The major barrier to increased development of this wind resource potential is
insufficient transmission-line capacity to major urban population (and load) centers near the
coastline [71].

To power coastal load centers, wind turbines can also be installed offshore. In Europe, where
vacant land is scarce and vast shallow-water wind resources are available, more than 900 MW of
offshore wind energy capacity has been installed in and around the North and Baltic seas [72].
Although offshore wind turbines are not currently in use outside Europe, worldwide interest is
growing because the global offshore wind resource is abundant. The U.S. potential ranks second
only to China [70]. For instance, the wind resource potential at 5 to 50 nautical miles off the
U.S. coast is estimated to be more than the total currently installed electricity-generating capacity
of the United States (more than 900,000 MW when accounting for exclusions), and much of this
offshore potential lies close to major coastal urban populations [99]. Additional advantages of
installing wind energy offshore include the following [30,71]:

e The wind tends to blow more strongly and consistently, with less turbulence intensity and
smaller shear at sea than on land.

e The size of an offshore wind turbine is not limited by road or rail logistical constraints if
it can be manufactured near the coastline.

e The visual and noise annoyances of wind turbines can be avoided if the turbines are
installed a sufficient distance from shore.

e Vast expanses of uninterrupted open sea are available and the installations will not
occupy land, interfering with other land uses.

These advantages are offset by several disadvantages of placing wind turbines offshore [30,71]:

e A higher capital investment is required for offshore wind turbines because of the costs
associated with marinization of the turbine and the added complications of the
foundation, support structure, installation, and decommissioning.



e Offshore installations are less accessible than onshore installations, which raises the
operations and maintenance costs and possibly increases the downtime of the machines.

e Not only do offshore wind turbines experience environmental loading from the wind, but
they must also withstand other conditions, such as hydrodynamic loading from waves and
sea currents. As a result, the complexity of the design increases.

Much of the offshore wind resource potential in the United States, China, Japan, Norway, and
many other countries is available in water deeper than 30 m. In contrast, all the European
offshore wind turbines installed to date are on fixed-bottom substructures. These turbines have
mostly been installed in water shallower than 20 m by driving monopiles into the seabed or by
relying on conventional concrete gravity bases. These technologies are not economically
feasible in deeper water. Instead, space-frame substructures, including tripods, quadpods, or
lattice frames (e.g., “jackets”), will be required to maintain the strength and stiffness
requirements at the lowest possible cost. The Beatrice Wind Farm Demonstrator Project in the
North Sea near Scotland, where two 5-MW wind turbines are being installed on a jacket structure
in 45 m of water, is a good example of this technology.! At some depth, however, floating
support platforms will be the most economical. This natural progression is illustrated in Figure
1-1 [71]. Without performing a dynamic analysis, Musial, Butterfield, and Boone [70] have
demonstrated the economic potential of one floating platform design.

Numerous floating support platform configurations are possible for offshore wind turbines,
particularly considering the variety of mooring systems, tanks, and ballast options that are used
in the offshore oil and gas (O&G) industries. Figure 1-2 illustrates several of these concepts,
which are classified in terms of how the designs achieve static stability. The spar-buoy concept,
which can be moored by catenary or taut lines, achieves stability by using ballast to lower the
center of mass (CM) below the center of buoyancy (COB). The tension leg platform (TLP)
achieves stability through the use of mooring-line tension brought about by excess buoyancy in
the tank. In the barge concept, the barge is generally moored by catenary lines and achieves
stability through its water-plane area. Hybrid concepts, which use features from all three classes,
are also a possibility [14].

Because the offshore O&G industries have demonstrated the long-term survivability of offshore
floating structures, the technical feasibility of developing offshore floating wind turbines is not in
question. Developing cost-effective offshore floating wind turbine designs that are capable of
penetrating the competitive energy marketplace, though, will require considerable thought and
analysis. Transferring the offshore O&G technology directly to the offshore wind industry
without adaptation would not be economical. These economic challenges impart technological
challenges [14], which, in turn, must be addressed through conceptual design and analysis.

The International Electrotechnical Commission (IEC) 61400—1 design standard [33] specifies the
design requirements for land-based wind turbines. The upcoming IEC 614003 design standard
[34] supplements the 61400—1 design standard with design requirements for sea-based wind
turbines. Both design standards require that an integrated loads analysis be performed when a
machine is certified. Such analysis is also beneficial for conceptual design and analysis,

"' Web site: http://www.beatricewind.co.uk/home/default.asp
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allowing designers to conceptualize cost-effective wind turbines that achieve favorable
performance and maintain structural integrity.

Integrated loads analyses are carried out with comprehensive simulation tools called design
codes. For land-based wind turbine analysis, these design codes are labeled as “aero-servo-
elastic” tools, meaning that they incorporate aerodynamic models, control system (servo)
models, and structural-dynamic (elastic) models in a fully coupled (integrated) simulation
environment. More precisely, these simulation tools incorporate sophisticated models of both
turbulent- and deterministic-wind inflow; aecrodynamic, gravitational, and inertial loading of the
rotor, nacelle, and tower; elastic effects within and between components and in the foundation;
and mechanical actuation and electrical responses of the generator and of the control and
protection systems.

In the offshore environment, additional loading is present, and additional dynamic behavior must
be considered. Wave-induced (diffraction) and platform-induced (radiation) hydrodynamic
loads, which are the most apparent new sources of loading, impart new and difficult challenges
for wind turbine analysts. Additional offshore loads arise from the impact of floating debris or
sea ice and from marine growth buildup on the substructure. The analysis of offshore wind
turbines must also account for the dynamic coupling between the motions of the support platform
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and the wind turbine, as well as for the dynamic characterization of the mooring system for
compliant floating platforms.

1.2 Previous Research

In recent years, a variety of wind turbine aero-servo-elastic simulation tools have been expanded
to include the additional loading and responses representative of fixed-bottom offshore support
structures [4,15,19,52,61,77,97]. For the hydrodynamic-loading calculations, all of these codes
use Morison’s equation [22,74]. The incident-wave kinematics are determined using an
appropriate wave spectrum together with linear Airy wave theory for irregular seas or one of the
various forms of nonlinear stream-function wave theory for extreme regular seas. The effects of
sea currents are also included. Morison’s representation, which is most valid for slender vertical
surface-piercing cylinders that extend to the sea floor, accounts for the relative kinematics
between the fluid and substructure motions, including added mass, incident-wave inertia, and
viscous drag. It ignores the potential effects of free-surface memory and atypical added-mass-
induced couplings between modes of motion in the radiation problem [16,76], and takes
advantage of G. L. Taylor’s long-wavelength approximation [16,76,85] to simplify the diffraction
problem. These neglections and approximations inherent in Morison’s representation limit its



applicability for analyzing many of the proposed support platform concepts for offshore floating
wind turbines.

A number of studies have also assessed the preliminary design of offshore floating wind
turbines. Many of these studies used linear frequency-domain analysis, which is commonly
employed in the offshore O&G industries. For example, Bulder et al [13] used linear frequency-
domain hydrodynamics techniques to find the response amplitude operators (RAOs) and
amplitude standard deviations of the six rigid-body modes of motion for the support platform of
a tri-floater design for a 5-MW wind turbine. Lee [59] used a similar process to analyze a TLP
design and a taut-leg spar-buoy design for a 1.5-MW wind turbine. Wayman, Sclavounos,
Butterfield, Musial, and 1 [100,101] also used a similar process to analyze multiple TLP designs
and a shallow-drafted barge (SDB) design for a 5-MW wind turbine. Most recently, through
frequency-domain analysis, Vijthuizen [98] designed a barge for a 5-MW wind turbine, which
was also a platform for an oscillating water column (OWC) wave-energy device. In these
studies, the attributes of the wind turbine were included by augmenting the body-mass matrix
with the mass properties of the turbine. The hydrodynamic-damping and -restoring matrices
were also augmented with damping and restoring contributions from rotor aerodynamics and
gyroscopics. Additionally, the linearized restoring properties of the mooring system were
derived about a mean offset displacement of the support platform caused by the aerodynamic
thrust on the rotor. The elasticity of the wind turbine was ignored. All of the studies
demonstrated the technical feasibility of offshore floating wind turbines by showing that, through
proper design, the natural frequencies of the floating support platform could be placed where
there was little energy in the wave spectrum to ensure that the overall dynamic response was
minimized.

One limitation of these linear frequency-domain analyses is that they cannot capture the
nonlinear dynamic characteristics and transient events that are important considerations in wind
turbine analysis. Several other offshore floating wind turbine studies have addressed this
limitation. Using what they termed a “state-domain” technique, Henderson and Patel [31] used
RAOs to prescribe the motions of a 700-kW wind turbine to determine the effect that platform
motions have on turbine fatigue loads. They showed that platform motions have little effect on
power capture and rotor loads; instead, these were dominated by the aerodynamics of the rotor.
They also showed, though, that platform motions have a substantial effect on the nacelle and
tower loads, which are dominated by inertia. As a result, the tower would have to be
strengthened if the platform motions could not be reduced. The same conclusions were drawn
independently by Fulton, Malcolm, and Moroz [23] and by Withee [103]. These researchers
used different time-domain aero-servo-elastic wind turbine simulators that had been adapted to
include the effects of platform motion and hydrodynamic loading of TLP designs for a 5-MW
and 1.5-MW wind turbine, respectively. In a more recent analyses, Nielsen, Hanson, and Skaare
[75,87] and Larsen and Hanson [57] drew similar conclusions. These researchers used a
combined aero-servo-elastic, hydrodynamic, and mooring program to design a deep-drafted spar
buoy (called “Hywind”) to support a 5-MW wind turbine and develop its corresponding control
system. This study, in particular, was important because the computer program simulations were
verified by the response of a scaled-down model in a wave tank experiment. Finally, Zambrano,
MacCready, Kiceniuk, Roddier, and Cermelli [105,106] demonstrated the technical (but not
economic) feasibility of smaller floating wind turbines. They used a time-domain model to
determine the support platform motions and mooring tensions for a semisubmersible platform
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that supports three wind turbines of either 90 kW or 225 kW each and a TLP that supports a
single 1-kW turbine.

These studies have other limitations that must also be addressed. For instance, the time-domain
dynamics models employed by Fulton, Malcolm, and Moroz [23], and Withee [103] used
Morison’s equation to compute the hydrodynamic loading on the TLPs, which, as I mentioned
earlier, ignores potentially important hydrodynamic effects. Although the hydrodynamics model
was more sophisticated in the time-domain dynamics program employed by Zambrano,
MacCready, Kiceniuk, Roddier, and Cermelli [105,106], their aerodynamics and structural-
dynamics models were unsophisticated, consisting only of a single horizontal drag force for the
aerodynamics model and the six rigid-body modes of motion of the support platform for the full-
system structural-dynamics model. Also, the concept analyzed by Nielsen, Hanson, and Skaare
[75,87] and Larsen and Hanson [57] had such a large draft (120 m) that it would be difficult to
construct and be deployable only at sites with very deep water. Moreover, the findings and
conclusions drawn by all of the researchers mentioned in this section must be verified through a
rigorous loads analysis.

1.3 Objectives, Scope, and Outline

In light of the limitations of the research studies described in the last section, I set three
objectives for my work: (1) develop a comprehensive simulation tool that can model the coupled
dynamic response of offshore floating wind turbines, (2) verify the simulation capability through
model-to-model comparisons, and (3) apply the simulation tool in an integrated loads analysis
for one of the promising floating support platform concepts.

My first objective addresses the foremost problem with the prior research studies—that the
dynamic models developed previously were not general enough to allow analysis of a variety of
support platform configurations and were also limited in their capability for the configurations
they could model. My model development activities also address the primary need dictated by
the upcoming international design standard [34] for offshore wind turbines and fulfill the leading
recommendation from the study by Fulton, Malcolm, and Moroz [23] about the design of a
semisubmersible platform and anchor foundation system for wind turbine support. My offshore
floating wind turbine simulation tool was developed with enough sophistication to address the
limitations of the previous time- and frequency-domain studies. In addition, it has the features
required to perform an integrated loads analysis for a variety of wind turbine, support platform,
and mooring system configurations. The simulation tool I developed is a fully coupled aero-
hydro-servo-elastic model based in the time domain. By “aero-hydro-servo-elastic,” I mean that
aero-servo-elastic models and hydrodynamic models are incorporated in the fully coupled
simulation environment. The “fully coupled” nature of this capability is important for possible
follow-on design optimization projects, which would be difficult to carry out without taking the
integrated dynamic response into account. I describe the development of this simulation
capability in Chapter 2. I have previously published some of this material in papers coauthored
with Sclavounos [40] and Buhl [41].

Chapter 3 presents the input data used for the model verification exercises and loads analyses
discussed in the subsequent chapters. These data include the specifications of a 5-MW wind
turbine, of two floating platforms, and of environmental conditions at a reference site. Although



I developed the specifications of the wind turbine, I did not develop the basic designs of the two
floating support platforms used in this work. Butterfield, Musial, Scott, and I have submitted the
material in Chapter 3 for publication [42] and Buhl and I have already summarized parts of the
information [41,43].

In fulfillment of my second objective, Chapter 4 presents a verification of the simulation
capability covered in Chapter 2 using the input data given in Chapter 3. The verification
exercises were important because they gave me confidence in the simulation capability that led
me to pursue more thorough investigations into the dynamic behavior of offshore floating wind
turbines. Again, I have previously published some of this material in work with Buhl [41].

My third objective addresses the secondary problem with the previous research studies—that
their results were demonstrated through only a handful of simulations. To carry out my
integrated loads analysis, I applied the simulation capability using the analysis requirements
prescribed by the IEC design standards as my guide. Chapter 5 contains an overview and
description of the loads analysis, and Chapter 6 presents the analysis results. Buhl and I have
published some of this material elsewhere [41,43]. I ran loads analyses for a 5-MW wind turbine
supported both on land and offshore by a floating barge with slack catenary moorings. The loads
analysis allowed me to characterize the dynamic response of the land- and sea-based systems. In
addition, by comparing both responses, I was able to quantify the impact brought about by the
dynamic coupling between the turbine and the floating barge in the presence of combined wind
and wave loading. The results of comprehensive loads analyses for some of the other promising
offshore floating wind turbine configurations are left for future work.

My loads analysis quickly demonstrated that the pitching motion of the barge brought about load
excursions in the supported wind turbine that exceeded those experienced by the equivalent
turbine that was installed on land. One possible avenue for improving the response of the
floating wind turbine is to apply active wind turbine control. To this end, Chapter 7 addresses
the influence of conventional wind turbine control methodologies to the pitch damping of the
floating wind turbine system analyzed in Chapter 6. I have submitted some of this material for
publication [44].

In Chapter 8, I summarize the work, present my conclusions, and suggest directions for further
research.

My work does not address system economics; manufacturing, installation, or decomissioning
considerations; or optimization of the floating wind turbine system or wind farm. Nonetheless,
the work I present here is fundamental to determining the most technically attractive and
economically feasible floating wind turbine design as outlined in Section 1.1.



Chapter 2 Development of Aero-Hydro-Servo-Elastic Simulation
Capability

Limitations with previous time- and frequency-domain studies on offshore floating wind turbines
motivated me to develop simulation capability for modeling the fully coupled aero-hydro-servo-
elastic response of such systems. In developing this capability, I found it beneficial to combine
the computational methodologies of the land-based wind turbine and of the offshore O&G
industries.

Over the past decade, the U.S. Department of Energy’s (DOE’s) National Renewable Energy
Laboratory (NREL),' has sponsored the development, verification, and validation of
comprehensive aero-servo-elastic simulators through the National Wind Technology Center
(NWTC).? These simulators are capable of predicting the coupled dynamic response and the
extreme and fatigue loads of land-based horizontal-axis wind turbines (HAWTs). The U.S. wind
industry relies on two primary design codes: (1) FAST (Fatigue, Aerodynamics, Structures, and
Turbulence) [39] with AeroDyn [55,67] and (2) MSC.ADAMS® (Automatic Dynamic Analysis
of Mechanical Systems) with A2AD (ADAMS-to-AeroDyn) [20,54] and AeroDyn. FAST and
MSC.ADAMS are separate programs that can be run independently to model the structural-
dynamic response and control system behavior of HAWTs. FAST is a publicly available code
distributed® by the NWTC that employs a combined modal and multibody structural-dynamics
formulation in the time domain. I wrote most of the code in its present form (while employed at
NREL / NWTC), but I based much of it on previous development efforts at Oregon State
University and the University of Utah. The more complex MSC.ADAMS code is a
commercially available and general-purpose code from MSC Software Corporation4 that
employs a higher fidelity multibody-dynamics formulation in the time domain. It is adaptable
for modeling wind turbines through the set of A2AD modules Windward Engineering LLC” and
I developed. This set of A2AD modules is distributed® by the NWTC.

The complicated HAWT models possible within MSC.ADAMS can be generated through a
preprocessor functionality built-into the simpler FAST code. To enable the fully coupled aero-
servo-elastic modeling of wind turbines in the time domain, both FAST and MSC.ADAMS have
been interfaced with the AeroDyn aerodynamic subroutine package for calculating wind turbine
aerodynamic forces. AeroDyn was developed by Windward Engineering LLC and is
distributed” by the NWTC. Note that I use the term “ADAMS” to mean “MSC.ADAMS with
A2AD” in this work.

' Web site: http://www.nrel.gov/

2 Web site: http://www.nrel.gov/wind/

3 Web site: http://wind.nrel.gov/designcodes/simulators/fast/

4 Web site: http://www.mscsoftware.com

5 Web site: http://www.windwardengineering.com/

® Web site: http://wind.nrel.gov/designcodes/simulators/adams2ad/

" Web site: http://wind.nrel.gov/designcodes/simulators/aerodyn/
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For the offshore O&G industries, the Center for Ocean Engineering at the Massachusetts
Institute of Technology (MIT)® has sponsored the development, verification, and validation of
comprehensive hydrodynamic computer programs capable of analyzing the wave interaction and
dynamic responses of offshore floating platforms in both the frequency and time domains. SML
(SWIM-MOTION-LINES) [47,48,49,50] from MIT is a publicly available suite of computer
modules for determining the hydrodynamic properties and responses of floating structures
operating in wind, waves, and current in waters of moderate to great depth. SML’s SWIM
module [48] analytically solves the linear- and second-order frequency-domain hydrodynamic
radiation and diffraction problems for platforms composed of simple geometry, such as arrays of
vertical surface-piercing cylinders. The MOTION module [49] finds solutions of the large-
amplitude, time-domain, slow-drift responses and the LINES module [50] determines the
nonlinear mooring-line, tether, and riser reactions with the platform. The computer program
WAMIT® (Wave Analysis at MIT) [58], a commercially available product from WAMIT, Inc.,’
uses a three-dimensional numerical-panel method in the frequency domain to solve the linearized
hydrodynamic radiation and diffraction problems for the interaction of surface waves with
offshore platforms of arbitrary geometry.

This chapter presents my efforts to develop an upgrade of the land-based wind turbine simulation
tools, FAST with AeroDyn and ADAMS with AeroDyn, to include the additional dynamic
loading and motions representative of offshore floating systems. Also in this chapter, I discuss
how the SML and WAMIT codes are used in the overall solution.

Before I describe the additional formulations needed to incorporate offshore dynamic responses
within FAST with AeroDyn and ADAMS with AeroDyn, I take a step back and outline the
general class of theories employed for modeling a wind turbine within the simulation tools (see
Section 2.1). Then, in Section 2.2, I discuss the assumptions inherent in, and the implications of,
the new formulations relating to floating support platforms for wind turbines. The remaining
sections of this chapter cover the addition of support platform kinematics and kinetics modeling
(see Section 2.3), the incorporation of support platform hydrodynamics modeling (Section 2.4),
and the inclusion of mooring system modeling (Section 2.5) into FAST and ADAMS. I then
summarize this information in Section 2.6.

I call my newly developed time-domain hydrodynamics module “HydroDyn” because it is to
hydrodynamic loading what AeroDyn is to aerodynamic loading in the system.

I make extensive use of equations to describe the hydrodynamic and mooring system
formulations as they relate to floating support platforms for offshore wind turbines. For
conciseness and clarity, I have not included the derivations of these equations; it is the form of
the equations and the physics behind them that I want to emphasize. (Please refer to the
associated references for many of the derivations.) In this chapter, I also emphasize the
distinctions between my model and others used in the offshore wind turbine industry. These
distinctions are important because the approach I have taken to implement offshore dynamics
into wind turbine design codes is substantially different than the approach taken by other

8 Web site: http://oe.mit.edu/

? Web site: http://www.wamit.com/




simulation specialists who have analyzed fixed-bottom offshore turbine support structures
[4,15,19,52,61,77,97]. Finally, my approach is more comprehensive than that taken by others
who have performed preliminary dynamic analyses of floating wind turbines
[13,23,31,59,98,100,101,103,105,106]. I discuss these dissimilarities at greater length in this
chapter.

2.1 Overview of Wind Turbine Aero-Servo-Elastic Modeling

The FAST code is a nonlinear time-domain simulator that employs a combined modal- and
multibody-dynamics formulation. Although FAST has a limited number of structural degrees of
freedom (DOFs), it can model most common wind turbine configurations and control scenarios,
including three-bladed turbines with a rigid hub, two-bladed turbines with a rigid or teetering
hub, turbines with gearboxes or direct drives, turbines with induction generators or variable-
speed controllers, turbines with active blade-pitch regulation or passive stall regulation, turbines
with active or passive nacelle-yaw control, and turbines with passive rotor or tail furling.

In FAST, flexibility in the blades and tower is characterized using a linear modal representation
that assumes small deflections within each member. The flexibility characteristics of these
members are determined by specifying distributed stiffness and mass properties along the span of
the members, and by prescribing their mode shapes as equivalent polynomials. FAST allows for
two flapwise and one edgewise bending-mode DOFs per blade and two fore-aft and two side-to-
side bending-mode DOFs in the tower. Along with one variable generator speed DOF, torsional
flexibility in the drivetrain is modeled using a single-DOF equivalent linear-spring and -damper
model in the low-speed shaft. The nacelle (or at least the load-bearing base plate of the nacelle)
and hub are modeled in FAST as rigid bodies with appropriate lumped mass and inertia terms.
All DOFs can be enabled or locked through switches, permitting one to easily increase or
decrease the fidelity of the model. All DOFs except the blade and tower bending-mode DOFs
can exhibit large displacements without loss of accuracy. Time marching of the nonlinear
equations of motion is performed using a constant-time-step Adams-Bashforth-Adams-Moulton
predictor-corrector integration scheme. More details can be found in other works [37,38,39].

Not only can FAST be used for time-domain simulation, but it can also be used to generate
linearized representations of the complete nonlinear aero-elastic wind turbine model (not
including the influence of the control system). This analysis capability is useful for developing
linearized state matrices of a wind turbine “plant” to aid in the design and analysis of control
systems. It is also useful for determining the full-system modes of an operating or stationary
HAWT through the use of a simple eigenanalysis. More information can be found elsewhere
[38,39].

The structural-dynamics model in ADAMS is more sophisticated than the one in FAST.
ADAMS is a nonlinear time-domain code that employs a general-purpose multibody-dynamics
formulation, which permits an almost unlimited number of configurations and DOFs. It is not a
code specific to wind turbines and is routinely used by engineers in the automotive, aerospace,
and robotics industries. ADAMS represents a mechanical system as a series of six-DOF rigid
bodies with lumped mass and inertia interconnected by joints (constraints). Flexible members,
such as the blades and tower of a wind turbine, are modeled in ADAMS using a series of rigid
bodies interconnected by multidimensional linear stiffness and damping matrices (i.e., six-DOF
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joints). As in FAST, the nacelle and hub are typically modeled using rigid bodies with lumped
mass and inertia properties. ADAMS incorporates a time-marching scheme similar to the one in
FAST, except that the ADAMS scheme incorporates a variable-time-step algorithm.

It is often necessary to use the more complicated ADAMS code in place of FAST because
ADAMS has many features that FAST does not. These include torsional and extensional DOFs
in the blades and tower, geometric (mass and elastic offsets from the pitch axis) and material
(asymmetric composite ply lay-up) couplings in the blades and tower, built-in prebend in the
blades, and actuator dynamics in the blade-pitch controller, among others. I also find ADAMS
useful for verifing the dynamic-response predictions obtained from FAST when I add new
functionality to FAST, especially new DOFs. This is because the equations of motion in
ADAMS are not defined by the user and because its dynamic-response predictions are well
verified (see Ref. [39] for more information).

Both FAST and ADAMS allow analysts to include control system logic for actively controlling
nacelle yaw, generator torque, and blade pitch, among other actuators. The controller outputs
can be based on inputs that can be developed from the feedback of any number of previously
calculated model states or other derived parameters (see Ref. [39] for more information).

Both FAST and ADAMS interface to the AeroDyn aerodynamic subroutine package for
computing aerodynamic forces. This aerodynamic package models rotor aerodynamics using the
classic quasi-steady blade-element / momentum (BEM) theory or a generalized dynamic-wake
(GDW) model, both of which include the effects of axial and tangential (rotational) induction.
The BEM model uses tip and hub losses as characterized by Prandtl. Dynamic-stall behavior can
be included using the optional Beddoes-Leishman dynamic-stall model. The element motion and
position are included in the calculation of the instantaneous relative wind vector at each blade
element, making the codes fully aero-servo-elastic. More details can be found in Ref. [67].

2.2 Assumptions for the New Model Development

When adding models for floating wind turbine simulation; including the support platform
kinematics, kinetics, and hydrodynamics, as well as the mooring system responses; I invoked a
number of assumptions in addition to those that were previously inherent in the land-based aero-
servo-elastic simulation tools.

For the support platform kinematics and kinetics, I assumed that the floating support platform is
represented well as a six-DOF rigid body with three small rotational displacements. As I discuss
in Section 2.3, the implications of the small-angle assumption are not thought to be critical. Like
the load-bearing base plate of the wind turbine’s nacelle, the support platform was modeled as a
rigid body because it is considered to be so strong and inflexible, at least in relation to the wind
turbine’s blades and tower, that direct hydro-elastic effects are unimportant. Additionally, I
assumed that the tower is rigidly cantilevered to the support platform. Also, the CM (not
including the wind turbine) and COB of the support platform were assumed to lie along the
centerline of the undeflected tower.

I had originally planned [40] to include mooring system behavior in my offshore upgrades of
FAST and ADAMS by interfacing the dynamic mooring system LINES module of SML.
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Because I discovered that LINES is numerically unstable when modeling the slack catenary
mooring lines of interest in some of my analyses, I developed my own quasi-static model for
mooring systems instead. I present the development of this model and the implications of its
quasi-static characteristic in Section 2.5.

My fundamental assumption in the development of the HydroDyn hydrodynamics module was
linearization of the classical marine hydrodynamics problem. In the field of marine
hydrodynamics, the assumption of linearity signifies many things, three of which I discuss next.

First, linearization of the hydrodynamics problem (i.e., linearization of the nonlinear kinematic
and dynamic free-surface boundary conditions) implies that the amplitudes of the incident waves
are much smaller than their wavelengths. This permits the use of the simplest incident-wave-
kinematics theory, which is known as Airy wave theory. This assumption necessarily precludes
me from being able to model steep or breaking waves and the resulting nonlinear wave-induced
“slap” and “slam” loading. Linearization is a reasonable assumption for most waves in deep
water and for small-amplitude waves in shallow water. When waves become extreme or
propagate toward shore in shallow water, however, higher-order wave kinematics theories are
required, but neglected in my model.

Second, linearization implies that the translational displacements of the support platform are
small relative to the size of the body (i.e., the characteristic body length). In this way, the
hydrodynamics problem can be split into three separate and simpler problems: one for radiation,
one for diffraction, and one for hydrostatics. I discuss the details of these problems in Section
2.4. As is often misunderstood, linearity of the hydrodynamics problem does not imply that the
characteristic length of the support platform needs to be small relative to the wavelength of the
incident waves. When the characteristic length of the support platform is small relative to the
wavelength of the incident waves, the hydrodynamic scattering problem (part of the diffraction
problem) can be greatly simplified, but I did not invoke this simplification in my analysis. I did,
however, simplify the diffraction problem by ignoring incident-wave directional spreading and
by assuming that all irregular sea states were long-crested. In other words, I modeled irregular
sea states (stochastic waves) as a summation of sinusoidal wave components whose amplitude is
determined by a wave spectrum, each parallel and described by Airy wave theory.

Third, linearization suggests that one can take advantage of the powerful technique of
superposition. I discuss how superposition relates to the hydrodynamics problems in Section 2.4.

I have augmented the linearized hydrodynamics problem with the viscous-drag term from
Morison’s equation. I included this effect because it was relatively easy to add, it allowed me to
incorporate the influence of sea current, and it can be an important source of hydrodynamic
damping in some situations.

Naturally, linearization of the hydrodynamics problem implies that second- or higher-order
hydrodynamic effects are not accounted for in my model. Although this follows directly from
the definition of linearity, it is important to discuss its implications. Second- or higher-order
nonlinear hydrodynamics models more properly account for the loading about the actual
instantaneous wetted surface of a floating body and may be important when the support platform
motions are large relative to their characteristic lengths. For example, I neglected second-order
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mean-drift forces in my hydrodynamics calculations even though they can be derived from the
linear hydrodynamics solution. Just like the wind-induced thrust loading on the turbine rotor or
sea-current-induced loading on the platform, mean-drift forces can bring about a mean offset of
the support platform in relation to its undisplaced position. And for compliant floating systems,
the mooring system resistance is often related nonlinearly to its displacement; thus, the effects of
mean-drift forces on the mooring system loads and resistances may be important for some
designs. Second-order slow-drift forces, which result from the difference among the components
of multiple incident waves of varying frequency, were also neglected in my linear formulation of
the classical marine hydrodynamics problem. Mean- and slow-drift forces are sometimes
important for wave-induced loading on support platforms with small drafts, large water-plane
areas, and mooring system configurations that impose little resistance to surge and sway, such as
in barge designs with catenary mooring lines. Likewise, second-order sum-frequency
excitations, which result from the summation among the components of multiple incident waves
of varying frequency, were also neglected in my linear problem. Second-order sum-frequency
excitations are sometimes important when analyzing the “ringing” behavior in support platforms
with mooring systems that impose a strong resistance to heave, such as in TLP designs.

In my models I also ignored the potential loading from vortex-induced vibration (VIV) caused by
sea currents. When the VIV frequency nears a natural frequency of the system, a resonance
phenomenon known as “lock-in” can occur. VIV is also known to be critical for the stability of
some designs. The ancillary effect of the sea current on the radiation and diffraction problems,
such as the Doppler-shifted frequency-of-encounter effect [22], was ignored as well.

Finally, T ignored the potential loading from floating debris or sea ice. Sea ice can be a
significant source of loading if the support platform is intended to be used where sea ice is
present. In the continental United States, this may be of particular concern when designing
offshore wind turbine support platforms for installation in the Great Lakes.

Also note that the classical marine hydrodynamics problem takes advantage of unsteady
potential-flow theory to derive the governing equations of fluid motion. This theory assumes
that the fluid is incompressible, inviscid, and subject only to conservative body forces (i.e.,
gravity), and that the flow is irrotational.

2.3 Support Platform Kinematics and Kinetics Modeling

The first step required in upgrading existing land-based wind turbine simulation tools to make
them useful for analyzing offshore systems is to introduce DOFs necessary for characterizing the
motion of the support platform. For floating systems, it is crucial that all six rigid-body modes
of motion of the support platform be included in the development. These include translational
surge, sway, and heave displacement DOFs, along with rotational roll, pitch, and yaw
displacement DOFs, as shown in Figure 2-1. In this figure, X,Y,Z represents the set of
orthogonal axes of an inertial reference frame fixed with respect to the mean location of the
support platform, with the XY-plane designating the still water level (SWL) and the Z-axis
directed upward opposite gravity along the centerline of the undeflected tower when the support
platform is undisplaced.
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Because most of the support

platforms that have been proposed Wind
for floating wind turbines are more el
or less axisymmetric, and because Q-

there is no hydrodynamic mechanism
that will induce yaw moments on
such floating bodies, one might
question  whether the  support
platform  yaw-rotation DOF is \P

necessary. The wind turbine, .

however, induces yaw moments that ‘

are primarily the result of (1) the

aerodynamic loads on the rotor when Z

a yaw error exists between the rotor Heave T

axis and nominal wind direction; and
(2) the spinning inertia of the rotor
combined with pitching motion
(whether from support platform
pitching or tower deflection), which
induces a gyroscopic yaw moment.

As implied by item (2), then, the
dynamic coupling between the
motions of the support platform and
the motions of the supported wind
turbine are crucial in  the Figure 2-1. Support platform degrees of freedom
development of the equations of Source: Modifed from Ref. [103]

motion. In fact, I use the term “fully

coupled” throughout this work, partially to imply that the wind turbine’s response to wind and
wave excitation is fully coupled through the structural-dynamic response. I do not use the term
to imply that the wind-inflow and sea state conditions need to be correlated. I am not attempting
to model the air-sea interface, which is a very complicated, multiphase fluid-flow problem.

In ADAMS, I obtained all the dynamic couplings between the motions of the support platform
and the motions of the supported wind turbine by simply introducing the six-DOF support
platform rigid body in the ADAMS model. In FAST, however, I obtained these couplings by
introducing the six rigid-body support platform DOFs into the system’s equations of motion.
While rederiving the equations of motion, I incorporated all appropriate terms in the derivations
of the kinematics expressions for the points and reference frames in the system. For example,
before I added the six support platform DOFs in FAST, the kinematics expressions for the
position, velocity, and acceleration vectors of a point in the nacelle depended only on the tower
bending-mode and nacelle-yaw DOFs (because the tower-base reference frame was the inertial
frame). Once the six support platform DOFs were added, the tower-base reference frame moves
with the support platform, and thus, the kinematics expressions for a point in the nacelle also
depend on the support platform DOFs. Indeed, the kinematics expressions for all of the points
and reference frames in the system are affected by the support platform DOFs.
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With the assumption that all rotations of the support platform are small, rotation sequence
becomes unimportant. Consequently, I could avoid all the complications of using Euler angles
(or the like), where the order of rotation is significant, when I derived and implemented the
equations of motion in FAST. Take x,y,z to be the axes of the reference frame resulting from a
transformation involving three orthogonal rotations (6,,0,,03) about the axes of an original
reference frame X,Y,Z. Using the first-order small-angle approximations for the sine and cosine
functions, and neglecting terms of higher order in the Taylor series expansion, the standard
Euler-angle transformation [25] relating the original and transformed reference frames simplifies
to

X
yiel-0, 1 6 |{r}. @2-1)
z

In this equation, the approximation sign (<) is used in place of an equal symbol (=) because the
resulting transformation matrix is not orthonormal beyond first order when the small-angle
approximations are used. This implies that the transformed reference frame is not made up of a
set of mutually orthogonal axes. (All transformation matrices relating sets of mutually
orthogonal axes must be orthonormal.) Because using axes that are not mutually orthogonal can
lead to inaccuracies that propagate in the dynamic-response calculations, I invoked a correction
to the transformation matrix in Eq. (2-1) to ensure that it remained orthonormal. From matrix
theory [32], I knew that the closest orthonormal matrix to a given matrix, in the sense of the
Frobenius norm,'° was [U][V]" where [U] and [V] are the matrices of eigenvectors inherent in the
singular-value decomposition (SVD) of the given matrix and the symbol “’” represents a matrix

transpose. By performing these operations, the correct transformation expression was found to
be

0’ ’1+'9f+'9}’+9§+'9}’+'9f 93(9,1+9§+9§)+9,93(1/1+9,1+9f+931—1) —92(9,1+9f+931)+9,93(11+9,1+97,1+9{—1)7
(0:+6:+6:)\1+0 +0; +0; (6 +6;+6)\1+0] +6; +6; (0:+0;+0;)\1+0; +0; +6;
{;}_ ~0,(0;+0+0,)+0,0,(1+0] v 0+ 07 1) 6+ 0156, + 6.6 +6; 0,(0; +0:+0))+0.0,(JI+ 07+ 60 -1} P} (2-2)
B (6;+6;+0;)\J1+0 +0; +6; (67 +6;+0;)\1+0 +0; +6; (6:+6;+0;)\1+0 +0; +6; Z1°
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Showing that the transformation matrix in Eq. (2-2) is orthonormal beyond the first-order terms
is a trivial exercise.

When applied to the support platform, x,y,z represents the set of orthogonal axes of the body-
fixed reference frame within the support platform and 6,,6,,0; are the roll, pitch, and yaw
rotations of the support platform about the axes of the inertial reference frame (i.e., X,Y,Z). The
origin of x,y,z is called the platform reference point and is the location in the platform about

1% The Frobenius norm, also known as the Euclidean norm, /, norm, Schur norm, or Hilbert-Schmidt norm, of a real

n x n matrix [4] is I A]Hz _ /iz": a> where a;; represents an element of [4].
=1 =1
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which the support platform DOFs are defined. It is also the point at which the external load on
the support platform is applied.

Similar labeling of x,y,z and X,Y,Z is used when applying Eq. (2-2) to relate a reference frame
that is oriented with an element of a deflected blade (or tower) to the reference frame fixed in the
root of the blade (or tower)—in this case the rotations are the flap, lag, and twist slopes of the
blade (or tower) element.

In FAST, I have implemented Eq. (2-2) instead of Eq. (2-1) for all transformations relating the
support platform to the inertial frame, all transformations relating the deflected tower elements to
the tower base, and all transformations relating the deflected blade elements to the root of the
blade. Although these results are not shown here, I have demonstrated that incorporating Eq.
(2-2) in FAST instead of Eq. (2-1) leads to dynamic responses that are in much better agreement
with responses obtained from ADAMS, which uses Euler angles, especially as the magnitude of
the angles increases. The dynamic responses are more accurate when Eq. (2-2) is used in place
of Eq. (2-1) because such transformation matrices get multiplied in series when determining the
orientation of subsystems far along the load path away from the inertial frame, such as in a tower
or blade element. Errors in a single transformation matrix are compounded when multiplied
together. If the wind turbine were very rigid, the correction would not be necessary.

The transformation expression of Eq. (2-2) still loses considerable accuracy when any of the
angles greatly exceed 20°. This threshold, though, should be adequate for support platform
designs suitable for floating wind turbines because (1) the floating platform must be stable
enough to enable access for maintenance personnel at regular intervals; and (2) the energy
capture from the wind is proportional to the swept area of the rotor disk projected normal to the
wind direction. (This projected area greatly diminishes with increasing angular displacement of
the support platform, particularly in pitch.)

I used Kane’s dynamics [45] to derive the equations of motion used in FAST. By a direct result
of Newton’s laws of motion, Kane’s equations of motion for a simple holonomic system with P
generalized coordinates (DOFs) can be stated as follows:

F+F =0 (i=12....P), (2-3)

where for a set of W rigid bodies characterized by reference frame N,, mass, m,, and CM point
X,, the generalized active forces, [, are

1

4
F=> 5" FY+ o MY (i=12,..,P), (2-4)

r=1

. . . *
and the generalized inertia forces, F; , are

1

F = i Bl (-m Fa )+ Fol ((<FH™) (i=12,..,P). (2-5)

i i
r=1

16



In these equations, it is assumed that for each rigid body (body N,), the three-component active
force and moment vectors, F* and M"", respectively, are applied at the CM location (point

X,). The three-component acceleration vector of the CM point X,, is given by “a™, and the first
time derivative of the angular momentum of rigid body N,, about X,, in the inertial frame (frame

E) is given by the three-component vector, “H"" . The three-component vector quantities, Ev,X "

and @, represent the partial linear velocities of CM point X, and the partial angular velocities

of rigid body N, in the inertial frame, respectively. The symbol “-” represents a vector dot
product.

Although it was a long and tedious process, I had no particular difficulty in deriving the FAST
system’s equations of motion (which I do not present here). First, I derived kinematics
expressions for the position, velocity, and acceleration vectors for all of the key points and
reference frames in the system, taking into account all appropriate DOFs I described previously.
These derivations were manageable when expressing terms relative to an appropriate reference
frame, taking advantage of transformation relationships like Eq. (2-2). For example, with the
tower assumed to be cantilevered to the support platform, it is fairly straightforward to write an
expression for the angular velocity of a tower element relative to the support platform. The
absolute angular velocity of the tower element is then just the vector sum of the angular velocity
relative to the support platform and the angular velocity of the support platform relative to the
inertial frame. The angular velocity of the support platform relative to the inertial frame, in turn,
is just the vector sum of the first time derivatives of the roll, pitch, and yaw DOFs.

Once I derived the kinematics expressions, | established the partial velocity vectors utilized by
Kane’s dynamics. These, along with expressions for the generalized active and inertia forces,
established the kinetics and led systematically to the complete nonlinear time-domain equations
of motion of the coupled wind turbine and support platform system.

The kinetics expressions for the support platform included contributions from platform mass and
inertia, gravity, hydrodynamics, and the reaction loads of the mooring system. I used an
implementation that assumed that the CM of the support platform (not including the wind
turbine) is located along the centerline of the undeflected tower; a point mass and all three
principal inertias of the support platform (roll, pitch, and yaw) were included in this model. The
effects of marine-growth buildup on the support platform can then be modeled through a suitable
adjustment of the platform mass and inertia.

Once derived, the complete nonlinear time-domain equations of motion of the coupled wind
turbine and support platform system are of the general form:

M, (qt)d, = £ (g.4.01). 26

where M;; is the (i,/) component of the inertia mass matrix, which depends nonlinearly on the set
of system DOFs (g), control inputs (u), and time (¢); ¢, is the second time derivative of DOF j;

and f; is the component of the forcing function associated with DOF i. The forcing function, f;,
depends nonlinearly on the set of system DOFs and their first time derivatives (¢ and ¢

respectively), as well as the set of control inputs («) and time (f), and is positive in the direction
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of positive motion of DOF i. I am employing Einstein notation in Eq. (2-6), in which it is
implied that when the same subscript appears in multiple variables in a single term, there is a
sum of all of the possible terms. In FAST, for example, subscripts i and j range from one to the
total number of DOFs in the model (i.e., up to 22 for a two-bladed floating wind turbine or up to
24 for a three-bladed floating wind turbine).

Naturally, when hydrodynamic loading is present on the support platform, hydrodynamic-
impedance forces—including the influence of added mass—are important. The added-mass
components of these forces are present because the density of water is of the same order of
magnitude as the density of the materials that make up the primary structure. This is in contrast
to aerodynamic loading on the wind turbine, in which one generally ignores the influence of
added mass because the density of air is much less than the density of the materials that make up
the primary structure. To ensure, then, that the equations of motion were not implicit (i.e., I
wanted to avoid f; depending on ¢ ), the total external load acting on the support platform (other
than those loads transmitted from the wind turbine and the weight of the support platform) was
split into two components: an impulsive added-mass component summing with M and the rest
of the load adding to f;. In other words, the total external load on the support platform, £

was written as follows:

F;P/aszrm _ Azj/ qj n EHydro " Eunes , (2-7)
where 4 is the (i,j) component of the impulsive hydrodynamic-added-mass matrix to be
summed with My, F™" is the " component of the applied hydrodynamic load on the support
platform associated with everything but 4;, and F"" is the i" component of the applied load on
the support platform from the contribution of all mooring lines. I then included both F™ and
F"" with the rest of the forcing function, f;, in Eq. (2-6). In Eq. (2-7), subscripts i and j range
from 1 to 6; one for each support platform DOF (/ = surge, 2 = sway, 3 = heave, 4 = roll, 5 =
pitch, 6 = yaw). 1 discuss the forms of the hydrodynamic impulsive-added-mass and

hydrodynamic-forcing terms in Section 2.4, and the term associated with the mooring lines in
Section 2.5.

My implementation of the kinetics was not specific to the dynamic response of offshore floating
systems. It can also be used as the basis for modeling land-based foundations and fixed-bottom
sea-based foundations. With any type of foundation, the contribution to the kinetics expressions
from the mooring system must be replaced with contributions from soil added mass (if any),
elasticity, and damping. For land-based foundations, the effects of hydrodynamic loading would
be ignored.

2.4 Support Platform Hydrodynamics Modeling

Hydrodynamics are included within computer simulation programs by incorporating a suitable
combination of incident-wave kinematics and hydrodynamic loading models. Hydrodynamic
loads result from the integration of the dynamic pressure of the water over the wetted surface of
a floating platform. These loads include contributions from inertia (added mass) and linear drag
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(radiation), buoyancy (restoring), incident-wave scattering (diffraction), sea current, and
nonlinear effects.

I discuss the true linear hydrodynamic-loading equations in the time domain in Section 2.4.1,
taking advantage of the assumptions outlined in Section 2.2. By “true linear hydrodynamic-
loading equations,” I mean that these equations satisfy the linearized governing boundary-value
problems (BVPs) exactly, without restriction on platform size, shape, or manner of motion (other
than those required for the linearization assumption to hold). In Section 2.4.2 I compare and
contrast these with alternative hydrodynamic formulations, which are routinely used in the
offshore industry but contain restrictions that limit their direct application to the analysis of
offshore floating wind turbines. As I present in Sections 2.4.1 and 2.4.2, I have brought together
parts of all the formulations in developing my HydroDyn support platform hydrodynamics
module for offshore floating wind turbines. I summarize how these formulations are organized
within HydroDyn in Section 2.4.3.

2.4.1 The True Linear Hydrodynamic Model in the Time Domain

In linear hydrodynamics, the hydrodynamics problem can be split into three separate and simpler
problems: one for radiation, one for diffraction, and one for hydrostatics [22,74]. The radiation
problem seeks to find the loads on a floating platform when the body is forced to oscillate in its
various modes of motion and no incident surface waves are present. The resulting radiation
loads are brought about as the body radiates waves away from itself (i.e., it generates outgoing
waves) and include contributions from added mass and from wave-radiation damping. The
diffraction problem seeks to find the loads on a floating platform when the body is fixed at its
mean position (no motion) and incident surface waves are present and scattered by the body.
The diffraction loads are the result of the undisturbed pressure field (Froude-Kriloff) and wave
scattering. The hydrostatics problem is elementary, but is nevertheless crucial in the overall
behavior of a floating platform.

In Section 2.3, I discussed how the total external load on the support platform of an offshore
floating wind turbine—other than those loads transmitted from the turbine itself—is in the form

of Eq. (2-7). In the true linear hydrodynamics problem, the term F"° in Eq. (2-7) is of the

form shown in Eq. (2-8) [16,76]. 1 discuss the terms of this equation separately in the
subsections that follow.

t
F;.Hydm _ F;Wavex + ng()é‘l3 _ C'jf"lydrastaticqj _IKU (t _ Z—)q'j (z-)dz- (2—8)
0

2.4.1.1 Diffraction Problem

The first term on the right-hand side of Eq. (2-8), F"™*, represents the total excitation load on

the support platform from incident waves and is closely related to the wave elevation, {. As
background, Airy wave theory [22,74] describes the kinematics of a regular waves, whose
periodic elevation is represented as a sinusoid propagating at a single amplitude and frequency
(period) or wavelength. (Airy wave theory also describes how the undisturbed fluid-particle
velocities and accelerations decay exponentially with depth—see Section 2.4.2.2.) Irregular or
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random waves that represent various stochastic sea states are modeled as the summation or
superposition of multiple wave components, as determined by an appropriate wave spectrum.

Expressions for {and F"™* are given by [21]:

()= [ (0) 2757 (e e @9
7 -0
and
EWaves (t) — ZLI W(a)) 2ﬂSé-Sided (a))Xl (a),ﬂ)ejwtda) . (2-10)
T

-00

Equations (2-9) and (2-10) are inverse Fourier transforms, where j is the imaginary number,
V1. 875" represents the desired two-sided power spectral density (PSD) of the wave

elevation per unit time, or the two-sided wave spectrum, which depends on the frequency of the
incident waves, . W(a)) represents the Fourier transform of a realization of a white Gaussian

noise (WGN) time-series process with zero mean and unit variance (i.e., the so-called “standard
normal distribution™). This realization is used to ensure that the individual wave components
have a random phase and that the instantaneous wave elevation is normally- (i.e., Gaussian-)

distributed with zero mean and with a variance, on average, equal to o} = j S (w)dw. The

same realization is used in the computation of the wave elevation and in the computation of the
incident-wave force. X, (co p ) is a complex-valued array that represents the wave-excitation

force on the support platform normalized per unit wave amplitude; the imaginary components
permit the force to be out of phase with the wave elevation. This force depends on the geometry
of the support platform and the frequency and direction of the incident wave, w and p,
respectively, and I discuss it further in Section 2.4.2.1. I have made the incident-wave-
propagation heading direction, 5, which is zero for waves propagating along the positive X-axis
of the inertial frame, and positive for positive rotations about the Z-axis, an input to the model.
This allows me to simulate conditions in which the wind and wave directions are not aligned.

In my HydroDyn module, the realization of the WGN process is calculated using the Box-Muller
method [83], which considers not only a uniformly-distributed random phase, but also a
normally-distributed amplitude. The normally-distributed amplitude ensures that the resulting
wave elevation is Gaussian-distributed, but causes the actual variance to vary among realizations.
This is why I refer to the variance of the resulting wave elevation as “on average” in the previous
paragraph. (To ensure that the variance remains constant for every realization requires that one
consider only random phase variations among the individual wave components—but then the
instantaneous wave elevation would only be Gaussian-distributed with an infinite number of
wave components. )

The Box-Muller method turns two independent and uniformly-distributed random variates into
two unit-normal random variates stored as real and imaginary components (see Ref. [83]):
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0 for =0

W(w)= —2ln[U1(a))] {cos[ZﬂUZ (a))]+jsin[27zU2 (a))]} for w>0> (2-11)

-2In[U,(-0)] {cos[27zU2 (-o) |- jsin| 22U, (—a))]} for w<0

where U; and U, are the two independent and uniformly-distributed random variates (random
numbers between zero and one) chosen for each positive-valued incident-wave frequency ().

W(a)) is set to zero at zero frequency to ensure that each WGN process, and resulting wave

elevation, has zero mean. The use of random variates requires that a seed be specified for the
pseudo-random number generator (RNG). I have made these seeds inputs to the HydroDyn
module.

Equation (2-10) for the incident-wave-excitation force is very similar to Eq. (2-9) for the
incident-wave elevation—the only difference is the inclusion of the normalized wave-excitation
force complex transfer function, X,. This follows directly from linearization of the diffraction

problem. Superposition of the diffraction problem implies that (1) the magnitude of the wave-
excitation force from a single wave is linearly proportional to the wave amplitude and (2) the
wave-excitation force from multiple superimposed waves is the same as the sum of the wave-
excitation forces produced by each individual wave component. In the limit as the difference
between individual wave frequencies approaches zero, this sum is replaced with the integral over
all incident-wave frequencies, as exemplified by Eq. (2-10). These same properties can also be
seen, perhaps more clearly, when Eq. (2-10) is expressed in an alternative—but equivalent—
form. Equation (2-12), which was derived by applying the basic properties of bilateral
transforms [66], shows this form:

0

Fr (t)= [ K (t-7)¢ (r)de. (2-12)

-00

In this equation, 7 is a dummy variable with the same units as the simulation time, #, and the
time- and direction-dependent incident-wave-excitation force on the support platform normalized
per unit wave amplitude, Kj, is given by

[e]

Ki(t)=iJ-Xl_(a),ﬂ)ej“”da). (2-13)

The integral over all frequency-dependent incident-wave-excitation forces from Eq. (2-10) has
been replaced in Eq. (2-12) with a convolution over all time-dependent incident-wave-excitation
forces. Regardless of which formulation is used, the floating support platform should be
designed with minimal structure near the free surface to minimize the wave-excitation forces.

In HydroDyn, I have implemented Eq. (2-10) instead of Eq. (2-12) because the former requires
fewer calculations. I implemented the inverse Fourier transforms using computationally efficient
fast Fourier transform (FFT) routines [92].
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The incident-wave-excitation force given by Eq. (2-10) or Eq. (2-12) is independent of the
motion of the support platform. This demonstrates how the diffraction problem has been
separated from the radiation problem and reveals how the linearization assumptions would be
violated if the motions of the support platform were large.

It follows that Eq. (2-9) for the wave elevation is valid only at the mean position of the support
platform. For other locations, Eq. (2-9) can be expanded to

0

C(LXY)= i [W () [27825% () HOLH DT Dlgion gy, (2-14)

where (X,Y) are the coordinates in the inertial reference frame of a point on the SWL plane and
k(w) is the wave number, which is 2z-times the number of waves per unit distance along the

wave-propagation direction, . For water of depth 4, the wave number is correlated to the
incident-wave frequency, w, and the gravitational acceleration constant, g, by the implicit
dispersion relationship [22,74]:
a)Z
k(w)tanh| k(w)h]=—. (2-15)
g

In HydroDyn, this implicit relationship is solved using the numerical approach adopted in the
SWIM module [48] of SML; that is, a high-order initial guess is used in conjunction with a
quadratic Newton’s method for the solution with an accuracy of seven significant digits using
only one iteration pass. This solution method is attributed to Professor J. N. Newman of MIT. I
have implemented Eq. (2-14) in HydroDyn for animating the wave surface around the floating
platform.

Because the inverse Fourier transforms require a distinction between positive and negative
frequencies, the frequency-dependent terms in the previous equations have several characteristics
that ensure that the total wave-excitation force on the support platform is a real function of time.
The requirement for this is that the real components of the integrands be an even function of
frequency and the imaginary components of the integrands be an odd function of frequency [91].

Thus, the realization of the WGN process has the property that W (-@)=W" (@), where the

symbol “™ is used to denote the complex conjugate. The normalized wave-excitation force has
the same property: X,(-,8)=X, (®,4). Similarly, I set k(-w)=—k(w) to ensure that

*

e ) = [e"k("’)} . The relationship between the two-sided wave spectrum used in the inverse

Fourier transforms,

S’ and the one-sided wave spectrum commonly used in ocean

engineering, S;**’, follows standard practice [80]:
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. éSé’Sided (w) forw=0
s (@)= 7 . (2-16)
ESé'Slded (o) forw<0

Equation (2-16) ensures that the variance of the wave elevation, or the area under the PSD
curves, 1is the same for both the one- and two-sided spectra, as in

o0

0'5 = IS;’SW[ (0)dw= ISé’Sided (w)dw.
0

-00

In HydroDyn, I have included three options for prescribing the wave spectrum. I have included
the Pierson-Moskowitz and the Joint North Sea Wave Project (JONSWAP) spectra as they are
defined by the IEC 61400-3 design standard [34], and I have included an option for a user-
prescribed site-specific wave spectrum. The Pierson-Moskowitz wave spectrum is routinely
used to describe the statistical properties of fully developed seas and the JONSWAP spectrum is
routinely used in limited fetch situations [22]. From the IEC 61400-3 design standard, the one-
sided JONSWAP spectrum is defined as

exp ().5[2;_1} ]
-5 -4 o(w)
o sy (52) en|-4{32) Jr-arminiy | -

2r 16

where H; is the significant wave height, 7, is the peak spectral period, and y is the peak shape
parameter of a given irregular sea state, and o is a scaling factor. The IEC 61400-3 design
standard recommends that the scaling factor and the peak shape parameter be derived from the
significant wave height and peak spectral period as follows:

007.ﬁrws%?

o(w)= 2; (2-18)
0.09 for w >T_

P

and
5 for : <36
H
y= exp£5.75—1.15 : J for 3.6 < : <5. (2-19)
T T
1 for !y >3
JH,
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In Eq. (2-19), H and T, must have units of meters and seconds, respectively.

When the peak shape parameter of Eq. (2-19) equals unity, the one-sided JOWNSW AP-spectrum
formulation of Eq. (2-17) reduces down to the one-sided Pierson-Moskowitz spectrum, as given
in Eq. (2-20). This simplification occurs in all but the most extreme sea states. Figure 2-2
compares the Pierson-Moskowitz and JONSWAP spectra for an extreme sea state with a
significant wave height of 11.8 m and a peak spectral period of 15.5 s, which corresponds to a
peak shape parameter of about 1.75 in the JONSWAP spectrum. For spectra with the same total
energy, the JONSWAP spectrum, in general, has a higher and narrower peak than the Pierson-
Moskowitz spectrum.

SI—Sided(a)):iiH2T (0_7; ; ex _Z a)Tp ” (2_2())
¢ 216 " P\ 27 P 4\ 27n

I have implemented the one-sided JONSWAP spectrum formulation of Eq. (2-17) into
HydroDyn with only one modification—to avoid nonphysical wave forces at high frequencies
(i.e., at short wavelengths), I truncate the wave spectrum above a cutoff frequency. I have
implemented the method proposed by Massel [65], in which the cutoff frequency is chosen to be
proportional to the peak spectral frequency. 1 used a proportionality factor of 3.0 in all
simulations.
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Figure 2-2. Comparison between Pierson-Moskowitz and
JONSWAP spectra

24



2.4.1.2 Hydrostatic Problem

The second and third terms on the right-hand side of Eq. (2-8) combined, pgV,s,; —C,*"*"“"“q

represent the load contribution from hydrostatics as I have implemented them in HydroDyn.
Here, p is the water density, g is the gravitational acceleration constant, V) is the displaced
volume of fluid when the support platform is in its undisplaced position, d;; is the (i,3)

component of the Kronecker-Delta function (i.e., identity matrix), and nyd’”’“”"’ is the (i)

j b

component of the linear hydrostatic-restoring matrix from the effects of water-plane area and the
COB. The hydrostatic loads are independent of the incident and outgoing waves from the
diffraction and radiation problems, respectively.

The first of these terms, pgV,d,;, represents the buoyancy force from Archimedes’ principle;

that is, it is the force directed vertically upward and equal to the weight of the displaced fluid
when the support platform is in its undisplaced position. This term is nonzero only for the
vertical heave-displacement DOF of the support platform (DOF i =3) because the COB of the
platform is assumed to lie on the centerline of the undeflected tower (or z-axis of the platform).
If this were not the case, the cross product of the buoyancy force with the vector position of the
COB would produce a hydrostatic moment about the support platform reference point (i.e., the
origin of the platform DOFs). In the field of naval architecture and in the analysis of large
offshore O&G platforms, the term pgV,o,; is not often found in the equations of motion because

it cancels with the weight in air of the floating body and the weight in water of the mooring
system. Because the location of the CM of the floating wind turbine continually changes as a
result of wind turbine flexibility, however, it was important to separate out the individual
contributions of gravity. These contributions are wind turbine and support platform weight,
weight in water of the mooring system, and buoyancy. The weights of the wind turbine and
support platform are inherent in the f; term of Eq. (2-6).

The second of the hydrostatic terms, —Cij.’ydms’“”"’

g, , represents the change in the hydrostatic force

and moment resulting from the effects of the water-plane area and the COB as the support
platform is displaced. The water-plane area of the support platform when it is in its undisplaced
position, A4y, affects the hydrostatic load because the displaced volume of the fluid changes with
changes in the support platform displacement (g;). Similarly, the body-fixed vertical location of
the COB of the support platform, zcop, affects the hydrostatic load because the vector position of
the COB also changes with platform displacement and because the cross product of the buoyancy
force with the vector position of the COB produces a hydrostatic moment about the support
platform reference point. (zcop is, in general, less than zero because the z-axis is directed upward

along the centerline of the undeflected tower.) The only nonzero components of C;”"*“* are

(3,3), (4,4), (5,5), (3,5), and (5,3) when the body-fixed xz-plane of the submerged portion of the
support platform is a plane of symmetry [22]:
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If the body-fixed yz-plane of the submerged portion of the support platform is also a plane of
symmetry, the (3,5) and (5,3) components of nyd’”’“”"’ are also zero. Equation (2-21) clearly

demonstrates how hydrostatics provides restoring only for roll, pitch, and heave motions;
restoring in the other modes of motion must be realized by the mooring system. In classical
marine hydrostatics, the effects of body weight are often lumped with the effects of hydrostatics
when defining the hydrostatic-restoring matrix; for example, when it is defined in terms of
metacentric heights [22,74]. For the same reason given in the previous paragraph for the
pgV,0., term appearing in the hydrostatic-loading equations, though, it was important to

separate out the contributions of body weight and hydrostatic restoring. So to reiterate, Cij.’yd’”’“”"’

really is the hydrostatic contribution solely from the water-plane area and the COB.

2.4.1.3 Radiation Problem

The wave-radiation loads include contributions from hydrodynamic added mass and damping.
Because the radiation problem has been separated from the diffraction problem, the wave-
radiation loads are independent of the incident waves.

In Eq. (2-7), the impulsive hydrodynamic-added-mass components, A;, represent the force
mechanism proportional to the acceleration of the support platform in the time-domain radiation
problem. In particular, the (i,/) component represents the hydrodynamic force in the direction of
DOF i resulting from the integration (over the wetted surface of the support platform) of the
component of the outgoing-wave pressure field induced by, and proportional to, a unit
acceleration of the jth DOF of the support platform. Like the body (inertia) mass matrix, the
impulsive hydrodynamic-added-mass matrix is symmetric. Unlike the inertia mass matrix, and
depending on the shape of the support platform, the impulsive hydrodynamic-added-mass matrix
may contain off-diagonal components that couple modes of motion that cannot be coupled
through body inertia.

The final term in Eq. (2-8), — I K, (t - r)q'j (r)d 7, 1s a convolution integral representing the load
0

contribution from wave-radiation damping and also represents an additional contribution from
added mass that is not accounted for in 4;. In this expression, 7 is a dummy variable with the
same units as the simulation time, ¢, and Kj; is the (i,/) component of the matrix known as the
wave-radiation-retardation kernel. In the radiation problem, the free surface brings about the
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existence of memory effects, denoting that the wave-radiation loads depend on the history of
motion for the support platform.

The meaning of the wave-radiation-retardation kernel is found by considering a unit impulse in
support platform velocity. Specifically, the (i,/)) component of the kernel, K, (t) , represents the

hydrodynamic force at time ¢ in the direction of DOF i resulting from a unit impulse in velocity
at time zero of DOF j. The wave-radiation-retardation kernel, consequently, is commonly
referred to as the impulse-response functions of the radiation problem. An impulse in support
platform velocity causes a force at all subsequent time because the resulting outgoing free-
surface waves induce a pressure field within the fluid domain that persists for as long as the
waves radiate away. As in Eq. (2-12) for the diffraction problem, the convolution integral in the
radiation problem follows directly from the assumption of linearity. Superposition of the
radiation problem implies that if the support platform

experiences a succession of impulses, its response at any time is assumed to be the sum
of its responses to the individual impulses, each response being calculated with an
appropriate time lag from the instant of the corresponding impulse. These impulses can
be considered as occurring closer and closer together, until finally one integrates the
responses, rather than summing them [76, p. 33].

Using what I would label as “convolution by parts” (instead of “integration by parts”) and
assuming zero-valued initial conditions, the convolution integral in the radiation problem can be
rewritten as follows [102]:

(K, (t-0)d, () dz = [ 1, (1=2)d, () dr (222)

where the convolution kernels, K;; and Lj;, are related by

Ky (1) =51, (1), (2-23)

Equation (2-22) highlights the elusive nature of the memory effect in the radiation problem—that
both acceleration-dependent (added-mass) and velocity-dependent (damping) forces are captured
by the convolution term. To minimize the wave-radiation loads, the floating support platform
should be designed with minimal structure near the free surface, regardless of which formulation
of the convolution integral is applied. The mooring system should also be designed to limit the
motion of the support platform. I discuss the impulsive hydrodynamic-added-mass matrix and
retardation kernels from the radiation problem further in Section 2.4.2.

In the HydroDyn module, I have implemented a numerical convolution in the time domain to
capture the memory effect directly. I chose to implement the velocity formulation from the left-
hand side of Eq. (2-22) because it is more convenient than the acceleration formulation from the
right-hand side. The latter would lead to an implicit formulation of the time-domain equations of
motion for the coupled wind turbine and support platform system. As demonstrated in Section
4.1.3, the memory effect, in general, decays to zero after a certain amount of lapsed time.

27



Because of this, I have enabled HydroDyn to truncate the numerical convolution after a user-
specified amount of time. This allows for faster calculations of the memory effect.

2.4.2 Comparison to Alternative Hydrodynamic Models

I discused the true linear hydrodynamic-loading equations in Section 2.4.1. Alternative
hydrodynamics formulations, however, are routinely used in the offshore industry. The two most
common alternatives are the frequency-domain representation and Morison’s representation.

2.4.2.1 Frequency-Domain Representation

The frequency-domain representation is most aligned with how marine hydrodynamics is taught
in the classroom and presented in textbooks. For instance, the frequency-domain representation
is the hydrodynamics formulation most emphasized in Refs. [22] and [74], which are popular
textbooks in ocean-engineering education. The presentation here summarizes these references.

In the time-domain representation of the frequency-domain problem, Eq. (2-7) for the total
external load acting on the support platform, 77 is replaced with

F;Platﬁ)rm (t) — _Aij (a)) qj +R€{AXi (a),ﬁ)ejtut} _ [qfines + Cv;Iydmstatic:|q‘ _ Blj (a)) q'j , (2_24)

J

where 4 is the amplitude of a regular incident wave of frequency w and direction f; C ,.]L.i”"“' is the

(i,j) component of the linear restoring matrix from all mooring lines (discussed in Section 2.5);
and 4; (@) and B, (o) are the (i,/) components of the hydrodynamic-added-mass and -damping

matrices, which are frequency dependent. Re{} denotes the real value of the argument; the only
complex-valued terms in Eq. (2-24) are the normalized wave-excitation force, X,, and the
harmonic exponential, e’ .

The frequency-domain hydrodynamics problem makes use of the same assumptions used in the
true linear hydrodynamics formulation. There are additional requirements, though. The incident
wave must propagate at a single amplitude, frequency, and direction (i.e., the incident wave is a
regular wave), and the platform motions must be oscillatory at the same frequency as the incident
wave. To reiterate this point, when Eq. (2-24) is incorporated in Eq. (2-6), the resulting
differential equations are not true differential equations in the proper sense. This is because the
time-domain representation of the frequency-domain problem is valid only when the platform
motions are oscillating at the same frequency as the incident wave (w). In other words, Eq.
(2-24) is valid only for the steady-state situation, and not for transient-response analysis. When
used within the system’s equations of motion, Eq. (2-24) also requires that all additional loading
in the system be linear in nature. This prevents me from being able to apply the frequency-
domain hydrodynamics formulation to the direct analysis of offshore floating wind turbines—
except under steady-state conditions—because nonlinear characteristics and transient events are
important considerations for wind turbines. Nevertheless, others have applied this approach to
the preliminary analysis of several offshore floating wind turbine concepts [13,59,98,100,101].

The solution to the frequency-domain problem is generally given in terms of an RAO, which is
the complex-valued amplitude of motion of a floating platform normalized per unit wave
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amplitude. Imaginary components indicate that the response is out of phase with the wave
elevation. In the frequency-domain problem, the support platform’s response to irregular waves
can only be characterized statistically because the frequency-domain representation is not valid
for transient analysis. Specifically, the motion of a linearized floating body will have a response
that is Gaussian-distributed when it is excited by a sea state with a Gaussian-distributed
instantaneous wave elevation [85,101]. (Irregular sea states are, in general, Gaussian-
distributed.) The standard deviations of the motion response are dictated by the Wiener-
Khinchine theorem.

Just as in the true linear hydrodynamics model, the radiation and the diffraction problems can be
solved separately in the frequency-domain representation. In the radiation problem, six BVPs
are solved independently to find six velocity potentials, one for each mode of motion. By
substituting these velocity potentials into the linearized unsteady form of Bernoulli’s equation,
the resulting pressures, when integrated over the wetted surface of the floating platform, yield the
added-mass and damping matrices. Similarly, in the diffraction problem, two BVPs are solved
independently to find two velocity potentials, one for the incident wave and one for the scattered
wave. By applying Bernoulli’s equation and wetted surface integration again, one arrives at the
normalized wave-excitation force.

The formulation for the radiation and diffraction BVPs, and hence the resulting hydrodynamic-
added-mass and -damping matrices, 4; and Bj, and wave-excitation force, X;, depend on
frequency, water depth, and sea current, as well as on the geometric shape of the support
platform, its proximity to the free surface, and its forward speed. Additionally, the wave-
excitation force depends on the heading direction of the incident waves.

The frequency dependence of the hydrodynamic-added-mass and -damping matrices is of a
different nature than that of the wave-excitation force. The frequency dependence of the
hydrodynamic-added-mass and -damping matrices means that the matrices depend on the
oscillation frequency of the particular mode of support platform motion. In contrast, the
frequency dependence of the wave-excitation force means that the force depends on the
frequency of the incident wave. In Eq. (2-24), however, both frequencies are identical because
the platform is assumed to oscillate at the same frequency as the incident wave.

Analytical solutions for the hydrodynamic-added-mass and -damping matrices and wave-
excitation force are available for bodies of simple geometry such as cylinders and spheres.
Usually, approximations are employed to find these analytical solutions. For example, if the
characteristic length of the body is small relative to the wavelength, G. I. Taylor’s long-
wavelength approximation [85] can be used to simplify the diffraction problem. Morison’s
equation (discussed next in Section 2.4.2.2) uses G. I. Taylor’s long-wavelength approximation
[16,76,85] to simplify the diffraction problem for the case of slender vertical surface-piercing
cylinders. For bodies with complex geometrical surfaces, like the hull of a ship, numerical-panel
method techniques are required.

Even though the frequency-domain formulation cannot be directly applied to the transient
analysis of offshore floating wind turbines, where nonlinear effects, transient behavior, and
irregular sea states are important, the solution to the frequency-domain problem is valuable in
determining the parameters used in the true linear hydrodynamic-loading equations. For
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instance, the solution to the frequency- (and direction-) dependent wave-excitation force,
X (0B ) , 1s needed not only in the frequency-domain solution, but also in the time-domain

formulation of the linearized diffraction problem in Eq. (2-10). Equally important is the
relationship between 4, (@) and B, (@) from the frequency-domain solution and 4; and K (¢)

from the time-domain formulation of the linearized radiation problem. By forcing a particular
mode of motion of the support platform to be sinusoidal in the true linear hydrodynamics
formulation, and comparing the resulting expression to the time-domain representation of the
frequency-domain problem, Ref. [76] shows that

Ay (0)= 4, ~L[ K, (¢)sin(or)ds (2-25)
and
B, ()= [ K, (t)cos(r)dr. (2-26)

The A;; term on the right-hand side of Eq. (2-25) represents the impulsive hydrodynamic-added-
mass matrix from Eq. (2-7). Note that Eq. (2-26) is valid only when the ancillary effects of sea
current or forward speed are ignored in the radiation problem (as assumed, see Section 2.2);
though not given here, a slightly different expression exists when these effects are important.

Equations (2-25) and (2-26) highlight the interdependence between the hydrodynamic added
mass and damping. Section 2.4.1.3 alluded to their relationship, which is discussed more in Ref.
[76].

Because the radiation-retardation kernel, K (t), may be assumed to be of finite energy,

application of the Riemann-Lebesgue lemma to Eq. (2-26) reveals that the infinite-frequency
limit of B, (@) is zero. Similarly, the infinite-frequency limit of Eq. (2-25) yields

A, =lim A, (0)= 4, (). (2-27)

W—>0

Thus, the appropriate impulsive added-mass matrix to be used in the true linear hydrodynamic-
loading equations does not depend on frequency, but is the infinite-frequency limit of the

frequency-dependent added-mass matrix, represented here as A{/(oo). This limit does, in

general, exist for three-dimensional bodies.

Through application of Fourier-transform techniques and Eq. (2-27), Egs. (2-25) and (2-26) can
be rearranged to show that

K, (1)= =2 o] 4, (&)~ 4, (=)]sin(or)de (2-28a)

0
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or
K, (t)=—jBU (w)cos(wt)dw, (2-28b)
and from Eq. (2-23) in Section 2.4.1.3 that

L,(t)= %T[A,.j (@) 4, () |cos(ot)dw (2-29a)

sin(ot)dw. (2-29b)

As a corollary to the interdependence between added mass and damping discussed previously,
Egs. (2-28) and (2-29) show that the radiation-retardation kernels depend on both added mass
and damping. Once the solution of the frequency-domain radiation problem has been found, any
of these expressions can be used to find the wave-radiation-retardation kernels to be used in the
true linear hydrodynamic-loading equations. When the velocity form of the radiation
convolution is used, the sine transform of Eq. (2-28a) should be applied if the solution accuracy
for the frequency-dependent hydrodynamic-added-mass matrix is greater than the solution
accuracy for the frequency-dependent hydrodynamic-damping matrix. Similarly, the cosine
transform of Eq. (2-28b) should be used if the solution accuracy for the frequency-dependent
hydrodynamic-damping matrix is greater than the solution accuracy for the frequency-dependent
hydrodynamic-added-mass matrix. If the solution accuracy is the same for both matrices, Eq.
(2-28b) is generally a better choice when the integrals are computed numerically because,
without a correction for truncation error, the accuracy of Eq. (2-28a) is poor near ¢ = (), where

K, (0) is, in general, not zero [even though sin(0) is]. Similar to the inverse Fourier

transforms, I have implemented the cosine transform of Eq. (2-28b) using a computationally
efficient FFT routine [92] in my HydroDyn module.

Because the frequency-domain approach is so often employed in analyses in the offshore O&G
industries, many computer codes are available for solving the frequency-domain hydrodynamics
problem. For instance, the SWIM module [48] of the SML computer package can be used to
analytically solve the frequency-domain problem for support platforms of simple geometry. For
platforms of more complicated surface geometry, the numerical-panel WAMIT code [58] can be
employed.

My hydrodynamics formulation in HydroDyn is applied identically regardless of how the
frequency-domain radiation and diffraction problems are solved. This is because I simply made
the frequency-dependent hydrodynamic-added-mass and -damping matrices (4; and Bj;) and
wave-excitation force (X;) inputs to HydroDyn.
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2.4.2.2 Morison’s Representation

Morison’s representation is widely used in the analysis of fixed-bottom offshore wind turbines
[4,15,19,52,61,77,97]. Though somewhat misapplied, it has also been used directly in the
analysis of offshore floating wind turbines [23,103]. Morison’s representation, in conjunction
with strip theory, can be used to compute the linear wave loads and nonlinear viscous-drag loads
in a straightforward manner, mostly for slender vertical surface-piercing cylinders that extend to
the sea floor. In hydrodynamic strip theory, as in BEM theory for wind turbine aerodynamics,
the structure is split into a number of elements or strips, where two-dimensional properties
(added-mass and viscous-drag coefficients in the case of Morison’s hydrodynamics) are used to
determine the overall three-dimensional loading on the structure [22].

The total external load acting on the support platform, F"™ in Eq. (2-7), is thus found by
integrating over the length of the cylinder the loads acting on each strip of the cylinder,
dFE"“*™ . 1In the relative form of Morison’s representation, Eq. (2-7) for the surge and sway

modes of motion (i = / and 2) is replaced with Morison’s equation [22,74]:

dEP[a?brm ¢ = _ Ap[”_Dzd ]q‘ + ]+CA p[”_Dzd }ai t’O’O,

(1.2) L) (2)+(1+C,) p| = ~dz |a,(1.0,0.2) , (2-308)
1 fori=1or?2

+ECDp(Ddz)[vi(t,(),(),z)—ql. (Z)J|v(t,0,(),z)—q'(z)|

V-

[[EVNCOM (t,z)

where D is the diameter of the cylinder, dz is the length of the differential strip of the cylinder,
C,4 and Cp are the normalized hydrodynamic-added-mass and viscous-drag coefficients, dF,**

is the viscous-drag load acting on the strip of the cylinder, and v; and a; are the components of
the undisturbed fluid-particle velocity and acceleration in the direction of DOF i. (v; and a;,
including their arguments, are discussed below.) The symbol “||” denotes the magnitude of the
vector difference of v and ¢ ; it is implied in Eq. (2-30a) that only the vector normal to the strip
2

of cylinder is included in this magnitude. The term (”D dzj is the displaced volume of fluid

for the strip of the cylinder. The term (Ddz) is the frontal area for the strip of the cylinder.

Please note that Morison’s equation is often written in terms of the normalized mass (inertia)
coefficient, Cy, in place of C4, where C,, =1+C,.

Using strip theory, expressions similar to Eq. (2-30a) can be written for the roll and pitch
moments (i = 4 and 5). Because a cylinder is axisymmetric, the yaw moment (i = 6) is zero, and
because Morison’s equation is strictly valid only for bottom-mounted cylinders, the heave force
(i=3) 1s also zero. These expressions are all given in Eq. (2-30b):
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0 fori=3
_ Platform | —
dF;Platform (t, Z) — d};Z (t’Z) z fOl" l 4 . (2'30b)
’ ,Z)Z oril=
dFv] atform (t ) f 5

0 fori=6

Consistent with Eq. (2-14) and Airy wave theory, the undisturbed fluid-particle velocity and
acceleration in the direction of DOF i, v; and a;, respectively, at point (X,Y,Z) in the inertial
reference frame (where Z < () are, in the absence of sea currents

v, (IXYZ COS‘ T o 7S% 5dd( ) — jl()[ X cos(B)+Y sin( )] Mejw,dm, (2'313)
o sinh [k ]
v,(t,X,Y,Z)= sin(ﬁ) T W(a)) Zﬂ_S;—Sided (w)ef/k(w)[x cos(B)+Y sin(3)] Mdmdw’ (2-3 lb)
’ 5 sinh [k ]
and
i 7 . ; h k +h ) -
v, (6. XY.2) =L [ W () 278755 (@) LX) ) Me/wdw (2-31c)
‘ 27, sinh [k h]
and
a, (t, X Y,Z) — jeos (ﬂ) ]c‘ W(a)) Z”S?smed (a))ei/’((10)|:X('()s(ﬂ)+)'sin(ﬁ)]w2 Ma’”d(o . (2—3 2a)
o sinh| k(w)h]
a, (t,X, Y,Z) _ jsin(ﬁ) T W(a)) Zﬂ,Sé—Sided (a))ef/k(“)[xw‘x(ﬂ)”“mwﬂwz wem’d(o s (2‘3 2b)
2 2 sinh| k(w)h |
and
a, (t, XY, Z) — ;1 T W(a)) ZESE'SM”’ (w)ef/k(w)[)(cu‘x(ﬁ)+Y‘siﬂ(ﬂ)]w2 M Ao (2-3 20)
2 sinh| k(w)h ]

By comparing Eq. (2-30) with the true linear hydrodynamic-loading equations, it can be seen that
Morison’s representation assumes that viscous drag dominates the damping such that wave-
radiation damping can be ignored. This assumption is valid only if the motions of the cylinder
are very small (i.e., it is most appropriate when the cylinder is bottom-mounted and very rigid).
The viscous-drag load is not part of the linear hydrodynamic-loading equations because the
viscous-drag load is proportional to the square of the relative velocity between the fluid particles
and the platform. Nevertheless, I did augment the linear hydrodynamic-loading equations in
HydroDyn by including the nonlinear viscous-drag term from Morison’s equation. I include the

viscous-drag term by assigning an effective platform diameter (D) and by integrating dF*

over the draft of the support platform to find the total viscous-drag load, F"***. I included this

effect because (1) it was relatively easy to add, (2) it allowed me to incorporate the influence of
sea current, and (3) it can be an important source of hydrodynamic damping in some situations.
To include the influence of sea current generated by winds, tides, and thermal gradients in
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HydroDyn, I have vectorally combined a steady, depth-varying current velocity with the surface-
wave-particle velocity [Eq. (2-31)] when computing the viscous-drag term from Morison’s
equation.

By comparing Eq. (2-30) with the true linear hydrodynamic-loading equations, it is also seen that
Morison’s representation ignores off-diagonal terms in the added-mass matrix other than those
that directly couple the motions between surge and pitch and sway and roll. It may do this
because a cylinder is axisymmetric, which ensures that there is no other added-mass-induced
coupling between modes of motion. Morison’s representation also takes advantage of G. L.
Taylor’s long-wavelength approximation [16,76,85] to simplify the diffraction problem (i.e., the
cylinder must be slender). This approximation is how the second term in Eq. (2-30a) for the
wave-excitation force can be expressed in terms of the normalized added-mass coefficient and
the undisturbed fluid-particle acceleration along the centerline of the cylinder. In the linear
hydrodynamics problem, C, theoretically approaches unity (C,, =2) in the infinite-frequency

limit. In practice, however, C; (or Cy) and Cp must be empirically determined and are
dependent on many factors, including Reynold’s number, Keulegan-Carpenter number, and
surface roughness, among others. The assumptions inherent in Morison’s representation explain
why it is applicable to the analysis of bottom-mounted monopile designs for offshore wind
turbines. The asumptions also explain why Morison’s representation is not applicable for the
analysis of many of the proposed platform concepts for offshore floating wind turbines (except
for the viscous-drag term).

One useful feature of Morison’s equation, and strip theory in general, is that the hydrodynamic
loading is written in terms of the undisturbed fluid-particle velocity and accelerations directly,
instead of velocity potentials, which are inherent in the hydrodynamic-added-mass and -damping
matrices and the wave-excitation force of the linear frequency-domain problem. This feature
allows Morison’s equation and strip theory to take advantage of nonlinear wave- and sea-current
kinematics models. Nonlinear wave theories account better for the mass transport, wave
breaking, shoaling, reflection, transmission, and other nonlinear characteristics of real surface
waves. Various forms of nonlinear stream-function wave theory—including Dean’s theory,
Fenton’s theory, and Boussinesq theory—are the most widely used when these characteristics are
required [17]. Researchers have also developed a new nonlinear wave-kinematics model that
does not require the solution to the nonlinear potential-flow free-surface BVP [86]. This new
model can be used as input to an extended Morison formulation to evaluate the wave loads on
slender vertical cylinders in steep and random shallow-water waves.

2.4.3 HydroDyn Calculation Procedure Summary

The presentation of a variety of hydrodynamics formulations creates a virtual forest of concepts
and formulas. In Sections 2.4.1 and 2.4.2, I investigated each tree in detail as I made my way
through that forest, but sometimes “it’s hard to see the forest for the trees.” To help you see that
forest, Figure 2-3 draws together the information I have presented.

In summary, HydroDyn accounts for
e Linear hydrostatic restoring

e Nonlinear viscous drag from incident-wave kinematics, sea currents, and platform motion
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Figure 2-3. Summary of the HydroDyn calculation procedure

¢ Added-mass and damping contributions from linear wave radiation, including free-
surface memory effects

e Incident-wave excitation from linear diffraction in regular or irregular seas.

Just as aerodynamic loads depend on the shape of the rotor-blade airfoils, hydrodynamic loads
depend on the support platform’s geometry. To this end, I developed HydroDyn such that the
hydrodynamic coefficients for platforms of arbitrary shape are imported from SWIM, WAMIT,
or an equivalent hydrodynamic preprocessor.

HydroDyn does not account for the effects of nonlinear steep and / or breaking waves, VIV, and
loading from sea ice. It also does not account for the second-order effects of intermittent wetting
and mean-drift, slow-drift, and sum-frequency excitation.

2.5 Mooring System Modeling

Mooring systems are used as a means of station-keeping—holding a floating platform against
wind, waves, and current. In some support platform designs, such as in a TLP, they are also used
as a means of establishing stability. A mooring system is made up of a number of cables that are
attached to the floating support platform at fairlead connections, with the opposite ends anchored
to the seabed. Cables can be made up of chain, steel, and / or synthetic fibers and are often a
segmented combination of these materials. Restraining forces at the fairleads are established
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through tension in the mooring lines. This tension depends on the buoyancy of the support
platform, the cable weight in water, the elasticity in the cable, viscous-separation effects, and the
geometrical layout of the mooring system. As the fairleads move with the support platform in
response to unsteady environmental loading, the restraining forces at the fairleads change with
the changing cable tension. This means that the mooring system has an effective compliance
[22].

If the mooring system compliance were inherently linear and mooring inertia and damping were
ignored, the total load on the support platform from the contribution of all mooring lines, F"",
from Eq. (2-7), would be

F;Lines _ F;Lines,O _ CiJL.inesqj , (2_33)

where C i]L.i”"“' is the (ij) component of the linearized restoring matrix from all mooring lines [as
included in Eq. (2-24)] and F""*’ is the i component of the total mooring system load acting

on the support platform in its undisplaced position. For catenary mooring lines, F*"*’
represents the pre-tension at the fairleads from the weight of the cable not resting on the seafloor
in water. If the catenary lines were neutrally buoyant, F*"*’ would be zero. For taut mooring

lines, F""*’ is the result of pre-tension in the mooring lines from excess buoyancy in the tank
when the support platform is undisplaced, including the contribution of the weight of the cable in
water. C@f’"” is the combined result of the elastic stiffness of the mooring lines and the effective

geometric stiffness brought about by the weight of the cables in water, depending on the layout
of the mooring system.

In general, however, the mooring system dynamics are not linear in nature; instead,
nonlinearities are generally evident in the force-displacement relationships. The mooring
dynamics also often include nonlinear hysteresis effects, where energy is dissipated as the lines
oscillate with the support platform around its mean position.

Because I discovered that the dynamic LINES module [50] of SML was unsuitable for my
general use, I developed my own quasi-static module to simulate the nonlinear restoring loads
from the mooring system of floating platforms. Instead of interfacing with LINES, I have
interfaced my mooring system module to FAST and ADAMS.

My module can model an array of homogenous taut or slack catenary mooring lines. It accounts
for the apparent weight in fluid, elastic stretching, and seabed friction of each line, but neglects
the individual line bending stiffness. But because my quasi-static module is fully coupled with
FAST and ADAMS, it also accounts for the nonlinear geometric restoration of the complete
mooring system. By “quasi-static,” I mean that with the fairlead positions known for a given
platform displacement at any instant in time, my mooring system module solves for the tensions
within, and configuration of, each mooring line by assuming that each cable is in static
equilibrium at that instant. Using the tensions and additional loading on the platform from
hydrodynamics and loading on the turbine from aerodynamics, FAST or ADAMS then solves the
dynamic equations of motion for the accelerations of the rest of the system (platform, tower,

36



nacelle, and blades). Next, FAST or ADAMS integrates in time to obtain new platform and
fairlead positions at the next time step, repeating this process.

Clearly, this quasi-static approach also ignores the inertia and damping of the mooring system,
which may or may not be important in various situations. To justify using this approach, I used
the system-mass data presented in Chapter 3 to calculate that the mass of a typical mooring
system is 8% of the combined mass of a typical wind turbine and floating support platform.
According to conversations with Dr. R. Zueck of the Naval Facilities Engineering Service Center
(NFESC), about one-quarter of the inertia of a mooring system is important to the dynamic
response of a floating platform. One-quarter of 8% is only 2%, which justifies ignoring mooring
system inertia in the analyses for these turbine / platform configurations. Ignoring mooring
system damping is also a conservative approach.

Figure 2-4 presents a layout of the calculation procedures in my quasi-static mooring system
module. Each line of the mooring system is analyzed independently. The user must specify the
fairlead locations of each mooring line relative (and fixed) to the support platform and the anchor
locations of each mooring line relative (and fixed) to the inertial reference frame (i.e., the
seabed). For each mooring line, the total unstretched length, L, apparent weight in fluid per unit
length, @, extensional stiffness, £4, and coefficient of seabed static-friction drag, Cz, must also
be assigned. Because a mooring line is buoyant, @ is related to the mass of the line per unit
length, 1, by

w:{ﬂc _p”Tchg, (2-34)
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Figure 2-4. Summary of my mooring system module calculation procedure
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where p is the water density, g is the gravitational acceleration constant, and D, is the effective
diameter of the mooring line. Because I have limited the model to simulating only homogenous
mooring lines, I handle multisegment lines (i.e., chain plus wire plus chain segments in series) by
using an equivalent line with weighted-average values of the weight and stiffness (weighted
based on the unstretched lengths of each segment).

Each mooring line is analyzed in a local coordinate system that originates at the anchor. The
local z-axis of this coordinate system is vertical and the local x-axis is directed horizontally from
the anchor to the instantaneous position of the fairlead. Figure 2-5 illustrates a typical line.
When the mooring system module is called for a given support platform displacement, the
module first transforms each fairlead position from the global frame to this local system to
determine its location relative to the anchor, xr and z.

Fairlead N2
LaoEAC,~_ F
K ZF
« S z(s
Anchor | T | (5)
) x(s) N
-+ xF >

Figure 2-5. Mooring line in a local coordinate system

I took advantage of the analytical formulation for an elastic cable suspended between two points,
hanging under its own weight (in fluid). I derived this analytical formulation following a
procedure similar to that presented in Ref. [22], which I do not give here for brevity. (The
derivation was not exactly the same because Ref. [22] did not account for seabed interaction nor
did it account for taut lines where the angle of the line at the anchor was nonzero). The
derivation required the assumption that the extensional stiffness of the mooring line, EA4, was
much greater than the hydrostatic pressure at all locations along the line.

In the local coordinate system, the analytical formulation is given in terms of two nonlinear
equations in two unknowns—the unknowns are the horizontal and vertical components of the
effective tension in the mooring line at the fairlead, Hr and Vp, respectively. (The effective
tension is defined as the actual cable [wall] tension plus the hydrostatic pressure.) When no
portion of the line rests on the seabed, the analytical formulation is as follows:
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and

ZF(HF,VF)ﬁNH(ﬁJ —\/1+[VF_‘”LJ }ri(V L—%J (2-35b)
® H, H, EA 2

Equivalent formulations of Eq. (2-35) are sometimes cited in terms of the inverse of the
hyperbolic sine; that is:

In (x+ m) =sinh™ (x) . (2-36)

The first terms on the right-hand side of Eq. (2-35) characterize the arc length of the catenary,
projected on the x- and z-axes. (Even taut mooring lines have a catenary-shaped sag.) The
second terms on the right-hand side of Eq. (2-35) represent the horizontal and vertical stretching
of the mooring line.

The analytical formulation of two equations in two unknowns is different when a portion of the
mooring line adjacent to the anchor rests on the seabed:

2
x.(Hp.V,)=L- Ve (el Ve | e Yo | | 2L
o o H, H, EA
2
59 —(L—Ej Yo He \yux| Yo e
A @ o Co o Cyo
and

zF(HF,VF)i[\/I+[£) —\/1+[VF_wL] ]4_ ! [V L—%] (2-37b)
® H, H, EA 2

The first two terms on the right-hand side of Eq. (2-37a) combine to represent the unstretched
portion of the mooring line resting on the seabed, Lj:

(2-37a)

+
2

L,-1-Ye. (2-38)

w

In Eq. (2-35), Lp is zero.
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The last term on the right-hand side of Eq. (2-37a), which involves Cp, corresponds to the
stretched portion of the mooring line resting on the seabed that is affected by static friction. The
seabed static friction was modeled simply as a drag force per unit length of Cpw. The MAX
function is needed to handle cases with and without tension at the anchor. Specifically, the
resultant is zero when the anchor tension is positive; that is, the seabed friction is too weak to
overcome the horizontal tension in the mooring line. Conversely, the resultant of the MAX
function is nonzero when the anchor tension is zero. This happens when a section of cable lying
on the seabed is long enough to ensure that the seabed friction entirely overcomes the horizontal
tension in the mooring line.

The remaining terms in Eq. (2-37) are similar in form to, and typify the same information as, the
terms in Eq. (2-35). They are simpler than the terms in Eq. (2-35), though, because a slack
catenary is always tangent to the seabed at the point of touchdown.

My mooring system module uses a Newton-Raphson iteration scheme to solve nonlinear Egs.
(2-35) and (2-37) for the fairlead effective tension (Hr and Vp,), given the line properties (L, o,
EA, and Cp) and the fairlead position relative to the anchor (xr and zz). The Jacobian in the
Newton-Raphson iteration was implemented with the analytical partial derivatives of Egs. (2-35)
and (2-37). My mooring system module determines which of Egs. (2-35) or (2-37) must be used
as part of the solution process. The equations were implemented in a slightly different form than
shown to avoid numerical problems (e.g., a division by zero when Cp is zero-valued).

My mooring system module uses the values of Hr and Vr from the previous time step as the
initial guess in the next iteration of Newton-Raphson. As the model is being initialized, I used

the starting values, H, and ¥/, documented by Peyrot and Goulois in Ref. [79]:

H =% 2-39a
r=2 ( )

and
A Pty o 2-39b
T2 Lanh(/lo) } ( )

where the dimensionless catenary parameter, 1y, depends on the initial configuration of the
mooring line:

1,000,000 Sfor x, =0
A,=10.2 for \x; +z; > L. (2-40)

-z
3[ £ _ ]] otherwise

2
xF
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Note that Egs. (2-39) and (2-40) are slightly different from those given in Ref. [79] because my
analytical formulation and notation differs.

Once the effective tension at the fairlead has been found, determining the horizontal and vertical
components of the effective tension in the mooring line at the anchor, H4 and V4, respectively, is
simple. (The blue arrows depicting H4 and V4 in Figure 2-5 are the horizontal and vertical
components of the effective line tension at the anchor—they are not the reaction forces at the
anchor.) From a balance of external forces on a mooring line, one can easily verify that

H,=H, (2-41a)
and
V,=V.,-oL, (2-41b)

when no portion of the line rests on the seabed, and

H,=MAX (H,-CywL,,0) (2-42a)
and
V,=0, (2-42b)

when a portion of the line does rest on the seabed. Although they do not affect the dynamic
response of the floating wind turbine system, the anchor effective tensions are computed by my
mooring system module and become available outputs from the simulation.

Next, my mooring system module solves for the configuration of, and effective tensions within,
the mooring line. Again, the values of these parameters do not affect the dynamic response of
the floating wind turbine system, but they are available outputs from the simulation. When no
portion of the mooring line rests on the seabed, the equations for the horizontal and vertical
distances between the anchor and a given point on the line, x and z, and the equation for the
effective tension in the line at that point, 7, are as follows:

2 2
X(S):i l}’l MJ’. ]+ M _ln ﬁ.i_ ]+ ﬁ +E, (2-433)
® H, H, H, H, EA
H V. +os) v.Y | 1 2
z(s)=—L| [1+]| G5 = 1| =2 | [+ = VAs+wS 3 (2-43b)
w H, H, EA 2
and

T(s)=yH.+(V,+os) , (2-44)
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where s is the unstretched arc distance along the mooring line from the anchor to the given point.
The similarity between Eqgs. (2-43) and (2-35) should be apparent. Similar to Eq. (2-37), the
equations with seabed interaction are more onerous:

s forOSsSLB—HF
Cy,o
s2—2[LB—CHF js
®
+CBCO B forLB— FSSSLB
2E4 L, - e \pax| - e g €
i e . (2-459)
(s)- : -
-L -L
R A e R
» . H, EA
for L, <s<L
+C5a){—L§+(LB— H, ]MAX[LB— il oﬂ
5@ 3@
0 forO0<s<L,
_ 2 2 2-45b)
s L —L s (
2(s) iln 1+ M -1 +M for L, <s<L
@ H, 2FA

and

(2-46)

MAX (H, +Cyo(s—L,),0) for0<s<L,
T.(s)=

\/H;+(a)(s—LB))2 forLBSSSL.

As shown in Figure 2-4, the final calculation in my quasi-static mooring system module is a
computation of the total load on the support from the contribution of all mooring lines; that is,

F" from Eq. (2-7). This mooring system-restoring load is found by first transforming each

fairlead tension from its local mooring line coordinate system to the global frame, then summing
up the tensions from all lines.

2.6 Pulling It All Together

Limitations of previous time- and frequency-domain studies on offshore floating wind turbines
motivated my development of simulation tools capable of modeling the fully coupled aero-
hydro-servo-elastic response of such systems. I have developed this capability by leveraging the
computational methodologies and analysis tools of the onshore wind turbine and offshore O&G
industries. The onshore wind-industry-accepted aero-servo-elastic turbine simulation
capabilities of FAST [39] with AeroDyn [55,67] and MSC.ADAMS with A2AD [20,54] and
AeroDyn have been interfaced with the external hydrodynamic wave-body interaction programs
SWIM [48] and WAMIT [58], which are commonly employed in the offshore O&G industry. 1

42



established the interfaces among these simulation capabilities by developing modules for treating
time-domain hydrodynamics (HydroDyn) and quasi-static mooring system responses. Figure 2-6
summarizes the modules and their interfaces.

Turbulent-wind inflow is prescribed by the external computer program TurbSim [36], and
deterministic-wind inflow (not shown in Figure 2-6) is prescribed by the external computer
program IECWind [56]. FAST with AeroDyn and ADAMS with AeroDyn account for the
applied aerodynamic and gravitational loads, the behavior of the control and protection systems,
and the structural dynamics of the wind turbine. The latter contribution includes the elasticity of
the rotor, drivetrain, and tower, along with the newly added dynamic coupling between the
motions of the support platform and the motions of the wind turbine.!' Nonlinear restoring loads
from the mooring system are obtained from a quasi-static mooring line module that accounts for
the elastic stretching of an array of homogenous taut or slack catenary lines with seabed
interaction. HydroDyn is a module that computes the applied hydrodynamic loads in the time
domain, as summarized in Section 2.4.3.

By interfacing these modules as described, fully coupled time-domain aero-hydro-servo-elastic
simulation of offshore floating wind turbines is achieved. This capability is crucial for analyzing
the dynamic response from combined wind and wave loading because both can affect the
motions, loads, and power production of the system. The generality of each module also ensures

Control System
Rotor
Dynamics
acelle Dynamics ;

Tower Dynamics

Platform Dynamics
Mooring Dynamics :

Figure 2-6. Interfacing modules to achieve aero-hydro-servo-elastic simulation

Drivetrain
Dynamics

.\_.\Eg},
//ﬁ-’/

Waves &
Currents

Hydro-
dynamics
A

" FAST and ADAMS are separate programs that can be run independently to model the structural-dynamic
response and control system behavior of wind turbines. FAST employs a combined modal and multibody structural-
dynamics formulation, whereas ADAMS employs a higher fidelity multibody formulation. They have both been
interfaced with AeroDyn to enable the full aero-servo-elastic modeling of wind turbines.
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that the overall simulation tool is universal enough to analyze a variety of wind turbine, support
platform, and mooring system configurations. Moreover, the same simulation tools can still be
used to model land-based wind turbines by disabling the hydrodynamic and mooring system
modules.
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Chapter 3 Design Basis and Floating Wind Turbine Model

To obtain useful information from this and other concept studies aimed at assessing offshore
wind technology suitable in the deep waters off the U.S. offshore continental shelf (OCS) and
other offshore sites worldwide, use of realistic and standardized input data is required. This
chapter summarizes the input data developed and used in the simulation code verification
exercises and in the integrated loads analyses presented in subsequent chapters. A large
collection of input data is needed, including detailed specifications of the wind turbine and
support platform, along with a design basis. A design basis consists of analysis methods (see
Chapter 2); a collection of applicable design standards (i.e., IEC); and the site-specific
meteorological and oceanographic (metocean) parameters at a reference site.

In this work, I developed the turbine specifications of what is now called the “NREL offshore 5-
MW baseline wind turbine,” as presented in Section 3.1. Although I put together the
specifications of this wind turbine, I did not develop the basic designs of the two floating support
platforms used in this work. Instead, I used two platforms that were developed by others through
partnerships with NREL. Both platforms were developed specifically to support the NREL
offshore 5-MW baseline wind turbine. The first platform, which I summarize in Section 3.2, was
a barge with slack catenary moorings from a company called ITI Energy' [98]. The second
platform, summarized in Section 3.3, was a barge with a spread-mooring system developed at
MIT through a contract with NREL [100,101]. Barge concepts were chosen because of their
simplicity in design, fabrication, and installation. For the loads analyses, ITI Energy selected a
location in the northern North Sea as the reference site from which to obtain metocean data.
These data are described in Section 3.4.

3.1 NREL Offshore 5-MW Baseline Wind Turbine

This section documents the specifications of NREL’s offshore 5-MW baseline wind turbine and
the rationale behind its development. My objective was to establish the detailed specifications of
a large wind turbine that is representative of typical utility-scale land- and sea-based
multimegawatt turbines.

Before establishing the detailed specifications, however, we® had to choose the basic size and
power rating of the machine. Because of the large portion of system costs in the support
structure of a deepwater wind system, we understood from the outset that if a deepwater wind
system is to be cost-effective, each individual wind turbine must be rated at 5 MW or higher
[70].°> Ratings considered for the baseline ranged from 5 MW to 20 MW. We decided that the
baseline should be 5 MW because it has precedence:

!'Web site: http://www.itienergy.com/

> My NREL colleagues, W. N. Musial and S. Butterfield, assisted me in selecting some of the basic specifications of
this offshore turbine. To acknowledge this support, I use “we” in place of “I” and “our” in place of “my” where
appropriate.

A single 5-MW wind turbine can supply enough energy annually to power 1,250 average American homes.
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e Feasible floater configurations for offshore wind turbines scoped out by Musial,
Butterfield, and Boone [70] were based on the assumption of a 5-MW unit.

e Unpublished DOE offshore cost studies were based on a rotor diameter of 128 m, which
is a size representative of a 5- to 6-MW wind turbine.

e The land-based Wind Partnerships for Advanced Component Technology (WindPACT)
series of studies, considered wind turbine systems rated up to 5 MW [64,73,88].

e The Recommendations for Design of Offshore Wind Turbines project (known as
RECOFF) based its conceptual design calculations on a wind turbine with a 5-MW rating
[93].

e The Dutch Offshore Wind Energy Converter (DOWEC) project based its conceptual
design calculations on a wind turbine with a 6-MW rating [24,51,60].

e At the time of this writing, the largest wind turbine prototypes in the world—the
Multibrid M5000 [18,68,69] and the REpower 5M [62,81,82]—each had a 5-MW rating.

I gathered the publicly available information on the Multibrid M5000 and REpower 5M
prototype wind turbines. And because detailed information on these machines was unavailable, I
also used the publicly available properties from the conceptual models used in the WindPACT,
RECOFF, and DOWEC projects. These models contained much greater detail than was
available about the prototypes. I then created a composite from these models, extracting the best
available and most representative specifications.

The Multibrid M5000 machine has a significantly higher tip speed than typical onshore wind
turbines and a lower tower-top mass than would be expected from scaling laws previously
developed in one of the WindPACT studies [88]. In contrast, the REpower SM machine has
properties that are more “expected” and “conventional.” For this reason, we decided to use the
specifications of the REpower 5M machine as the target specifications* for our baseline model.

The wind turbine used in the DOWEC project had a slightly higher rating than the rating of the
REpower 5SM machine, but many of the other basic properties of the DOWEC turbine matched
the REpower 5M machine very well. In fact, the DOWEC turbine matched many of the
properties of the REpower 5M machine better than the turbine properties derived for the
WindPACT and RECOFF studies.” As a result of these similarities, I made the heaviest use of
data from the DOWEC study in my development of the NREL offshore 5-MW baseline wind
turbine.

The REpower 5M machine has a rotor radius of about 63 m. Wanting the same radius and the
lowest reasonable hub height possible to minimize the overturning moment acting on a floating

* Note that I established the target specifications using information about the REpower 5M machine that was
published in January 2005 [81,82]. Some of the information presented in Refs. [81] and [82] disagrees with more
recently published information. For example, the published nacelle and rotor masses of the REpower 5M are higher
in the more recent publications.

> This was probably because the REpower 5M prototype utilized blades provided by LM Glasfiber [62], a company
that helped establish the structural properties of the blades used in the DOWEC study.
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support platform, we decided that the hub height for the baseline wind turbine should be 90 m.
This would give a 15-m air gap between the blade tips at their lowest point when the wind
turbine is undeflected and an estimated extreme 50-year individual wave height of 30 m (i.e., 15-
m amplitude). The additional gross properties we chose for the NREL 5-MW baseline wind
turbine, most of which are identical to those of the REpower 5M, are given in Table 3-1. The
(x,y,z) coordinates of the overall CM location of the wind turbine are indicated in a tower-base
coordinate system, which originates along the tower centerline at ground or mean sea level
(MSL). The x-axis of this coordinate system is directed nominally downwind, the y-axis is
directed transverse to the nominal wind direction, and the z-axis is directed vertically from the
tower base to the yaw bearing.

Table 3-1. Gross Properties Chosen for the NREL 5-MW Baseline

Wind Turbine
Rating 5 MW
Rotor Orientation, Configuration Upwind, 3 Blades
Control Variable Speed, Collective Pitch
Drivetrain High Speed, Multiple-Stage Gearbox
Rotor, Hub Diameter 126 m, 3 m
Hub Height 90 m
Cut-In, Rated, Cut-Out Wind Speed 3 m/s, 11.4 m/s, 25 m/s
Cut-In, Rated Rotor Speed 6.9 rpm, 12.1 rpm
Rated Tip Speed 80 m/s
Overhang, Shaft Tilt, Precone 5m, 5°, 2.5°
Rotor Mass 110,000 kg
Nacelle Mass 240,000 kg
Tower Mass 347,460 kg
Coordinate Location of Overall CM (-0.2m, 0.0 m, 64.0 m)

The actual REpower 5SM wind turbine uses blades with built-in prebend as a means of increasing
tower clearance without a large rotor overhang. Because, as I mentioned in Section 2.1, the
FAST code cannot support blades with built-in prebend, I chose a 2.5°-upwind precone in the
baseline wind turbine to represent the smaller amount of precone and larger amount of prebend
that are built into the actual REpower SM machine.

The rotor diameter indicated in Table 3-1 ignores the effect of blade precone, which reduces the
actual diameter and swept area. The exact rotor diameter in the turbine specifications (assuming
that the blades are undeflected) is actually (126 m) X cos(2.5°) = 125.88 m and the actual swept
area is (/4) x (125.88 m)* = 12,445.3 m>.

I present other information about this model as follows:
e The blade structural properties in Section 3.1.1
e The blade aerodynamic properties in Section 3.1.2
e The hub and nacelle properties in Section 3.1.3
e The drivetrain properties in Section 3.1.4

e The tower properties in Section 3.1.5
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e The baseline control system properties in Section 3.1.6

e The aero-servo-elastic FAST with AeroDyn and ADAMS with AeroDyn models of the
wind turbine in Section 3.1.7

e The basic responses of the land-based version of the wind turbine, including its full-
system natural frequencies and steady-state behavior in Section 3.1.8.

Although I summarize much of this information® for conciseness and clarity, Section 3.1.6
contains a high level of detail about the development of the wind turbine’s baseline control
system. These details are fundamental to the controls work presented in Chapter 7.

Beyond its application to this work, the NREL offshore 5-MW baseline wind turbine has been
used to establish the reference specifications for a number of research projects supported by the
U.S. DOE’s Wind & Hydropower Technologies Program [1,23,84,100,101]. In addition, the
integrated European Union UpWind research program’ and the International Energy Agency
(IEA) Wind Annex XXIII Subtask 2* Offshore Code Comparison Collaboration (OC3) [78] have
adopted the NREL offshore 5-MW baseline wind turbine as their reference model. The model
has been, and will likely continue to be, used as a reference by research teams throughout the
world to standardize baseline offshore wind turbine specifications and to quantify the benefits of
advanced land- and sea-based wind energy technologies.

3.1.1 Blade Structural Properties

The NREL offshore 5-MW baseline wind turbine has three blades. I based the distributed blade
structural properties of each blade on the structural properties of the 62.6-m-long LM Glasfiber
blade used in the DOWEC study (using the data given in Appendix A of Ref. [60]). Because the
blades in the DOWEC study were 1.1 m longer than the 61.5-m-long LM Glasfiber blades [62]
used on the actual REpower SM machine, I truncated the 62.6-m blades at 61.5-m span to obtain
the structural properties of the NREL 5-MW baseline blades (I found the structural properties at
the blade tip by interpolating between the 61.2-m and 61.7-m stations given in Appendix A of
Ref. [60]). Table 3-2 lists the resulting properties.

The entries in the first column of Table 3-2, labeled “Radius,” are the spanwise locations along
the blade-pitch axis relative to the rotor center (apex). “BlFract” is the fractional distance along
the blade-pitch axis from the root (0.0) to the tip (1.0). I located the blade root 1.5 m along the
pitch axis from the rotor center, equivalent to half the hub diameter listed in Table 3-1.

“AeroCent” i1s the name of a FAST input parameter. The FAST code assumes that the blade-
pitch axis passes through each airfoil section at 25% chord. By definition, then, the quantity
(AeroCent — 0.25) is the fractional distance to the aerodynamic center from the blade-pitch axis

% Note that some of the turbine properties are presented with a large number (>4) of significant figures. Most of
these were carried over from the turbine properties documented in the DOWEC study [24,51,60]—I did not truncate
their precision to maintain consistency with the original data source.

" Web site: http://www.upwind.eu/default.aspx
8 Web site: http://www.ieawind.org/Annex%20XXII1/Subtask?2.html
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Table 3-2. Distributed Blade Structural Properties

Radius BlFract AeroCent| StrcTwst|BMassDen| Flpm Edgs_tff| GJStff| EASH] Alphal Flplner| Edglner| PrecrvRef|F pl FlpcgOf| EdgcgOf| FIpEAOf| EdgEAOf|
m) ) ) ) (kgim) (Nem® -m’ (Nem” N O (kgrm)  (kgem (m) (m) (m) (m) (m) (m)
11.50 0.00000 0.25000 .308| 678.935 10.00E+ 113.60E+ 5564.40E+ 9729 48E+ 0.0 972,8_6‘ 973.04 0.0 0.0 0.0] 0.00017; 0.0 0.0
.70 0.00325 0.25000 678.935 10.00E+ 113.60E+ 5564 40E+ 9729.48E+ 0.0 972.86 973.04 0.0 0.0 0.0[ 0.00017; 0.0 0.0
.70 0.01951 0.24951 .308] 773.363] 19424.90E+ 558.60E+6]  5431.59E+ 10789.50E+ 0.0] 1091.52] 1066.3 0.0 0.0 0.0[ -0.02309; 0.0 0.0
.70 0.03577 0.24510] 8] 740.550 55.90E+ 497 .80E+ 4993.98E+6| 10067.23E+ 0.0 966.09] __1047.36] 0.0 0.0 0.0[ 0.00344/ 0.0 0.0
4.70 0.05203 0.23284| .308|  740.042] 5287.40E+6| 19788.80E+ 666.59E+ 9867.78E+ 0.0 73.81]  1099.7 0.0 0.0 0.0[ 0.04345 0.0 0.0
.70 0.06829 0.22059| 08| 592.49 0782.40E+ 858.50E+ 474.7T1E+ 7607.86E+ 0.0 48.55] 873.0: 0.0 0.0 0.0] 0.05893; 0.0 0.0
.70 0.08455 0.20 3§| . DEI 450.27! 7229.72E+H 0220.60E+6| _ 2323.54E+ 5491.26E+ 0.0 456.7f 641.4¢ 0.0 0.0 0.0[ 0.06494 0.0 0.0
.70 0.10081 0.19608| .308|  424.054 6309.54E+ 9144.70E+H 907.87E+ 4971.30E+ 0.0 400.; 593.7 0.0 0.0 0.0] 0.0771 0.0 0.0
.70 0.11707 0.18: iz' .308|  400.6: 5528.36E+6| 8063.16E+ 570.36E+ 4493.95E+ 0.0 51.. 547. 0.0 0.0 0.0[ 0.08394 0.0 0.0
.70 0.13335 0.1715¢ .308|  382.0¢ 4980.06E+ 6884.44E+ 158.26E+ 4034.80E+ 0.0 16. 490. 0.0 0.0 0.0] 0.10174 0.0 0.0
0.70 0.14959 0.1593 .308 99.655 4936.84E+ 7009.18E+6|  1002.12E+ 037.29E + 0.0 03.. 508. 0.0 0.0 0.0[ 0.10758; 0.0 0.0
.70 0.16585 0.1470¢ .308|  426.321 4691.66E+ 7167.68E+H 855.90E+ 169.72E+ 0.0 289.24| 544.70 0.0 0.0 0.0] 0.15829; 0.0 0.0
.70 0.18211 0.1348 .181]  416.820) 3949.46E+ 7271.66E+H 672.27E+ 082.35E + 0.0 6.57 569.90 0.0 0.0 0.0[ 0.22235] 0.0 0.0
.70 0.19837 0.12500 .848|  406.186 3386.52E+ 7081.70E+ 547.49E+6|  4085.97E+ 0.0 5. 01.28| 0.0 0.0 0.0] 0.3075 0.0 0.0
.70 0.21465 0.12500 192 81.420] 2933.74E+ 6244 53E+ 448.84E+ 668.34E + 0.0 7. 46.56| 0.0 0.0 0.0f 0.303 0.0 0.0
.70 0.23089 0.12500 .561| 352.822 2568.96E+ 5048.96E+ 335.92E+ 147 76E+ 0.0 0.84 468.7 0.0 0.0 0.0] 0.265 0.0 0.0
6.70 0.24715 0.12500] .072 477 388.65E+6| 4948.49E+H 35E+ 011.58E+ 0.0 8. 453.7f 0.0 0.0 0.0] 0.2594 0.0 0.0
7.70 0.2634 0.12500 0.792 __ﬁl 271.99E+6| 4808.02E+ 94E+ 2882.62E+ 0.0 . 436.2! 0.0 0.0 0.0] 0.2500 0.0 0.0
.70 0.2959! 0.12500] 0.232 .333) 050.05E+6] 4501.40E+ -00E+ 2613.97E+ 0.0 X 1 0.0 0.0 0.0[ 0.23155] 0.0 0.0
.70 0.3284¢ 0.12500 .672| 330.004 828.25E+6| 4244.07E+ 28.82E+6| 2357 48E+ 0.0 . .0 0.0 0.0 0.0] 0.2038: 0.0 0.0
.70 0.3609: 0.12500] . 321.990 588.71E+ 995.28E+ 00.75E+ 46.86E+ 0.0 94. .0 0.0 0.0 0.0[ 0.19934 0.0 0.0
|§,70 0.39350 0.12500 313.820]  1361.93E+ 750.76E+ 74.38E+ 44.09E+ 0.0 80.24 .5 0.0 0.0 0.0] 0.193 0.0 0.0
27.70 0.42602 0.12500 294.734 102.38E+ 447 14E+ 44 ATE+ 7T0E+ 0.0 62. 87, 0.0 0.0 0.0] 0.14994 0.0 0.0
.70 0.45855 0.12500 287.120 875.80E+ 139.07E+ 19.98E+ L40E+ 0.0 9. . 0.0 0.0 0.0] 0.154 0.0 0
70 0.49106 0.12500] 63.343 681.30E+ 734.24E+ 81.19E+ TBEH 0.0 7.34 4 0.0 0.0 0.0] 0.1325: 0.0 0
.70 0.52358 0.12500] 53.207] 534.72E+6] 2554.87EH 69.09E+ 47 43E+ 0.0 29.14 .34 0.0 0.0 0.0[ 0.1331 0.0 0
.70 0.5561 0.12500 . 41.666| 408.90E+ 334.03E+ 57.45E+ 922.95E+ 0.0 22. 4 0.0 0.0 0.0 _0.14035] 0.0 0
.70 0.5886: 0.12500] 4. 220.63: 14.54E+6| 1828.73E+ 45.92E+ 760.82E+ 0.0 17. 4 0.0 0.0 0.0[ 0. 0 0.0 0.0
9.70 0.621 0.12500 440 00.29: 38.63E+ 584.10E+ 35.98E+ 648.03E+ 0.0 13.30 0.0 0.0 0.0[ 0. 4 0.0 0.0
41.70 0.653¢ 0.12500] .83 79.404 75.88E+6| 1323.36EH 7 44E+ 539.70E+ 0.0 9.96 K 0.0 0.0 0.0[ 0.17418; 0.0 0.0
43.70 0.686° 0.12500 .33 65.094 26.01E+ 183.68E+ . 90E+ 15EH 0.0 7. 98. 0.0 0.0 0.0[ 0. 49£| 0.0 0.0
45.70 0.7 0.12500] .89 54.41 07.26E+6] 1020.16EH 54E+ L.01E+ 0.0 . 85. 0.0 0.0 0.0[ 0.26022 0.0 0.0
47.70 0.75122 0.12500 .503 38.935 90.88E+ 797 81E+ .28+ . 75E+ 0.0 5 69.96 0.0 0.0 0.0[ 0.22554/ 0.0 0.0
49.70 0.78376 0.12500] 116 29.555 76.31E+ 709.61E+ 4.53E+ 28.89E+ 0.0 . 41 0. 0. 0.0[ 0.22795] 0.0 0.0
1.70 0.81626 0.12500 730 7.264 61.05E+ 518.19E+ L.O7E+ 44.04E+ 0.0 36] .44 0. 0. 0. 0.2060f 0.0 0.0
53.70 0.84878 0.12500] 342 8.77 49.48E+ 454 87E+ .0BE+ 60E+ 0.0 .75 .57 0. 0. 0. 0.2166: 0.0 0.0
55.70 0.88130 0.12500 0.954 0.24 39.36E+¢ 395.12E+ .08E+ 52+ 0.0 .21 .0 0. 0. 0. 0.22784 0.0 0.0
56.70 0.89756 0.12500] 0.76( 3.00 34.67E+ 353.72E+ .09E+ .25E+ 0.0 .93 1 0. 0. 0. 0.23124 0.0 0.0
57.70 0.91382 0.12500 0.57 2.906] 30.41E+ 304.73E+ . 75E+ 09.23E+ 0.0 .69 0.1 0.0 0.0 0.0) 0.14826| 0.0 0.0
58.70 0.9300 0.12500] 0.40 68.772 26.52E+ 281.42E+ .33E+ 00.08E+ 0.0 .49 8.5 0.0 0.0 0.0[ 0.15346; 0.0 0.0
59.20 0.9382 0.12500 0.31 66.264} .B4E+ 261.71E+ 4.94E+ 92.24E+ 0.0 .34 71 0.0 0.0 0.0] 0.15382 0.0 0.0
59.70 0.9463f 0.12500] 0.25: 59.340 .63E+ 58.81E+ 4.24E+ .23EH 0.0 10, 55] 0.0 0.0 0.0[ 0.09470; 0.0 0.0
60.20 0.9544° 0.12500 0.21 55.914 .00E+ 37.88E+ .B6E+ .32EH 0.0 .89 .77, 0.0 0.0 0.0] 0.09018; 0.0 0.0
60.70 0.96260 0.12500] 0.178 52.484 .83E+ 18.79E+ . 13E+ 44.53E+ 0.0 0.71 .19 0.0 0.0 0.0[ 0.08561 0.0 0.0
61.20 0.97073 0.12500 0.140 .114 .08E+ 01.63E+ LB4E+ .90E+ 0.0 0.56 .82 0.0 0.0 0.0) 0.08035| 0.0 0.0
61.70 0.97886 0.12500] 0.101 X 7.55E+ 85.07E+ ATE+ .92E+ 0.0 0.42 .57 0.0 0.0 0.0[ 0.07096 0.0 0.0
62.20 0.98699 0.12500 0.062 .669 4.60E+ 64.26E+ 58E+ 31EH 0.0 0.25 4.01 0.0 0.0 0.0] 0.05424 0.0 0.0
62.70 0.99512 0.12500 0.023 453 0.25E+ B1E+ . 25E+ -85E+ 0.0 0.04 .94 0.0 0.0 0.0[ 0.05387; 0.0 0.0
|63.00 1.00000 0.12500] 0.000 0.319] 0.17E+ .01E+ 0.19E+ .53EH 0.0 0.02 0.68| 0.0 0.0 0.0] 0.05181 0.0 0.0

along the chordline, positive toward the trailing edge. Thus, at the root (i.e., BlFract = 0.0),
AeroCent = 0.25 means that the aerodynamic center lies on the blade-pitch axis [because (0.25 —
0.25) = 0.0], and at the tip (i.e., BlFract = 1.0), AeroCent = 0.125 means that the aerodynamic
center lies 0.125 chordlengths toward the leading edge from the blade-pitch axis [because (0.125
—0.25)=-0.125].

The flapwise and edgewise section stiffness and inertia values, “FlpStff,” “EdgStff,” “Flplner,”
and “Edglner” in Table 3-2, are given about the principal structural axes of each cross section as
oriented by the structural-twist angle, “StrcTwst.” The values of the structural twist were
assumed to be identical to the aerodynamic twist discussed in Section 3.1.2.

“GJStft” represents the values of the blade torsion stiffness. Because the DOWEC blade data did
not contain extensional stiffness information, I estimated the blade extensional stiffness values—
“EAStff” in Table 3-2—to be 10’ times the average mass moment of inertia at each blade station.
This came from a rule of thumb derived from the data available in the WindPACT rotor design
study [64], but the exact values are not important because of the low rotational speed of the rotor.

The edgewise CM offset values, “EdgcgOf,” are the distances in meters along the chordline from
the blade-pitch axis to the CM of the blade section, positive toward the trailing edge. I neglected
the insignificant values of the flapwise CM offsets, “FlpcgOf,” and flapwise and edgewise elastic
offsets, “FIpEAOf” and “EdgEAOf,” given in Appendix A of Ref. [60]. Instead, I assumed that
they were zero as shown in Table 3-2.

The distributed blade section mass per unit length values, “BMassDen,” given in Table 3-2 are
the values documented in Appendix A of Ref. [60]. I increased these by 4.536% in the model to
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scale the overall (integrated) blade mass to 17,740 kg, which was the nominal mass of the blades
in the REpower 5M prototype. In my baseline specifications, the nominal second mass moment
of inertia, nominal first mass moment of inertia, and the nominal radial CM location of each
blade are 11,776,047 kgem?, 363,231 kgem, and 20.475 m with respect to (w.r.t.) the blade root,
respectively.

I specified a structural-damping ratio of 0.477465% critical in all modes of the isolated blade,
which corresponds to the 3% logarithmic decrement used in the DOWEC study from page 20 of
Ref. [51].

Table 3-3 summarizes the undistributed blade structural properties discussed in this section.

Table 3-3. Undistributed Blade Structural Properties

Length (w.r.t. Root Along Preconed Axis) 61.5 m
Mass Scaling Factor 4.536 %
Overall (Integrated) Mass 17,740 kg
Second Mass Moment of Inertia (w.r.t. Root) 11,776,047 kg-m2
First Mass Moment of Inertia (w.r.t. Root) 363,231 kg'm
CM Location (w.r.t. Root along Preconed Axis) 20.475 m
Structural-Damping Ratio (All Modes) 0.477465 %

3.1.2 Blade Aerodynamic Properties

Similar to the blade structural properties, I based the blade aerodynamic properties of the NREL
5-MW baseline wind turbine on the DOWEC blades (using the data described in Table 1 on page
13 of Ref. [51] and in Appendix A of Ref. [60]). I set the FAST and ADAMS models to use 17
blade elements for integration of the aerodynamic and structural forces. To better capture the
large structural gradients at the blade root and the large aerodynamic gradients at the blade tip,
the 3 inboard and 3 outboard elements are two-thirds the size of the 11 equally spaced midspan
elements. Table 3-4 gives the aerodynamic properties at the blade nodes, which are located at
the center of the blade elements.

The blade node locations, labeled as “RNodes” in Table 3-4, are directed along the blade-pitch
axis from the rotor center (apex) to the blade cross sections. The element lengths, “DRNodes,”
sum to the total blade length of 61.5 m indicated in Table 3-3. The aerodynamic twist,
“AeroTwst,” as given in Table 3-4, are offset by —0.09182° from the values provided in
Appendix A of Ref. [60] to ensure that the zero-twist reference location is at the blade tip.
Integrating the chord distribution along the blade span reveals that the rotor solidity is roughly
5.16%.

As indicated in Table 3-4, I incorporated eight unique airfoil-data tables for the NREL offshore
5-MW baseline wind turbine. The two innermost airfoil tables represent cylinders with drag
coefficients of 0.50 (Cylinderl.dat) and 0.35 (Cylinder2.dat) and no lift. I created the remaining
six airfoil tables by making corrections for three-dimensional behavior to the two-dimensional
airfoil-data coefficients of the six airfoils used in the DOWEC study (as detailed in Appendix A
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Table 3-4. Distributed Blade Aerodynamic Properties

Node RNodes| AeroTwst| DRNodes Chord Airfoil Table
) (m) ©) (m) (m) )
1 2.8667 13.308 2.7333 3.542 Cylinder1.dat
2 5.6000 13.308 2.7333 3.854 Cylinder1.dat
3 8.3333 13.308 2.7333 4.167 Cylinder2.dat
4 11.7500 13.308 4.1000 4.557 DU40 A17.dat
5 15.8500 11.480 4.1000 4.652 DU35 A17.dat
6 19.9500 10.162 4.1000 4.458 DU35 A17.dat
7 24.0500 9.011 4.1000 4.249 DU30 A17.dat
8 28.1500 7.795 4.1000 4.007 DU25 A17.dat
9 32.2500 6.544 4.1000 3.748 DU25 A17.dat
10 36.3500 5.361 4.1000 3.502 DU21 A17.dat
11 40.4500 4.188 4.1000 3.256 DU21 A17.dat
12 44,5500 3.125 4.1000 3.010] NACA64 A17.dat
13 48.6500 2.319 4.1000 2.764] NACA64 A17.dat
14 52.7500 1.526 4.1000 2.518] NACA64 A17.dat
15 56.1667 0.863 2.7333 2.313| NACA64 A17.dat
16 58.9000 0.370 2.7333 2.086] NACA64 A17.dat
17 61.6333 0.106 2.7333 1.419] NACA64 A17.dat

of Ref. [51]).9 In these airfoil tables, “DU” refers to Delft University and “NACA” refers to the
National Advisory Committee for Aeronautics. I used AirfoilPrep v2.0 [28] to “tailor” these
airfoil data. I first corrected the lift and drag coefficients for rotational stall delay using the Selig
and Eggars method for 0° to 90° angles of attack. I then corrected the drag coefficients using the
Viterna method for 0° to 90° angles of attack assuming an aspect ratio of 17. Finally, I estimated
the Beddoes-Leishman dynamic-stall hysteresis parameters. [ made no corrections to the
DOWEC-supplied pitching-moment coefficients. The resulting three-dimensionally corrected
airfoil-data coefficients are illustrated graphically in Figure 3-1 through Figure 3-6. The
numerical values are documented in the AeroDyn airfoil-data input files that make up Appendix
B.

’C. Lindenburg of the Energy Research Center of the Netherlands (ECN) provided numerical values for these
coefficients.
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3.1.3 Hub and Nacelle Properties

As indicated in Table 3-1, I located the hub of the NREL 5-MW baseline wind turbine 5 m
upwind of the tower centerline at an elevation of 90 m above the ground when the system is
undeflected. I also specified the same vertical distance from the tower top to the hub height used
by the DOWEC study—that is, 2.4 m (as specified in Table 6 on page 26 of Ref. [51]).
Consequently, the elevation of the yaw bearing above ground or MSL is 87.6 m. With a shaft tilt
of 5°, this made the distance directed along the shaft from the hub center to the yaw axis 5.01910
m and the vertical distance along the yaw axis from the tower top to the shaft 1.96256 m. The
distance directed along the shaft from the hub center to the main bearing was taken to be 1.912 m
(from Table 6 on page 26 of Ref. [51]).

I specified the hub mass to be 56,780 kg like in the REpower 5M, and I located its CM at the hub
center. The hub inertia about the shaft, taken to be 115,926 kg-m’, was found by assuming that
the hub casting is a thin spherical shell with a radius of 1.75 m (this is 0.25 m longer than the
actual hub radius because the nacelle height of the DOWEC turbine was 3.5 m, based on the data
in Table 6 on page 26 of Ref. [51]).

I specified the nacelle mass to be 240,000 kg like in the REpower 5M and I located its CM 1.9 m
downwind of the yaw axis like in the DOWEC turbine (from Table 7 on page 27 of Ref. [51])
and 1.75 m above the yaw bearing, which was half the height of the DOWEC turbine’s nacelle
(from Table 6 on page 26 of Ref. [51]). The nacelle inertia about the yaw axis was taken to be
2,607,890 kg'm”. I chose this to be equivalent to the DOWEC turbine’s nacelle inertia about its
nacelle CM, but translated to the yaw axis using the parallel-axis theorem with the nacelle mass
and downwind distance to the nacelle CM.

I took the nacelle-yaw actuator to have a natural frequency of 3 Hz, which is roughly equivalent
to the highest full-system natural frequency in the FAST model (see Section 3.1.8), and a
damping ratio of 2% critical. This resulted in an equivalent nacelle-yaw-actuator linear-spring
constant of 9,028,320,000 Nem/rad and an equivalent nacelle-yaw-actuator linear-damping
constant of 19,160,000 N-m/(rad/s). The nominal nacelle-yaw rate was chosen to be the same as
that for the DOWEC 6-MW turbine, or 0.3°/s (from page 27 of Ref. [51]).

Table 3-5 summarizes the nacelle and hub properties discussed in this section.

Table 3-5. Nacelle and Hub Properties

Elevation of Yaw Bearing above Ground 87.6 m
Vertical Distance along Yaw Axis from Yaw Bearing to Shaft 1.96256 m
Distance along Shaft from Hub Center to Yaw Axis 5.01910 m
Distance along Shaft from Hub Center to Main Bearing 1.912 m

Hub Mass 56,780 kg

Hub Inertia about Low-Speed Shaft 115,926 kg-m2
Nacelle Mass 240,000 kg
Nacelle Inertia about Yaw Axis 2,607,890 kgem”
Nacelle CM Location Downwind of Yaw Axis 1.9 m
Nacelle CM Location above Yaw Bearing 1.75 m
Equivalent Nacelle-Yaw-Actuator Linear-Spring Constant 9,028,320,000 Nem/rad
Equivalent Nacelle-Yaw-Actuator Linear-Damping Constant 19,160,000 Nem/(rad/s)
Nominal Nacelle-Yaw Rate 0.3 %/s
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3.1.4 Drivetrain Properties

I specified the NREL 5-MW baseline wind turbine to have the same rated rotor speed (12.1 rpm),
rated generator speed (1173.7 rpm), and gearbox ratio (97:1) as the REpower 5SM machine. The
gearbox was assumed be a typical multiple-stage gearbox but with no frictional losses—a
requirement of the preprocessor functionality in FAST for creating ADAMS models [39]. The
electrical efficiency of the generator was taken to be 94.4%. This was chosen to be roughly the
same as the total mechanical-to-electrical conversion loss used by the DOWEC turbine at rated
power—that is, the DOWEC turbine had about 0.35 MW of power loss at about 6.25 MW of
aerodynamic power (from Figure 15, page 24 of Ref. [51]). The generator inertia about the high-
speed shaft was taken to be 534.116 kgem?® which is the same equivalent low-speed shaft
generator inertia used in the DOWEC study (i.e., 5,025,500 kg-m2 from page 36 of Ref. [51]).

The driveshaft was taken to have the same natural frequency as the RECOFF turbine model and
a structural-damping ratio—associated with the free-free mode of a drivetrain composed of a
rigid generator and rigid rotor—of 5% critical. This resulted in an equivalent driveshaft linear-
spring constant of 867,637,000 Nem/rad and a linear-damping constant of 6,215,000 Nem/(rad/s).

The high-speed shaft brake was assumed to have the same ratio of maximum brake torque to
maximum generator torque and the same time lag as used in the DOWEC study (from page 29 of
Ref. [51]). This resulted in a fully deployed high-speed shaft brake torque of 28,116.2 Nem and
a time lag of 0.6 s. This time lag is the amount of time it takes for the brake to fully engage once
deployed. The FAST and ADAMS models employ a simple linear ramp from nothing to full
braking over the 0.6-s period.

Table 3-6 summarizes the drivetrain properties discussed in this section.

Table 3-6. Drivetrain Properties

Rated Rotor Speed 12.1 rpm

Rated Generator Speed 1173.7 rpm
Gearbox Ratio 97 :1

Electrical Generator Efficiency 94.4 %
Generator Inertia about High-Speed Shaft 534.116 kg-m2
Equivalent Drive-Shaft Torsional-Spring Constant 867,637,000 Nem/rad
Equivalent Drive-Shaft Torsional-Damping Constant 6,215,000 Nem/(rad/s)
Fully-Deployed High-Speed Shaft Brake Torque 28,116.2 N°m
High-Speed Shaft Brake Time Constant 0.6s

3.1.5 Tower Properties

I based the distributed tower properties of the NREL 5-MW baseline wind turbine on the base
diameter (6 m) and thickness (0.027 m), top diameter (3.87 m) and thickness (0.019 m), and
effective mechanical steel properties of the tower used in the DOWEC study (as given in Table 9
on page 31 of Ref. [51]). The Young’s modulus was taken to be 210 GPa, the shear modulus
was taken to be 80.8 GPa, and the effective density of the steel was taken to be 8,500 kg/m>. The
density of 8,500 kg/m® was meant to be an increase above steel’s typical value of 7,850 kg/m” to
account for paint, bolts, welds, and flanges that are not accounted for in the tower thickness data.
The radius and thickness of the tower were assumed to be linearly tapered from the tower base to
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tower top. Because the REpower 5SM machine had a larger tower-top mass than the DOWEC
wind turbine, I scaled up the thickness of the tower relative to the values given earlier in this
paragraph to strengthen the tower. I chose an increase of 30% to ensure that the first fore-aft and
side-to-side tower frequencies were placed between the one- and three-per-rev frequencies
throughout the operational range of the wind turbine in a Campbell diagram. Table 3-7 gives the
resulting distributed tower properties.

Table 3-7. Distributed Tower Properties

Elevation |HtFract TMassDen TwFASHif] TwSSStif TwGJStif] TwEAStif| TwFAIner| TwSSIner| TWwFAcgOf| TwSScgOf
(m) () (kg/m) (N-m?) (N-m?) (N-m?) (N)| (kg'm)| (kg-m) (m) (m)
0.00 0.0 5590.87| 614.34E+9| 614.34E+9| 472.75E+9| 138.13E+9]| 24866.3| 24866.3 0.0 0.0
8.76 0.1 5232.43| 534.82E+9| 534.82E+9| 411.56E+9| 129.27E+9| 21647.5[ 21647.5 0.0 0.0
17.52 0.2 4885.76| 463.27E+9| 463.27E+9| 356.50E+9| 120.71E+9| 18751.3| 18751.3 0.0 0.0
26.28 0.3 4550.87| 399.13E+9| 399.13E+9| 307.14E+9| 112.43E+9| 16155.3| 16155.3 0.0 0.0
35.04 0.4 4227.75| 341.88E+9| 341.88E+9| 263.09E+9| 104.45E+9| 13838.1] 13838.1 0.0 0.0
43.80 0.5 3916.41[ 291.01E+9| 291.01E+9| 223.94E+9| 96.76E+9| 11779.0( 11779.0 0.0 0.0
52.56 0.6 3616.83| 246.03E+9| 246.03E+9| 189.32E+9| 89.36E+9] 9958.2( 9958.2 0.0 0.0
61.32 0.7 3329.03| 206.46E+9| 206.46E+9| 158.87E+9| 82.25E+9| 8356.6) 8356.6 0.0 0.0
70.08 0.8 3053.01| 171.85E+9| 171.85E+9| 132.24E+9| 75.43E+9] 6955.9| 6955.9 0.0 0.0
78.84 0.9 2788.75| 141.78E+9| 141.78E+9| 109.10E+9| 68.90E+9| 5738.6 5738.6 0.0 0.0
87.60 1.0 2536.27| 115.82E+9| 115.82E+9| 89.13E+9| 62.66E+9| 4688.0( 4688.0 0.0 0.0

The entries in the first column, “Elevation,” are the vertical locations along the tower centerline
relative to the tower base. “HtFract” is the fractional height along the tower centerline from the
tower base (0.0) to the tower top (1.0). The rest of columns are similar to those described for the
distributed blade properties presented in Table 3-2.

The resulting overall (integrated) tower mass is 347,460 kg and is centered at 38.234 m along the
tower centerline above the ground. This result follows directly from the overall tower height of
87.6 m.

I specified a structural-damping ratio of 1% critical in all modes of the isolated tower (without
the rotor-nacelle assembly mass present), which corresponds to the values used in the DOWEC
study (from page 21 of Ref. [51]).

Table 3-8 summarizes the undistributed tower properties discussed in this section.

Table 3-8. Undistributed Tower Properties

Height above Ground 87.6 m
Overall (Integrated) Mass 347,460 kg
CM Location (w.r.t. Ground along Tower Centerline) 38.234 m
Structural-Damping Ratio (All Modes) 1%

3.1.6 Baseline Control System Properties

For the NREL 5-MW baseline wind turbine, I chose a conventional variable-speed, variable
blade-pitch-to-feather configuration. In such wind turbines, the conventional approach for
controlling power-production operation relies on the design of two basic control systems: a
generator-torque controller and a full-span rotor-collective blade-pitch controller. The two
control systems are designed to work independently, for the most part, in the below-rated and
above-rated wind-speed range, respectively. The goal of the generator-torque controller is to
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maximize power capture below the rated operation point. The goal of the blade-pitch controller
is to regulate generator speed above the rated operation point.

I based the baseline control system for the NREL 5-MW wind turbine on this conventional
design approach. 1 did not establish additional control actions for nonpower-production
operations, such as control actions for normal start-up sequences, normal shutdown sequences,
and safety and protection functions. Nor did I develop control actions to regulate the nacelle-
yaw angle because all of the normal power-production simulations I modeled were per the IEC
design standards [33,34]. The standards designate small nacelle-yaw errors for these simulations
(with the exception that the IEC extreme coherent gust with direction change [ECD] load case
expects large yaw errors). The nacelle-yaw control system is generally neglected within aero-
servo-elastic simulation because its response is slow enough that it does not generally contribute
to large extreme loads or fatigue damage.

I describe the development of my baseline control system next, including the control-
measurement filter (Section 3.1.6.1), the generator-torque controller (Section 3.1.6.2), the blade-
pitch controller (Section 3.1.6.3), and the blade-pitch actuator (Section 3.1.6.4). Section 3.1.6.5
shows how these systems are put together in the overall integrated control system.

3.1.6.1 Baseline Control-Measurement Filter

As is typical in utility-scale multimegawatt wind turbines, both the generator-torque and blade-
pitch controllers use the generator speed measurement as the sole feedback input. To mitigate
high-frequency excitation of the control systems, I filtered the generator speed measurement for
both the torque and pitch controllers using a recursive, single-pole low-pass filter with
exponential smoothing [89]. The discrete-time recursion (difference) equation for this filter is

y[n]z(]—a)u[n]+ay[n—1], (3-1)
with
a=e ™, (3-2)

where y is the filtered generator speed (output measurement), u is the unfiltered generator speed
(input), a is the low-pass filter coefficient, n is the discrete-time-step counter, 7 is the discrete
time step, and £; is the corner frequency.

By defining the filter state,

x[n]:y[n—]], (3-3a)
or
x[n+]]:y[n], (3-3b)

one can derive a discrete-time state-space representation of this filter:
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x[n+]] = Adx[n]+Bdu[n]

v[n]=C,x[n]+Du[n] (3-4)

where 4, =« is the discrete-time state matrix, B, =/—« is the discrete-time input matrix,

C,=a 1is the discrete-time output state matrix, and D, =/—a is the discrete-time input
transmission matrix.

The state-space representation of Eq. (3-4) is useful for converting the filter into other forms,
such as transfer-function form or frequency-response form [91].

I set the corner frequency (the -3 dB point in Figure 3-7) of the low-pass filter to be roughly one-
quarter of the blade’s first edgewise natural frequency (see Section 3.1.8) or 0.25 Hz. For a
discrete time step of 0.0125 s, the frequency response of the resulting filter is shown in the Bode
plot of Figure 3-7.

I chose the recursive, single-pole filter for its simplicity in implementation and effectiveness in
the time domain. The drawbacks to this filter are its gentle roll-off in the stop band (-6
dB/octave) and the magnitude and nonlinearity of its phase lag in the pass band [89]. I
considered other linear low-pass filters, such as Butterworth, Chebyshev, Elliptic, and Bessel
filters because of their inherent advantages relative to the chosen filter. Like the chosen filter, a
Butterworth filter has a frequency response that is flat in the pass band, but the Butterworth filter
offers steeper roll-off in the stop band. Chebyshev filters offer even steeper roll-off in the stop
band at the expense of equalized-ripple (equiripple) in the pass band (Type 1) or stop band (Type
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Figure 3-7. Bode plot of generator speed low-pass filter frequency response
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2), respectively. Elliptic filters offer the steepest roll-off of any linear filter, but have equiripple
in both the pass and stop bands. Bessel filters offer the flattest group delay (linear phase lag) in
the pass band. I designed and tested examples of each of these other low-pass filter types,
considering state-space representations of up to fourth order (four states). None were found to
give superior performance in the overall system response, however, so they did not warrant the
added complexity of implementation.

3.1.6.2 Baseline Generator-Torque Controller

I computed the generator torque as a tabulated function of the filtered generator speed,
incorporating five control regions: 1, 1'%, 2, 2'5, and 3. Region 1 is a control region before cut-in
wind speed, where the generator torque is zero and no power is extracted from the wind; instead,
the wind is used to accelerate the rotor for start-up . Region 2 is a control region for optimizing
power capture. Here, the generator torque is proportional to the square of the filtered generator
speed to maintain a constant (optimal) tip-speed ratio. In Region 3, the generator power is held
constant so that the generator torque is inversely proportional to the filtered generator speed.
Region 1%, a start-up region, is a linear transition between Regions 1 and 2. This region is used
to place a lower limit on the generator speed to limit the wind turbine’s operational speed range.
Region 2': is a linear transition between Regions 2 and 3 with a torque slope corresponding to
the slope of an induction machine. Region 2% is typically needed (as is the case for my 5-MW
turbine) to limit tip speed (and hence noise emissions) at rated power.

I found the peak of the power coefficient as a function of the tip-speed ratio and blade-pitch
surface by running FAST with AeroDyn simulations at a number of given rotor speeds and a
number of given rotor-collective blade-pitch angles at a fixed wind speed of 8 m/s. From these
simulations, I found that the peak power coefficient of 0.482 occured at a tip-speed ratio of 7.55
and a rotor-collective blade-pitch angle of 0.0°. With the 97:1 gearbox ratio, this resulted in an
optimal constant of proportionality of 0.0255764 Nem/rpm” in the Region 2 control law. With
the rated generator speed of 1173.7 rpm, rated electric power of 5 MW, and a generator
efficiency of 94.4%, the rated mechanical power is 5.296610 MW and the rated generator torque
is 43,093.55 Nem. I defined Region 1'% to span the range of generator speeds between 670 rpm
and 30% above this value (or 871 rpm). The minimum generator speed of 670 rpm corresponds
to the minimum rotor speed of 6.9 rpm used by the actual REpower SM machine [81]. I took the
transitional generator speed between Regions 2'2 and 3 to be 99% of the rated generator speed,
or 1,161.963 rpm. The generator-slip percentage in Region 2’2 was taken to be 10%, in
accordance with the value used in the DOWEC study (see page 24 of Ref. [51]). Figure 3-8
shows the resulting generator-torque versus generator speed response curve.

Because of the high intrinsic structural damping of the drivetrain, I did not need to incorporate a
control loop for damping drivetrain torsional vibration in my baseline generator-torque
controller.

I did, however, place a conditional statement on the generator-torque controller so that the torque
would be computed as if it were in Region 3—regardless of the generator speed—whenever the
previous blade-pitch-angle command was 1° or greater. This results in improved output power
quality (fewer dips below rated) at the expense of short-term overloading of the generator and
the gearbox. To avoid this excessive overloading, I saturated the torque to a maximum of 10%
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Figure 3-8. Torque-versus-speed response of the variable-speed controller

above rated, or 47,402.91 N-m. I also imposed a torque rate limit of 15,000 N-m/s. In Region 3,
the blade-pitch control system takes over.

3.1.6.3 Baseline Blade-Pitch Controller

In Region 3, I computed the full-span rotor-collective blade-pitch-angle commands using gain-
scheduled proportional-integral (PI) control on the speed error between the filtered generator
speed and the rated generator speed (1173.7 rpm).

I designed the blade-pitch control system using a simple single-DOF model of the wind turbine.
Because the goal of the blade-pitch control system is to regulate the generator speed, this DOF is
the angular rotation of the shaft. To compute the required control gains, it is beneficial to
examine the equation of motion of this single-DOF system. From a simple free-body diagram of
the drivetrain, the equation of motion is

d

T fudl
dt

Aero

-N,

GearTGen = (IRutor + NéearIGen ) A‘Q H (3_5)

('(")’0 + A‘Q) = IDrivetrain
where T4, 1s the low-speed shaft aerodynamic torque, 7g., is the high-speed shaft generator
torque, Ng..r 1s the high-speed to low-speed gearbox ratio, Ip,ivenqin 1 the drivetrain inertia cast to
the low-speed shaft, Ir.,,- 1s the rotor inertia, /., is the generator inertia relative to the high-
speed shaft, 2 is the rated low-speed shaft rotational speed, 442 is the small perturbation of

low-speed shaft rotational speed about the rated speed, A¢2 is the low-speed shaft rotational
acceleration, and ¢ is the simulation time.
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Because the generator-torque controller maintains constant generator power in Region 3, the
generator torque in Region 3 is inversely proportional to the generator speed (see Figure 3-8), or

__ 5
N. Q°

Gear

TGen (NGear'Q) (3-6)

where Py is the rated mechanical power and (2 is the low-speed shaft rotational speed.

Similarly, assuming negligible variation of aerodynamic torque with rotor speed, the
aerodynamic torque in Region 3 is

_P(0.92)

T (0)=—5— (3-7)

where P is the mechanical power and 6 is the full-span rotor-collective blade-pitch angle.
Using a first-order Taylor series expansion of Egs. (3-6) and (3-7), one can see that
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and
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where A6 is a small perturbation of the blade-pitch angles about their operating point. With
proportional-integral-derivative (PID) control, this is related to the rotor-speed perturbations by

AO=K,N, AQdt+ K, N

Gear

ear Gear A'Q s (3- 1 0)

t
AQ+K, [N,

0
where Kp, K;, and K are the blade-pitch controller proportional, integral, and derivative gains,
respectively.

By setting ¢ = A2, combining the above expressions, and simplifying, the equation of motion
for the rotor-speed error becomes

1( op 1( op P 1( op : (3-11)
Ipiveran T —| =— | Noou K p | +| —| —— |Ngea Kp ——5 |@+| —| —— | Nyour K =0
|: Drivetrain Qo( 69] Gear Dj|(p |:Qo( 69] Gear s P Qﬂ;j|(p |:Qo( 89] Gear 1}?

v v

¥
M, c, K,

One can see that the idealized PID-controlled rotor-speed error will respond as a second-order
system with the natural frequency, w,,, and damping ratio, ,, equal to
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In an active pitch-to-feather wind turbine, the sensitivity of aerodynamic power to the rotor-
collective blade-pitch angle, 0P/08, is negative in Region 3. With positive control gains, then,
the derivative term acts to increase the effective inertia of the drivetrain, the proportional term
adds damping, and the integral term adds restoring. Also, because the generator torque drops
with increasing speed error (to maintain constant power) in Region 3, one can see that the
generator-torque controller introduces a negative damping in the speed error response [indicated
by the —P, / €’ term in Eq. (3-11)]. This negative damping must be compensated by the

proportional term in the blade-pitch controller.

In the design of the blade-pitch controller, Ref. [29] recommends neglecting the derivative gain,
ignoring the negative damping from the generator-torque controller, and aiming for the response
characteristics given by w,, = 0.6 rad/s and {, = 0.6 to 0.7. This specification leads to direct
expressions for choosing appropriate PI gains once the sensitivity of aerodynamic power to
rotor-collective blade pitch, 6P/36, is known:

21, QC w
KP — Drivetrain ()6% on (3_14)
NGear (_j
06
and
L iorain 2@
KI _ rivetrain on (3_15)

- P\’
Ne | -
Gear( 69)

The blade-pitch sensitivity, dP/08, is an aerodynamic property of the rotor that depends on the
wind speed, rotor speed, and blade-pitch angle. I calculated it for the NREL offshore 5-MW
baseline wind turbine by performing a linearization analysis in FAST with AeroDyn at a number
of given, steady, and uniform wind speeds; at the rated rotor speed (£2, = 12.1 rpm); and at the

corresponding blade-pitch angles that produce the rated mechanical power (Py = 5.296610 MW).
The linearization analysis involves perturbing the rotor-collective blade-pitch angle at each
operating point and measuring the resulting variation in aerodynamic power. Within FAST, the
partial derivative is computed using the central-difference-perturbation numerical technique. I
created a slightly customized copy of FAST with AeroDyn so that the linearization procedure
would invoke the frozen-wake assumption, in which the induced wake velocities are held
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constant while the blade-pitch angle is perturbed. This gives a more accurate linearization for
heavily loaded rotors (i.e., for operating points in Region 3 closest to rated). Table 3-9 presents
the results.

Table 3-9. Sensitivity of Aerodynamic Power to Blade
Pitch in Region 3

Wind Speed |Rotor Speed Pitch Angle 0P /o0
(m/s) (rpm) (°) (watt/rad)
11.4 - Rated |12.1 0.00f -28.24E+6
12.0 12.1 3.83] -43.73E+6
13.0 12.1 6.60[ -51.66E+6
14.0 12.1 8.70[ -58.44E+6
15.0 12.1 10.45 -64.44E+6
16.0 12.1 12.06 -70.46E+6
17.0 12.1 13.54 -76.53E+6
18.0 12.1 14.92| -83.94E+6
19.0 12.1 16.23| -90.67E+6
20.0 12.1 17.47| -94.71E+6
21.0 12.1 18.70/ -99.04E+6
22.0 12.1 19.94| -105.90E+6
23.0 12.1 21.18| -114.30E+6
24.0 12.1 22.35| -120.20E+6
25.0 12.1 23.47| -125.30E+6

As Table 3-9 shows, the sensitivity of aerodynamic power to rotor-collective blade pitch varies
considerably over Region 3, so constant PI gains are not adequate for effective speed control.
The pitch sensitivity, though, varies nearly linearly with blade-pitch angle:

oP

% o=0)
oP oot 7 ,9.{8_1)(9:0)} (3-16a)
00 0, 00
or
i i
1 , 3-16b
PoPig_g)f 142 e
90 90 0,

where 2—2(9 = 0) is the pitch sensitivity at rated and O is the blade-pitch angle at which the

pitch sensitivity has doubled from its value at the rated operating point; that is,

oP oP
5(9_@()_25(9_0). (3-17)
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On the right-hand side of Eq. (3-16a), the first and second terms in square brackets represent the
slope and intercept of the best-fit line, respectively. I computed this regression for the NREL 5-
MW baseline wind turbine and present the results in Figure 3-9.
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Figure 3-9. Best-fit line of pitch sensitivity in Region 3

The linear relation between pitch sensitivity and blade-pitch angle presents a simple technique
for implementing gain scheduling based on blade-pitch angle; that is,

21, .
KP (0) — Drivetrain ()é,(pa)(pn GK (0) (3_1 8)

Vew| -2 (0-0)]

and

L iverain$2, @
KI (0) — Drivetrain ()a)(/m GK (0) , (3_19)

Ve |- (0-0)

where GK (0) is the dimensionless gain-correction factor (from Ref. [29]), which is dependent
on the blade-pitch angle:
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GK (0)=—"-. (3-20)
1+9—

K

In my implementation of the gain-scheduled PI blade-pitch controller, I used the blade-pitch
angle from the previous controller time step to calculate the gain-correction factor at the next
time step.

Using the properties for the baseline wind turbine and the recommended response characteristics
from Ref. [29], the resulting gains are Kp(6 = 0°) = 0.01882681 s, K, (6 = 0°) = 0.008068634, and
Kp = 0.0 s*. Figure 3-10 presents the gains at other blade-pitch angles, along with the gain-
correction factor. I used the upper limit of the recommended damping ratio range, ¢, = 0.7, to
compensate for neglecting negative damping from the generator-torque controller in the
determination of Kp.

Unfortunately, the simple gain-scheduling law derived in this section for the proportional and
integral gains cannot retain consistent response characteristics (i.e., constant values of w,, and
(,) across all of Region 3 when applied to the derivative gain. I, nevertheless, considered adding
a derivative term by selecting and testing a range of gains, but none were found to give better
performance in the overall system response. Instead, the baseline control system uses the gains
derived previously in this section (without the derivative term).

I set the blade-pitch rate limit to 8°/s in absolute value. This is speculated to be the blade-pitch
rate limit of conventional 5-MW machines based on General Electric (GE) Wind’s long-blade
test program. [ also set the minimum and maximum blade-pitch settings to 0° and 90°,
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Figure 3-10. Baseline blade-pitch control system gain-scheduling law
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respectively. The lower limit is the set blade pitch for maximizing power in Region 2, as
described in Section 3.1.6.2. The upper limit is very close to the fully feathered blade pitch for
neutral torque. I saturated the integral term in the PI controller between these limits to ensure a
fast response in the transitions between Regions 2 and 3.

3.1.6.4 Baseline Blade-Pitch Actuator

Because of limitations in the FAST code, the FAST model does not include any blade-pitch
actuator dynamic effects. Blade-pitch actuator dynamics are, however, needed in ADAMS. To
enable successful comparisons between the FAST and ADAMS response predictions I present in
subsequent chapters, I found it beneficial to reduce the effect of the blade-pitch actuator response
in ADAMS. Consequently, I designed the blade-pitch actuator in the ADAMS model with a
very high natural frequency of 30 Hz, which is higher than the highest full-system natural
frequency in the FAST model (see Section 3.1.8), and a damping ratio of 2% critical. This
resulted in an equivalent blade-pitch actuator linear-spring constant of 971,350,000 Nem/rad and
an equivalent blade-pitch actuator linear-damping constant of 206,000 N-m/(rad/s).

3.1.6.5 Summary of Baseline Control System Properties

I implemented the NREL offshore 5-MW wind turbine’s baseline control system as an external
dynamic link library (DLL) in the style of Garrad Hassan’s BLADED wind turbine software
package [5]. Appendix C contains the source code for this DLL, and Figure 3-11 presents a
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Figure 3-11. Flowchart of the baseline control system
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flowchart of the overall integrated control system calculations. Table 3-10 summarizes the
baseline generator-torque and blade-pitch control properties I discussed earlier in this section.

Table 3-10. Baseline Control System Properties

Corner Frequency of Generator-Speed Low-Pass Filter 0.25 Hz
Peak Power Coefficient 0.482
Tip-Speed Ratio at Peak Power Coefficient 7.55
Rotor-Collective Blade-Pitch Angle at Peak Power Coefficient 0.0°
Generator-Torque Constant in Region 2 0.0255764 N-m/rpm2
Rated Mechanical Power 5.296610 MW
Rated Generator Torque 43,093.55 N*m
Transitional Generator Speed between Regions 1 and 1% 670 rpm
Transitional Generator Speed between Regions 1% and 2 871 rpm
Transitional Generator Speed between Regions 2%z and 3 1,161.963 rpm
Generator Slip Percentage in Region 27% 10 %
Minimum Blade Pitch for Ensuring Region 3 Torque 1°
Maximum Generator Torque 47,402.91 Nem
Maximum Generator Torque Rate 15,000 Nem/s
Proportional Gain at Minimum Blade-Pitch Setting 0.01882681 s
Integral Gain at Minimum Blade-Pitch Setting 0.008068634
Blade-Pitch Angle at which the Rotor Power Has Doubled 6.302336 °
Minimum Blade-Pitch Setting 0°
Maximum Blade-Pitch Setting 90 °
Maximum Absolute Blade Pitch Rate 8 s
Equivalent Blade-Pitch-Actuator Linear-Spring Constant 971,350,000 Nem/rad
Equivalent Blade-Pitch-Actuator Linear-Damping Constant 206,000 Nem/rad/s

3.1.7 FAST with AeroDyn and ADAMS with AeroDyn Models

Using the turbine properties described previously in this section, I put together models of the
NREL offshore 5-MW baseline wind turbine within FAST [39] with AeroDyn [55,67]. The
input files for these models are given in Appendix A and Appendix B, for version (v) 6.10a-jmj
of FAST and v12.60i-pjm of AeroDyn, respectively. I then generated the higher fidelity
ADAMS models through the preprocessor functionality built into the FAST code.

The input files in Appendix A are for the FAST model of the NREL offshore 5-MW baseline
wind turbine mounted on the ITI Energy barge. The input files for other versions of the model,
such as that for the equivalent land-based version, required only a few minor changes. These
include changes to input parameters “PtfmModel” and “PtfmFile,” which identify the type and
properties of the support platform, and modifications to the prescribed mode shapes in the tower
input file, “TwrFile.”

Although most of the input-parameter specifications in Appendix A and Appendix B are self-
explanatory, the specifications of the prescribed mode shapes needed by FAST to characterize
the flexibility of the blades and tower (see Section 2.1) deserve a special explanation. The
required mode shapes depend on the member’s boundary conditions. For the blade modes, I
used v2.22 of the Modes program [6] to derive the equivalent polynomial representations of the
blade mode shapes needed by FAST. The Modes program calculates the mode shapes of rotating
blades, assuming that a blade mode shape is unaffected by its coupling with other system modes
of motion. This is a common assumption in wind turbine analysis. For the tower modes,
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however, there is a great deal of coupling with the rotor motions, and in floating systems, there is
coupling with the platform motions as well. Taking these factors into account, I used the
linearization functionality of the full-system ADAMS model to obtain the tower modes for both
the floating systems and their equivalent land-based counterparts. In other words, I built an
ADAMS model of the coupled wind turbine and support platform system, enabled all system
DOFs, and linearized the model. Then I passed a best-fit polynomial through the resulting tower
mode shapes to get the equivalent polynomial representations of the tower mode shapes needed
by FAST.

Not including platform motions, the FAST model of the land-based version of the NREL 5-MW
baseline wind turbine incorporates 16 DOFs as follows:

e Two flapwise and one edgewise bending-mode DOFs for each of the three blades

e One variable-generator speed DOF and one driveshaft torsional DOF

¢ One nacelle-yaw-actuator DOF

e Two fore-aft and two side-to-side bending-mode DOFs in the tower.
Not including platform motion, the higher fidelity ADAMS model of the land-based version of
the wind turbine incorporates 378 DOFs as follows:

¢ One hundred and two DOFs in each of the three blades, including flapwise and edgewise
shear and bending, torsion, and extension DOFs

e One blade-pitch actuator DOF in each of the three blades
e One variable-generator speed DOF and one driveshaft torsional DOF
¢ One nacelle-yaw actuator DOF

e Sixty-six DOFs in the tower, including fore-aft and side-to-side shear and bending,
torsion, and extension DOFs.

The support platform motions in the sea-based versions of the NREL 5-MW baseline wind
turbine add six DOFs per model.

I specified a constant time step of 0.0125 s in FAST’s fixed-step-size time-integration scheme
and a maximum step size of 0.0125 s in ADAMS’ variable-step-size time integrator. I had
AeroDyn perform aerodynamic calculations every other structural time step (i.e., 0.025 s) to
ensure that there were at least 200-azimuth-step computations per revolution at 12 rpm. Data
were output at 20 Hz or every fourth structural time step. I made these time steps as large as
possible to ensure numerical stability and suitable output resolution across a range of operating
conditions.

3.1.8 Full-System Natural Frequencies and Steady-State Behavior

Up to now in this section, I have summarized the specifications of NREL’s 5-MW baseline wind
turbine. To provide a cursory overview of the overall system behavior of the equivalent land-
based turbine, I calculated the full-system natural frequencies and the steady-state response of
the system as a function of wind speed.
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I obtained the full-system natural frequencies with both the FAST model and the ADAMS
model. In FAST, I calculated the natural frequencies by performing an eigenanalysis on the
first-order state matrix created from a linearization analysis. In ADAMS, I obtained the
frequencies by invoking a “LINEAR/EIGENSOL” command, which linearizes the complete
ADAMS model and computes eigendata. To avoid the rigid-body drivetrain mode, the analyses
considered the wind turbine in a stationary condition with the high-speed shaft brake engaged.
The blades were pitched to their minimum set point (0°), but acrodynamic damping was ignored.
Table 3-11 lists results for the first 13 full-system natural frequencies.

Table 3-11. Full-System Natural Frequencies in Hertz

Mode Description FAST| ADAMS
1 1st Tower Fore-Aft 0.3240 0.3195
2 1st Tower Side-to-Side 0.3120 0.3164
3 1st Drivetrain Torsion 0.6205 0.6094
4 1st Blade Asymmetric Flapwise Yaw 0.6664 0.6296
5 1st Blade Asymmetric Flapwise Pitch 0.6675 0.6686
6 1st Blade Collective Flap 0.6993 0.7019
7 1st Blade Asymmetric Edgewise Pitch 1.0793 1.0740
8 1st Blade Asymmetric Edgewise Yaw 1.0898 1.0877
9 2nd Blade Asymmetric Flapwise Yaw 1.9337 1.6507
10 2nd Blade Asymmetric Flapwise Pitch 1.9223 1.8558
11 2nd Blade Collective Flap 2.0205 1.9601
12 2nd Tower Fore-Aft 2.9003 2.8590
13 2nd Tower Side-to-Side 2.9361 2.9408

The agreement between FAST and ADAMS is quite good. The biggest differences exist in the
predictions of the blades’ second asymmetric flapwise yaw and pitch modes. By “yaw” and
“pitch” I mean that these blade asymmetric modes couple with the nacelle-yaw and nacelle-
pitching motions, respectively. Because of the offsets of the blade section CM from the pitch
axis, higher-order modes, and tower-torsion DOFs—which are available in ADAMS, but not in
FAST—ADAMS predicts lower natural frequencies in these modes than FAST does.

Bir and I have published [2] a much more exhaustive eigenanalysis for the NREL 5-MW
baseline wind turbine. The referenced publication documents the natural frequencies and
damping ratios of the land- and sea-based versions of the 5-MW turbine across a range of
operating conditions.

I obtained the steady-state response of the land-based 5-MW baseline wind turbine by running a
series of FAST with AeroDyn simulations at a number of given, steady, and uniform wind
speeds. The simulations lengths were long enough to ensure that all transient behavior had died
out; I then recorded the steady-state output values. I ran the simulations using the BEM wake
option of AeroDyn and with all available and relevant land-based DOFs enabled. Figure 3-12
shows the results for several output parameters, which are defined as follows:

e “GenSpeed” represents the rotational speed of the generator (high-speed shaft).

e “RotPwr” and “GenPwr” represent the mechanical power within the rotor and the
electrical output of the generator, respectively.
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Figure 3-12. Steady-state responses as a function of wind speed
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“RotThrust” represents the rotor thrust.

e “RotTorq” represents the mechanical torque in the low-speed shaft.

e “RotSpeed” represents the rotational speed of the rotor (low-speed shaft).
e “BIPitch1” represents the pitch angle of Blade 1.

e “GenTq” represents the electrical torque of the generator.

e “TSR” represents the tip-speed ratio.

e “OoPDefll” and “IPDefll” represent the out-of-plane and in-plane tip deflections of
Blade 1 relative to the undeflected blade-pitch axis.

o “TTDspFA” and “TTDspSS” represent the fore-aft and side-to-side deflection of the
tower top relative to the centerline of the undeflected tower.

As planned, the generator and rotor speeds increase linearly with wind speed in Region 2 to
maintain constant tip-speed ratio and optimal wind-power conversion efficiency. Similarly, the
generator and rotor powers and generator and rotor torques increase dramatically with wind
speed in Region 2, increasing cubically and quadratically, respectively. Above rated, the
generator and rotor powers are held constant by regulating to a fixed speed with active blade-
pitch control. The out-of-plane tip deflection of the reference blade (Blade 1) reaches a
maximum at the rated operating point before dropping again. This response characteristic is the
result of the peak in rotor thrust at rated. This peak is typical of variable generator speed
variable blade-pitch-to-feather wind turbines because of the transition that occurs in the control
system at rated between the active generator-torque and the active blade-pitch control regions.
This peak in response is also visible, though less pronounced, in the in-plane tip deflection of the
reference blade and the tower-top fore-aft displacement.

Start-up transient behavior is an artifact of the computational analysis. To mitigate this behavior,
I used the steady-state values of the rotor speed and blade-pitch angles found in Figure 3-12 as
initial conditions in many of the simulations presented in subsequent chapters.

3.2 ITI Energy Barge

For some of the simulation code verification exercises presented in Chapter 4 and for the sea-
based loads analysis presented in Chapter 5 and Chapter 6, I modeled the NREL 5-MW baseline
wind turbine mounted on a floating barge from ITI Energy. I used a preliminary barge concept
developed by W. Vijthuizen under the direction of Professor N. Barltrop of the Department of
Naval Architecture and Marine Engineering (NAME) at the Universities of Glasgow and
Strathclyde' through a contract with ITI Energy. Not only is the barge intended to support the 5-
MW wind turbine, but it is also a platform for an OWC wave-power device. To ensure that the
simplest possible manufacturing techniques can be used in its fabrication, the barge is square and
the wave energy is extracted from a square moon pool located at the center of the barge, which
allows the OWC to be installed within the wind turbine’s tower. The barge is ballasted with
seawater to achieve a reasonable draft, which is not so shallow that it is susceptible to incessant

' Web site: http://www.na-me.ac.uk/
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wave slamming. To prevent it from drifting, the platform is moored by a system of eight
catenary lines. Two of these lines emanate from each corner of the bottom of the barge such that
they would be 45° apart at the corner.

I provide some details of the ITI Energy barge and mooring system in Table 3-12 and illustrate
the concept with an image generated using ADAMS in Figure 3-13. The concept is documented
in much greater detail in Ref. [98].> Appendix D contains the FAST platform input file, which
includes the input parameters related to the support platform, HydroDyn, and the mooring
system; the WAMIT input files; and a portion of the WAMIT output files (some of the data are
removed to save space). Additionally, some of the WAMIT input and output data are plotted in
Chapter 4.

Table 3-12. Summary of ITI Energy Barge Properties

Size (WxLxH) 40mx40m x10m
Moon pool (WxLxH) 10mx10m x 10 m
Draft, Freeboard 4m,6m
Water Displacement 6,000 m°
Mass, Including Ballast 5,452,000 kg
CM Location below SWL 0.281768 m
Roll Inertia about CM 726,900,000 kg-m2
Pitch Inertia about CM 726,900,000 kg-m2
Yaw Inertia about CM 1,453,900,000 kgem”
Anchor (Water) Depth 150 m
Separation between Opposing Anchors 773.8 m
Unstretched Line Length 473.3 m
Neutral Line Length Resting on Seabed 250 m
Line Diameter 0.0809 m
Line Mass Density 130.4 kg/m
Line Extensional Stiffness 589,000,000 N

The capabilities of my aero-hydro-servo-elastic simulation tools do not permit me to model an
OWC wave-power device or its associated potential for energy extraction. Instead, I modeled
the hydrodynamics of the barge by assuming that the moon pool was covered by a fixed plate
located just below the free surface. Section 4.1.2 explains this assumption in more detail.

* Note that some of the properties given in Table 3-12 disagree with the data published in Ref. [98] because I used
an updated design. For example, the published freeboard of 4 m in Ref. [98] was increased to 6 m after wave tank
testing at NAME demonstrated that more freeboard would be beneficial to the system’s response. This changed the
CM location and inertias slightly. In addition, Ref. [98] used a simple linearized representation of the mooring
system. Professor N. Barltrop developed the more detailed mooring system documented in Table 3-12 after Ref.
[98] was published.
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Figure 3-13. lllustration of the 5-MW wind
turbine on the ITI Energy barge

3.3 MIT / NREL Barge

Under the direction of Professor P. D. Sclavounos of MIT, E. N. Wayman also developed
preliminary concepts of several floating platforms for the NREL offshore 5-MW baseline wind
turbine. One of her designs was named the MIT / NREL SDB. 1 also mounted the 5-MW
baseline wind turbine on this floating platform for some of the simulation code verification
exercises presented in Chapter 4. (I did not, however, carry out a comprehensive loads analysis
for this concept.) The MIT / NREL SDB is a cylindrical barge and has a spread-mooring system
with four pairs of taut lines that radiate outward. I list some of the barge data in and provide the
FAST platform input file, the WAMIT input files, and a portion of the WAMIT output files in
Appendix E. This concept is documented in much greater detail in Refs. [100] and [101].

Table 3-13. Summary of MIT / NREL Barge Properties

Diameter, Height 36m,9.5m
Draft, Freeboard 5m,4.5m
Water Displacement 5,089 m°
Mass, Including Ballast 4,519,150 kg
CM Location below SWL 3.88238 m
Roll Inertia about CM 390,147,000 kg-m2
Pitch Inertia about CM 390,147,000 kgem®
Yaw Inertia about CM 750,866,000 kgem”
Anchor (Water) Depth 200 m
Separation between Opposing Anchors 436 m
Unstretched Line Length 279.3 m
Neutral Line Length Resting on Seabed 0Om
Line Diameter 0.127 m
Line Mass Density 116.0 kg/m
Line Extensional Stiffness 1,500,000,000 N
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3.4 Reference-Site Data

The IEC 61400-3 design standard [34] requires that a loads analysis be based on site-specific
external conditions. At the request of ITI Energy, the location of the former Stevenson Weather
Station was selected as the reference site for which to obtain environmental (metocean) data for
the loads analyses (presented in Chapter 5 and Chapter 6). This site is located at 61° 20’ N
latitude, 0° 0" E longitude on the prime meridian northeast of the Shetland Islands, which are
northeast of Scotland. Figure 3-14 illustrates this
location with an image courtesy of Google Earth.’
This reference site was chosen for its fairly extreme
wind and wave conditions, with the implication that
if the results of the loads analysis are favorable, the
floating wind turbine system under consideration
will be applicable at almost any site around the
world.

ITI Energy requested that I use data from a
Waverider buoy that collected short-term wave
statistics at this site from February 1973 to February
1976. Because this data set did not contain wind- : uld?

speed information, however, it was not directly - -
applicable to the loads analysis, which requires joint e T T T“
wind and wave data. Instead, NREL purchased - * BT
wind and wave data at the reference site through the Figure 3-14. Reference-site location
online Waveclimate.com service* that is run by the

Advisory and Research Group on Geo Observation Systems and Services (ARGOSS) in the
Netherlands.” The Waveclimate.com service hosts a worldwide database of wind and wave
climate information based on a combination of measurements and a global hindcast model. The
measured data come from a composite of radar altimeter, radar scatterometer, and imaging radar
(synthetic aperture radar [SAR]) observations, taken from 1985 to present. The
Waveclimate.com database has been validated and calibrated with measurements from surface
buoys, though not specifically at the chosen reference site. The model is based on the third-
generation ocean wind-wave model WaveWatch III [94], which solves the spectral-action,
density-balance equation for wave-number-direction spectra. Although I do not show any of the
comparisons here, the wave data obtained through the Waveclimate.com service agreed quite
well with the wave statistics available from the former Waverider buoy. This gave me
confidence in the accuracy of the Waveclimate.com product.

The Waveclimate.com service uses a grid spacing of 1° latitude by 1° longitude in the vicinity of
the reference site. We® chose the cell with grid boundaries of 61° to 62° N latitude, 0° to 1° E

3 Web site: http://earth.google.com/

* Web site: http://www.waveclimate.com/

5 Web site: http://www.argoss.nl/

® My NREL colleague, G. N. Scott, assisted me with processing the data from the Waveclimate.com service. To
acknowledge this support, I use “we” in place of “I” where appropriate in this section.
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longitude. NREL purchased two sets of data for this cell. The first data set consisted of an
estimate of the long-term joint-probability distribution of wind speed, significant wave height,
and mean wave period. The second data set was a prediction of the extreme significant wave
heights for various return periods.

The joint-probability distribution was provided in terms of 37,992 samples, each based on a 3-h
reference (averaging) period, representing a total of about 13 years of data. The samples were
grouped in bins with a wind-speed width of 2 knots (1.029 m/s), a significant-wave-height width
of 1 m, and a mean-wave-period width of 1 s. The reference elevation for the wind-speed data
was 10 m above the MSL. To adjust these data to the turbine’s hub height of 90 m, we assumed
a vertical power-law shear exponent’ of 0.14. In addition, we scaled all of the wind-speed bins
by a factor of (90 m/10 m)*'* = 1.360, resulting in an altered bin width of 1.399 m/s for the hub-
height wind speed, V. We also converted the mean wave-period data to peak spectral period,
T,. By assuming that the wave conditions were represented by the modified Pierson-Moskowitz
spectrum [22], all of the wave-period bins were scaled by a factor of 1.408, resulting in an
altered bin width of 1.408 s. The data of significant wave height, H;, did not require adjustment.

The resolution of the resulting long-term joint-probability distribution does not entirely conform
to the maximum bin widths of 2 m/s, 0.5 m, and 0.5 s required by the IEC 61400-3 design
standard [34]. I did, however, consider the resolution to be adequate because the loads analysis
presented in Chapter 5 and Chapter 6 is preliminary in nature. Similarly, I found it acceptable to
base the joint-probability distribution on a 3-h reference period instead of the 1-h period required
by the 614003 design standard. This is because the marginal long-term probability distributions
of significant wave height and peak spectral period do not depend on the averaging period, and
because one can assume that the marginal long-term probability distribution of mean wind speed
is independent of the averaging period for periods in the range of 10 min to 3 h [34].

Using the long-term joint-probability distribution, we characterized the expected value of the
significant wave height, E/H|V.;], as well as the range of associated peak spectral periods,
conditioned on the mean hub-height wind speed from cut-in to cut-out. Figure 3-15 illustrates
these data. As shown, the expected value of the significant wave height increases with the mean
hub-height wind speed that it is conditioned on—from about 1.6 m at cut-in, V;, = 3 m/s, to about
5.9 m at cut-out, V,,, = 25 m/s. The peak spectral periods have a median that increases and a
range that tends to decrease with the expected significant wave heights they are associated with,
from about 12.7 £ 5.6 s at 1.6 m, to about 15.5+4.2 sat 5.9 m.

The Waveclimate.com service’s extreme-value analysis yielded predictions of the extreme
significant wave heights at the reference site for various return periods. The associated wind-
and wave-period information was not available, however, so we relied on assumptions and
estimates to specify them. Although the 61400-3 design standard [34] requires that the extreme
individual wave heights be estimated at the reference site, I did not assess them because I did not

" The vertical power-law profile is v(2)=v(z )[ Z J , where V(Z) is the wind speed at height Z above the ground
r ZV

(or above the mean sea level), Z, is a reference height, and a is the power-law exponent.
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Figure 3-15. Normal sea state conditions at the reference site

use regular, periodic waves in the preliminary loads analysis. Instead, I relied on irregular sea
states as described in Chapter 5.

Based on a 3-h reference period, the significant wave height with a recurrence period of 1 year,
Hy,, was predicted by the Waveclimate.com service to be 10.8 m. The service also predicted the
significant wave height with a recurrence period of 50 years, H;sp, to be 13.8 m. From data
available in the joint-probability distribution, we estimated that the range of peak spectral periods
associated with the 1-year recurrence of significant wave height would be 15.5 to 19.7 s.
Because 50-year recurrence data do not exist in the 13-year record of joint-probability statistics,
we had to extrapolate to estimate the range of peak spectral periods associated with the 50-year
recurrence of significant wave height. By this extrapolation, we estimated a range of 18.5 to
19.9 s. 1 assumed that the extreme wind speeds at the reference site conformed to those
prescribed by wind turbine class I from the IEC 61400-1 design standard [33]. Based on this
assumption and a 10-min averaging period, the reference hub-height wind speed with a
recurrence period of 1 year, V;, was prescribed to be 40 m/s and the reference hub-height wind
speed with a recurrence period of 50 years, Vs, was prescribed to be 50 m/s.

The water depth at the reference site is roughly 160 m; however, I analyzed the sea-based loads
presented in Chapter 5 and Chapter 6 with a depth of 150 m (as indicated in Table 3-12 for the
ITI Energy barge).

I did not quantify several other commonly assessed environmental conditions at the reference
site, again because the loads analysis was preliminary. For some of the unquantified conditions,
I assumed typical values. 1 did not assess—nor does the loads analysis account for—the
potential loading from sea ice; marine growth; corrosion; wake effects from neighboring wind
turbines in a wind farm; earthquakes; variations in water levels from astronomical tides and
storm surges; and sea currents generated by wind, tides, storm surges, atmospheric-pressure
variations, and near-shore waves (i.e., surf currents). I did not assess the soil conditions at the
reference site because my mooring system module assumes that the anchor locations of each
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mooring line are fixed to the inertial frame at the seabed. I assumed standard values of 1.225
kg/m® for the air density and 1,025 kg/m’ for the water density. As dictated by the 61400-3
design standard [34], I assumed a vertical power-law shear exponent of 0.14 for all normal wind
conditions and 0.11 in extreme 1- and 50-year wind conditions. Similarly, I did not assess the
ambient turbulence standard deviation from site data, or from estimations derived from the
surface roughness according to the Charnock expression. Instead, I assumed that the wind
turbulence at the reference site conformed to the models prescribed by wind turbine turbulence-
category B from the 61400—1 design standard. I also did not assess the correlation of wind and
wave direction, opting instead to use the guidance of the 614003 design standard (see Chapter
5). Tignored wave directional spreading and used long-crested waves for all sea states. Finally,
I did not prescribe a site-specific wave spectrum, but opted instead to use the JONSWAP
spectrum defined in Section 2.4.1.1. All these assumptions and omissions will need to be
addressed in more detailed follow-on loads-analysis projects.
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Chapter 4 Verification of Simulation Capability

The aero-servo-elastic capabilities of FAST with AeroDyn and ADAMS with AeroDyn have
been well verified and validated in previous studies [7,8,9,12,37,38,63]. But because my
hydrodynamics and mooring system modules are novel, they must be verified to ensure that the
response predictions from the fully coupled aero-hydro-servo-elastic capability are accurate. In
all, I performed seven verification studies to test the accuracy of the new features: three for the
hydrodynamics module (Section 4.1), two for the mooring system module (Section 4.2), and two
for the complete system (Section 4.3). The last pair of verification exercises compared the
results from my time-domain simulation tool with the results from a frequency-domain model.
As I discuss in this chapter, the results of all the verification exercises were favorable. This gave
me confidence to pursue more thorough investigations into the dynamic behavior of offshore
floating wind turbines in Chapter 5 and Chapter 6.

Additionally, though not explicitly documented here, the resulting dynamics from the newly
added support platform DOFs in FAST agree well with ADAMS. 1 furnish some examples of
this in Chapter 6.

I used model-to-model comparisons for all these verification exercises. The fully coupled
simulation tool will be validated later, once experimental data are made available.

4.1 Verification of the Hydrodynamics Module

I performed three verification tests to check HydroDyn’s hydrodynamics module. First, as
presented in Section 4.1.1, I verified that the PSD of the wave-elevation time series computed by
HydroDyn matched the target JONSWAP spectrum prescribed by HydroDyn’s wave-spectrum
input parameters. Second, I verified that the output from WAMIT, which is used as input to
HydroDyn, is similar to that generated by a different radiation / diffraction solver (see Section
4.1.2). Third, I verified that the radiation impulse-response functions computed within my
hydrodynamics module were the same as those computed with WAMIT’s stand-alone frequency-
to-time (F2T) conversion utility [58]. I present these results in Section 4.1.3.

4.1.1 Wave Elevation versus the Target Wave Spectrum

Irregular sea states (stochastic waves) are modeled in HydroDyn by the inverse Fourier
transform of Eq. (2-9), which represents the superposition of a large number of periodic and
parallel wave components. The amplitudes of these wave components, on average, are
determined by the prescribed wave spectrum. I say, “on average,” because randomness comes in
through the realization of the WGN process. That process considers not only a uniformly-
distributed random phase, but a normally-distributed amplitude as well (see Section 2.4.1.1). In
HydroDyn, Eq. (2-9) is implemented using a computationally efficient FFT routine [92].

I ran a simple test to check that I implemented these mathematical relationships correctly in
HydroDyn. 1 computed four wave-elevation time series, each determined with the Pierson-
Moskowitz wave spectrum [see Eq. (2-20)] given by a significant wave height, H;, of 5.49 m and
a peak spectral period, 7, of 14.656 s or a peak spectral frequency of about 0.429 rad/s. [This
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spectrum is equivalent to a JONSWAP spectrum with the default value (unity) of the peak shape
parameter given by Eq. (2-19)]. Each wave-elevation time series was 10,000 s long (i.e., just shy
of 3 h each) and was differentiated through the choice of dissimilar random seeds.

I then computed the PSD of each wave-elevation record, and compared each to the target wave
spectrum determined by the given spectral parameters. Figure 4-1 shows the results. To
minimize scatter, I grouped the discrete-frequency PSD data of Figure 4-1 in bins of width 0.001
Hz (about 0.00628 rad/s). Because of the normally-distributed amplitudes provided by the WGN
process, however, there is still a fair amount of scatter in the PSD of each individual run. But the
average of the four PSDs, as indicated by the series labeled “Run Average” in Figure 4-1, is
approaching the target spectrum nicely. This outcome would improve by averaging the results of
many more simulations.

12

* Run1
o e * Run2
10 . * Run3
* Run4
© Run Average
—Target

Wave Spectrum, mzl(rad/s)

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Wave Frequency, rad/s
Figure 4-1. PSD of wave elevations versus target wave spectrum

I also calculated the probability density for the aggregate composite of the wave-elevation
records computed by, and output from, HydroDyn. As expected, this histogram is Gaussian-
distributed with a mean of zero and a standard deviation (for this test case) of H/4 = 1.37 m.
The result is shown with the corresponding probability density function derived from a zero-
valued mean and a standard deviation of 1.37 m in Figure 4-2.

4.1.2 WAMIT Output/ HydroDyn Input

As I described in Chapter 2, I used WAMIT [58] as a preprocessor for generating the
hydrodynamic-added-mass and -damping matrices, 4,() and B, (), and wave-excitation
force, X, (a) p ) , which are inputs to HydroDyn. WAMIT uses the three-dimensional numerical-

panel method to solve the linearized hydrodynamic radiation and diffraction problems for the
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Figure 4-2. Wave-elevation probability density

interaction of surface waves with offshore platforms in the frequency domain. WAMIT ignores
the effects of sea current or forward speed on the radiation and diffraction problems, as well as
higher-order effects.

Because the hydrodynamic solution my simulation tool generates is only as good as the
hydrodynamic inputs, verifying the acceptability of the WAMIT results is beneficial.
Consequently, I ran a test to ensure that the WAMIT output I generated is similar to that
calculated by a different radiation / diffraction solver. Data used by NAME at the Universities of
Glasgow and Strathclyde when devising the ITI Energy barge described in Section 3.2 were
available for this comparison. NAME used a custom-made linear hydrodynamic radiation and
diffraction solver with capabilities similar to, but independent of, WAMIT.

In WAMIT, I modeled the barge with two geometric planes of symmetry with 2,400 rectangular
panels within a quarter of the body. Consistent with linear theory, I needed to mesh only the
wetted portion of the body in its undisplaced position. Figure 4-3 shows the panel mesh with
both symmetries. To avoid accounting for the OWC in the WAMIT analysis, I covered the
moon pool with a fixed plate located 0.01 m below the free surface. In an attempt by NAME to
model the OWC, they considered that the plate was free to move relative to the barge. Figure
4-4 shows the panel mesh for NAME’s analysis.

To improve the accuracy of the WAMIT results, I chose to override three default settings,
choosing instead to (1) integrate the logarithmic singularity analytically, (2) solve the linear
system of equations using a direct solver, and (3) remove the effects of irregular frequencies by
automatically projecting the body panels to the free surface. These settings were necessary
because some panels are located in a plane near the free surface, the barge has a large water-
plane area, and subsequent analysis required high-frequency results. The barge was analyzed in
its undisplaced position with infinite water depth in both codes. The hydrodynamic-added-mass
and -damping matrices were compared in all six rigid-body modes of motion of the barge (in the
matrix subscripts, / = surge, 2 = sway, 3 = heave, 4 = roll, 5 = pitch, 6 = yaw), resulting in 6 x 6
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Moment-Rotation Modes, kg-mz Force-Translation Modes, kg

Frc-Rot & Mom-Trans Modes, kg'm

hydrodynamic-damping matrix are zero (not all shown), as required by theory [22,74].
comparisons between the output of WAMIT and the results of NAME generally agree very well
and demonstrate that WAMIT is an acceptable code for generating the hydrodynamic inputs
needed by my simulation tool. The biggest discrepancies are in the heave-heave elements of the
frequency-dependent added-mass and damping matrices, 43; and Bjs;.
differences are artifacts of the dissimilar numerical solutions employed by WAMIT and
NAME’s radiation / diffraction solver. The differences are not large, however, and I do not
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Figure 4-5. Hydrodynamic added mass and damping for the ITI Energy barge

believe they are crucial to the accuracy of my hydrodynamics solution.
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4.1.3 Computation of Radiation Impulse-Response Functions

The radiation “memory effect” is captured in HydroDyn’s hydrodynamics module through the
convolution integral of Eq. (2-8). As described in Section 2.4.1.3, the kernel, K, (t), in this

convolution integral is commonly referred to as the impulse-response functions of the radiation
problem. Section 2.4.2.1 described how the radiation impulse-response functions can be found
from the solution of the frequency-domain radiation problem. In HydroDyn specifically, these
functions are found using the cosine transform of the frequency-dependent hydrodynamic-
damping matrix, as given in Eq. (2-28b), using a computationally efficient FFT routine [92]. As
in the verification of the wave-elevation computation presented in Section 4.1.1, verifying that
this cosine transform was implemented correctly is advantageous.

I performed this verification by testing that the radiation impulse-response functions computed
within HydroDyn are the same as those computed by WAMIT’s stand-alone F2T conversion
utility. I implemented the cosine transform within HydroDyn, as opposed to having HydroDyn
read in the output of WAMIT’s F2T utility, because many of the other computer codes available
to solve the frequency-domain hydrodynamics problem, such as the SWIM module [48] of SML,
do not contain the F2T conversion functionality. In this test, I used the WAMIT output of the
frequency-dependent hydrodynamic-damping matrix for the ITI Energy barge from the
previously presented verification test.

Because the comparison between the F2T results and my own is so good (i.e., the results are
essentially identical), I present only one set of results in Figure 4-6. As before, all data are
dimensional as indicated, and because of the symmetries of the barge, the surge-surge elements
are identical to the sway-sway elements, and the roll-roll elements are identical to the pitch-pitch
elements. Most of the response decays to zero after about 20 s (as shown) and has all but
vanished at 60 s (not shown). Consequently, to speed up the calculations of the memory effect in
my simulation tool, I generally truncate the numerical convolution after 60 s of memory.

4.2 Verification of the Mooring System Module

I performed two verification tests to check my quasi-static mooring system module. First, as
presented in Section 4.2.1, I verified that my mooring system module correctly solves a classic
benchmark problem for the static equilibrium of a suspended-cable mechanism. Second, as
presented in Section 4.2.2, I verified that the nonlinear force-displacement relationships for a
mooring system in surge, as computed by my module, were the same as those calculated by an
independent analysis performed by NAME.

4.2.1 Benchmark Problem

A classic test problem [95] for checking the accuracy of a mooring system program is that of a
horizontally suspended cable with one support free to slide laterally. Figure 4-7 illustrates this
problem. For a cable of an unstretched length of L = 200, a weight per unit length of @ = 0.1, an
extensional stiffness of E4 = 10°, and a horizontal load (equivalent to the horizontal tension at
the fairlead) of Hr = 5.77 applied at the free end (the fairlead), the theoretical static-equilibrium
solution is for a horizontal span of xz = 152.2 and a vertical sag of 58.0. (No units are specified
for any parameter in Ref. [95]; instead, consistent units were assumed.)
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Figure 4-6. Radiation impulse-response functions for the ITlI Energy barge

This benchmark problem involves finding a static-equilibrium position of the fairlead. I tested
my mooring system module (in the form without seabed interaction) by solving this problem
through time integration of the nonlinear equations of motion. The platform, where the fairlead
attaches, was given one horizontal-translation DOF and a small, inconsequential mass. A small
amount of linear damping was added to the motion to ensure that it eventually settled out. I then
ran the time-marching solver until the solution settled out and converged. I had to solve the
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Figure 4-7. Benchmark problem for a suspended cable

static-equilibrium problem in this way because my mooring system module is interfaced to
FAST and ADAMS, both of which operate in the time domain. If my mooring system module
was implemented correctly, the horizontal span and vertical sag should settle out at the correct
solution regardless of the lateral offset chosen as an initial condition for the DOF. Indeed, this is
exactly what happens.

Figure 4-8 shows the time-series solution of the horizontal span (displacement) when the fairlead
was positioned to the left of the anchor at time zero, at a lateral offset of —100. FAST and
ADAMS gave identical results. The solution is seen to converge to the correct result after about
120 s. Other initial conditions showed similar behavior with the same result.

S 300
§
S Analytical Solution _ .
=YL |
2 o
[a]
©
.g. 0 —FAST
£ ADAMS
o
T -150
0 25 50 75 100 125

Simulation Time, s

Figure 4-8. Solution of the suspended-cable benchmark problem
4.2.2 Nonlinear Force-Displacement Relationships

Nonlinearities are evident in the force-displacement relationships of most mooring systems.
Because these nonlinearities may be important in the dynamic response of offshore floating wind
turbines, I must check to ensure that my quasi-static mooring system module is computing them
correctly.

NAME used a custom-made mooring analysis program to develop the mooring system for the
ITI Energy barge described in Section 3.2. NAME’s program accounts for homogenous taut or
catenary lines with horizontal (but not vertical) elastic stretching. A portion of a line may rest on
the seabed in NAME’s mooring program, but the program does not account for seabed friction.
Even though NAME’s program has fewer capabilities than the mooring system module I have
developed, comparing my response with NAME’s enabled me to verify my analysis module in
the form with seabed interaction.
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The layout of the mooring system for the ITI Energy barge, which consists of eight catenary
lines, was discussed in Section 3.2. In this verification test, however, I modified the layout to
make the mooring lines parallel to the sides of the barge because this is the only way NAME’s
program could model it. With this modification, each pair of lines is 90° apart at the corner and
opposing lines are parallel to each other. NAME computed the force-displacement relationships
for surge motions of the barge for each line independently as well as opposing lines jointly. To
reproduce NAME’s results, I built a model of the barge and mooring system in ADAMS and
translated the barge in surge through a time-marching simulation. This time-dependent motion
of the barge does not affect the results of my analysis because the mooring lines are treated
quasi-statically in my module.

As in previous verification tests, the results from this exercise compared very well. Because the
agreement is so good (i.e., the results are essentially identical), again, only my results are
presented, as shown in Figure 4-9. There is a horizontal tension of about 100 kN in each line
when the barge is in its neutral position. The force-displacement curve for opposing lines, which
represents the net horizontal restraining force on the barge, remains fairly linear between +20 m
and —20 m of surge motion. Beyond a surge displacement of about 40 m, the resistance of the
mooring system increases dramatically. At 50 m of surge displacement, the horizontal tension in
each line is greater than 1,000 kN.
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Figure 4-9. Force-displacement relationships for the ITI Energy mooring system

4.3 Time Domain versus Frequency Domain Verification

Because my fully coupled aero-hydro-servo-elastic simulation tool is the first of its kind to be
developed, finding independent model results to use for verification is difficult. The time-
domain models that others have previously developed and used to analyze offshore floating wind
turbines were either not rigorous enough to yield sufficient verification data or were unavailable
for my use [23,31,57,75,87,103,105,106]. Many of the previous studies related to offshore
floating wind turbines used frequency-domain models [13,59,98,100,101]. I can use the results
of a frequency-domain analysis to verify my simulation tool because the hydrodynamic theory in
my module was derived from the time-domain representation of the frequency-domain problem
(see Section 2.4.2.1). I present two such verifications here.
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Frequency-domain solutions describe the sinusoidal steady-state response of a platform to
incident waves that propagate at a single amplitude, frequency, and direction. As discussed in
Section 2.4.2.1, the solution to the frequency-domain problem is generally given in terms of
RAOs, which are the complex-valued amplitudes of motions for each DOF of the support
platform, normalized per unit of wave amplitude. In a time-domain model, the sinusoidal
steady-state response of a floating platform can be found by introducing regular, periodic waves
as forcing functions, and simulating in time long enough to ensure all transient behavior has died
out. As a first verification of my fully coupled model, we' used such time-series simulations to
back out the RAOs at discrete incident-wave frequencies, and repeated the process to find the
RAOs at each desired frequency. For this verification test, we used Wayman’s frequency-
domain results for the MIT / NREL SDB (see Ref. [101]).

As I also discussed in Section 2.4.2.1, the response of a floating platform to stochastic sea states
in the frequency-domain problem can only be characterized statistically because the frequency-
domain representation is not valid for transient analysis. Specifically, the motion of a linearized
floating body will have a response that is Gaussian-distributed when it is excited by a sea state
with a Gaussian-distributed wave elevation. The standard deviations of the motion response are
dictated by the Wiener-Khinchine theorem [85,101]. In a time-domain model, the distributions
of the motion response can be ascertained by postprocessing the output of a series of simulations
that are long enough to ensure the the results are statistically reliable. (The process can be
repeated to find the distributions at each desired sea state.) We used this procedure as a second
verification of my fully coupled, time-domain model, again using Wayman’s [101] frequency-
domain results for the MIT / NREL SDB for comparison.

For these verification tests, we used the NREL offshore 5-MW baseline wind turbine described
in Section 3.1 installed on the MIT / NREL barge (SDB) described in Section 3.3. I chose this
configuration and Wayman’s [101] frequency-domain results because that was the only
configuration and the only study documented with enough information for me to build a system
model and compare results for all six platform modes of motion.

Wayman used WAMIT to compute the frequency-domain hydrodynamic properties of the MIT /
NREL SDB and modeled the spread-mooring system described in Section 3.3 with linear
restoring only in the surge and sway DOFs. Wayman used the LINES module [50] of SML to
find linear restoring coefficients of 4,000 kN/m. The attributes of the wind turbine were
included in Wayman’s linearized system model by augmenting the body-mass matrix with the
mass properties of the turbine and by augmenting the hydrodynamic-damping and -restoring
matrices with damping and restoring contributions from rotor aerodynamics and gyroscopics.
Wayman ignored the elasticity of the wind turbine and considered only the six rigid-body modes
of the barge [101].

' My NREL colleague, M. L. Buhl, Jr., assisted me in running my simulation tool and plotting the results presented
in Section 4.3. To acknowledge this support, I use “we” in place of “I” and “our” in place of “my” where
appropriate.
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4.3.1 Verification with Steady-State Response

For this comparison, I constructed a FAST with AeroDyn and HydroDyn model of the NREL
offshore 5-MW baseline wind turbine installed on the MIT / NREL barge. To ensure reasonable
similarity to Wayman’s model and to isolate the behavior of the hydrodynamics and mooring
system, I modeled the turbine without any control system (i.e., using constant rotor speed and
fixed blade pitch) or any modes of motion other than the six rigid-body DOFs of the floating
support platform. For environmental conditions, a constant unsheared 11.2-m/s wind (as
Wayman used) and regular periodic waves of unit amplitude (a peak-to-peak height of 2 m) were
used. Both the wind and waves were codirectional and aligned with the surge coordinate.

When we first attempted to run the time-domain simulations, I modeled the spread-mooring
system with my quasi-static mooring system module interfaced to FAST. We soon discovered,
however, that the nonlinear restoring of the spread-mooring system prohibited the response from
ever reaching a sinusoidal steady-state condition, which eliminated any possibility of backing out
the RAOs. To get around this, I decided to remove the interface to my mooring module, and
instead, modeled the mooring system as Wayman did with linear restoring coefficients (in surge
and sway only). As a consequence, the results presented next are not useful for verifying my
time-domain implementation of the mooring system module. They are, though, still useful for
verifying the time-domain implementation of my hydrodynamics module.

With the linearized mooring system model, we ran a series of 2,000-s simulations to give them
time to reach a periodic steady state. Even after all that time, the platform motion was still not
perfectly sinusoidal for the sway, roll, and yaw responses. We ran 10 simulations and varied the
discrete frequency of the incident waves from 0.15 to 1.05 rad/s in even increments. Using the
last cycle from each simulation, we computed the amplitudes of the oscillations for the three
translational and three rotational platform responses. Because the incident waves were unit
amplitude, these response amplitudes are equivalent to the magnitudes of the RAOs. For the
rotational responses, we normalized the RAOs by the platform radius (18 m), as Wayman did
[101]. We added our results to the nondimensional RAO plots that Wayman had generated. In
these tests, we did not compare the phases of the response.

As shown in Figure 4-10, our time-domain predictions closely mimic those from Wayman’s
frequency-domain analysis for the platform-surge and -heave modes. This gave me confidence
that my time-domain implementation of the platform hydrodynamics was correct. The platform-
pitch curves seem to have a similar character, but portions differ in both magnitude and
frequency. The other three parameters—sway, roll, and yaw—have such small responses that
comparison is difficult. Because the oscillations of these modes had not become completely
sinusoidal after 2,000 s, we question whether those comparisons are meaningful. Even though
there is no excitation of the platform-yaw mode from aerodynamics or hydrodynamics in this
configuration, the yaw response is nonzero because the spinning inertia of the rotor, combined
with the pitching motion of the platform, induces a gyroscopic yaw moment.
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Figure 4-10. RAO comparisons for the MIT / NREL barge

I believe that the differences in the pitch RAO are caused by the variation between my model
and Wayman’s for the aerodynamic damping in pitch. Wayman showed that the platform
damping in pitch is completely dominated by rotor aerodynamics, not by wave radiation (see
Appendix A.1 of Ref. [101]). This is not true for the other modes of motion, such as surge and
heave. In Wayman’s analysis, the aerodynamic damping in barge pitch was constant (it was
derived by using FAST with AeroDyn to linearize the rotor aerodynamic thrust about the mean
pitch orientation of the platform). In my model, the aecrodynamic damping in barge pitch varies
as the turbine oscillates against and with the wind.
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4.3.2 Verification with Stochastic Response

To verify the stochastic response, I built three FAST with AeroDyn and HydroDyn models of the
NREL offshore 5-MW baseline wind turbine installed on the MIT / NREL barge. The first was
the same one used in the RAO comparison: it had a rigid turbine, no control system, and a
linearized form of the mooring system in surge and sway. For the second model, I replaced the
linearized mooring line model with the standard interface between FAST and my quasi-static
mooring system module. To see how well these simpler models agreed with higher fidelity
simulations, in the third model I replaced the rigid turbine with a fully flexible one and enabled
the variable-speed generator-torque and blade-pitch control systems.

The published results [101] of Wayman’s frequency-domain study included mean and standard
deviations of the Gaussian-distributed responses at a variety of sea states, wind speeds, and water
depths. I chose to compare all three of my models with only one of these cases. The case I
chose used winds roughly at rated (11.2 m/s), a water depth of 200 m, and the same wave
conditions considered in my test of the wave-elevation time series (see Section 4.1.1). We used
steady unsheared winds in the first two models, but for the third model with an active control
system, we used turbulent and sheared winds, with a mean hub-height speed of 11.2 m/s and IEC
category B turbulence [33]. As before, the wind and waves were codirectional and aligned with
the surge coordinate.

For each model, we computed the probability densities for the output of all but the first 30 s of a
series of four 10,000-s simulations (i.e., just shy of 3 h each), which used different random seeds
for the stochastic waves (just as in Section 4.1.1). We constructed an aggregate of the four cases
before computing the probability densities. We plotted our resulting histograms against the
normal probability density functions derived from the means and standard deviations of
Wayman’s frequency-domain analysis [101].

Figure 4-11 presents the comparison between our time-domain results and Wayman’s frequency-
domain results. Because the differences between the results of my second and third models were
much smaller than the changes brought about by the switch to nonlinear mooring lines, the figure
shows only the results from the first and third models. As with the RAOs, the surge and heave
predictions from my model with the linearized mooring lines agree very well. The spread for the
pitch response is narrower for our simulation with the linearized mooring system than it is in
Wayman’s predictions. This is consistent with what the pitch RAO comparison showed in
Figure 4-10—that is, Wayman’s RAO was greater at 0.429 rad/s than the magnitude predicted by
my model.

? Note that I had to make one correction to Wayman’s results published in Ref. [101]. I discovered that when
Wayman computed the standard deviations of motion for the rotational modes of the platform, the results were
incorrectly dimensionalized. To correct for this mistake, all of the standard deviations of motion presented for the

rotational modes in Ref. [101] must be scaled up by a factor of /18 0/ 7T to reach the values Wayman meant to

publish. The results presented here account for this correction.
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Figure 4-11. Probability density comparisons for the MIT / NREL barge

After introducing the nonlinear mooring system module into the FAST simulations, the mean
surge, pitch, and heave responses decreased considerably (see Figure 4-11). This is because
once the lines go taut, the stiffness increases dramatically and the mooring system essentially
acts as a four-bar linkage. This keeps the platform from rising as high or from traveling as far
downwind. The thrust on the rotor tries to pitch the turbine downwind, but the higher tensioned
upwind mooring lines prevent the upwind end of the barge from lifting so far out of the water;
the platform, in turn, is pushed slightly upwind. Because there is more coupling in the system in
the higher fidelity model, the spread of values for the sway, roll, and yaw is also much greater
than in the simpler model.
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Chapter 5 Loads-Analysis Overview and Description

I ran two preliminary sets of loads analyses. The first was for the NREL offshore 5-MW
baseline wind turbine installed on land. Its aim was to establish the response of the baseline
wind turbine without the effects of hydrodynamic loading or platform motion. The second loads
analysis was for the same wind turbine mounted offshore on the floating ITI Energy barge. 1|
used the same wind turbine control system in both analyses. Using the same turbine model
(identical from the blade tip to the tower base) and control system in both the on- and offshore
load sets has precedent because the design process prescribed in the IEC 61400-3 design
standard [34] endorses deriving a sea-based wind turbine design from that of a land-based wind
turbine.

Ultimately, for the wind turbine installed on the floating barge, design modifications will have to
be made to ensure that favorable performance is achieved and structural integrity is maintained.
Indeed, my loads analysis is just the first step in an iterative design process. And by starting with
the simplest concept (i.e., an onshore wind turbine mounted atop an offshore barge), one can
avoid unnecessary complication in the final design. Even though I ran only one step in the
iterative process in this work, comparing the response of the floating system to the response of
the turbine installed on land allowed me to quantify the impact brought about by the dynamic
couplings between the turbine and floating barge in the presence of combined wind and wave
loading. This comparison point outs where modifications must be made to arrive at a suitable
design for the floating system. Such design modifications will have to be addressed through
additional loads-analysis iterations in subsequent projects.

I used the IEC 61400-1 design standard [33] for land-based turbines and the IEC 61400-3
design standard [34] for sea-based turbines as guides for my preliminary loads analysis. The
614003 design standard is still in draft form, and discussion about its design requirement
prescriptions continues. Moreover, the 614003 design standard explicitly states that “the design
requirements specified in this standard are not necessarily sufficient to ensure the engineering
integrity of floating offshore wind turbines” [34, p. 7]. For the purposes of my preliminary loads
analysis (which is principally a feasibility study), however, I assumed that the stated design
requirements were sufficient. I made no attempt to identify other possible platform-specific
design conditions.

In Section 5.1, I present an overview and description of the simulations run in the land- and sea-
based loads analyses. Section 5.2 then discusses how we' processed the loads-analysis data.
Chapter 6 presents the results of the loads analyses.

5.1 Design Load Cases

Loads analysis involves verifying the structural integrity of a wind turbine by running a series of
design load cases (DLCs) to determine the extreme (ultimate) and fatigue loads (i.e., forces and

' My NREL colleague, M. L. Buhl, Jr., developed the scripts used to run the loads analyses and assisted me in
processing the loads-analysis data. To acknowledge this support, I use “we” in place of “I” and “our” in place of
“my”” where appropriate in Chapter 5.
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moments) expected over the lifetime of the machine. The loads are examined within the primary
members of the wind turbine, including the blades, drivetrain, nacelle, and tower, and for the
floating system, the mooring lines. The required DLCs cover essential design-driving situations
such as normal operating conditions, start-up events, shutdown events, and parked or idling
states, together with appropriate normal and extreme external conditions and likely fault
scenarios.

Each IEC design standard prescribes numerous DLCs. For this preliminary loads analysis, I did
not consider it necessary to run all the DLCs prescribed by the design standards; instead, I used a
subset, eliminating the fatigue-type DLCs and processing only the anticipated ultimate loads.
This omission follows from standard design practice for land-based and fixed-bottom sea-based
wind turbines in which the structure is configured to survive ultimate loads before it is checked
for fatigue [96]. Because fatigue behavior often governs the design of wind turbines, however,
the effect of platform motion on wind turbine fatigue damage will have to be assessed by
processing the omitted fatigue-type DLCs in a subsequent project.

As described in Section 3.1.6, the control system for the reference turbine does not include logic
for start-up or shutdown sequences, so I eliminated the 3.x, 4.x, and 5.x DLCs defined in the
design standards. I do, however, consider shutdowns that follow fault scenarios in DLC 2.x.
also ignored the 8.x cases, which relate to transport, assembly, maintenance, and repair. The
four DLCs I omitted may have governed the ultimate loading of some historical wind turbines,
but I believe omitting them was reasonable because, from my experience with land-based
turbines, they have not dominated the ultimate loads.

The remaining ultimate-type DLCs included the following design situations: power production,
DLC 1.x; power production with occurrence of fault, DLC 2.x; parked (idling), DLC 6.x; and
parked with fault, DLC 7.x. Table 5-1 summarizes the DLCs I selected. In this table, the DLCs
are indicated for each design situation by their associated wind conditions, wave conditions, and
operational behavior of the control system, fault scenarios, and other events. For the land-based
cases, | disregarded the wave conditions and cantilevered the base of the tower to the ground.

Table 5-1. Summary of Selected Design Load Cases

DLC Winds Waves Controls / Events Load
Model |Speed Model |Height |Direction Factor

1) Power Production

1.1 INTM |Vip <V < Vou NSS |Hs =E[Hs|Vpw] |B =0° Normal operation 1.25%1.2

1.3 |IETM Vi, <V < Vour NSS |Hs =E[Hs|Vhw] |B=0° Normal operation 1.35

14 JECD [V =V,, V,£2m/s NSS |Hs =E[Hs|Vhw] |B=0° Normal operation; +A wind dir'n. 1.35

1.5 |EWS |Vip <V < Vou NSS |Hs =E[Hs|Vpw] |B =0° Normal operation; +A ver. & hor. shr. |1.35

1.6a INTM |V, < Vi < Vour ESS |Hs =1.09*H s B =0° Normal operation 1.35

2) Power Production Plus Occurrence of Fault

21 INTM |V =V, Vou NSS |Hs =E[Hs|Vhw] |B=0° Pitch runaway — Shutdown 1.35

23 |EOG |V =V,, V,x2m/s, V,, |INSS |Hs=E[Hs|Vmw] |B =0° Loss of load — Shutdown 1.10

6) Parked (Idling)

6.1a [EWM |V, =0.95%V 5, ESS [Hs =1.09"Hs B =0° +£30° |Yaw = 0°, +8° 1.35

6.2a [EWM |V, =0.95%V 5, ESS |Hs=1.09"H s B =0° £30° JLoss of grid — -180° < Yaw < 180° 1.10

6.3a [EWM [V}, =0.95*V, ESS |Hs =1.09"H B =0° +£30° JYaw = 0°, £20° 1.35

7) Parked (Idling) and Fault

7.1a [EWM [V =0.95°V, [Ess |Hs =1.09"H,, | =0° +30° |Seized blade; Yaw = 0°, +8° ]1.10
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The wind and wave models are defined in Table 5-2 for readers who are unfamiliar with the IEC
terminology.

In general, the 61400-3 sea-based design standard is a superset of the 61400-1 land-based
design standard. When the two IEC design standards differed in details, I chose to use the
specifications of the 614003 design standard for both my land- and sea-based loads analyses.
This allowed me to compare the results fairly. For example, the normal wind profile that is used
in both the deterministic- and turbulent-wind models should consist of a vertical power-law shear
exponent of 0.2 for land-based wind turbines according to the 61400—1 design standard and a
value of 0.14 for sea-based turbines according to the 614003 design standard. To facilitate the
response comparisons, I decided to use 0.14 for both.

Table 5-2. Definition of Wind and Wave Models

Abbr. |Definition Description
ECD |Extreme Coherent Gust with |This deterministic-wind model consists of an unsheared gust superimposed on a uniform
Direction Change wind profile with a vertical power-law shear exponent of 0.14. The gust rises to 15 m/s

over a 10-s period. Occurring concurrently, the wind direction changes inversely
proportional to the given hub-height wind speed. Both positive and negative direction
changes are considered.

EOG |Extreme Operating Gust This deterministic-wind model consists of an unsheared gust superimposed on a uniform
wind profile with a vertical power-law shear exponent of 0.14. Over a 10.5-s transient,
the gust first dips, rises to a maximum, then dips again before disappearing. lIts
magnitude depends on the wind-turbine class (IB in this project) and increases with the
given hub-height wind speed.

ESS |Extreme Sea State This irregular sea state is similar to the NSS but uses a JONSWAP spectrum that is
derived from 1- and 50-year return values of the significant wave height and peak
spectral period. Like the NSS, the sea state is modeled as a summation of sinusoidal
wave components whose amplitude is determined by the wave spectrum, each parallel
(long-crested) and described by Airy wave theory.

ETM ]Extreme Turbulence Model [This model is similar to the NTM but consists of full-field 3-component stochastic winds
with a higher turbulence standard deviation, based on the wind-turbine class (IB in this
project) and increases with the given hub-height wind speed. Like the NTM, the full-field
turbulence is superimposed on a normal wind profile with a vertical power-law shear
exponent of 0.14.

EWM JTurbulent Extreme Wind This model consists of full-field 3-component stochastic winds with a turbulence standard
Model deviation of 0.11 times the 10-min average wind speed at hub height, plus 0.2 m/s for 1-h
long simulations. The full-field turbulence is superimposed on a wind profile with a
vertical power-law shear exponent of 0.11.

EWS |Extreme Wind Shear This deterministic-wind model consists of a linear shear superimposed on a uniform wind
profile with a vertical power-law shear exponent of 0.14. Over a 12-s transient, the shear
rises to a maximum, then decreases again before disappearing. Its magnitude depends
on the wind turbine turbulence category (B in this project) and increases with the given
hub-height wind speed. Positive and negative vertical and horizontal shears are
considered independently.

NSS [Normal Sea State This irregular sea state is modeled as a summation of sinusoidal wave components
whose amplitude is determined by the wave spectrum, each parallel (long-crested) and
described by Airy wave theory. The sea state is derived from the JONSWAP spectrum,
whose formulation is based on the given values of the significant wave height and peak
spectral period. The JONSWAP spectrum reduces down to the Pierson-Moskowitz
spectrum in all but the most extreme sea states.

NTM [Normal Turbulence Model |This model consists of full-field 3-component stochastic winds with a turbulence standard
deviation given by the 90% quantile, based on the wind turbine turbulence category (B in
this project) and increases with the given hub-height wind speed. The full-field
turbulence is superimposed on a wind profile with a vertical power-law shear exponent of
0.14.
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The 61400-3 design standard specifies subsidiary cases for the DLCs involving extreme waves
of 1- or 50-year recurrence because it is generally difficult to account for both the irregularity
and nonlinearity of the extreme waves simultaneously within simulation. This, in turn, follows
from the fact that models for nonlinear irregular wave kinematics are not common in engineering
usage. The subsidiary DLCs involve analysis with (a) turbulent winds and stochastic sea states
used in conjunction with full-system flexibility and dynamics, or (b and c) steady winds and
deterministic nonlinear design waves used in conjunction with a quasi-steady computation with
appropriate corrections for dynamic amplification. (The letters “a,” “b,” and “c” refer to
subcases used in the 61400-3 design standard.) I chose the former method as indicated by the
“a” in DLCs 1.6a, 6.1a, 6.2a, 6.3a, and 7.1a because it is not possible to model nonlinear waves
in my simulation tool, which is based on the linearized radiation and diffraction method (see
Chapter 2).

I ran all load-case simulations for both the land- and sea-based turbine configurations using
FAST [39] v6.10a-jmj with AeroDyn [55,67] v12.60i-pjm and HydroDyn. I also reran some of
the simulations in MSC.ADAMS v2005.2.0 with A2AD [20,54] v12.21a-jmj, AeroDyn v12.60i-
pjm, and HydroDyn to verify the responses predicted by FAST. (Unless otherwise specified, all
results presented in this work were produced by FAST.) All simulations were run with all
appropriate and available DOFs enabled. In FAST, these included—for the wind turbine—two
flapwise and one edgewise bending-mode DOFs per blade, one drivetrain torsion DOF, one
variable generator speed DOF, one nacelle-yaw DOF, and two fore-aft and two side-to-side
tower bending-mode DOFs. For the floating system, three translational (surge, sway, and heave)
and three rotational (roll, pitch, and yaw) DOFs were enabled for the platform.

In my loads analyses, I made a couple of small modifications to the properties of the NREL
offshore 5-MW baseline wind turbine documented in Section 3.1 and to the FAST model given
in Appendix A. (These modifications are included in the simulations presented in Chapter 5 and
Chapter 6, but not in those presented in Chapter 3, Chapter 4, and Chapter 7.) To account for
manufacturing variability, all loads-analysis simulations included a mass imbalance in the rotor,
which instigates a once-per-rev excitation of the system when the rotor is spinning. I
implemented the rotor-mass imbalance by making one blade 0.5% heavier and one blade 0.5%
lighter than the mass of the nominal (reference) blade. This is the same way in which a mass
imbalance was applied in the DOWEC study (as given on page 19 of Ref. [51]). Idid not model
an aerodynamic imbalance (such as different blade-pitch angles or twist distributions) because
AeroDyn does not currently have that capability. All loads-analysis simulations also
incorporated a blade structural-damping ratio of 2.5% critical, which is a higher amount of
damping than the 0.477465% value mentioned in Section 3.1.1 and used in the DOWEC study
(from page 20 of Ref. [51]). In my experience, the higher number is more representative.

For the power-production cases with and without faults, DLCs 1.x and 2.x, I used the quasi-
steady BEM axial-induction model with the Beddoes-Leishman dynamic-stall model in
AeroDyn. I chose the BEM induction model over AeroDyn’s GDW induction model because
the latter is not suitable when the turbulent-wake state is approached (particularly at low wind
speeds) [67]. I did not wish to see a change in response at the wind speed where I would have
had to switch between the different models. Similarly, I chose the axial-induction model over
AeroDyn’s option for a combination of axial- and tangential- (rotational-) induction models
because the tangential-induction model is not numerically stable at all rotor speeds under
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consideration (particularly the low rotor speeds during a shutdown event). In addition, I disabled
both the BEM induction model and the dynamic-stall model in AeroDyn for DLCs 6.x and 7.1a,
relying instead on simple lookup-table aerodynamics with geometric angles of attack. I made
this choice because the BEM and dynamic-stall models are not applicable in parked (idling)
cases, particularly at the very high post-stall angles of attack.

The generator-torque and blade-pitch control systems are operating properly and the turbine is
producing power normally in DLCs 1.x and prior to the fault in DLCs 2.x. In DLCs 6.x and 7.x,
the control system is disabled. Instead, the rotor is idling in these DLCs with no generator or
brake reaction torques, and all blades are fully feathered to the maximum pitch setting of 90°
(exception: one blade is seized at the minimum set point in DLC 7.1a—see the next paragraph).
As described in Section 3.1.6, the control system for the 5-MW baseline wind turbine does not
include logic for the active control of nacelle yaw. In all DLCs, then, I secured the nacelle at
given yaw angles with a spring and damper to represent compliance in the yaw drive. I describe
the given nacelle-yaw angles in the following discussion of wind conditions.

For DLCs 2.x and 7.x, which involve fault conditions, the IEC design standards require choosing
faults with the worst consequences. 1 chose common design-driving faults based on my
experience with other land-based wind turbine loads analyses. For DLC 2.1, I simulated a fault
in the rotor-collective blade-pitch control system where one blade ignores its command and runs
away to the minimum set point of 0° at the full pitch rate of 8°/s. I assumed that the turbine’s
protection system detects this fault in this situation by simulating a shutdown of the turbine. The
shutdown is initiated after a 0.2-s delay (to account for the time it takes the protection system to
detect the fault and take action) by feathering the other two blades at full pitch rate to the
maximum pitch setting of 90°. For DLC 2.3, I simulated a fault where the load is lost, implying
that the generator reaction torque is zero. In this situation, I again assumed that the turbine’s
protection system detects the fault and shuts down the turbine by feathering all blades after a 0.2-
s delay at full pitch rate to the maximum pitch setting. For DLC 7.1a, 1 simulated the fault
condition where one blade is seized at the minimum set point (i.e., flat into the wind) while
idling with the other two blades fully feathered.

The hub-height wind speeds, V5, considered within each DLC are listed in Table 5-1. In the
turbulent-wind models (ETM, EWM, and NTM), V},, represents the average hub-height wind
speed over a simulation. In the deterministic-wind models (ECD, EOG, and ECD), Vi,
represents the steady wind speed at hub height in the absence of the transient gust. For the cases
where a wind-speed range is indicated from cut-in to cut-out, Vi, < Vi < Vyu, 1 used a set of
simulations with discrete values of V,, centered within bins of 2 m/s width (i.e., discrete values
of 4, 6, ..., 24 m/s). This resolution came from guidance in the IEC design standards. Even
though the design standards recommend that DLC 2.1 be analyzed at all wind speeds between
cut-in and cut-out, I chose to analyze this load case only at the rated (V;) and cut-out (V,,,) wind
speeds, again based on my experience that they produce the highest loads. The extreme wind
conditions were considered with the 1- and 50-year recurrence values of the mean reference hub-
height wind speed, V; and Vs, respectively, as shown in Table 5-1.

We generated the turbulent full-field three-component wind conditions with TurbSim [36] v1.20.
We used the Kaimal wind spectrum because TurbSim does not have the capability of generating
turbulent-wind inflow with the IEC-recommended Mann model [33]. (The IEC design standards
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also allow for the use of the Kaimal wind spectrum.) We generated the deterministic-wind
conditions with a customized copy of IECWind [56] v5.00. We had to customize IECWind so
that it would generate wind inflow with a vertical power-law shear exponent of 0.14 because it
was originally developed only for the 61400—1 design standard.

All winds were generated with a mean wind direction and a vertical inclination of the mean flow
angle of 0°, except in DLC 1.4 where the wind direction departs from 0° during the gust. In our
simulations, a mean wind direction of 0° implies that the rotor is aligned properly with the wind
when the platform and nacelle are not displaced. For the power-production cases with and
without faults, I aligned the rotor with the wind at the start of the simulation by securing the
nacelle-yaw angle at 0°. For the parked (idling) cases, I also included nonzero-mean nacelle-yaw
misalignments as directed by the design standards and indicated by the yaw specifications in
Table 5-1. DLC 6.2a considers the full range of nacelle-yaw misalignments, —180° < Yaw <
180°, because of an assumed inability of the nacelle-yaw controller to align the rotor with the
wind when electrical power is unavailable because the grid is lost. To cover the range of yaw
misalignments in this case, I used a set of simulations with discrete nacelle-yaw angles in
increments of 20° (i.e., discrete values of —160°, —140°, ..., 180°).

Per the guidance of the 61400-3 design standard (and as shown in Table 5-1), all normal
irregular sea states (NSS) were considered with a significant wave height, H,, given by the
expected value conditioned on the relevant mean hub-height wind speed, E/Hy| V5], and based
on the long-term joint-probability distribution of metocean parameters at the reference site (see
Section 3.3). The range of peak spectral periods associated with each expected significant wave
height, T},, was split uniformly into three bins and was considered in the loads analysis by
running three sets of simulations with discrete values of 7, centered within those bins. The
extreme stochastic sea states (ESS) were considered with the 1- or 50-year recurrence values of
the significant wave height, H;; and H;sy, respectively. 1 used H;sy as a conservative estimate for
the severe 50-year significant wave heights conditioned on the relevant mean hub-height wind
speeds in DLC 1.6a. I did this because I did not have the opportunity to compute the latter
values, which must be determined by extrapolating the appropriate site-specific metocean data
such that the combination of the significant wave height and wind speed has a recurrence period
of 50 years. This practice again follows the guidance of the 614003 design standard. As in the
normal wind conditions, I ran three sets of simulations with discrete values of 7}, in the extreme
sea states to represent the range of wave peak spectral periods associated with H;. But, in the
simulations with extreme sea states using H,sy, I only used one value of 7, (the midpoint in the
range) because the reference-site data included only a very small range of associated peak
spectral periods.

I considered wave propagation to be codirectional with the winds in DLCs 1.x and 2.x, f = 0°,
except in DLC 1.4 where the wind direction departs from the wave direction during the gust. For
the parked (idling) cases, I also included wave misalignments as directed by the 61400-3 design
standard and indicated by the f specifications in Table 5-1. The design standard requires one to
consider wind and wave misalignments of up to 30° before reducing the severity of the sea state,
so in DLCs 6.x and 7.1a I considered three wave heading directions, one aligned with the wind
and two misaligned with the wind by +30°.
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The design standards specify the minimum quantity and length of each simulation in each load
case. More than one simulation is required for each pair of turbulent-wind and stochastic-wave
conditions to obtain statistically reliable results. The simulations at each pair of turbulent-wind
and stochastic-wave conditions were differentiated by choosing varying seeds in their respective
pseudo-random number generators. I paired the wind and wave seeds so that when n seeds were
required, I ran # total simulations instead of all #* combinations of the two seeds.

For DLCs 1.1 and 1.3, the 61400-3 design standard requires that six 10-min simulations® be run
at each wind and wave condition, differentiated with variations in the wind and wave seeds. For
DLCs 1.4 and 1.5, the design standard requires six 1-min simulations at each wind and wave
condition, differentiated with variations in the wave seed (the deterministic-wind models do not
require random seeds to be specified). For DLC 2.1, the design standard requires twelve 10-min
simulations at each wind and wave condition, differentiated with variations in the wind and wave
seeds. For DLC 2.3, the design standard requires six 1-min simulations at each wind and wave
condition, differentiated with variations in the wave seed and the time at which the load is lost
relative to the gust. Finally, for cases with extreme sea states—DLCs 1.6a, 6.x, and 7.1a—the
design standard requires six 1-h simulations at each wind, wave, and nacelle-yaw condition,
differentiated with variations in the wind and wave seeds. In this last group of DLCs, a factor of
1.09 is needed to scale the 1- and 50-year recurrence values of significant wave heights that
correspond to a 3-h reference period to the 1-h length of the simulation. Similarly, a factor of
0.95 is needed to scale the 1- and 50-year recurrence values of the 10-min average wind speeds
to the 1-h length of the simulation. These scale factors also come from the 61400-3 design
standard.

For the power-production cases with and without faults, I initialized the rotor speed and blade-
pitch angles based on the given mean hub-height wind speed for each simulation to mitigate the
start-up transient behavior, which is an artifact of the computational analysis. I initialized the
rotor speed and blade-pitch angles to the values they would trim to in the land-based wind
turbine (see Section 3.1.8), based on the action of the control system if the given wind speeds
were steady and uniform. Nevertheless, I added 30 s to the required simulation times before
outputting simulation data to eliminate any remaining start-up transient behavior that may have
spuriously affected my loads predictions. Thus, I actually ran the 1-min simulations for 90 s, and
so on. All of the transient gusts, shears, and direction changes in the deterministic-wind models
were initiated 60 s into the simulation (i.e., 30 s after the end of the 30-s start-up transient). The
blade-pitch control system faults in DLC 2.1 were also initiated 60 s into the simulation. The
loss of load in DLC 2.3 was initiated at varying times during the 10.5-s gust, depending on the
random seed.

Accounting for all of the combinations of wind conditions, wave conditions, and control
scenarios, together with the number of required seeds, I ran a total of 2,190 separate sea-based
simulations and 452 separate land-based simulations in my loads analysis. To manage the
quantity and variety of simulations, we developed and utilized custom-made scripts written in
Perl and the Windows batch command language. Using scripts greatly reduced the chance of

? For all simulations ran for less than 1 h, I generated wave-elevation records based on 1 h to ensure that I captured
an appropriate frequency content.
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mistakes (and eliminated a great deal of tedium). The main Perl script used an input file to
specify which of the aforementioned DLCs would be run and with what specific parameters.
This script was developed to process all the cases sequentially on one computer, or in parallel
using the job-queuing utility known as Condor,” which permits one to distribute a set of
simulations among all idle computers on a network. We used the sequential method only for
debugging. Using Condor on the 45 to 60 available networked processors at NREL / NWTC
enabled me to run most of the DLC simulations for each loads analysis overnight. (If I had had
to run them all sequentially on a single computer, it would have taken just over three weeks of
processing time per loads analysis!)

5.2 Postprocessing and Partial Safety Factors

In addition to examining the time-series output from simulations, we processed all of the loads-
analysis data using the postprocessing computer program Crunch [11] v3.00.00, called with
another custom-made Windows batch script. We processed each DLC separately in Crunch
because the processing requirements varied by DLC and because Crunch cannot process files of
different lengths. Because of memory restrictions, we had to run Crunch on a 64-bit server with
16 GB of random access memory (RAM) to hold the biggest DLC data set in memory all at the
same time. We processed the loads data with Crunch in two different ways. First, we had
Crunch compute the statistics (i.e.; minimum, mean, and maximum value; standard deviation;
skewness; and kurtosis) of each output parameter for each simulation in each DLC. These data
enabled me to characterize the dynamic response of the land- and sea-based systems under the
influence of the wind conditions, wave conditions, and control scenarios pertinent to each DLC.
Second, we had Crunch generate extreme-event tables for each DLC. These tables list the
extreme minimum and maximum loads for a group of similar output parameters, along with the
associated values of the other parameters that occur when the extreme load is reached. The
tables also list the specific simulation that triggered the extreme loads and the times at which
they occurred, as well other information that may be relevant to the event, such as instantaneous
hub-height wind speed and wave elevation.

As Crunch read in the simulation output for the extreme-event processing, we had it apply partial
safety factors (PSFs) to the blade tip-to-tower clearance outputs, to the internal loads in the wind
turbine, and for the floating system, to the tensions in the mooring lines. We did not apply the
PSFs to other output parameters, including the blade-tip and tower-top deflections; the floating
platform displacements; and the control actions such as the generator-torque and power output,
and the blade-pitch angles. The PSFs for loads, as specified in the IEC design standards, varied
by DLC, and I document them in the last column of Table 5-1. In addition, an extra factor of 1.2
is stated for DLC 1.1. The IEC design standards require that the ultimate loads predicted under
normal operation with normal wind-turbulence and stochastic-wave conditions be based on the
statistical extrapolation of the load response. To eliminate this extra step, I decided to use a rule
of thumb resulting from experience with other land-based loads-analysis exercises. From my
and others’ experiences, the extrapolation typically increases the predicted ultimate load by 20%.
This factor is further justified by the example extrapolation given in Appendix F of the 614001
design standard [33]. So I increased the normal 1.25 load PSF for DLC 1.1 by 20%, to a value of

3 Web site: http://www.cs.wisc.edu/condor/
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1.5. I did not, however, increase the load PSF for the calculation of the blade tip-to-tower
clearance outputs in DLC 1.1 as per the design standard, which says that one should not
extrapolate deflections.

According to the IEC 61400-1 design standard [33], the PSFs for loads “take account of possible
unfavorable deviations / uncertainties of the load from the characteristic value [and] uncertainties
in the loading model.” We applied the PSFs to the loads in our extreme-event processing to
enable a useful comparison of the loads between the DLCs. In other words, it is necessary to
weight each DLC properly when determining the DLC that causes the overall ultimate
(maximum) load because loads from abnormal design situations, which are less likely to occur,
should be given a lower weighting (and are given a lower load PSF) than normal loads that are
more likely to occur. To obtain the global extremes across all DLCs, we combined all of the
extreme-event tables from each DLC using a slightly customized copy of the Perl script
CombEEv [10] v1.20. We had to customize CombEEv so that it would not only generate the
global extreme-event tables, but also the absolute extremes for each output parameter (i.e., the
absolute maximum value of the minima and maxima). I used the absolute extremes for each
output parameter to compare the land- and sea-based loads results.

The IEC design standards also document PSFs for materials and consequences of failure. I did
not apply these, however, because they are the same across all load cases. This means that they
will cancel out in the comparison. I also made no attempt to compare the load predictions to the
material or buckling strengths of the individual components.
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Chapter 6 Loads-Analysis Results and Discussion

I ran loads analyses for extreme (ultimate) loads using the simulation capability documented in
Chapter 2; the properties of the wind turbine, floating ITI Energy barge, and reference site
described in Chapter 3; and the load-case conditions and procedures explained in Chapter 5. 1
now present the results of this analysis. Because of the sheer volume of results, which includes
more than 100 GB of data, I cannot present them all. Instead, I focus on results that are
characteristic of the overall system responses.

My loads analysis helped to identify problems with both the land- and sea-based system
configurations. I discovered a side-to-side instability in the tower of the idling land-based wind
turbine when we' were processing the loads-analysis data for DLC 6.2a. In the sea-based
system, | discovered an instability in the yaw motion of the floating platform that manifested
itself in the fault conditions of DLCs 2.1 and 7.1a. Finally, I determined that the floating barge
system is susceptible to excessive platform-pitching motion in large and / or steep waves,
especially in extreme waves such as those occurring during 1- and 50-year events in DLCs 1.6a,
6.x, and 7.1a. These design problems all led to unreasonable loading of the wind turbine, which
dominated the final predictions in ultimate loads.

To gain insight into the dynamic behavior of the onshore and floating systems and to enable a
fair comparison between the two systems, I split the results into groups and present each group
separately. In Section 6.1, I present the land- and sea-based results for DLCs 1.1, 1.3, 1.4, and
1.5, which consider the wind turbine in normal operation with a variety of external wind and
wave conditions, not including extreme 1- or 50-year events. These results embody the response
of the systems unencumbered by the aforementioned design problems. I then present (Section
6.2) the findings from the other load cases, DLCs 1.6a, 2.x, 6.x, and 7.1a, which are concerned
with the wind turbine when it is experiencing a fault, when it is idling, and / or when it is being
excited by 1- and 50-year wind and wave conditions. My presentation of this latter group of
DLCs includes a description of the ensuing design problems and possible mitigation measures.

6.1 Normal Operation

I processed the loads-analysis results from the normal operation cases to characterize the
dynamic response of the land- and sea-based systems (Section 6.1.1); to identify the design-
driving conditions and quantify the resulting ultimate loads (Sections 6.1.2 and 6.1.3,
respectively); and to measure the impact of installing the wind turbine on the ITI Energy barge
(Section 6.1.4). Section 6.1.5 draws conclusions from this analysis.

' My NREL colleague, M. L. Buhl, Jr., assisted me in processing the loads-analysis data. Another NREL colleague,
Dr. G. S. Bir, assisted me in examining the instabilities. To acknowledge this support, I use “we” in place of “I”” and
“our” in place of “my” where appropriate in this chapter.
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6.1.1 Characterizing the Dynamic Response

Figure 6-1 presents the minimum, mean, and maximum values from each simulation in DLC 1.1
for several output parameters. These values are not scaled by the PSFs for loads described in
Section 5.2. The statistics from both the land- and sea-based systems are presented side by side.
The results for the floating system are further grouped by the peak spectral period of the incident
waves in each sea state.

The mean values (indicated by the middle dots) of all parameters are very similar between land
and sea, except for the mean value of the platform pitch, which is zero for the land-based wind
turbine because its tower is cantilevered to the ground at its base. The mean values also correlate
well with the steady-state responses presented in Figure 3-12. As in Figure 3-12, the mean value
of the rotor speed in Figure 6-1 increases linearly with mean hub-height wind speed below rated
(11.4 m/s) to maintain constant tip-speed ratio and optimal wind-power conversion efficiency.
Similarly, the mean generator power and rotor torque increase dramatically with wind speed up
to rated, increasing cubically and quadratically, respectively. Above rated, the mean generator
power is held constant by regulating to a fixed speed with active blade-pitch control and a
generator torque that is inversely proportional to the generator speed. The mean values of the
out-of-plane tip deflection and root-bending moment of the reference blade (Blade 1) reach a
maximum at the rated operating point before dropping again. This response characteristic is the
result of a peak in rotor thrust at rated (not shown in Figure 6-1, but seen in Figure 3-12). This
peak in response is also visible, though less pronounced, in the mean values of the platform
pitch, tower-top fore-aft displacement, and tower-base fore-aft bending moment.

The mean values are similar between land and sea, but Figure 6-1 shows that the excursions of
the minimum and maximum values (indicated by the lower and upper horizontal dashes,
respectively) in the sea-based results are much larger. The widest spread between the minimum
and maximum values in the land-based simulations occurs in the generator power parameter just
above rated. This is a result of the large difference in control actions when switching between
Regions 2 and 3 while operating in turbulent winds near optimal wind-power conversion
efficiency. The excursions of minimum and maximum values for all parameters in the sea-based
simulations, however, increase with wind speed. More precisely, they increase with the pitch
motion of the floating platform, which increases with wind speed. This is because the barge has
a natural tendency to move with the surface waves and because the expected value of the
significant wave height increases with wind speed, as shown in Figure 3-15. The pitching of the
barge causes large variations in the generator power and rotor speed, which may lead to a loss of
energy capture and an increase in aeroacoustic emissions. The pitching of the barge also causes
large load excursions—more so for the tower-base loads than for the loads in the blades and
drivetrain—because the floating system acts as an inverted pendulum, with the largest effect
from inertia loading nearest the pivot point. The magnitudes of the minimum and maximum
loads in the floating system are largest with sea states derived from large significant wave
heights and from peak spectral periods in the range of 10 to 15 s. The wave-period range of 10
to 15 s is particularly dominant because the resulting waves are more likely to excite the rigid-
body—turbine plus barge—pitch mode. That mode has a natural frequency of about 0.0863 Hz,
which equates to a natural period of about 11.6 s. So even though the expected significant wave
height is lower at a mean hub-height wind speed of 22 m/s than at 24 m/s, the loads in the
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Figure 6-1. Statistics from each simulation in DLC 1.1

floating system are higher at 22 m/s than at 24 m/s, where the wave periods are higher (but
outside the critical wave-period range).
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Similar statistical trends exist for both the land- and sea-based system responses in DLC 1.3 (not
shown). The only difference is that some of the output parameters, particularly for the land-
based wind turbine, have slightly larger load excursions that result from increased turbulence in
the wind inflow.

6.1.2 Identifying Design-Driving Load Cases

I identified the design-driving load conditions and quantified the resulting ultimate loads by
examining the extreme-event tables. We generated 21 tables for the land-based loads and 32
tables for the sea-based loads. Each table contains a distinct group of similar output parameters,
such as the internal loads in the blades, drivetrain, nacelle, and tower, and for the floating
system, tensions in the mooring lines. The extreme events for the root moments of the reference
blade (Blade 1) in the land- and sea-based analyses are presented in Table 6-1 and Table 6-2,
respectively. The extreme events for the tower-base moments in the land- and sea-based
analyses are presented in Table 6-3 and Table 6-4, respectively. All of the extreme-event tables
we generated for both the land- and sea-based loads analyses are contained in Appendix F.

Table 6-1. Extreme Events for the Blade 1 Root Moments — Land

RootMxcl RootMycl RootMzcl Time
Parameter Type [Eile (kN -m) (kN -m) (kN-m) (zec)
PootMxzcl Min |DLC1.32 0063 Land 24,070 203, out —-7.428E+032 -Z.1ZE+03 -1.&8E+0E E_S9E+0Z
BootMxcl Max |DLC1.1 0061 Land 24 070 S01.out 1.11E+04 1_15E+04 -1_11E+0EZ L_E6E+0Z
BootlMycl Min |DLC1.4 000& Land ECD-B+Z0. out 1.33E+02 -&.81E+03 -Z.24E+0Z 6. 9ZE+01
BootlMycl Max |DLC1.4 000Z Land ECD+ER. out -7.78E+02 Z.EZzE+04 1.13E+02 7.90E+01
BootM=cl Min |DLC1.4 000& Land ECD-RB+E0. out -1_.75E+0Z2 -5 _12E+03 —-Z._.81E+0E &_HBEE+01
RBootMzcl Max |DLC1.32_ 0033 Land 16 0V0_S5S0Z. out —Z.00E+02 1.77E+04 £.11E+0z 1.53E+02

Table 6-2. Extreme Events for the Blade 1 Root Moments — Sea

RootMxcl RootMycl RootMzcl Time
Parameter Type [File (kN -m}) {kN-m} {kN-m) ({zec)
BootMucl Min |DLC1.1 0143 Sea 20.0W0 04.4Hs 14 1Tp 50Z. out -1.Z1E+04 -1.Z8E+04 -Z_EZ6E+0Z 1_96E+0Z
BootMxcl Max |DLC1.1 0190 Sea 24.0W0 05.5Hs 1Z.7Tp E504.out 1.55E+04 1.65E+04 -1.432E+0Z L. SZE+0Z2
BootMycl Min |DLC1.1 0l64 Sea 22 0W0 04.7Hs 13 _4Tp 2501, out 7_o43E+03 —-3.03E+04 &_B7E+0E Z_G0E+0Z
BootMycl Max |DLC1.1 0l64 Sea 2Z2_0W0 04.7Hs 13 _4Tp 2501, out 4 TEE+03 3. 43E+04 3_15E+0F Z_EBE&E+0Z
RBootMzcl Min |DLC1.4 0030 Sea ECD+E 0Z2.4Hs 17.6Tp 304, out —-Z.14E+032 -3.11E+03 -4 _70E+0F 2.80E+01
BootM=cl Max |DLC1.1 D164 _Sea 22.0W0 04.7Hs_13.4Tp_201.out 7.E1E+403 —-Z_9%E+04 7_.Z1E+0E Z_60E+0Z

Table 6-3. Extreme Events for the Tower-Base Moments — Land

TvwBsMxt TwrB=Myt T BsM=t Time
Parameter Type |(File (kN -m) (kN -m) (kN-m) (zec)
TwrEsMxt Min |DLC1.3Z 00E7 Land 2ZZ.0V0 203, out —-Z.77E+04 Z.72E+04 -2.14E+0E 4. BZE+0E
TurEBsMut Max |DLC1.3 0064 Land 24 070 204, out 4 03E+04 z_64E+04 1_83E+03 2_16E+01
TwrBsMyt Min |DLC1.3 0004 Land 04070 504 out -4 . 77E+032 -3.E53E+04 1.53E+032 2. 40E+02
TwrBsMyt Max |DLC1.3 0051 Land Z0.0V0 503. out 9. 04E+4032 1.53E+05 1.43E+032 1.13E+02
TurEsMzt Min |DLC1.3 006Z Land 24 070 S0EZ. out 2. 63E+03 4 _ 45E+04 -1.23E+04 L_&ZE+0Z
TwrBsHzt Max |DLC1l.32 0063 Land Z4.0V0_S503.out 4. 30E+032 2.0zZE+04 1.Z0E+04 E_33E+02

Table 6-4. Extreme Events for the Tower-Base Moments — Sea

T Bslxt TwrBsMyt TwrBsMzt Time
Parameter Type |File (RN -m) (kRN -m) (KN-m) {sec)
TwrEsMxt Min |DLC1.1 01582 Sea Z4.0¥0 05 5Hs 15.5Tp 201. out —1_33E+05 -1_Z1E+05 5.70E+0Z 6. 11E+0Z
TwrEBsMxt Max |DLC1.1 01l8Z Sea E4.0W0 OF.E5Hs 15.E5Tp S501. outc Z.15E+0E 2.1ZE+08 -9.88E+03 &.17E+0Z
TurBsMyt Min |DLC1.1 0164 Sea FZ.0V0 04.7Hs 13.4Tp S501. out 7.71E+04 -8_58E+05 1.z5E+04 Z.6EE+0F
TurBsMyt Max |DLC1.1 0164 Sea FZ.0¥0 04.7Hs 13.4Tp S01. out Z.78E+04 9.14E+05 1.z4E+04 Z.56E+0F
TwrEBsMzt Min |DLC1.4 0026 Sea ECDHR 02.4Hs 132.4Tp 503, out —&.40E+03 -1.85E+04 -Z.16E+04 8.32E+01
TwrBsM=t Max |DLCL1.3_0164 Zea 22.0W0_04_ 7Hs_13_ 4Tp_201.out S.0ZE+04 -6_Z1E+05& Z.15E+04 Z.63E+0Z
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The extreme-event tables record

e The extreme minimum and maximum loads (the shaded values on the block diagonal) for
each parameter (identified in the first column)

e The name of the simulation output file that triggered the extreme load (third column)
e The time at which the extreme load was reached (last column)

e The associated values of the other parameters that occur when the extreme load is
reached (off-diagonal values).

The loads data have all been weighted using the PSFs for loads described in Section 5.2. In an
actual turbine design, these loads data would be fed into a finite-element analysis (FEA) program
to determine the detailed stress distributions within individual turbine components, such as the
blades, hub, shaft, and tower. I did not perform this extra step, however, because my project is
only a conceptual and feasibility study.

In the parameter names for the blade-root moment tables, “Mxcl,” “Myc1,” and “Mzc1” refer to
the internal moments about the x-, y-, and z-axes of the coordinate system of Blade 1, which is
fixed in the hub so as not to rotate with the pitch control motion of the blade. The x-axis of this
coordinate system is directed nominally downwind, the y-axis is located in the plane of rotation,
and the z-axis is directed from the hub to the tip of Blade 1. (Reference [39] illustrates this
coordinate system and others related to the analyzed loads.) The parameters, then, correspond to
the in-plane bending moment, the out-of-plane bending moment, and the pitching (torsion)
moment at the root of Blade 1, respectively. In the parameter names for the tower base, “Mxt,”
“Myt,” and “Mzt” refer to the internal moments about the x-, y-, and z-axes of the tower-base
coordinate system. The x-axis of this coordinate system is directed nominally downwind, the y-
axis is directed transverse to the nominal wind direction, and the z-axis is directed vertically from
the tower base to the yaw bearing. The parameters correspond to the roll (side-to-side) bending
moment, the pitch (fore-aft) bending moment, and the yaw (torsion) moment at the tower base,
respectively. The file names list the DLC, the simulation number, the land or sea basis, the wind
and wave conditions, and the random-seed identifier.

For the wind turbine installed on land, Table 6-1 shows that DLCs 1.3 and 1.4 drive most of the
extreme root moments in Blade 1 and Table 6-3 shows that DLC 1.3 produces all of the extreme
moments in the base of the tower. In contrast, Table 6-2 and Table 6-4 show that DLC 1.1 plays
more of a role in triggering the ultimate loads for the wind turbine mounted on the barge. In
particular, the sea-based simulation numbered 164 in DLC 1.1 generates (1) the minimum and
maximum out-of-plane bending moments in the root of Blade 1, (2) the maximum pitching
moment in the root of Blade 1, (3) the minimum and maximum pitch bending moments in the
tower base, and (4) the maximum yaw moment in the tower base—all within a 7-s period of time
(i.e., from time 256 to 263 s).

6.1.3 Design-Driving Load Events

To determine the exact sequence of events and the physics behind the dynamic response that led
to the extreme load of each output parameter, I examined the time-series output from each of the
dominant simulations identified by the extreme-event tables.
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Figure 6-2 presents a portion of the time history for several output parameters from the sea-based
simulation numbered 164 in DLC 1.1. Results from independent FAST with AeroDyn and
HydroDyn and ADAMS with AeroDyn and HydroDyn runs are shown side by side. As
indicated within the associated file name in Table 6-2 and Table 6-4, this particular simulation
has a random-seed identifier of 01, stochastic winds with a mean hub-height wind speed of 22
m/s, and irregular waves with a significant wave height of 4.7 m and a peak spectral period of
13.4s.

The parameter names in Figure 6-2 that have not been previously defined earlier in this chapter
are as follows:

e “WindVxi” represents the instantaneous nominally downwind component of the wind
speed at the undeflected hub location.

e “WaveElev” represents the instantaneous wave elevation relative to the SWL at the origin
of the undisplaced platform.

o “PtfmPitch” represents the instantaneous pitch angle of the platform (barge).
e “GenPwr” represents the instantaneous electrical output of the generator.
e “RotSpeed” represents the instantaneous rotational speed of the rotor (low-speed shaft).

e “RotTorq” represents the instantaneous mechanical torque in the low-speed shaft.

The response of the floating system during the first half of the time histories in Figure 6-2 is
characteristic of its response in many other simulations. The incident waves cause the barge to
pitch back and forth. The ensuing motion in the supported wind turbine causes all the other
parameters to exhibit the same oscillatory behavior. Moreover, the pitching causes a large
translation of the wind turbine’s nacelle, which results in an oscillating inflow to the rotor. As
the platform pitches downwind (positive slope), the rotor’s relative wind speed decreases,
causing the applied aerodynamic torque to drop. The control system responds by driving the
blade-pitch angles to zero (not shown). As the aerodynamic torque drops, there is a mismatch
with the generator torque, so the rotor speed decreases as well. (The reverse is true when
pitching upwind.) The rotor speed exhibits much more variation than one would see in a land-
based wind turbine. (The rotor torque shown in Figure 6-2 equals the difference between the
applied aerodynamic torque and the rotor-inertia acceleration or deceleration by d’Alembert’s
principle [25], which is why the phase of the response may not follow intuition.)
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Figure 6-2. Time histories from sea-based simulation number 164 in DLC 1.1
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During the second half of the time history in Figure 6-2, the response of the floating system
changes considerably. As shown, a series of large incident waves begins to impinge on the
barge. These waves have a height of around 7 m and propagate near the barge-pitch natural
frequency of 0.0863 Hz. Concurrent with these waves are sustained hub-height winds near cut-
out (25 m/s) that are then followed by a gust to 30 m/s. These wind and wave conditions bring
about excessive pitch motion of the barge that leads to large loads in the blades and tower and
large excursions in the rotor-speed and generator power output, as well as extreme values in the
rotor-thrust, tower-top-displacement, and nacelle-acceleration output parameters (not all shown).
In fact, this one series of events drives one-quarter of the extreme values for all of the most
relevant output parameters. The loads plotted in Figure 6-2 are not scaled by the PSFs, which is
why the extreme values of the blade-root out-of-plane and tower-base pitch bending moments
seen in the FAST time histories do not exactly match the values listed in the extreme-event tables
shown earlier.

There are differences between the FAST and ADAMS predictions in Figure 6-2, mostly after the
series of events that trigger the largest loads. I believe that these differences are caused by the
greater structural fidelity of the ADAMS simulator, which includes torsion and mass offsets in
the blade model that are not accounted for in FAST. A clear consequence of these differences is
that the blade-pitch angles are smaller for ADAMS than for FAST because the control system in
FAST must compensate for the lack of blade twist. This difference is visible in the simulation
results I present next.

By examining Table 6-1 and the other extreme-event tables presented in Appendix F, I
discovered that DLC 1.4 drives the extreme out-of-plane blade-tip deflections and several blade
loads in both the land- and sea-based system configurations. Figure 6-3 presents a portion of the
time history for several output parameters during the sea-based simulation of this design-driving
event. Again, results from independent FAST with AeroDyn and HydroDyn and ADAMS with
AeroDyn and HydroDyn runs are shown side by side and the data are not scaled by the PSFs for
loads.

Of the parameter names not previously defined above or earlier in this chapter,
e “BIPitch1” represents the instantaneous pitch angle of Blade 1.

e “OoPDefl1” and “IPDefl1” represent the instantaneous out-of-plane and in-plane tip
deflections of Blade 1 relative to the undeflected blade-pitch axis.

o “NcIMUTAXxs” represents the instantaneous acceleration of the inertial measurement
unit, which is located in the nacelle at, and aligned with the centerline of, the main low-
speed shaft bearing.

e “PtfmYaw” represents the instantaneous yaw angle of the platform (barge).
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This particular simulation is numbered 101 and has a random-seed identifier of 04, a steady hub-
height wind speed of 13.4 m/s (2 m/s above rated) before the ECD event, and irregular waves
with a significant wave height of 2.7 m and a peak spectral period of 12.7 s. Before the ECD
event, which starts at 60 s, the barge oscillates in pitch, again because of the impinging surface
waves. This is seen in Figure 6-3 through the oscillatory effect on the out-of-plane blade-tip
deflection and root-bending moment, the nacelle fore-aft acceleration, the rotor speed, and the
blade-pitch angle. The blade-pitch angle varies depending on the action of the control system
responding to the oscillating rotor speed, which in turn is a result of the oscillating wind inflow
relative to the rotor. In an interesting result, even when the hub-height wind speed is above rated
and steady, there are still short periods of below-rated operation where power is lost.

The ECD event starts at 60 s and takes 10 s to reach the 15 m/s increase in wind speed and the
concurrent 54° change in wind direction. The wind direction shifts to the left when looking
downwind. As shown in Figure 6-3, the escalation in wind speed from the gust generates a rise
in the rotor speed and an increase in the blade-pitch angle as the control system tries to
compensate. But the change in wind direction produces a large nacelle-yaw error that eventually
causes the wind speed relative to the rotor to drop. This, in turn, causes the rotor speed and
blade-pitch angle to decrease. The maximum out-of-plane tip deflection (of nearly 14 m!) occurs
after this series of events, when the blade is pointing horizontally into the wind just after the
blade-pitch angle reaches its 0° minimum set point. The condition where this occurs is severest
for the blade deflections and loads because the blade is flat into the wind during that time.
Although the extreme out-of-plane bending moment at the root of Blade 1 is higher in DLC 1.1,
this series of events in DLC 1.4 brings about the maximum out-of-plane bending moment in
Blade 1 at 50% span (not shown in Figure 6-3, but included in Appendix F.2). The ECD event
also perturbs the yaw angle of the barge. After the event is over, the barge begins to yaw slightly
into the wind. There is still about a 50° nacelle-yaw error at 90 s into the simulation, but the
mooring lines eventually restrain the platform from yawing any farther.

Of all the different hub-height wind speeds I ran simulations for in DLC 1.4, the simulations at a
wind speed of 2 m/s above rated led to the largest out-of-plane blade-tip deflections in the
floating turbine. This wind speed was associated with the highest wave heights and the resulting
barge-pitch motion exacerbated an existing problem. In the wind turbine installed on land, the
DLC 1.4 simulations run at rated wind speed generated the largest out-of-plane blade-tip
deflections and bending moments.

For the land-based wind turbine, DLC 1.3 played a significant role in driving many of the
extreme values of the most relevant output parameters not driven by DLC 1.4. Although I do not
present any of the time histories, DLC 1.3, with its extreme wind turbulence, was particularly
dominant because the resulting wind inflow contained many drastic jumps or drops in wind
speed. These wind speed changes generated ultimate loads because the control system could not
react fast enough. Jumps in wind speed from below to above rated, or from above to below
rated, created particularly large deflections and loads because of the peak in thrust at rated.
Large variations in wind speed near cut-out were also problematic.

The wind turbine mounted on the floating barge was more affected by the waves than the wind.
Consequently, DLC 1.1 in the sea-based analysis, which has the higher effective PSF for loads,
dominated the loads results more than DLC 1.3, which has higher levels of wind turbulence. In
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other words, higher PSF for loads were more important than higher levels of wind turbulence.
For example, the maximum magnitude of acceleration in the nacelle at the main shaft bearing
was 10.1 m/s* (just over 1 g) in the floating turbine, as driven by large waves in DLC 1.1, but
only 1.4 m/s* in the land-based turbine, as driven by extreme wind turbulence in DLC 1.3.

The only loads in the floating system that appeared to be driven more by wind than waves were
the tensions in the mooring lines. The tensions, particularly at the anchors and the fairleads of
the upwind mooring lines, were driven by simulations involving sustained winds at or near rated
wind speed. This is because sustained winds at rated generate the highest sustained rotor-thrust
forces, which push the barge far downwind (i.e., a large surge displacement), and tug on the
upwind mooring lines. Even at maximum tension, though, there was enough slack in the
mooring lines to keep them from pulling upward on the anchors. This result means that
inexpensive anchors could be used.

In relation to DLCs 1.1, 1.3, and 1.4, DLC 1.5, which considers transient wind-shear events, did
not play a significant role in driving ultimate loads in either the land- or sea-based wind turbine
systems.

6.1.4 Comparing Land- and Sea-Based Loads

We took the absolute extreme values of each parameter (i.e., the absolute maximum values of the
minima and maxima, from the block diagonals of the extreme-event tables) of the sea-based
analysis of DLCs 1.1, 1.3, 1.4, and 1.5 and divided them by the corresponding absolute extremes
of the land-based analysis. The resulting dimensionless ratios quantify the impact of installing
the NREL 5-MW baseline wind turbine on the floating ITI Energy barge. I present the ratios for
many of the parameters in Figure 6-4. A ratio of unity (indicated by the dashed horizontal line)
would imply that the absolute extreme is unaffected by the dynamic couplings between the
turbine and the floating barge in the presence of combined wind and wave loading. Ratios
greater than unity imply an increase in load or response that may have to be addressed by
modifying the system design in subsequent analysis iterations.

The chart in the upper-left corner of Figure 6-4 presents the sea-to-land ratios for the absolute
extremes of the generator power, generator torque, generator (high-speed shaft) speed, and rotor
(low-speed shaft) speed. The sea-to-land ratio of the generator torque is unity because the
variable-speed control system, which is identical in the land and sea analyses, places a limit on
the torque command to avoid excessive overloading of the generator and gearbox (see Section
3.1.6.2). Nevertheless, greater generator power excursions are seen in the sea-based system
because of the increased excursions in generator speed. This may have to be addressed in the
floating wind turbine to avoid generator burnout. The sea-to-land ratios of the generator and
rotor speed are identical because the high- and low-speed shafts are directly coupled through the
gearbox. The rotor-speed excursions in the floating wind turbine are 60% higher than those seen
in the turbine installed on land. These excursions are the result of the oscillatory wind inflow
relative to the rotor from the pitching motion of the barge, as discussed earlier. They will most
assuredly lead to an increase in aeroacoustic emissions from the rotor, which may or may not be
important offshore.
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Figure 6-4. Sea-to-land ratios from DLCs 1.1, 1.3, 1.4, and 1.5

The chart in the upper-right corner of Figure 6-4 presents the sea-to-land ratios for the absolute
extremes of the out-of-plane and in-plane tip deflections of Blade 1 and the fore-aft and side-to-
side displacements of the tower top (i.e., yaw bearing). The sea-to-land ratio for the tower-top
fore-aft displacement exceeds the upper bound of 5 placed on the ordinate, which is why its
value of 5.6 is listed. This ratio is much larger than the sea-to-land ratio of the out-of-plane
blade-tip deflection again because of the inverted-pendulum effect discussed earlier. The larger
excursions of in-plane blade-tip deflection in the sea-based system are the result of faster rotor
rotational accelerations, corresponding with the elevated excursions in rotor speed. The tower
side-to-side displacements are larger in the floating wind turbine because larger yaw errors are
present between the nominal wind direction and the rotor axis. These, in turn, come from the
yaw motion of the barge. That motion is excited by a gyroscopic yaw moment resulting from the
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spinning inertia of the rotor in combination with the pitching motion of the barge. Larger yaw
motions are permissible because of the yaw compliance of the mooring system.

The remaining four charts in Figure 6-4, from the middle-left to the lower-right corner, present
the sea-to-land ratios for the absolute extremes of the forces and moments in the root of Blade 1,
in the low-speed shaft at the main bearing, in the yaw bearing, and in the tower base,
respectively. In the parameter names, “FMxy” refers to the magnitude of the internal shear force
in the transverse x- and y-plane of the various coordinate systems. These were found by taking
the vector sum of the shear forces along the x- and y-axes. Similarly, “MMxy” refers to the
magnitude of the internal bending moment in the transverse x- and y-plane of the various
coordinate systems, calculated by taking the vector sum of the bending moments about the x- and
y-axes. We computed the maximum values of the vector sums as opposed to the more
conservative calculation of the vector sums of the maximum values. The remaining parameters
refer to the axial forces along, and the torsion moments about, the primary axis of the members.

The sea-to-land ratios of the internal shear force and bending moment magnitudes, in general,
increase as one follows the load path from the blade tip, through the drivetrain and nacelle, to the
tower base. This increase in relative loading between the sea- and land-based systems results
again from the inverted-pendulum effect in the floating wind turbine; that is, there is more effect
of loading from inertia farther down the load path. The axial forces in the blades are increased in
the floating wind turbine relative to the onshore turbine because of the centripetal effect from
elevated excursions in rotor speed. The axial forces at the yaw bearing and tower base are larger
in the floating system than in the onshore system because of the heave motion of the barge as it
follows the up and down elevation of the waves. The sea-to-land ratio of the rotor thrust,
“RotThrust,” is large because it is computed not as the applied aerodynamic thrust, but as the
internal force within the low-speed shaft, which by d’Alembert’s principle [25] is the difference
between the applied thrust and the fore-aft rotor-inertia acceleration or deceleration. The inertia
effect itself is large again because of the barge-pitch motion. To withstand the increased loading
for the wind turbine mounted on the floating barge, the tower will certainly have to be
strengthened, and the blades and drivetrain may have to be as well.

Of course, all the results presented so far were derived from the environmental conditions at the
chosen reference site. As I discussed in Section 3.3, we chose this reference site for its fairly
extreme wind and wave conditions, with the implication that if the results of the loads analysis
are favorable, the floating wind turbine system under consideration will be applicable at almost
any site around the world. The loads-analysis results indicate, however, that without design
modifications, there is the potential for loads in the floating wind turbine that are much larger (up
to 6.4 times as large at the tower base, as indicated in Figure 6-4) than what would be seen in an
equivalent onshore wind turbine. Because of this, it is beneficial to examine whether or not the
existing concept, without modification, may be better suited at a site where conditions are less
severe.

I studied the effect of the choice in reference site by rerunning the sea-based loads analysis with
varying environmental conditions. Instead of choosing different locations to reobtain metocean
data, I took a simpler approach and obtained varying environmental conditions by modifying the
existing data from the chosen reference site. I chose to adjust only the data of significant wave
height because the size of the waves was the key parameter that led to the excessive pitching of

114



the barge and subsequent loading of the floating wind turbine. I did not modify the wind-speed
data because I wanted to maintain a fair comparison to the results from the land-based wind
turbine, which is unaffected by wave conditions. Neither did I modify the wave-period data
because the range of wave periods considered are typical of sites around the world and because I
did not want to adversely affect the wave steepness. (The wave steepness is related to the wave
height and wavelength, the latter of which is dictated by the wave frequency or period.) I
adjusted the data of significant wave height by scaling down the magnitude of each data sample
provided by the Waveclimate.com service, which corresponds to scaling consistently across all
other conditions. I chose wave-height scaling factors of 75%, 50%, 25%, and 0%. For example,
with a wave-height scaling factor of 50%, the expected value of the significant wave height
would increase with the mean hub-height wind speed that it is conditioned on, from about 0.8 m
(instead of 1.6 m) at cut-in to about 3.0 m (instead of 5.9 m) at cut-out (the original data are
plotted in Figure 3-15). A wave-height scaling factor of 0% represents still water with no
incident surface waves (but outgoing waves can still be generated by wave radiation).

I reran the sea-based loads analysis with the reference-site data adjusted by each wave-height
scaling factor. Figure 6-5 presents the sea-to-land ratios for the absolute extremes from the rerun
loads analysis of DLCs 1.1, 1.3, 1.4, and 1.5. The leftmost ratios of each parameter, labeled
“100% - Original,” correspond to the ratios presented in Figure 6-4, which result from the
original reference-site data. The remaining ratios of each parameter correspond with decreasing
severity in the wave conditions, from left to right.

For most parameters, the sea-to-land ratios decline rapidly at first, then drop off more slowly
with decreasing severity in the wave conditions. So, interestingly, the response is nonlinear even
though the hydrodynamic model is primarily based on linear radiation and diffraction theory (see
Section 2.4). This implies that other nonlinear features of the model—such as aerodynamic
loading, turbine dynamics, and control actions—are affecting the response. Moreover, even in
still water, the wind turbine mounted on the barge experiences higher loading than the turbine
that is installed on land. In fact, the absolute extreme magnitude of the internal bending moment
at the base of the tower is still 60% higher for the floating wind turbine in still water than for the
turbine on land. This implies that the barge pitches because of the wind inflow as well as wave
excitation. Nevertheless, the results show that the potential loads in the floating wind turbine
will be considerably less at a sheltered site than at a site in the open ocean.

6.1.5 Drawing Conclusions about Responses in Normal Operation

To summarize the results presented in this section, the pitching motion of the barge brings about
load excursions in the supported wind turbine that exceeds those experienced by the turbine
when it is installed on land. The load excursions are worse in the tower than in the blades
because of the increased effect of inertia from the barge-pitch motion. To arrive at a technically
feasible concept, the design will need to be modified, except possibly at the most sheltered of
sites. This is not surprising, however, because I made no attempt to minimize the motions of the
floating platform in this analysis, which was the first step of the design-iteration process outlined
in the beginning of Chapter 5.

Two forms of design modifications are possible. First, the turbine, especially the tower, could be
strengthened to enable it to withstand the increased loading. However, this approach may not be
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Figure 6-5. Sea-to-land ratios for variations in significant wave height

cost-effective even though the wind turbine in an offshore floating system represents a smaller
fraction of the total installed cost than in an onshore system. Second, design alterations may be
able to improve the response of the floating system to diminish the increases in loading.

One possible approach to improving the response of the floating system is to add design features
that will increase damping to stabilize the barge-pitch motion. In ITI Energy’s original concept,
not only is the barge designed to support the NREL offshore 5-MW baseline wind turbine, but it
is also a platform for an OWC wave-power device. Unfortunately, I could not model the OWC
device with my current simulation tool, as described in Sections 3.2 and 4.1.2. But if positioned
suitably and controlled properly, the OWC may be able to introduce damping of the barge-pitch
motion while extracting wave energy. This concept is currently being researched through
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analytical modeling and wave-tank testing at NAME at the Universities of Glasgow and
Strathclyde [98]. Other actuator opportunities include gyro actuators, used commonly for system
stabilization in aerospace and spacecraft applications, or hydrodynamic thrusters, used
commonly for station-keeping in naval architecture.

To dampen the barge-pitch motion, it may also be possible to develop a wind turbine control
system that relies on the conventional wind turbine actuation of blade pitch, generator torque,
and nacelle yaw. In Chapter 7, I present the results of my analysis examining the influence of
conventional blade-pitch control systems on the pitch damping of the wind turbine—plus
floating barge—system.

Beyond active control, a simpler solution for improving the barge-pitch damping may be to
introduce passive damping devices into the underlying design. Tuned-mass dampers (TMDs) are
frequently employed in skyscrapers to dampen wind-induced vibrations. Similarly, a TMD
could be placed at the top of the wind turbine’s tower; when tuned at the natural period of the
rigid-body—turbine plus barge—pitch mode, such a system could dampen pitching (and rolling)
motion dramatically. It may also be possible to dampen the barge rotational motions with the
equivalent of passive anti-roll stabilizers installed within or on top of the barge. (Anti-roll
stabilizers, which are commonly installed on ships, act like TMDs, but are made of water-filled
U-tube tanks [22].) The platform’s hydrodynamic radiation damping and viscous drag could also
be increased by incorporating damping orifices in the planform of the barge or horizontal
damping plates and / or bilge keels positioned below the free surface.

Instead of trying to improve the barge-pitch damping, it may be better to add DOFs in or
between the floating platform and the wind turbine to eliminate the direct coupling between the
motions of the platform and the turbine. For example, articulated joints could be installed in the
floating platform, as in the Versabuoy offshore system,” or between the wind turbine’s tower and
nacelle, as in the Wind Eagle turbine [46].

Finally, the easiest solution may be to modify the geometry of the floating platform or the layout
of the mooring system, or both, to reduce the barge’s natural pitch motion. This would,
consequently, minimize the impact on the supported wind turbine. Possibilities include
streamlining the shape of the barge to allow surface waves to more easily pass by (i.e., as in a
spar-buoy concept), shifting the CM closer to the COB through ballast (i.e., as in a spar-buoy
concept), or introducing tauter mooring lines (i.e., as in a TLP concept).

6.2 Other Load Cases

As mentioned in this chapter’s introduction, I identified problems with both the land- and sea-
based system configurations when we processed the loads-analysis results for DLCs 1.6a, 2.x,
6.x, and 7.1a. These DLCs are concerned with the wind turbine when it is experiencing a fault,
when it is idling, and / or when it is being excited by 1- and 50-year wind and wave conditions. I
describe these problems in more detail here, but because the loads resulting from the problems
were unreasonable, I do not quantify them. I also discuss potential design modifications that
may be used to correct the problems.

2 Web site: http://www.vbuoy.com/index.html
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Section 6.2.1 describes the tower side-to-side instability of the land-based wind turbine, Section
6.2.2 describes the platform-yaw instability of the sea-based wind turbine, and Section 6.2.3
describes the susceptibility of the barge to excessive motions in extreme waves. All of these
results are based on the loads-analysis data. Though not presented here, we have also analyzed
the instabilities using linear system models and obtained consistent results (see Ref. [2]).

DLC 2.3 considers an extreme operating wind gust concurrent with a loss of load. I did not
include the results for this case in Section 6.1 because of the way I split the results into
meaningful groups. Because DLC 2.3 did not cause problems in either the land- or sea-based
wind turbine systems—relative to DLCs 1.6a, 2.1, 6.x, and 7.1a—I do not discuss any of the
results from DLC 2.3 in this work.

6.2.1 Tower Side-to-Side Instability of Land-Based Wind Turbine

The first problem I discovered was a side-to-side instability in the tower of the wind turbine
installed on land. This instability was identified when we were analyzing the loads predicted by
land-based DLC 6.2a. The instability occurs when the turbine is idling with all blades fully
feathered to the maximum pitch setting of 90°, but only when the rotor is positioned at certain
azimuth angles and is misaligned with the mean wind direction by 20° to 40° on either side of 0°.
(DLC 6.2a considers the full range of yaw misalignments because of an assumed inability of the
nacelle-yaw controller to align the rotor with the wind when electrical power is unavailable
because the grid is lost.) DLC 6.2a required me to analyze this situation with extreme 50-year
wind conditions, Vsp = 50 m/s. After more study, though, we discovered that the instability is
predicted at much lower wind speeds, as low as a mean hub-height wind speed of 25 m/s. The
instability is more severe, however, at the higher wind speeds. The instability leads to excessive
limit-cycle oscillations in the tower-top side-to-side displacement and the tower-base side-to-side
(roll) bending moment. The oscillations occur at about 0.32 Hz, which corresponds with the
natural frequency of the first side-to-side bending mode of the tower (see Table 3-11).

In the sea-based simulations of DLC 6.2a, it is difficult to distinguish an instability from the
excessive barge motions generated by the extreme 50-year wave conditions (described as the
third problem in Section 6.2.3 below). To eliminate the excessive barge motions, we reanalyzed
the floating wind turbine with all of the specifications of DLC 6.2a except the 50-year wave
conditions, which we replaced with still water. In this situation, the instability is nonexistent; in
a fascinating finding, the barge compliance actually helps to eradicate the side-to-side instability
in the land-based tower, at least when no incident surface waves are present. In other words, the
tower is prevented from going unstable because of the barge’s compliance in still water.

The reason for the instability in the land-based turbine is almost certainly because the amount of
structural damping in the first side-to-side bending mode of the tower is exceeded by the amount
of energy the rotor absorbs within the critical range of rotor-azimuth and nacelle-yaw-error
angles. This probably results from the range of wind-inflow angles of attack on the blades
during those conditions. It is difficult to determine what causes what, though, because of the
classic chicken-and-egg problem: Which comes first? The oscillation in angles of attack or the
instability? It is also difficult to determine if the predicted instability is physical or an artifact of
my analysis. As described in Section 5.1, I ran this DLC without AeroDyn’s induction or
dynamic-stall models enabled because they are not applicable in this idling case, particularly at
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very high post-stall angles of attack. Examining the time histories of the angles of attack might
be worthwhile for determining if the simple lookup-table aerodynamic methods that I used are
adequate in this situation. The examination might also allow one to determine if other
aerodynamic theories are more appropriate and would predict different behavior. But I did not
consider this action necessary in this preliminary analysis.

Nevertheless, the information I do know about the tower side-to-side instability of the land-based
wind turbine suggests two possible remedies that may be pursued if the problem is real instead of
virtual. First, it may be possible to modify the shape of the airfoils in the blades to reduce the
amount of energy absorption at the problematic angles of attack.” A second possibility is to
apply a fail-safe brake to park the rotor in extreme winds and to keep it away from the critical
azimuth positions. The downside to this second solution is that it may cause excessive wear on
the brake and become a source of routine maintenance. In the time history presented in Figure
6-6, however, I show that this solution does work. The figure shows the results of two separate
FAST simulations. The first simulation considered the onshore wind turbine idling with all
blades fully feathered in steady uniform 50-m/s winds and a nacelle-yaw error of 30°. The
second simulation used the same set of conditions, but at 150 s into the simulation, we applied a
high-speed shaft brake. Before the brake is engaged, the responses predicted by the two
simulations are identical. After the brake is engaged, the amplitude of the limit-cycle oscillation
in the tower-top side-to-side displacement is reduced significantly. (The cycles are very close
together and difficult to discern because the frequency of about 0.32 Hz is small for the range of
simulation times considered on the abscissa.)
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Figure 6-6. Time history of the tower side-to-side instability
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6.2.2 Platform-Yaw Instability of Sea-Based Wind Turbine

The second problem I discovered was a yaw instability in the barge of the floating wind turbine.
The instability occurs when the rotor is idling with a fault, where one blade (the faulted blade) is
seized at the minimum pitch set point of 0° and the other two blades are fully feathered to the
maximum pitch setting of 90°. We identified this instability during analysis of the loads
predicted by sea-based DLCs 2.1 and 7.1a. In DLC 2.1, which considers normal wind and wave

> Even though the NREL 5-MW baseline wind turbine model is heavily based on the publicly available
specifications of the REpower 5M prototype wind turbine, there is no reason to conclude that the REpower SM
machine has a tower side-to-side instability. The airfoil properties (which influence the instability) of the NREL 5-
MW baseline wind turbine are likely very different from those of the REpower 5M turbine.
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conditions, the instability occurs after the protection system has detected the blade-pitch fault
and shut down the turbine. The instability is more severe in DLC 7.1a, which required me to
analyze this fault condition under extreme 1-year wind and wave conditions with misalignments
in the mean wind and wave directions of £8° and £30°, respectively. After more study, however,
we discovered that the instability is predicted by my simulation tool regardless of the yaw
misalignment and also in still water. The instability is caused by a coupling of the barge-yaw
motion with the azimuthal motion of the seized blade, and leads to excessive limit-cycle
oscillations in the barge-yaw displacement. This, in turn, may cause a knotting of the mooring
lines (although my simulation tool cannot model line-to-line interference), excessive loading of
the wind turbine from the ensuing dynamics, or both. The oscillations occur at about 0.02 Hz,
which corresponds with the natural frequency of the rigid-body—turbine plus barge—yaw mode.

The idling-plus-fault condition does not cause a problem in the land-based wind turbine because
it has very little yaw compliance. This condition may cause problems, however, that are more
pronounced in floating spar-buoy or TLP concepts than in the floating barge because the former
concepts are likely to be more compliant in yaw because smaller moment arms are available to
resist yaw moments. In the floating barge, the yaw instability may also be less severe than my
simulation tool predicts because my model considers hydrodynamic damping in yaw only from
wave radiation (i.e., potential flow), which is negligible at the yaw mode natural frequency (see
Bgs in Figure 4-5 at about 0.02 Hz = 0.1257 rad/s). In actuality, hydrodynamic viscous damping
in yaw may be more dominant. Hydrodynamic viscous damping in yaw comes from vortex
shedding off the corners of the barge and skin friction, neither of which are accounted for in my
model (Morison’s equation considers viscous drag only in surge, sway, roll, and pitch—see
Section 2.4.2.2). It may be worthwhile to try to quantify the viscous-drag contributions through
wave-tank tests for the vortex-shedding drag and / or ship-resistance formulas for the skin-
friction drag to see if they provide enough damping to eliminate the yaw instability. But, as in
our investigation of the tower side-to-side instability, I did not consider this action necessary at
this time.

As in the tower side-to-side instability, several pathways may be pursued to eliminate the yaw
instability of the barge if the problem is real instead of virtual. Possibilities include

e Supplementing the existing yaw damping by installing damping plates below the free
surface

e Increasing the yaw stiffness by adding a so-called “crowfoot” at the connection between
each mooring line and the barge

e Applying a fail-safe shaft brake to park the rotor when shutdown

e Reducing the pitch angle of the fully feathered blades to generate a low, but persistent,
aerodynamic torque that will produce a slow roll of the rotor while idling.

The latter two solutions would prevent the seized blade from coupling with the platform-yaw
motion. Again, we tested the brake approach with FAST simulations and present the results in
Figure 6-7. The first simulation considered the floating wind turbine idling with one blade flat
into the wind (faulted) and with steady uniform 40-m/s winds and no incident surface waves
(still water). The second simulation used the same set of conditions, but at 100 s into the
simulation, we applied a high-speed shaft brake. Before the brake is engaged, the responses
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Figure 6-7. Time history of the platform-yaw instability

predicted by the two simulations are identical. After the brake is engaged, the limit-cycle
oscillation in the barge-yaw displacement is eliminated.

6.2.3 Excessive Barge Motions in Extreme Waves

The final problem I discovered through my loads analysis was that the floating barge is
susceptible to excessive motions when the incident waves are large and / or steep, such as during
extreme 1- or 50-year wave conditions. This is especially true with the harsh conditions that
occur at the chosen reference site. The problems exist whether the wind turbine is idling, as in
DLCs 6.x and 7.1a, or producing power, as in DLC 1.6a. The response is worse, however, in
the idling turbine because the operating turbine introduces more aerodynamic damping. The
response is also worse in the 50-year wave conditions than in the 1-year conditions. The
problems in DLCs 1.6a or 6.x are not related to a system instability because the problems
disappear in simulations where the extreme wave conditions are exchanged with still water.

The problematic motions usually occur in a series of stages. First, the barge begins to pitch back
and forth as it moves with the incident surface waves. The large pitching motion leads to
excessive deflections in the blades and tower of the wind turbine. When the blades deflect
asymmetrically because of variations in the rotor-aximuth angle, turbulence in the wind, or
misalignment of the waves from the barge’s planes of symmetry, the barge gets excited in other
modes of motion, such as roll and yaw.* The overall result is excessive deflections and loading
throughout the entire system, from the blades to the moorings. The problem is so bad that even
though the blade tips of the undeflected or undisplaced floating turbine are positioned 30 m
above the SWL (see Section 3.1), the system gets jostled so severely that the blade tips pass
below the free surface in many of the DLC simulations involving 1- and 50-year wave
conditions.

All of the simulations exhibiting this problem contain waves and responses that most assuredly
violate linear hydrodynamic radiation and diffraction theory, and my simulation tool is invalid in

* This response shows the importance of the fully coupled dynamics solution, demonstrating that the motions of the
support platform are coupled with the motions of the wind turbine. The simulations in Section 6.1 demonstrate that
the wind turbine excites the floating platform yaw motions through the rotor’s gyroscopic effect. The simulations in
DLCs 6.x and 7.1a, however, show that asymmetric deflections in the wind turbine also contribute to excitation of
the platform motions. (The coupling between the wind turbine and floating platform motions is not the result of
rotor gyroscopics because the rotor is idling—not spinning—in these DLCs.)
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these situations. It is unclear, however, whether the “real” responses would fare better or worse.
This is simply a fundamental limitation with my analysis, if not with most other computational
capabilities available in the offshore O&G industry today. To get around these limitations,
wave-tank testing of a scaled model under equivalent conditions is required. This work has
already been initiated at NAME at the Universities of Glasgow and Strathclyde [98].

More likely than not, unless the barge is installed only at sheltered sites, modifications to the
system design will be required to eliminate the vulnerability of the barge to extreme waves. The
design modifications listed in Section 6.1.5 will help to solve this problem, except those
modifications that involve active wind turbine control (which are not applicable to an idling
turbine), or active control of other actuators (which cannot always be relied on during extreme
events). I plan to examine many of these design modifications in subsequent projects.
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Chapter 7 Influence of Conventional Control on Barge-Pitch
Damping

Chapter 6 showed that the pitching motion of the ITI Energy barge brings about load excursions
in the supported wind turbine that exceed those the turbine experiences when it is installed on
land. One possible approach to improving the response of the floating system is to incorporate
design features that will increase damping to stabilize the barge-pitch motion. Damping can be
tailored through passive design features and active control. The NREL offshore 5-MW baseline
wind turbine I developed and used in the land- and sea-based loads analyses relied on a
conventional variable-speed, variable blade-pitch-to-feather control system (see Section 3.1.6).
A consequence of conventional pitch-to-feather control of wind turbines, though, is that steady-
state rotor thrust is reduced with increasing wind speed above rated (see Figure 3-12). As
pointed out by Nielsen, Hanson, and Skaare in Ref. [75, p. 673], “this effect may introduce
negative damping in the system that may lead to large resonant motions of [a] floating wind
turbine.” As the loads-analysis results of Chapter 6 demonstrate, it is important that the damping
of the barge-pitch mode be positive and kept as large as possible.

Section 7.2 addresses the influence of conventional wind turbine control methodologies to the
pitch damping of the floating wind turbine system analyzed in Chapter 6. In this work, my aim
was to modify the baseline control system of the NREL 5-MW turbine to improve the pitch
damping of the ITI Energy barge. Moreover, I wanted to make these improvements using
conventional wind turbine control techniques to establish a modified baseline with which I could
compare more advanced or unconventional control scenarios. Even though I performed this
work specifically for the NREL baseline wind turbine and the ITI Energy barge, the analysis
process is valid for other concepts in which floating platforms support wind turbines controlled
by blade pitch. Section 7.3 qualitatively discusses other potential methods for improving the
damping performance using wind turbine control.

First, however, it is important to describe the barge-pitch damping problem in more detail.
Section 7.1 presents more details and a quantification of the problem.

7.1 Overview of the Platform-Pitch-Damping Problem

The barge-pitch damping problem can be analyzed by considering the rigid-body platform-pitch
mode as a single DOF. The equation of motion for this simple model is

(]Mass + ARadiation ) g + (BRadiation + BVisc'ous ) g + (CHydrastatic + CLines )é: = LHHT > (7_ 1)

where & is the platform-pitch angle (i.e., rotational displacement), & is the platform-pitch

rotational velocity, 5 is the platform-pitch rotational acceleration, /g is the pitch inertia
associated with wind turbine and barge mass, Agrugiaion 15 the added inertia (added mass)
associated with hydrodynamic radiation in pitch, Bgugiuion 1S the damping associated with
hydrodynamic radiation in pitch, Byiscous 1 the linearized damping associated with hydrodynamic
viscous drag in pitch, Crygrosiaic 18 the hydrostatic restoring in pitch, Cpine 1s the linearized
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hydrostatic restoring in pitch from all mooring lines, 7" is the acrodynamic rotor thrust, and Ly is
the hub height (i.e., rotor-thrust moment arm).

Though not directly evident from Eq. (7-1), the aerodynamic rotor thrust also contributes to the
platform-pitch damping. To consider its effect, it is convenient to state the equation of motion in
terms of the translational motion of the hub instead of the pitching motion of the platform. For
small pitch angles, the translational displacement of the hub, x, is linearly related to the platform-
pitch angle by

x=L,,&. (7-2)

Like the blade-pitch sensitivity discussed in Section 3.1.6.3, the aerodynamic rotor thrust
depends on the wind speed, rotor speed, and blade-pitch angle. To be clear, its dependence on
the wind speed is actually a dependence on the relative wind speed at the hub because the hub
can move in this simple model of the platform-pitch mode. If the hub translation varies slowly,
the wake of the rotor will respond to changes in hub speed just as it does to changes in wind
speed. Considering variations in aerodynamic rotor thrust only with hub speed, a first-order
Taylor series expansion gives

oT .
T:To—yxa (7-3)

where 7T) is the aerodynamic rotor thrust at a linearization point and V is the rotor-disk-averaged
wind speed.

The negative sign appears in Eq. (7-3) because, from Figure 2-1, positive platform-pitch angles
correspond to downwind translational displacements of the hub, resulting in a reduction of the
relative wind speed. By combining Egs. (7-1) through (7-3) and simplifying, the equation of
motion of the platform-pitch mode stated in terms of the translational motion of the hub becomes

[IMass +;4Radiation ]X + ( BRadiation2+ BViscous + oT Jx + ( CH)’d””Slm;” + Cme jx = T;} .
LHH LHH a V LHH

—
M«\' C.‘( K.Y

(7-4)

As in the PID-controlled rotor-speed error, one can see that the isolated rigid-body platform-
pitch DOF will respond as a second-order system with the natural frequency, w,,, and damping
ratio, {;, equal to

= [—=x 7-5
a)xn Mx ( )
and
C
=z 7-6
6 2K .M, (7-6)
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Most of the terms in the effective mass, damping, and stiffness coefficients in Eq. (7-4) are easy
to quantify. In particular, the terms related to the effective mass and stiffness, including the
added inertia (added mass) in pitch and the linearized pitch restoring of the mooring system, are
easily computed from a linearization analysis in FAST with HydroDyn. This linearization
analysis resulted in a platform-pitch natural frequency for the ITI Energy barge with the NREL
5-MW baseline wind turbine of w,, = 0.5420 rad/s = 0.0863 Hz.!

Two terms in Eq. (7-4), the damping associated with hydrodynamic radiation in pitch, Bgradiasion,
and the thrust sensitivity to wind speed, 07/0V , are more difficult to quantify. The former is

problematic because the hydrodynamic wave-radiation loads in the true linear hydrodynamic-
loading expressions are actually described by a convolution integral (see Section 2.4.1.3), which
is used to capture the wave-radiation memory effect. This convolution term is not convenient in
this analysis or in the design of modern control systems. For use in controls engineering, for
instance, Ref. [53] describes a method of converting the convolution term to state-space form by
adding “radiation memory states.” To get around this complication in this analysis, however, I
neglected the memory effect and approximated Bgrugiaion as the amount of linear radiation
damping at the platform-pitch natural frequency, w,, (i.e., Bradiation =~ 0.86E+8 kg-mz/s from
Figure 4-5). This choice is consistent with the linear time-domain representation of the
frequency-domain problem described in Section 2.4.2.1.

The thrust sensitivity to wind speed, 07/0V , can be computed in multiple ways. One way

would be to estimate this sensitivity (at each wind speed) as the slope of the steady-state thrust
versus wind-speed response discussed in Section 3.1.8 and presented in Figure 3-12. (Because
the aerodynamic rotor thrust depends on wind speed, among other factors, the thrust sensitivity
to wind speed depends on wind speed as well.) This way of computing the thrust sensitivity to
wind speed characterizes the sensitivity of an ideal closed-loop blade-pitch speed-regulation
system. I say “ideal” because a real blade-pitch control system (see Section 3.1.6.3) responds to
rotor-speed error (not variations in wind speed) and because the steady-state speed is constant
with wind speed throughout Region 3 where the rotor-speed control system functions (again, see
Figure 3-12).

A second way of estimating the thrust sensitivity to wind speed would be to perform a
linearization analysis in FAST with AeroDyn. FAST with AeroDyn could be used to compute
OT/oV at each of a number of given, steady, and uniform wind speeds and at the associated

rotor speeds and blade-pitch angles from the steady-state response. This would be accomplished

! This frequency falls in the range of typical sea states, which have peak spectral periods in the range of 5 to 20 s
(see Figure 3-15) corresponding to frequencies in the range of 0.05 to 0.2 Hz (i.e., 0.314 to 1.257 rad/s). The barge
will tend to oscillate at the excitation frequency of the incident waves, but the motions will be most severe when the
wave-excitation frequency is at or near the barge’s natural frequency. If the barge were to oscillate at its natural

frequency with a pitch amplitude of 4., the amplitude of the hub translational velocity would be 4L, = and the

amplitude of the hub translational acceleration would be 4.L, @. . For A= 5° this translates into hub velocity and

acceleration amplitudes of about 4.26 m/s and 2.31 m/s® =0.24 g’s, respectively; for A-= 10°, this translates into hub
velocity and acceleration amplitudes of about 8.51 m/s and 4.61 m/s* = 0.47 g’s, respectively. At these amplitudes,
the wind turbine control system will continuously switch between below- and above-rated control regions, except at
the very lowest and highest mean hub-height wind speeds.
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by perturbing the wind speed at each operating point and measuring the variation in the resulting
aerodynamic thrust (using the same process described in Section 3.1.6.3 for computing the
aerodynamic power sensitivity to blade-pitch angle). This way of computing the thrust
sensitivity to wind speed characterizes the sensitivity of an open-loop system because the blade-
pitch angle is not varied with the perturbations in wind speed.

I calculated 07/0V using both methods and show the results in Table 7-1. I found the slope of

the steady-state thrust versus wind-speed response in the ideal closed-loop method from the
central-difference approximation of the derivative using the two wind speeds on either side of
each given wind speed. This is why I did not estimate the slope at the cut-in and cut-out wind
speeds. The magnitude of this slope is largest near rated, where the slope changes sign. In the
open-loop method, the thrust sensitivity increases with wind speed below rated and remains flat
and positive above rated.

Using these thrust sensitivities to wind speed and other properties of the ITI Energy barge with
the NREL 5SMW baseline wind turbine, I estimated the barge-pitch damping ratios according to
Eq. (7-6). Figure 7-1 presents these ratios. The barge-pitch damping ratio is largest in
magnitude and changes sign at the rated wind speed of 11.4 m/s for the ideal closed-loop
method, just like the thrust sensitivity to wind speed. Just above rated, the damping ratio is less
than —10%. Near the cut-out wind speed of 25 m/s, the positive-valued hydrodynamic-radiation
and viscous damping exceed the magnitude of the negative-valued aerodynamic damping, so the
barge-pitch damping ratio becomes slightly positive again. In the open-loop method, the barge-

Table 7-1. Pitch-to-Feather Sensitivity of Aerodynamic Thrust to Wind Speed

Wind Speed [Rotor Speed |Pitch Angle Open-Loop 6T /oV| Ideal Closed-Loop oT/o0V
(m/s) (rpm) ©) (N/(m/s)) (N/(m/s))
3.0 - Cut-In 6.97 0.00 29.43E+3

4.0 7.18 0.00 32.81E+3 48.61E+3
5.0 7.51 0.00 36.17E+3 57.17E+3
6.0 7.94 0.00 39.86E+3 64.83E+3
7.0 8.47 0.00 43.63E+3 73.89E+3
8.0 9.16 0.00 46.49E+3 90.33E+3
9.0 10.30 0.00 52.26E+3 106.74E+3
10.0 11.43 0.00 57.97E+3 105.69E+3
11.0 11.89 0.00 57.64E+3 -0.769E+3
12.0 12.10 3.82 74.80E+3 -91.09E+3
13.0 12.10 6.60 79.98E+3 -66.00E+3
14.0 12.10 8.67 82.50E+3 -43.99E+3
15.0 12.10 10.45 83.82E+3 -33.37E+3
16.0 12.10 12.05 84.49E+3 -26.39E+3
17.0 12.10 13.54 84.90E+3 -21.42E+3
18.0 12.10 14.92 85.85E+3 -17.68E+3
19.0 12.10 16.23 86.43E+3 -14.79E+3
20.0 12.10 17.47 85.41E+3 -12.79E+3
21.0 12.10 18.70 84.33E+3 -11.77E+3
22.0 12.10 19.94 84.29E+3 -10.79E+3
23.0 12.10 21.18 85.34E+3 -9.26E+3
24.0 12.10 22.35 85.22E+3 -7.92E+3
25.0 - Cut-Out [12.10 23.47 84.39E+3
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Figure 7-1. Pitch-to-feather barge-pitch damping ratios

pitch damping ratio remains positive across all wind speeds. The ratio increases with wind speed
below rated and remains flat above rated. With real blade-pitch-control speed regulation above
rated, the actual damping ratio is difficult to quantify with this simple model, but will fall
somewhere between the bounds imposed by the open- and ideal closed-loop results.

7.2 Influence of Conventional Wind Turbine Control Methodologies

To improve the barge-pitch damping, I modified the baseline control system with a number of
conventional wind turbine control methodologies. These included (1) adding a second blade-
pitch control loop through feedback of tower-top acceleration, (2) changing from variable blade-
pitch-to-feather to variable blade-pitch-to-stall speed-control regulation, and (3) detuning the
gains in the variable blade-pitch-to-feather rotor-speed controller. I developed and tested
(through simulation) each approach independently. The rationale behind each approach and the
main findings are presented in Sections 7.2.1, 7.2.2, and 7.2.3, respectively.

7.2.1 Feedback of Tower-Top Acceleration

The conventional approach to improving the tower fore-aft damping in land-based wind turbines
is to append the conventional blade-pitch controller for rotor-speed regulation with an additional
blade-pitch control loop, which uses a tower-top acceleration measurement [3]. Naturally, the
same technique could be applied to modify the platform-pitch damping of an offshore floating
wind turbine. The intent of the new control loop would be to augment the aerodynamic rotor
thrust with adjustments to the blade-pitch angle based on the tower-top acceleration
measurement. To see the effect of blade-pitch angle on the platform-pitch damping, consider
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variations in the aerodynamic thrust with full-span rotor-collective blade-pitch angles, 6, in
addition to hub speed, as was accounted for in Eq. (7-3):

T:T(,—a—Tx+a—TA6?. (7-7)
oV 00

In Eq. (7-7), 46 is a small perturbation of the blade-pitch angles about their operating point. If
the blade-pitch rate in the tower-feedback (TFB) control loop is proportional to a tower-top
acceleration measurement through a gain Kp,, then:

A0 =K, ¥ (7-8a)
or
A=K, [5dt=K,x. (7-8b)

0

By combining Egs. (7-8b) and (7-7) with the equations presented in Section 7.1 and simplifying,
the addition of a TFB control loop modifies the effective damping coefficient from Eq. (7-4) and
becomes

BRadiation + B aT aT

CTTL v trog
HH

—_—

New Term

Viscous

(7-9)

The effective mass and stiffness coefficients from Eq. (7-4) are left unchanged by the addition of
the TFB control loop.

In an active blade-pitch-to-feather wind turbine, the thrust sensitivity to rotor-collective blade
pitch, 8T/08 , is negative-valued from cut-in to cut-out so damping is increased with a positive

control gain. Once the thrust sensitivity to rotor-collective blade pitch is known and a control
gain is chosen, the effective increase in platform-pitch damping ratio, 4¢,, according to the given
model is

K oT
A =_¢(—j, 7-10
£=-3 o0 (7-10)

Alternatively, a proper control gain can be chosen specifically from any desired increase in
platform-pitch damping according to the given model. Just like the thrust sensitivity to wind
speed, though, the thrust sensitivity to rotor-collective blade-pitch angle depends on the wind
speed, rotor speed, and blade-pitch angle. Consequently, one cannot obtain a constant increase
in damping ratio across control regions without gain-scheduling. The gain-scheduling law for
the TFB control system will not, however, be as simple as the law used in the blade-pitch rotor-
speed-regulation controller because the thrust senstitivy to blade pitch is not linearly related to
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the blade-pitch angle. I calculated the thrust sensitivity to blade pitch from a linearization
analysis in FAST with AeroDyn, and show the results in Table 7-2.

In the middle of Region 3 (18 m/s), a modest 0.05 increase in effective damping ratio requires a
control gain of Kp, = 0.007556 rad/(m/s) and a large 0.5 increase in effective damping ratio
requires a control gain of Kp, = 0.07556 rad/(m/s). Naturally, the larger the control gain, the
larger the blade-pitch-rate requirement. Conversely, to limit the blade-pitch rate, one has to
minimize the effective increase in damping ratio. From footnote 1 on page 125, barge-pitch
amplitudes in the range of 4: = 5 to 10° can result in hub-acceleration amplitudes ranging from
231 to 4.61 m/s>. In the middle of Region 3 according to the given model, damping these
motions using the TFB control loop developed previously will require blade-pitch-rate

amplitudes in the range of 40 = 1.0 to 2.0%s for the modest 0.05 increase in effective damping

ratio and 40 = 10.0 to 20.0%s for the large 0.5 increase in effective damping ratio.
Consequently, only moderately large increases in effective damping ratio are achievable with the
given blade-pitch-rate limit of 8°/s (from Section 3.1.6.4).

I incorporated the TFB control loop into my FAST with AeroDyn and HydroDyn simulations
using an extension of the baseline control system DLL. As implemented, the TFB blade-pitch
angle commands were found by measuring the tower-top fore-aft acceleration, integrating to find
the tower-top fore-aft velocity, and then multiplying by the control gain. This blade-pitch-angle
command was then added to the blade-pitch-angle command from the rotor-speed controller,

Table 7-2. Pitch-to-Feather Sensitivity of Aerodynamic
Thrust to Blade Pitch

Wind Speed |Rotor Speed [Pitch Angle aT 106
(m/s) (rpm) (°) (N/rad)
3.0 - Cut-In 6.97 0.00 -1.556E+6
4.0 7.18 0.00 -1.646E+6
5.0 7.51 0.00 -1.783E+6
6.0 7.94 0.00 -1.982E+6
7.0 8.47 0.00 -2.238E+6
8.0 9.16 0.00 -2.533E+6
9.0 10.30 0.00 -3.201E+6
10.0 11.43 0.00 -3.939E+6
11.0 11.89 0.00 -3.988E+6
12.0 12.10 3.82 -4.603E+6
13.0 12.10 6.60 -4.664E+6
14.0 12.10 8.67 -4.702E+6
15.0 12.10 10.45 -4.733E+6
16.0 12.10 12.05 -4.765E+6
17.0 12.10 13.54 -4.806E+6
18.0 12.10 14.92 -4.905E+6
19.0 12.10 16.23 -4.983E+6
20.0 12.10 17.47 -4.944E+6
21.0 12.10 18.70 -4.906E+6
22.0 12.10 19.94 -4.979E+6
23.0 12.10 21.18 -5.125E+6
24.0 12.10 22.35 -5.182E+6
25.0 - Cut-Out [12.10 23.47 -5.200E+6
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which had already been saturated for the angle and rate limits. Said another way, I did not
saturate the TFB control system commands.

For the NREL 5-MW wind turbine mounted atop the ITI Energy barge, I tested the system
response at a variety of wind and wave conditions with both the modest and high TFB gains.
Figure 7-2 shows a response with the high Kp, = 0.07556 rad/(m/s) TFB gain for a simulation
with stochastic winds with a mean hub-height wind speed of 18 m/s and irregular waves with a
significant wave height of 3.673 m and a peak spectral period of 13.376 s. (These waves have
the expected value of the significant wave height and the median value of the peak spectral
period conditioned on the mean hub-height wind speed at the chosen reference site; see Figure
3-15). The system response with the unmodified (baseline) control system is shown for
comparison in Figure 7-2. I ran the simulations with all appropriate and available DOFs enabled,
as applied in the loads analysis and described in Section 5.1, but without considering the rotor-
mass imbalance or the increased blade structural-damping ratio. In Figure 7-2, the ordinates
“GenPwr,” “GenSpeed,” “BlPitch1,” and “PtfmPitch” correspond to the instantaneous electrical
output of the generator, generator (high-speed shaft) rotational speed, pitch angle of Blade 1, and
platform-pitch angle, respectively.

It may seem surprising at first that the results do not show a large improvement in the damping
of the barge-pitch motion (“PtfmPitch”). The exacerbated excursions in generator speed and
electrical output are more prominent. These results can be explained by thinking about the
problem in more detail than is provided in the simple model. The relative wind speed is highest
when the system is pitching into the wind (i.e., from maximum to minimum barge-pitch angles).
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Figure 7-2. System responses with and without a tower-feedback control loop
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This causes the rotor-speed control system to pitch the blades to feather (more positive) to shed
power and regulate speed while the TFB damping control system pitches the blades to stall
(more negative) to increase thrust and introduce damping. The reverse is true when the turbine is
pitching with the wind. In this case, the relative wind speed is lowest when the system pitches
downwind, causing the rotor-speed control system to pitch the blades to stall while the TFB
damping control system commands pitching to feather. Said another way, the two blade-pitch
control systems are at odds and fight with each other in this situation. This can be seen by the
blade-pitch angle responses of Figure 7-2, where in many instances, the pitch-angle commands
in the baseline control system move in the opposite direction to the pitch-angle commands in the
combined baseline and TFB control system.

Similar results (not shown) are obtained with the more modest Kp, = 0.007556 rad/(m/s) TFB
gain. Here, the generator speed and power excursions are not as badly exacerbated, but there is
also less improvement in the damping of the barge-pitch motion.

The simple model I describe in this section is routinely applied in the design of TFB damping
control algorithms for land-based wind turbines. But, because the amplitude of the overall tower
motion is less in land-based turbines, the problem with generator speed and power excursions is
less of an issue. Instead, the control system designer for land-based wind turbines must make a
basic trade-off between improved tower damping and increased generator speed and power
excursions. For the floating system considered in this work, however, the severity of the tower-
top motions induced by the barge’s movement with surface waves renders the conventional TFB
damping control system ineffective.

7.2.2 Active Pitch-to-Stall Speed-Control Regulation

As described in the introduction to this chapter, the problem to be addressed is that the reduction
in steady-state rotor thrust with increasing wind speed in Region 3, which occurs as a result of
variable blade-pitch-to-feather speed-control regulation, may introduce negative damping in the
platform-pitch mode. This implies that variable blade-pitch-to-stall speed-control regulation
may be more effective at damping the barge-pitch motions because drag (and hence thrust)
increase as power is shed (to regulate speed) in increasing relative winds in wind turbines
controlled by an active pitch-to-stall system. Although variable blade-pitch-to-stall speed-
control regulation has been shown to work effectively in simulation, it has not been widely
pursued in the wind industry because of the “uncertainty that remains in the theoretical
understanding of stalled rotor aerodynamics™ [3, p. 234]. In spite of this uncertainty, I tested the
effects of active pitch-to-stall speed-control regulation for the floating wind barge concept.

Before pursuing the design of the pitch-to-stall controller, I decided to smooth the airfoil-data
coefficients (as presented in Figure 3-1 through Figure 3-6) near stall to eliminate the existing
fluctuations that could have led to numerical problems in the BEM aerodynamic-induction
solution algorithm. I modified the airfoils by manually manipulating the lift coefficients.
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Once the airfoil data were corrected, I redeveloped the full-span rotor-collective blade-pitch
controller according to the same procedure I used to arrive at the blade-pitch-to-feather speed-
control gains (see Section 3.1.6.3). Like I did for the pitch-to-feather controller design, I
calculated the sensitivity of aerodynamic power to blade pitch, 0P/06@, by performing a
linearization analysis in FAST with AeroDyn. Table 7-3 shows the results for operation in
Region 3.

The blade-pitch angles that produce the rated mechanical power (5.296610 MW) are negative-
and double-valued over the wind-speed range of Region 3, first decreasing, then increasing, with
increasing wind speed. By being double-valued, it is impossible to use the same gain-scheduling
law I implemented in the active pitch-to-feather controller. But because, the variation in blade-
pitch sensitivity across Region 3 is less pronounced, gain scheduling is less of a requirement.
Instead, I chose constant gains using the value of 60P/06 in the middle of Region 3 (18 m/s) to

develop the PID gains. Using the recommended response characteristics of w,, = 0.6 rad/s and
{p = 0.7 [29] resulted in gains of Kp = —0.00731238 s, K; = —0.00313388, and Kp = 0.0 s?. The
gains are negative-valued because 0P/06 is positive-valued. The gains are also smaller in

magnitude than the pitch-to-feather gains at rated because the blade-pitch sensitivity—or control
authority—is higher in pitch-to-stall operation.

I incorporated the blade-pitch-to-stall speed-regulation controller into my FAST with AeroDyn
and HydroDyn simulations by a simple modification of the baseline control system DLL. I
modified the gains to the values derived in this section and I fixed the maximum and minimum
pitch settings at 0° and —90°, respectively. To eliminate the influence of the gain-scheduling law,
I set Ok to an arbitrarily large value. Like I did for the baseline system in Figure 3-12, I obtained
the steady-state response of the land-based NREL 5-MW wind turbine by running a series of
FAST with AeroDyn simulations at a number of given, steady, and uniform wind speeds. The
results for the same output parameters plotted in Figure 3-12 are shown in Figure 7-3.

Table 7-3. Sensitivity of Aerodynamic Power to Blade
Pitch (to Stall)

Wind Speed [Rotor Speed Pitch Angle oP /o6
(m/s) (rpm) () (watt/rad)
11.4 - Rated [12.1 0.00] -28.24E+6
12.0 12.1 -6.76 27.72E+6
13.0 12.1 -7.50 46.94E+6
14.0 12.1 -7.79 47.14E+6
15.0 12.1 -8.05 49.82E+6
16.0 12.1 -8.22 54 .43E+6
17.0 12.1 -8.26 59.92E+6
18.0 12.1 -8.20 65.70E+6
19.0 12.1 -8.05 71.22E+6
20.0 12.1 -7.84 75.64E+6
21.0 12.1 -7.60 81.00E+6
22.0 12.1 -7.32 84.96E+6
23.0 12.1 -7.03 88.59E+6
24.0 12.1 -6.74 89.94E+6
25.0 12.1 -6.46 91.10E+6
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Figure 7-3. Steady-state pitch-to-stall responses as a function of wind speed
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As shown in Figure 7-3, the intended increase in rotor thrust (“RotThrust”) with wind speed
across all control regions is noticeable, although the increase is small from just above rated to
cut-out. As a result of the thrust increase, and in contrast to the pitch-to-feather response, the
out-of-plane blade-tip deflection (“OoPDefll”) and the tower-top fore-aft displacement
(“TTDspFA”) both increase dramatically upon entering Region 3. I left the baseline generator-
torque controller unchanged so the steady-state system response is identical to the response of
the pitch-to-feather system below rated wind speed.

As in Section 7.2.1, I tested the system response of the NREL 5-MW wind turbine mounted atop
the ITI Energy barge with this new control system at a variety of wind and wave conditions.
Figure 7-4 compares the active pitch-to-feather and active pitch-to-stall system responses for the
simulation with the same wind and wave conditions applied to the simulations presented in
Figure 7-2 (i.e., an 18-m/s stochastic wind, a 3.673-m significant wave height, and a 13.376-s
peak spectral period). Again, I ran the simulations with all appropriate and available DOFs
enabled, but without considering the rotor-mass imbalance or the increased blade structural-
damping ratio.

As shown in Figure 7-4, active blade-pitch-to-stall control regulates generator speed—and hence
electrical power—very well. It performs even better than the baseline active blade-pitch-to-
feather controller. What it does not do, however, is dampen the barge-pitch motions as intended.
In fact, the barge-pitch motions are exaggerated in comparison to the response using the baseline
active pitch-to-feather controller. This seemingly contradictory result can be understood by
examining the barge-pitch damping ratios resulting from the active pitch-to-stall control. As for
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Figure 7-4. Comparison of pitch-to-feather and pitch-to-stall system responses
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the pitch-to-feather system, the thrust sensitivity to wind speed (07 /0V ") can be found using the

open-loop and ideal closed-loop methods, and both methods can be used to estimate the barge-
pitch damping ratios. The results of these calculations are presented in Table 7-4 and Figure 7-5.

In Figure 7-5, the barge-pitch damping ratios associated with the pitch-to-stall system are plotted
along with the original values presented in Figure 7-1 for the pitch-to-feather system. Because
the two systems are identical below rated wind speed, so are the barge-pitch damping ratios.
Above rated wind speed, however, the pitch-to-stall ratios diverge from the pitch-to-feather
ratios. Unlike the pitch-to-feather values, the barge-pitch damping ratio remains positive-valued
across control regions for the ideal closed-loop pitch-to-stall method because the thrust
sensitivity to wind speed remains positive-valued (see the last column of Table 7-4). In the
pitch-to-stall system slightly above rated, the open- and ideal closed-loop bounds imposed by the
barge-pitch damping ratios converge toward each other and remain at or near 2.5% across the
remainder of Region 3.

As I mentioned at the end of Section 7.1, with real blade-pitch-control speed regulation above
rated wind speed, the actual damping ratio will lie somewhere between the bounds imposed by
the open- and ideal closed-loop results. This implies that the real blade-pitch-to-stall controller,
regardless of its gains, will give the system a slightly stable barge-pitch damping ratio near 2.5%
across Region 3, starting just above rated. Moreover, because the barge-pitch motions for the
pitch-to-stall system are larger than those for the pitch-to-feather system in the time histories
presented in Figure 7-4, I can conclude that the real blade-pitch-to-feather speed controller

Table 7-4. Pitch-to-Stall Sensitivity of Aerodynamic Thrust to Wind Speed

Wind Speed [Rotor Speed |Pitch Angle Open-Loop 6T /oV| Ideal Closed-Loop oT/o0V
(m/s) (rpm) ©) (N/(m/s)) (N/(m/s))
3.0 - Cut-In 6.97 0.00 29.43E+3

4.0 7.18 0.00 32.81E+3 48.61E+3
5.0 7.51 0.00 36.17E+3 57.17E+3
6.0 7.94 0.00 39.86E+3 64.83E+3
7.0 8.47 0.00 43.63E+3 73.89E+3
8.0 9.16 0.00 46.49E+3 90.33E+3
9.0 10.30 0.00 52.26E+3 106.74E+3
10.0 11.43 0.00 57.97E+3 105.69E+3
11.0 11.89 0.00 57.64E+3 207.25E+3
12.0 12.10 -6.76 15.69E+3 179.29E+3
13.0 12.10 -7.50 9.09E+3 31.74E+3
14.0 12.10 -7.79 9.79E+3 18.75E+3
15.0 12.10 -8.05 9.96E+3 16.07E+3
16.0 12.10 -8.22 8.82E+3 13.58E+3
17.0 12.10 -8.26 7.39E+3 10.97E+3
18.0 12.10 -8.20 5.81E+3 9.11E+3
19.0 12.10 -8.05 4.49E+3 8.26E+3
20.0 12.10 -7.84 3.77E+3 8.08E+3
21.0 12.10 -7.60 2.78E+3 7.87E+3
22.0 12.10 -7.32 2.89E+3 11.15E+3
23.0 12.10 -7.03 3.42E+3 12.79E+3
24.0 12.10 -6.74 4.89E+3 14.10E+3
25.0 - Cut-Out |[12.10 -6.46 6.81E+3
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Figure 7-5. Pitch-to-feather and -stall barge-pitch damping ratios

actually has an effective damping ratio higher than 2.5% (at least for the conditions considered).
In other words, the real pitch-to-feather barge-pitch damping ratio is actually much greater than
what is predicted by the ideal closed-loop results. It is still, however, beneficial to increase the
damping as much as possible.

One possibility for increasing the barge-pitch damping through active pitch-to-stall control is to
tailor the airfoil-data coefficients so that rotor thrust increases more with wind speed in Region 3
than what resulted with the existing airfoils. Experimental data from NREL’s Phase VI
Unsteady Aerodynamics Experiment (UAE) [27], which tested a passive stall-regulated wind
turbine in the National Full-Scale Aerodynamics Complex at the National Aeronautics and Space
Administration (NASA) Ames Research Center, showed a nearly steady increase in rotor thrust
with wind speed from cut-in to cut-out. This would translate into a nearly constant steady-state
thrust sensitivity to wind speed, 0T/0V , across all wind speeds for the UAE wind turbine. If the

NREL 5-MW wind turbine were modified to behave comparably (e.g., to make its thrust
sensitivity to wind speed in Region 3 similar to that seen in Region 2), the ideal closed-loop
barge-pitch damping ratio would increase to about 15% in Region 3. This is slightly higher
damping than the open-loop damping ratio obtained with active pitch-to-feather control. To get
the necessary augmentation in rotor thrust, however, the existing airfoils will need to be modified
and the rotor will need to be redesigned. Both tasks are beyond the scope of this work. I also
suspect that it would be quite difficult to obtain damping ratios much above 15% through rotor-
thrust augmentation and active pitch-to-stall speed regulation, even though a higher amount of
damping is desirable.
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One might also think that combining the controller developed in this section with the TFB
control loop developed in Section 7.2.1 would be another possibility for improving the barge-
pitch damping through active pitch-to-stall speed-regulation control. But unfortunately, a pitch-
to-stall control system cannot be combined with a classic TFB control loop for two reasons.
First, the thrust sensitivity to rotor-collective blade pitch changes sign midway through Region 3,
implying that the TFB control gain would also have to change sign midway through Region 3.
Otherwise, the TFB control loop would actually act to reduce the effective platform-pitch
damping in certain operating regions. Second, the magnitude of the thrust sensitivity to blade
pitch is much smaller with pitch-to-stall control than with pitch-to-feather control. This implies
that one could not achieve any significant increase in platform-pitch damping without very large
control gains and resulting blade-pitch-rate requirements. Both inadequacies are observable
from the pitch-to-stall thrust sensitivity, which I calculated from a FAST with AeroDyn
linearization analysis and present in Table 7-5.

Table 7-5. Pitch-to-Stall Sensitivity of Aerodynamic Thrust
to Blade Pitch

Wind Speed |Rotor Speed |Pitch Angle dT /o6
(m/s) (rpm) ) (N/rad)
3.0 - Cut-In 6.97 0.00 -1.556E+6
4.0 7.18 0.00 -1.646E+6
5.0 7.51 0.00 -1.783E+6
6.0 7.94 0.00 -1.982E+6
7.0 8.47 0.00 -2.238E+6
8.0 9.16 0.00 -2.533E+6
9.0 10.30 0.00 -3.201E+6
10.0 11.43 0.00 -3.939E+6
11.0 11.89 0.00 -3.988E+6
12.0 12.10 -6.76 -1.216E+6
13.0 12.10 -7.50 -0.388E+6
14.0 12.10 -7.79 -0.279E+6
15.0 12.10 -8.05 -0.109E+6
16.0 12.10 -8.22 0.123E+6
17.0 12.10 -8.26 0.331E+6
18.0 12.10 -8.20 0.536E+6
19.0 12.10 -8.05 0.725E+6
20.0 12.10 -7.84 0.887E+6
21.0 12.10 -7.60 1.069E+6
22.0 12.10 -7.32 1.182E+6
23.0 12.10 -7.03 1.254E+6
24.0 12.10 -6.74 1.251E+6
25.0 - Cut-Out |12.10 -6.46 1.214E+6

7.2.3 Detuning the Gains in the Pitch-to-Feather Controller

Neither the addition of the TFB control loop presented in Section 7.2.1 nor the modification to
pitch-to-stall rotor-speed regulation presented in Section 7.2.2 gave satisfactory improvements in
the barge-pitch response. This section describes one more approach I took to improve the
platform-pitch damping of the ITI Energy wind barge concept through conventional wind turbine
control methods.
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This control strategy was the simplest modification I made to the baseline control system
developed in Section 3.1.6.3, involving only a reduction of gains in the active blade-pitch-to-
feather controller. The basic premise behind this control strategy is the understanding that
reducing the gains in the rotor-speed controller will cause the floating wind turbine system to
behave less like the results for the ideal closed-loop pitch-to-feather method, and more like the
results for the open-loop control method. Because of knowledge about barge-pitch damping
ratios acquired from Figure 7-1 or Figure 7-5, this end result is important.

To maintain a reasonable relationship between the proportional and integral gains in the rotor-
speed control system, I reduced the gains by choosing a smaller controller-response natural
frequency (wg,). I preserved the recommended controller damping ratio ({, = 0.6 to 0.7). The
recommended value found in Ref. [29], and the value selected for the baseline control system, of
®,, = 0.6 rad/s is slightly above the barge-pitch natural frequency of wy, = 0.5420 rad/s (see
Section 7.1). This relationship between frequencies has the potential to introduce negative
damping of the barge-pitch mode. Larsen and Hanson [57] found that the smallest controller-
response natural frequency must be less than the smallest critical support-structure natural
frequency to ensure that the support structure motions of an offshore floating wind turbine with
active pitch-to-feather control remain positively damped.

Reducing w,, by one-third will ensure that the controller-response natural frequency is lower
than the the barge-pitch natural frequency and also lower than wave-excitation frequency of all
but the most severe sea states. Using the properties for the NREL 5-MW wind turbine, along
with w,, = 0.4 rad/s and {, = 0.7, I derived the resulting reduced (detuned) gains of Kp(8 = 0°) =
0.01255121 s, K0 = 0°) = 0.003586059, and Kp = 0.0 s>. Figure 7-6 shows the gains at other
blade-pitch angles, along with the gain-correction factor (which is the same as it was in the
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Figure 7-6. Detuned blade-pitch control system gain-scheduling law
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baseline control system). As in Section 3.1.6.3, I used the upper limit of the recommended
damping ratio range ({, = 0.7) to compensate for neglecting negative damping from the
generator-torque controller in the determination of Kp.

As in Sections 7.2.1 and 7.2.2, I tested the system response of the NREL 5-MW wind turbine
mounted atop the ITI Energy barge with this new control system. Figure 7-7 compares the
system responses with the detuned and original (baseline) blade-pitch-to-feather gains for a
simulation with the same wind and wave conditions used in the simulations presented in Figure
7-2 and Figure 7-4 (i.e., an 18-m/s stochastic wind, a 3.673-m significant wave height, and a
13.376-s peak spectral period). As before, I ran the simulations with all appropriate and
available DOFs enabled, but without considering the rotor-mass imbalance or the increased blade
structural-damping ratio.

As shown in Figure 7-7, the detuned blade-pitch control system is marginally effective at
reducing the barge-pitch motions. Furthermore, it attains this positive performance without
negatively affecting the generator speed and power excursions. As a matter of fact, the generator
speed and power excursions have actually been diminished. And all of this has been
accomplished with a reduction in blade-pitch duty cycle!

There is an upper bound, though, to the amount of improvement in the barge-pitch damping that
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Figure 7-7. System responses with and without detuned blade-pitch control gains
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is attainable with a basic detuning of the blade-pitch control system gains. That upper bound is
simply the amount of damping shown in Figure 7-1 or Figure 7-5 for the open-loop pitch-to-
feather control system, or roughly 13% in Region 3.

In addition, one cannot expect that further and further reductions in the blade-pitch controller
gains will continue to produce improved damping of the barge-pitch motions without eventually
bringing about exacerbated excursions in the system response. This is because the rotor-speed
error is unstable in the open-loop (uncontrolled) scenario in Region 3. [The rotor-speed error
response is negatively damped in Eq. (3-11) if all blade-pitch control gains are zero]. To confirm
this behavior, I reran simulations with detuned blade-pitch control gains derived from varying
values of @,,, from 0.1 to 0.5 rad/s in steps of 0.1 rad/s. As expected, with w,, = 0.1 or 0.2 rad/s
the system responses (not shown) exhibited much higher excursions in barge-pitch, generator
speed, and electrical power output. With w,, = 0.5 rad/s and w,, = 0.3 rad/s, I obtained
responses (not shown) very similar to the system responses obtained for gains derived with w,, =
0.4 rad/s. (The barge-pitch damping from the simulation with w,, = 0.4 rad/s was slightly better
than the damping with ,, = 0.3 or 0.5 rad/s.)

To determine the overall effect of the detuned blade-pitch control system, I reran the sea-based
loads analysis with the control system gains derived from w,, = 0.4 rad/s. Figure 7-8 presents
the sea-to-land ratios for the absolute extremes from the rerun loads analysis of DLCs 1.1, 1.3,
1.4, and 1.5. I ran this loads analysis with the same model parameters and load-case
prescriptions as in Section 6.1, with the only difference being the blade-pitch control system
gains.

The parameter names in Figure 7-8 refer to the same simulation outputs plotted in Figure 6-4 and
Figure 6-5. Moreover, the ratios of each parameter plotted on the left and labeled as “Baseline”
in Figure 7-8 are the same ratios presented in Figure 6-4; they also correspond to the leftmost
ratios presented in Figure 6-5 (labeled as “100% - Original”). The ratios of each parameter
plotted on the right and labeled as “Detuned Gains” in Figure 7-8 were computed using the land-
based loads derived with the baseline control system. In other words, the land-based loads were
not recomputed using the detuned control system.

For most parameters shown in Figure 7-8, the sea-to-land ratios in the sea-based system with the
detuned gains are less than the sea-to-land ratios with the baseline gains.” This demonstrates that
detuning the gains in the blade-pitch controller of the sea-based system had a beneficial effect on
the system response. For example, the sea-to-land ratios for the generator- and rotor-speed
excursions of the system with the detuned gains (the upper-right chart in Figure 7-8) have
dropped by more than 10% relative to the system with the baseline gains. The speed excursions
in the system with the detuned gains are now only 40% higher than those seen in the turbine

* Note that the design problems identified in DLCs 2.1a, 6.x, and 7.1a (see Section 6.2) did not depend on the
actions of the control system. They would, then, be unaffected by the reductions in the active blade-pitch-to-feather
controller gains. These design problems will have to be resolved independently of control system improvements.

? For the parameters where this is not the case, the extreme loads are not dictated by barge-pitching motion. For
example, the axial forces at the yaw bearing (“YawBrFzp”) and the tower base (“TwrBsFzt”) are dictated by heave
motion, which has not been effected by the detuned gains.

140



H Baseline B Detuned Gains

5 5

IS
w &

Ratio of Sea to Land
N

Ratio of Sea to Land

GenPwr GenTq GenSpeed RotSpeed OoPDefl1 IPDefl1 TTDspFA TTDspSS

Ratio of Sea to Land
Ratio of Sea to Land

RootFMxy1 RootFzc1 RootMMxy1 RootMzc1 RotThrust LSSGagFMyz RotTorq LSSGagMMyz

Ratio of Sea to Land
Ratio of Sea to Land

YawBrFMxy YawBrFzp YawBrMMxy YawBrMzp TwrBsFMxy TwrBsFzt TwrBsMMxy TwrBsMzt

Figure 7-8. Sea-to-land ratios with and without detuned blade-pitch control gains

installed on land. (In the system with the baseline gains, the sea-based excursions were 60%
higher).

In general, the detuned gains have more effect on the sea-to-land ratios of the deflections and
loads as one follows the load path from the blade tip, through the drivetrain and nacelle, to the
tower base. At the root of Blade 1 (the middle-left chart in Figure 7-8), for example, the sea-to-
land ratios of the internal shear force (“RootFMxyl”) and bending moment (“RootMMxyl1”)
magnitudes have dropped by more than 10%. But at the base of the tower (the lower-right chart
in Figure 7-8), the sea-to-land ratios have dropped by more than 25%. This further demonstrates
the effect of the inverted pendulum discussed in Section 6.1. Detuning the gains in the blade-
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pitch controller reduced the barge-pitch motions, which have more effect on loading from inertia
farther down the load path.

The excursions in the internal shear force (“TwrBsFMxy”) and bending moment
(“TwrBsMMxy”’) magnitudes at the tower base, however, are still more than 400% higher than
the excursions seen in the turbine installed on land. This demonstrates that detuning the gains in
the baseline blade-pitch controller still did not entirely resolve the barge-pitch-motion problem.
To arrive at a technically feasible concept, modifications to the system design will still be
required (except possibly at the most sheltered of sites, as discussed in Section 6.1).

7.3 Other Ways to Improve the Pitch Damping with Turbine Control

As demonstrated in Section 7.2, conventional wind turbine control methodologies are limited in
what they can do to improve the platform-pitch motions while limiting rotor-speed excursions of
the ITI Energy wind barge concept. A number of other unconventional methods are also worth
considering. Because a quantitative consideration of each method is beyond the scope of this
work, I leave these considerations for future work. But this section highlights some of the
possibilities.

I. Edwards of ITI Energy proposed one idea for an unconventional wind turbine control system.
Edwards suggested that part of the problem with the barge-pitch damping in Region 3 might be
that the generator is already operating at full (rated) power, so that there is no “head room” for
absorbing more power as the barge pitches into the wind as a result of wave excitation. This
implies that it might be better to regulate to some “below-rated” power level across all (even
high) wind speeds to leave room for absorbing more power. This would, perhaps, permit the
wind turbine rotor to capture not only wind power, but some of the wave power as well.
Assessing this control strategy would require a study that examines the trade-off between
improving the damping of the barge and reducing the capacity factor of the wind turbine.

Another unconventional wind turbine control strategy, proposed by Dr. R. Thresher of NREL /
NWTC, would be to regulate the rotor speed of the turbine using nacelle-yaw actuation, instead
of blade-pitch actuation. This strategy could eliminate the problems from the drop in steady-
state rotor thrust with increasing wind speed above rated resulting from blade-pitch-to-feather
control. One would, however, have to determine whether the gyroscopic moments induced by
the required yaw rates would have undesirable consequences.

A simple, but unconventionial, modification to the control strategy would be to change Region 3
from a constant generator power to a constant generator-torque control region. With this change,
the generator-torque controller would not introduce negative damping in the rotor-speed
response (which must be compensated by the blade-pitch controller), and so, might reduce the
rotor-speed excursions. Larson and Hanson [57] demonstrated the effectiveness of this
modification for one offshore floating wind turbine concept. This change, however, would not
improve the barge-pitch damping.

Conventional wind turbine control methodologies rely on the independent development and

concatenation of multiple single-input, single-output (SISO) PID-based control loops using the
conventional turbine actuators of blade pitch, generator torque, and nacelle yaw (and, as
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required, shaft brakes and other actuators). Naturally, modern control theories, such as
disturbance-accommodating control (DAC) [35], offer the potential to bring about improved
performance. Previous controls studies by Stol [90], Hand [26], and Wright [104] have
demonstrated the applicability of combining a state estimator, a wind-disturbance estimator, and
full-state feedback using DAC to develop multiple-input, multiple-output (MIMO) state-space-
based control systems for mitigating dynamic loads and stabilizing flexible modes of land-based
wind turbines without compromising energy capture. But these studies have not yet been
extended to offshore floating wind turbines.

Through MIMO state-space-based control, it may be possible to enhance rotor-speed regulation
and platform-pitch damping through unified control of the generator torque and blade-pitch
angles. For example, because rotor-speed regulation requires a blade-pitch command that is
opposite of the one required to add damping to the barge-pitch motion (see Section 7.2.1), it
might be possible to develop a combined generator-torque and blade-pitch controller to address
both objectives simultaneously. The generator-torque commands may be able to mitigate the
rotor-speed excursions while the blade-pitch commands attempt to augment aerodynamic rotor
thrust to dampen the platform-pitch motion. When used in conjunction with off-axis flow
through nacelle-yaw actuation, it may also be possible to introduce platform-roll damping
through the blade-pitch commands (and thrust augmentation).

Rotor-collective blade-pitch control can be used to adapt rotor thrust, which induces a moment
on the floating platform through the hub-height moment arm, but independent blade-pitch
control may also be useful. For example, independent blade-pitch control can be used to
introduce pitching moments within the rotor itself through asymmetric aerodynamic loading of
the rotor. If developed properly, it may be possible to use such a moment to counteract the
hydrodynamic pitching loads on the platform brought about by surface waves.

Section 6.1.5 discusses other design alterations, beyond wind turbine control, that may be
applied to improve the response of the floating wind barge system.
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Chapter 8 Conclusions and Recommendations

The vast deepwater wind resource represents a potential to use offshore floating wind turbines to
power much of the world with renewable energy. Before I began this project, many floating
wind turbine concepts had been proposed, but few had or could have been evaluated because
available modeling capabilities were limited.

The limitations of previous time- and frequency-domain studies on offshore floating wind
turbines motivated my development of simulation capability for modeling the fully coupled aero-
hydro-servo-elastic response of such systems. As presented in Chapter 2, 1 developed this
capability by combining the computational methodologies of the onshore wind turbine and
offshore O&G industries. The aero-servo-elastic onshore wind turbine simulation capability of
FAST with AeroDyn and MSC.ADAMS with A2AD and AeroDyn were interfaced with the
external hydrodynamic wave-body interaction programs SWIM and WAMIT. To establish these
interfaces, I developed modules for treating time-domain hydrodynamics (HydroDyn) and quasi-
static mooring system responses. | developed the HydroDyn hydrodynamics module to account
for linear hydrostatic restoring; nonlinear viscous drag from incident-wave kinematics, sea
currents, and platform motion; the added-mass and damping contributions from linear wave
radiation, including free-surface memory effects; and the incident-wave excitation from linear
diffraction in regular or irregular seas. I developed my quasi-static mooring line module to
account for the elastic stretching of an array of homogenous taut or slack catenary lines with
seabed interaction. The simulation capability was developed with enough sophistication to
address the primary limitations of the previous frequency- and time-domain studies. In addition,
the simulation program has the features required to perform integrated loads analyses. To make
it useful for examining the technical feasibility of a variety of offshore floating wind turbine
concepts, I also made my simulation capability universal enough to analyze a variety of turbine,
support platform, and mooring system configurations.

To support this and other concept studies aimed at assessing offshore wind technology, I
developed the specifications of a representative utility-scale multimegawatt turbine now known
as the NREL offshore 5-MW baseline wind turbine. This wind turbine is a conventional three-
bladed upwind variable-speed variable blade-pitch-to-feather-controlled turbine. In Chapter 3, I
discussed the development of this wind turbine and gave an overview of the properties of two
floating barges—the ITI Energy barge and MIT / NREL barge. Also in Chapter 3, I presented
the metocean data at a reference site in the northern North Sea. I used the wind turbine, barges,
and metocean data in my model-verification, loads analysis, and controls-development efforts.

Through model-to-model comparisons, I tested my newly developed simulation capability, as
presented in Chapter 4, to ensure its correctness. I verified that the PSD and probability density
of the wave-elevation record computed by HydroDyn matched the prescribed target spectrum
and Gaussian distribution, respectively. I demonstrated that WAMIT produces acceptable input
for HydroDyn, and from this hydrodynamic input, I showed that HydroDyn correctly generates
the radiation impulse-response functions. I also showed that my quasi-static mooring system
module correctly solves a classic benchmark problem for the static equilibrium of a suspended
cable structure. In addition, I demonstrated that my mooring system module predicts nonlinear
force-displacement relationships consistent with an independent analysis. Finally, the results
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from my fully coupled time-domain analysis were shown to agree with results generated from a
frequency-domain approach. The results of all the verification exercises were favorable and
gave me confidence to pursue more thorough investigations into the dynamic behavior of
offshore floating wind turbines.

I then used my simulation capability to perform a preliminary, but integrated, loads analysis for
the NREL 5-MW baseline wind turbine mounted both on land and offshore on the floating ITI
Energy barge, which has slack catenary moorings. I introduced the loads analyses in Chapter 5
and discussed the results in Chapter 6. 1 based the analyses on the ultimate load cases and
procedures dictated by the on- and offshore IEC wind turbine design standards and the severe
environmental conditions at the chosen reference site. By comparing the responses of the land-
and sea-based systems, [ was able to quantify the impact brought about by the dynamic couplings
between the turbine and floating barge in the presence of combined wind and wave loading.

I characterized the dynamic responses by showing that the mean values of the loads and
deflections in the floating turbine were very similar to those that existed on land. The excursions
of the loads and deflections, however, exceeded those found on land. I showed that the increased
load excursions in the floating system were produced by the barge’s pitching motion, and so
were higher in the tower than in the blades because of the increased effect of inertia. I discussed
how the barge concept was susceptible to excessive pitching during extreme wave conditions,
but showed how the load excursions were reduced with decreasing severity in the waves.
Relative to the fixed land-based support, I found that the added compliance in the barge led to an
instability of the floating system in yaw when the wind turbine was idling with a faulted blade. I
discussed how the compliance of the floating barge did, however, mitigate a tower side-to-side
instability discovered in the land-based turbine.

In Chapter 7, I presented the influence of conventional wind turbine blade-pitch control actions
on the pitch damping of the NREL 5-MW baseline wind turbine mounted atop the ITI Energy
barge. I was concerned that the drop in steady-state wind turbine rotor thrust with wind speed
above rated would lead to negative damping of the barge-pitch mode and contribute to the large
system-pitch motions. [ demonstrated that neither the addition of a control loop through
feedback of tower-top acceleration nor the modification to pitch-to-stall rotor-speed regulation
gave satisfactory improvements in the barge-pitch response. The latter modification helped me
conclude, however, that the actual barge-pitch damping was considerably higher than that
implied by the steady-state rotor thrust response, but that it was still beneficial to increase the
damping as much as possible. I also showed in Chapter 7 that detuning the gains in the baseline
blade-pitch-to-feather controller helped, but still did not entirely resolve the barge-pitch-motion
problem.

In summary of my accomplishments, I have satisfied my project objectives by (1) developing a
comprehensive simulation capability for modeling the coupled dynamic response of offshore
floating wind turbines, (2) verifying the simulation capability through model-to-model
comparisons, and (3) applying the simulation capability to the integrated loads analysis for one
of the promising system concepts. At the end of all this work, I have not produced a floating
wind turbine concept free of problems (although doing so was not one of my objectives). To
arrive at a technically and economically feasible concept, modifications to the system designs |
presented in this work are still required.
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My recommendations for future research were scattered throughout this work where appropriate.
In summary, though, future opportunities include enhancing and validating the simulation
capability, modifying the turbine and barge system designs, performing additional iterations in
the design loads analysis, applying advanced control solutions, and extending the work to other
promising floating platform concepts.

Though not specific to the modeling of offshore wind turbines, it would be advantageous to add
a torsion DOF to the modal representation of the tower in FAST. In addition, extending the
modal representation of the blades to include mass and elastic offsets, torsion DOFs, and coupled
mode-shape properties would be useful.

Additional enhancements to improve the simulation of floating offshore wind turbines are also
possible. For example, one could add capabilities that would allow for modeling and testing
various mechanisms for stabilizing the barge-pitch motion, such as TMDs, OWCs, or other
active and passive control devices. For the detailed analysis of some designs (see Section 2.2), it
would be beneficial to introduce second-order effects into my HydroDyn hydrodynamics
module, including the effects of intermittent wetting and mean-drift, slow-drift, and sum-
frequency excitation. It would also be advantageous to add the potential loading from VIV and
from sea ice, and to replace my quasi-static mooring system module with a fully coupled module
that can handle the line dynamics. Finally, the models should be validated against experimental
data derived from wave-tank tests and sub- and full-scale prototypes installed offshore.

This work can also be extended to enable the simulation tools to model the coupled dynamic
response of fixed-bottom offshore wind turbines. For monopile support structures in shallow
water, nonlinear wave-kinematics models and Morison’s equation for the wave-induced loading
must be introduced. For tripod and space-frame designs in intermediate depths, more
sophisticated structural-dynamic and hydrodynamic models, including member-to-member
interactions, will be required. Having a single code capable of modeling a large range of support
structures and water depths would allow one to perform conceptual studies that attempt to find
the optimal transition depth between fixed-bottom and floating platform support structures.

Independent of code enhancements, the simulation capability as it exists now can also be applied
in many important research projects. For instance, the loads-analysis process I used in this work
is also applicable to other floating platform concepts, including TLPs and spar buoys. The
process could also be applied for varying wind turbine concepts with unconventional features,
such as light-weight rotors, ratings higher than 5 MW, two instead of three blades, or downwind
instead of upwind rotors. (Reference [14] discusses how these unconventional features might be
advantageous in floating systems). Such loads analyses should be performed to determine which
concept—or hybrid thereof—has the best overall technical advantage.

For the particular system concept analyzed in this work, Sections 6.1.5, 6.2, and 7.3 suggested
design modifications and active and passive control features that could potentially reduce the
barge motions, improve the turbine response, and eliminate the instabilities.  These
recommended future projects included

e Incorporating actively controlled OWCs into the barge

e Incorporating passively controlled TMDs or anti-roll stabilizers into the barge or turbine
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e Introducing unconventional and / or advanced control strategies into the wind turbine
e Decoupling the turbine and barge motions by adding new articulations

e Modifying the geometry of the turbine, barge, and / or mooring system.

After improvements to the system design are made, it would be constructive to rerun the loads
analysis to reassess the concept’s technical feasibility. It would also be beneficial to expand the
set of load cases considered. It would, for example, be useful to add the load cases that would
allow one to quantify the impact of the platform motions on the fatigue life of the supported
wind turbine.

Once suitable design modifications have made the concept more technically feasible, it will be
important to assess the economics of the system, including the influences of manufacturing,
installation, and decommissioning. System-wide optimization will improve the economics.

If the technical challenges can be solved in an economically feasible way, the possibility of using
offshore floating wind turbines to power much of the world with an indigenous, nonpolluting,
and inexhaustible energy source can become real.
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Appendix A FAST Input Files for the 5-MW Wind Turbine

A.1 Primary Input File

------- FAST INPUT FILE

False Echo

3 ADAMSPrep

1 AnalMode

3 NumB1

630.0 TMax

0.0125 DT

] YCMode
9999.9 TYCOn

1 PCMode

0.0 TPCON

2 VSContrl
9999.9 VS_RtGnSp
9999.9 VS_RtTq
9999.9 VS_Rgn2K
9999.9 VS_S1Pc

2 GenModel
True GenTiStr
True GenTiStp
9999.9 SpdGenOn

0.0 TimGenOn
9999.9 TimGenOf

1 HSSBrMode
9999.9 THSSBrDp
9999.9 TiDynBrk
9999.9 TTpBrDp(1)
9999.9 TTpBrDp(2)
9999.9 TTpBrDp(3)
9999.9 TBDepISp(1)
9999.9 TBDepISp(2)
9999.9 TBDepISp(3)
9999.9 TYawManS

0.3 YawManRat

0.0 NacYawF
9999.9 TPitManS(1)
9999.9 TPitManS(2)
9999.9 TPitManS(3)

8.0 PitManRat(1)

8.0 PitManRat(2)

8.0 PitManRat(3)

0.0 B1lPitch(1)

0.0 B1lPitch(2)

0.0 B1Pitch(3)

0.0 B1PitchF(1)

0.0 B1lPitchF(2)

0.0 B1PitchF(3)

True FlapDOF1
True FlapDOF2
True EdgeDOF
False TeetDOF
True DrTrDOF
True GenDOF
True YawDOF
True TwFADOF1
True TwFADOF2
True TwSSDOF1
True TwSSDOF2
True CompAero
False CompNoise
0.0 OoPDef1
0.0 IPDefl
0.0 TeetDefl
0.0 Azimuth
12.1 RotSpeed
0.0 NacYaw
0.0 TTDspFA
0.0 TTDspSS

NREL 5.0 MW Baseline Wind Turbine for Use in Offshore Analysis.
Properties from Dutch Offshore Wind Energy Converter (DOWEC) 6MW Pre-Design (10046_009.pdf) and REpower 5M SMW (5m_uk.pdf); C
---------------------- SIMULATION CONTROL === === === == oo oo e oo

Echo input data to "echo.out" (flag)

ADAMS preprocessor mode {1: Run FAST, 2: use FAST as a preprocessor to create an ADAMS model, 3: do
Analysis mode {1: Run a time-marching simulation, 2: create a periodic linearized model} (switch)
Number of blades (-)

Total run time (s)

Integration time step (s)

---------------------- TURBINE CONTROL === === == oo mmmmm oo oo

Yaw control mode {@: none, 1: user-defined from routine UserYawCont, 2: user-defined from Simulink}
Time to enable active yaw control (s) [unused when YCMode=0]

Pitch control mode {@: none, 1: user-defined from routine PitchCntrl, 2: user-defined from Simulink
Time to enable active pitch control (s) [unused when PCMode=0]

Variable-speed control mode {@: none, 1: simple VS, 2: user-defined from routine UserVSCont, 3: use
Rated generator speed for simple variable-speed generator control (HSS side) (rpm) [used only when
Rated generator torque/constant generator torque in Region 3 for simple variable-speed generator co
Generator torque constant in Region 2 for simple variable-speed generator control (HSS side) (N-m/r
Rated generator slip percentage in Region 2 1/2 for simple variable-speed generator control (%) [us
Generator model {1: simple, 2: Thevenin, 3: user-defined from routine UserGen} (switch) [used only
Method to start the generator {T: timed using TimGenOn, F: generator speed using SpdGenOn} (flag)
Method to stop the generator {T: timed using TimGenOf, F: when generator power = @} (flag)
Generator speed to turn on the generator for a startup (HSS speed) (rpm) [used only when GenTiStr=F
Time to turn on the generator for a startup (s) [used only when GenTiStr=True]

Time to turn off the generator (s) [used only when GenTiStp=True]

HSS brake model {1: simple, 2: user-defined from routine UserHSSBr} (switch)

Time to initiate deployment of the HSS brake (s)

Time to initiate deployment of the dynamic generator brake [CURRENTLY IGNORED] (s)

Time to initiate deployment of tip brake 1 (s)

Time to initiate deployment of tip brake 2 (s)

Time to initiate deployment of tip brake 3 (s) [unused for 2 blades]

Deployment-initiation speed for the tip brake on blade 1 (rpm)

Deployment-initiation speed for the tip brake on blade 2 (rpm)

Deployment-initiation speed for the tip brake on blade 3 (rpm) [unused for 2 blades]

Time to start override yaw maneuver and end standard yaw control (s)

Yaw rate (in absolute value) at which override yaw maneuver heads toward final yaw angle (deg/s)
Final yaw angle for override yaw maneuvers (degrees)

Time to start override pitch maneuver for blade 1 and end standard pitch control (s)

Time to start override pitch maneuver for blade 2 and end standard pitch control (s)

Time to start override pitch maneuver for blade 3 and end standard pitch control (s) [unused for 2
Pitch rate (in absolute value) at which override pitch maneuver for blade 1 heads toward final pitc
Pitch rate (in absolute value) at which override pitch maneuver for blade 2 heads toward final pitc
Pitch rate (in absolute value) at which override pitch maneuver for blade 3 heads toward final pitc
Blade 1 initial pitch (degrees)

Blade 2 initial pitch (degrees)

Blade 3 initial pitch (degrees) [unused for 2 blades]
Blade 1 final pitch for override pitch maneuvers (degrees)
Blade 2 final pitch for override pitch maneuvers (degrees)

Blade 3 final pitch for override pitch maneuvers (degrees) [unused for 2 blades]

---------------------- ENVIRONMENTAL CONDITIONS === === =====m=mmmmmmmmmmm oo

Gravitational acceleration (m/s”2)

---------------------- FEATURE FLAGS ----=- === === = -m oo mmmmmomomomoomaaoo

First flapwise blade mode DOF (flag)

Second flapwise blade mode DOF (flag)

First edgewise blade mode DOF (flag)
Rotor-teeter DOF (flag) [unused for 3 blades]
Drivetrain rotational-flexibility DOF (flag)
Generator DOF (flag)

Yaw DOF (flag)

First fore-aft tower bending-mode DOF (flag)
Second fore-aft tower bending-mode DOF (flag)
First side-to-side tower bending-mode DOF (flag)
Second side-to-side tower bending-mode DOF (flag)
Compute aerodynamic forces (flag)

Compute aerodynamic noise (flag)

---------------------- INITIAL CONDITIONS ----=-nm-=mmmmmmmmmmmmmmmmommommoem oo

Initial out-of-plane blade-tip displacement (meters)

Initial in-plane blade-tip deflection (meters)

Initial or fixed teeter angle (degrees) [unused for 3 blades]
Initial azimuth angle for blade 1 (degrees)

Initial or fixed rotor speed (rpm)

Initial or fixed nacelle-yaw angle (degrees)

Initial fore-aft tower-top displacement (meters)

Initial side-to-side tower-top displacement (meters)
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---------------------- TURBINE CONFIGURATION === === ====m === mmmm oo oo

63.0 TipRad - The distance from the rotor apex to the blade tip (meters)
1.5 HubRad - The distance from the rotor apex to the blade root (meters)
1 PSpnE1N - Number of the innermost blade element which is still part of the pitchable portion of the blade for
0.0 UndSling - Undersling length [distance from teeter pin to the rotor apex] (meters) [unused for 3 blades]
0.0 HubCM - Distance from rotor apex to hub mass [positive downwind] (meters)
-5.01910 OverHang - Distance from yaw axis to rotor apex [3 blades] or teeter pin [2 blades] (meters)
1.9 NacCMxn - Downwind distance from the tower-top to the nacelle CM (meters)
0.0 NacCMyn - Lateral distance from the tower-top to the nacelle CM (meters)
1.75 NacCMzn - Vertical distance from the tower-top to the nacelle CM (meters)
87.6 TowerHt - Height of tower above ground level [onshore] or MSL [offshore] (meters)
1.96256 Twr2Shft - Vertical distance from the tower-top to the rotor shaft (meters)
0.0 TwrRBHt - Tower rigid base height (meters)
-5.0 ShftTilt - Rotor shaft tilt angle (degrees)
0.0 Delta3 - Delta-3 angle for teetering rotors (degrees) [unused for 3 blades]
-2.5 PreCone(1) - Blade 1 cone angle (degrees)
-2.5 PreCone(2) - Blade 2 cone angle (degrees)
-2.5 PreCone(3) - Blade 3 cone angle (degrees) [unused for 2 blades]
0.0 AzimB1lUp - Azimuth value to use for I/O when blade 1 points up (degrees)
—————————————————————— MASS AND INERTIA ------mmmmmm o mm e o e e e e e e o
0.0 YawBrMass - Yaw bearing mass (kg)
240.00E3  NacMass - Nacelle mass (kg)
56.78E3  HubMass - Hub mass (kg)
0.0 TipMass(1) - Tip-brake mass, blade 1 (kg)
0.0 TipMass(2) - Tip-brake mass, blade 2 (kg)
0.0 TipMass(3) - Tip-brake mass, blade 3 (kg) [unused for 2 blades]
2607.89E3  NacYIner - Nacelle inertia about yaw axis (kg m~2)
534.116 GenIner - Generator inertia about HSS (kg m*2)
115.926E3 HubIner - Hub inertia about rotor axis [3 blades] or teeter axis [2 blades] (kg m"2)
—————————————————————— DRIVETRAIN --------cemmmmmecc e ecm e e e emeem e e
100.0 GBoXEff - Gearbox efficiency (%)
94.4 GenEff - Generator efficiency [ignored by the Thevenin and user-defined generator models] (%)
97.0 GBRatio - Gearbox ratio (-)
False GBRevers - Gearbox reversal {T: if rotor and generator rotate in opposite directions} (flag)
28.1162E3 HSSBrTqF - Fully deployed HSS-brake torque (N-m)
0.6 HSSBrDT - Time for HSS-brake to reach full deployment once initiated (sec) [used only when HSSBrMode=1]
DynBrkFi - File containing a mech-gen-torque vs HSS-speed curve for a dynamic brake [CURRENTLY IGNORED] (quote

867.637E6 DTTorSpr Drivetrain torsional spring (N-m/rad)
6.215E6 DTTorDmp - Drivetrain torsional damper (N-m/(rad/s))
—————————————————————— SIMPLE INDUCTION GENERATOR ------------commmmmmmmom oo

9999.9 SIG_S1Pc - Rated generator slip percentage (%) [used only when VSContrl=0 and GenModel=1]
9999.9 SIG_SySp - Synchronous (zero-torque) generator speed (rpm) [used only when VSContrl=0 and GenModel=1]
9999.9 SIG_RtTq - Rated torque (N-m) [used only when VSContrl=0 and GenModel=1]
9999.9 SIG_PORt - Pull-out ratio (Tpullout/Trated) (-) [used only when VSContrl=0 and GenModel=1]
—————————————————————— THEVENIN-EQUIVALENT INDUCTION GENERATOR -----------------
9999.9 TEC_Freq - Line frequency [50 or 60] (Hz) [used only when VSContrl=@ and GenModel=2]
9998 TEC_NPol - Number of poles [even integer > @] (-) [used only when VSContrl=0 and GenModel=2]
9999.9 TEC_SRes - Stator resistance (ohms) [used only when VSContrl=0 and GenModel=2]
9999.9 TEC_RRes - Rotor resistance (ohms) [used only when VSContrl=0 and GenModel=2]
9999.9 TEC_VLL - Line-to-line RMS voltage (volts) [used only when VSContrl=e and GenModel=2]
9999.9 TEC_SLR - Stator leakage reactance (ohms) [used only when VSContrl=e and GenModel=2]
9999.9 TEC_RLR - Rotor leakage reactance (ohms) [used only when VSContrl=0 and GenModel=2]
9999.9 TEC_MR - Magnetizing reactance (ohms) [used only when VSContrl=0 and GenModel=2]
—————————————————————— PLATFORM =--------ceecme e mcm e e e m e e c e mmmmme e e e e e
3 PtfmModel - Platform model {@: none, 1: onshore, 2: fixed bottom offshore, 3: floating offshore} (switch)
"NRELOffshrBslineSMW_Platform_ITIBarge4.dat" PtfmFile - Name of file containing platform properties (quoted string) [u
—————————————————————— TOWER =-------cmmmmcm e mmm e ec e e e e e e e e o
20 TwrNodes - Number of tower nodes used for analysis (-)
"NRELOffshrBslineS5MW_Tower_ITIBarge4.dat" TwrFile - Name of file containing tower properties (quoted string)
—————————————————————— NACELLE-YAW --------c-emmmmecmcmmmmcccmmmmmc e e e ee e e
9028.32E6  YawSpr - Nacelle-yaw spring constant (N-m/rad)
19.16E6  YawDamp - Nacelle-yaw damping constant (N-m/(rad/s))
0.0 YawNeut - Neutral yaw position--yaw spring force is zero at this yaw (degrees)
—————————————————————— FURLING ----------c-cmmmmmmecc e cccmecm e ccmm e e e e
False Furling - Read in additional model properties for furling turbine (flag)
FurlFile - Name of file containing furling properties (quoted string) [unused when Furling=False]
—————————————————————— ROTOR-TEETER ------------cmemmcm e ccccmmmmcc e e e e
2] TeetMod - Rotor-teeter spring/damper model {@: none, 1: standard, 2: user-defined from routine UserTeet} (swi
0.0 TeetDmpP - Rotor-teeter damper position (degrees) [used only for 2 blades and when TeetMod=1]
0.0 TeetDmp - Rotor-teeter damping constant (N-m/(rad/s)) [used only for 2 blades and when TeetMod=1]
0.0 TeetCDmp - Rotor-teeter rate-independent Coulomb-damping moment (N-m) [used only for 2 blades and when TeetMod
0.0 TeetSStP - Rotor-teeter soft-stop position (degrees) [used only for 2 blades and when TeetMod=1]
0.0 TeetHStP - Rotor-teeter hard-stop position (degrees) [used only for 2 blades and when TeetMod=1]
0.0 TeetSSSp - Rotor-teeter soft-stop linear-spring constant (N-m/rad) [used only for 2 blades and when TeetMod=1]
0.0 TeetHSSp - Rotor-teeter hard-stop linear-spring constant (N-m/rad) [used only for 2 blades and when TeetMod=1]
—————————————————————— TIP-BRAKE =----mmmmmmm oo e -
0.0 TBDrConN - Tip-brake drag constant during normal operation, Cd*Area (m"2)
0.0 TBDrConD - Tip-brake drag constant during fully-deployed operation, Cd*Area (m"2)
. TpBrDT - Time for tip-brake to reach full deployment once released (sec)
—————————————————————— BLADE =----- - - - o oo oo o e e
"NRELOffshrBsline5MW_Blade.dat" BldFile(1) - Name of file containing properties for blade 1 (quoted string)
“"NRELOffshrBsline5MW_Blade.dat" BldFile(2) - Name of file containing properties for blade 2 (quoted string)
"NRELOffshrBsline5MW_Blade.dat" BldFile(3) - Name of file containing properties for blade 3 (quoted string)
—————————————————————— AERODYN == = === = = oo oo oo o oo oo e oo e e mee e mmmmmmmm - - -




"NRELOffshrBsline5MW_AeroDyn.ipt" ADFile - Name of file containing AeroDyn input parameters (quoted strin
—————————————————————— NOISE -----------emmcme e cccm e cc e mmmmcemmem oo
NoiseFile - Name of file containing aerodynamic noise input parameters (quoted string) [used only when CompNois
—————————————————————— ADAMS - - - - e e m e e e
"NRELOffshrBsline5MW_ADAMSSpecific.dat" ADAMSFile - Name of file containing ADAMS-specific input parameters (quote
—————————————————————— LINEARIZATION CONTROL -------mmmmmm e o e
"NRELOffshrBsline5MW_Linear.dat" LinFile - Name of file containing FAST linearization parameters (quoted
—————————————————————— OUTPUT ------mmmmmmcmmmmmmcc e m e mcc e e e e e e e
True SumPrint - Print summary data to "<RootName>.fsm" (flag)
True TabDelim - Generate a tab-delimited tabular output file. (flag)
"ES10.3E2" OutFmt - Format used for tabular output except time. Resulting field should be 10 characters. (quoted strin
30.0 TStart - Time to begin tabular output (s)
4 DecFact - Decimation factor for tabular output {1: output every time step} (-)
1.0 SttsTime - Amount of time between screen status messages (sec)
-3.09528 NcIMUxn - Downwind distance from the tower-top to the nacelle IMU (meters)
0.0 NcIMUyn - Lateral distance from the tower-top to the nacelle IMU (meters)
2.23336 NcIMUzn - Vertical distance from the tower-top to the nacelle IMU (meters)
1.912 ShftGagL - Distance from rotor apex [3 blades] or teeter pin [2 blades] to shaft strain gages [positive for up
1 NTwGages - Number of tower nodes that have strain gages for output [0 to 9] (-)
10 TwrGagNd - List of tower nodes that have strain gages [1 to TwrNodes] (-) [unused if NTwGages=0]
1 NBlGages - Number of blade nodes that have strain gages for output [0 to 9] (-)
9 BldGagNd - List of blade nodes that have strain gages [1 to BldNodes] (-) [unused if NBlGages=0]
OutList - The next line(s) contains a list of output parameters. See OutlList.txt for a listing of available
"Windvxi , Windvyi , Windvzi" - Longitudinal, lateral, and vertical wind speeds
"WaveElev" - Wave elevation at the platform reference point
"WavelVxi , WavelVyi , Wavelvzi" - Longitudinal, lateral, and vertical wave particle velocities a
"WavelAxi , WavelAyi , WavelAzi" - Longitudinal, lateral, and vertical wave particle acceleration
"GenPwr , GenTq" - Electrical generator power and torque
"HSSBrTq" - High-speed shaft brake torque
"BldPitchl, BldPitch2, BldPitch3" - Pitch angles for blades 1, 2, and 3
"Azimuth" - Blade 1 azimuth angle
"RotSpeed , GenSpeed" - Low-speed shaft and high-speed shaft speeds
"NacYaw , NacYawErr" - Nacelle yaw angle and nacelle yaw error estimate
"OoPDefll , IPDefll , TwstDefll" - Blade 1 out-of-plane and in-plane deflections and tip twist
"OoPDefl2 , IPDefl2 , TwstDefl2" - Blade 2 out-of-plane and in-plane deflections and tip twist
"OoPDefl3 , IPDefl3 , TwstDefl3" - Blade 3 out-of-plane and in-plane deflections and tip twist
"TwrClrncl, TwrClrnc2, TwrClrnc3" - Tip-to-tower clearance estimate for blades 1, 2, and 3
"NcIMUTAxs, NcIMUTAys, NcIMUTAzs" - Nacelle IMU translational accelerations (absolute) in the nonr
"TTDspFA , TTDspSS , TTDspTwst" - Tower fore-aft and side-to-side displacements and top twist
"PtfmSurge, PtfmSway , PtfmHeave" - Platform translational surge, sway, and heave displacements
"PtfmRoll , PtfmPitch, PtfmYaw" - Platform rotational roll, pitch and yaw displacements
"PtfmTAxt , PtfmTAyt , PtfmTAzt" - Platform translation accelerations (absolute) in the tower-bas
"RootFxcl , RootFycl , RootFzcl" - Out-of-plane shear, in-plane shear, and axial forces at the ro
"RootMxcl , RootMycl , RootMzcl" - In-plane bending, out-of-plane bending, and pitching moments a
"RootFxc2 , RootFyc2 , RootFzc2" - Out-of-plane shear, in-plane shear, and axial forces at the ro
"RootMxc2 , RootMyc2 , RootMzc2" - In-plane bending, out-of-plane bending, and pitching moments a
"RootFxc3 , RootFyc3 , RootFzc3" - Out-of-plane shear, in-plane shear, and axial forces at the ro
"RootMxc3 , RootMyc3 , RootMzc3" - In-plane bending, out-of-plane bending, and pitching moments a
"SpnlMLxbl, SpniMLybl, SpnlMLzbl" - Blade 1 local edgewise bending, flapwise bending, and pitching
"SpnilMLxb2, SpniMLyb2, SpniMLzb2" - Blade 2 local edgewise bending, flapwise bending, and pitching
"SpnilMLxb3, SpniMLyb3, SpniMLzb3" - Blade 3 local edgewise bending, flapwise bending, and pitching
"RotThrust, LSSGagFya, LSSGagFza" - Rotor thrust and low-speed shaft ©- and 90-rotating shear forc
"RotTorq , LSSGagMya, LSSGagMza" - Rotor torque and low-speed shaft ©- and 90-rotating bending mo
"YawBrFxp , YawBrFyp , YawBrFzp" - Fore-aft shear, side-to-side shear, and vertical forces at the
"YawBrMxp , YawBrMyp , YawBrMzp" - Side-to-side bending, fore-aft bending, and yaw moments at the
"TwrBsFxt , TwrBsFyt , TwrBsFzt" - Fore-aft shear, side-to-side shear, and vertical forces at the
"TwrBsMxt , TwrBsMyt , TwrBsMzt" - Side-to-side bending, fore-aft bending, and yaw moments at the
"TwHtIMLxt, TwHtlMLyt, TwHtiMLzt" - Local side-to-side bending, fore-aft bending, and yaw moments
"FairlTen , FairlAng , AnchlTen , AnchlAng" - Line 1 fairlead and anchor effective tensions and vertical ang
"Fair2Ten , Fair2Ang , Anch2Ten , Anch2Ang" - Line 2 fairlead and anchor effective tensions and vertical ang
"Fair3Ten , Fair3Ang , Anch3Ten , Anch3Ang" - Line 3 fairlead and anchor effective tensions and vertical ang
"Fair4Ten , Fair4Ang , Anch4Ten , Anch4Ang" - Line 4 fairlead and anchor effective tensions and vertical ang
"Fair5Ten , Fair5Ang , Anch5Ten , Anch5Ang" - Line 5 fairlead and anchor effective tensions and vertical ang
"Fair6Ten , Fair6Ang , AnchéTen , Anch6Ang” - Line 6 fairlead and anchor effective tensions and vertical ang
"Fair7Ten , Fair7Ang , Anch7Ten , Anch7Ang" - Line 7 fairlead and anchor effective tensions and vertical ang
"Fair8Ten , Fair8Ang , Anch8Ten , Anch8Ang" - Line 8 fairlead and anchor effective tensions and vertical ang
"TipSpdRat, RotCp , RotCt , RotCq" - Rotor tip speed ratio and power, thrust, and torque coefficien
END of FAST input file (the word "END" must appear in the first 3 columns of this last line).
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0.477465
0.477465
0.477465

---------- FAST INDIVIDUAL BLADE FILE =-----====-cmmmmmmmmmoemoemoe
offshore baseline blade input properties.

—————————— BLADE PARAMETERS -----------mmmmmmmmm oo
NB1lInpSt - Number of blade input stations (-)

CalcBMode - Calculate blade mode shapes internally {T: ignore mode shapes from below, F: use mode shapes from b

B1dF1Dmp(1) - Blade flap mode #1 structural damping in percent of critical (%)
B1dF1Dmp(2) - Blade flap mode #2 structural damping in percent of critical (%)
B1dEdDmp(1) - Blade edge mode #1 structural damping in percent of critical (%)
---------- BLADE ADJUSTMENT FACTORS -===========mmmmmmmmmmmmmmom oo
F1StTunr(1) - Blade flapwise modal stiffness tuner, 1st mode (-)
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F1StTunr(2) - Blade flapwise modal stiffness tuner, 2nd mode (-)
6 AdjBlMs - Factor to adjust blade mass density (-)

AdjF1st - Factor to adjust blade flap stiffness (-)

AdjEdSt - Factor to adjust blade edge stiffness (-)

—————————————————————— DISTRIBUTED BLADE PROPERTIES -----------mmmmmmmmmmmm o

AeroCent StrcTwst BMassDen FlpStff EdgStff GIStff EAStff
(-) (deg) (kg/m) (Nm~2) (Nm”2) (Nm”2) (N)
0.25000 13.308 678.935 18110.00E6 18113.60E6 5564.40E6 9729.
0.25000 13.308 678.935 18110.00E6 18113.60E6 5564.40E6 9729.
0.24951 13.308 773.363 19424 .90E6 19558.60E6 5431.59E6 10789.
0.24510 13.308 740.550 17455.90E6 19497.80E6 4993.98E6 10067.
0.23284 13.308 740.042 15287.40E6 19788.80E6 4666.59E6 9867.
0.22059 13.308 592.496 10782.40E6 14858.50E6 3474.71E6 7607.
0.20833 13.308 450.275 7229.72E6 10220.60E6 2323.54E6 5491.
0.19608 13.308 424.054 6309.54E6 9144.70E6 1907.87E6 4971.
0.18382 13.308 400.638 5528.36E6 8063.16E6 1570.36E6 4493,
0.17156 13.308 382.062 4980.06E6 6884.44E6 1158.26E6 4034.
0.15931 13.308 399.655 4936.84E6 7009.18E6 1002.12E6 4037.
0.14706 13.308 426.321 4691.66E6 7167 .68E6 855.90E6 4169.
0.13481 13.181 416.820 3949.46E6 7271.66E6 672.27E6 4082.
0.12500 12.848 406.186 3386.52E6 7081.70E6 547 .49E6 4085.
0.12500 12.192 381.420 2933.74E6 6244.53E6 448 .84E6 3668.
0.12500 11.561 352.822 2568.96E6 5048.96E6 335.92E6 3147.
0.12500 11.072 349.477 2388.65E6 4948 .49E6 311.35E6 3011.
0.12500 10.792 346.538 2271.99E6 4808.02E6 291.94E6 2882.
0.12500 10.232 339.333 2050.05E6 4501.40E6 261.00E6 2613.
0.12500 9.672 330.004 1828.25E6 4244 .07E6 228.82E6 2357.
0.12500 9.110 321.990 1588.71E6 3995.28E6 200.75E6 2146.
0.12500 8.534 313.820 1361.93E6 3750.76E6 174.38E6 1944,
0.12500 7.932 294.734 1102.38E6 3447.14E6 144 .47E6 1632.
0.12500 7.321 287.120 875.80E6 3139.07E6 119.98E6 1432.
0.12500 6.711 263.343 681.30E6 2734.24E6 81.19E6 1168.
0.12500 6.122 253.207 534.72E6 2554.87E6 69.09E6 1047.
0.12500 5.546 241.666 408.90E6 2334.03E6 57.45E6 922.
0.12500 4.971 220.638 314.54E6 1828.73E6 45.92E6 760.
0.12500 4.401 200.293 238.63E6 1584.10E6 35.98E6 648.
0.12500 3.834 179.404 175.88E6 1323.36E6 27.44E6 539.
0.12500 3.332 165.094 126.01E6 1183.68E6 20.90E6 531.
0.12500 2.890 154.411 107.26E6 1020.16E6 18.54E6 460.
0.12500 2.503 138.935 90.88E6 797 .81E6 16.28E6 375.
0.12500 2.116 129.555 76.31E6 709.61E6 14.53E6 328.
0.12500 1.730 107.264 61.05E6 518.19E6 9.07E6 244,
0.12500 1.342 98.776 49.48E6 454 .87E6 8.06E6 211.
0.12500 0.954 90.248 39.36E6 395.12E6 7.08E6 181.
0.12500 0.760 83.001 34.67E6 353.72E6 6.09E6 160.
0.12500 0.574 72.906 30.41E6 304.73E6 5.75E6 109.
0.12500 0.404 68.772 26.52E6 281.42E6 5.33E6 100.
0.12500 0.319 66.264 23.84E6 261.71E6 4.94E6 92.
0.12500 0.253 59.340 19.63E6 158.81E6 4.24E6 63.
0.12500 0.216 55.914 16.00E6 137.88E6 3.66E6 53.
0.12500 0.178 52.484 12.83E6 118.79E6 3.13E6 44,
0.12500 0.140 49.114 10.08E6 101.63E6 2.64E6 36.
0.12500 0.101 45.818 7.55E6 85.07E6 2.17E6 29.
0.12500 0.062 41.669 4.60E6 64.26E6 1.58E6 21.
0.12500 0.023 11.453 0.25E6 6.61E6 0.25E6 4.
0.12500 0.000 10.319 0.17E6 5.01E6 0.19E6 3

---------------------- BLADE MODE SHAPES === === === mmmmmmm oo

B1dF11Sh(2) - Flap mode 1, coeff of x"2

B1dF11Sh(3) - , coeff of x”3
B1dF11Sh(4) - coeff of x"4
B1dF11Sh(5) - coeff of x"5

B1dF11Sh(6) - coeff of x76
B1dF12Sh(2) - Flap mode 2, coeff of x”"2
B1dF12Sh(3) - , coeff of x73
B1dF12Sh(4) - , coeff of x4
B1dF12Sh(5) - , coeff of x75
B1dF12Sh(6) - , coeff of x"6
B1dEdgSh(2) - Edge mode 1, coeff of x"2
B1ldEdgSh(3) - , coeff of x73
BldEdgSh(4) - , coeff of x"4
B1dEdgSh(5) - , coeff of x75
B1dEdgSh(6) - , coeff of x"6
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A.3 Tower Input File - NRELOffshrBslineSMW_Tower_ITIBarge4.dat

---------------------- FAST TOWER FILE === === m oo oo oo e
NREL 5.0 MW offshore baseline tower input properties for the ITI Energy barge with 4m draft.
—————————————————————— TOWER PARAMETERS === =-====mm s o m oo oo e e oo

NTwInpSt - Number of input stations to specify tower geometry

CalcTMode - Calculate tower mode shapes internally {T: ignore mode shapes from below, F:

TwrFADmp(1) - Tower 1st fore-aft mode structural damping ratio (%)
TwrFADmp(2) - Tower 2nd fore-aft mode structural damping ratio (%)

use mode shapes from b
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1.0 TwrSSDmp(1) - Tower 1st side-to-side mode structural damping ratio (%)
1.0 TwrSSDmp(2) - Tower 2nd side-to-side mode structural damping ratio (%)
---------------------- TOWER ADJUSTMUNT FACTORS =====-===om-mmmommoommommomeaooo

1.0 FAStTunr(1l) - Tower fore-aft modal stiffness tuner, 1st mode (-)
1.0 FAStTunr(2) - Tower fore-aft modal stiffness tuner, 2nd mode (-)
1.0 SSStTunr(1) - Tower side-to-side stiffness tuner, 1st mode (-)
1.0 SSStTunr(2) - Tower side-to-side stiffness tuner, 2nd mode (-)
1.0 AdjTwMa - Factor to adjust tower mass density (-)

1.0 AdjFASt - Factor to adjust tower fore-aft stiffness (-)

1.0 AdjSSst - Factor to adjust tower side-to-side stiffness (-)

---------------------- DISTRIBUTED TOWER PROPERTIES ----------==zm=c-mmmmmommne

HtFract TMassDen TwFAStif  TwSSStif  TwGIStif  TwEAStif  TwFAIner TwSSIner TwFAcgOf TwSScgof
() (kg/m) (Nm"2) (Nm"2) (Nm"2) (N) (kg m) (kg m) (m) (m)
0.0 5590.87 614.343E9 614.343E9 472.751E9 138.127E9 24866.3 24866.3 0.0 0.0
0.1 5232.43 534.821E9 534.821E9 411.558E9 129.272E9 21647.5 21647.5 0.0 0.0
0.2 4885.76  463.267E9 463.267E9 356.495E9 120.707E9 18751.3  18751.3 0.0 0.0
0.3 4550.87 399.131E9 399.131E9 307.141E9 112.433E9 16155.3 16155.3 0.0 0.0
0.4 4227.75 341.883E9 341.883E9 263.087E9 104.450E9 13838.1 13838.1 0.0 0.0
0.5 3916.41  291.011E9 291.011E9 223.940E9 96.758E9 11779.0 11779.0 0.0 0.0
0.6 3616.83  246.027E9 246.027E9 189.323E9  89.357E9  9958.2 9958.2 0.0 0.0
0.7 3329.03 206.457E9 206.457E9 158.874E9 82.247E9 8356.6 8356.6 0.0 0.0
0.8 3053.01 171.851E9 171.851E9 132.244E9  75.427E9  6955.9 6955.9 0.0 0.0
0.9 2788.75  141.776E9 141.776E9 109.100E9  68.899E9  5738.6 5738.6 0.0 0.0
1.0 2536.27 115.820E9 115.820E9 89.126E9 62.661E9 4688.0 4688.0 0.0 0.0

---------------------- TOWER FORE-AFT MODE SHAPES ==--==----mmmommmomoomomoaooo
0.7585  TwFAM1Sh(2) - Mode 1, coefficient of x"2 term

0.6185  TwFAM1Sh(3) - , coefficient of x*3 term
-0.1085  TwFAM1Sh(4) - , coefficient of x*4 term
-0.5510  TwFAM1Sh(5) - , coefficient of x"5 term

0.2825  TwFAM1Sh(6) - , coefficient of x"6 term

98.8570  TwFAM2Sh(2) - Mode 2, coefficient of x”2 term
-146.7007  TwFAM2Sh(3) , coefficient of x*3 term
135.7499  TwFAM2Sh(4) , coefficient of x"4 term
-166.3440  TwFAM2Sh(5) , coefficient of x*5 term
79.4379  TwFAM2Sh(6) - , coefficient of x76 term
—————————————————————— TOWER SIDE-TO-SIDE MODE SHAPES -----------oommmm e
2.7352  TwSSM1Sh(2) - Mode 1, coefficient of x*2 term

-7.6228  TwSSM1Sh(3) - , coefficient of x*3 term
13.1976  TwSSM1Sh(4) - , coefficient of x*4 term
-10.2992  TwSSM1Sh(5) - , coefficient of x"5 term

2.9892  TwSSM1Sh(6) - , coefficient of x"6 term

90.7938  TwSSM2Sh(2) - Mode 2, coefficient of x”*2 term
-174.3108  TwSSM2Sh(3) , coefficient of x"3 term
190.5109  TwSSM2Sh(4) - , coefficient of x"4 term
-165.1911  TwSSM2Sh(5) , coefficient of x*5 term
59.1972  TwSSM2Sh(6) , coefficient of x"6 term

A.4 ADAMS Input File — NRELOffshrBslineSMW_ADAMSSpecific.dat

—————————————————————— FAST 2 ADAMS PREPROCESSOR, ADAMS-SPECIFIC DATA FILE -----
NREL 5.0 MW offshore baseline ADAMS-specific input properties.
---------------------- FEATURE FLAGS === === === === oo e e e

True SaveGrphcs - Save GRAPHICS output (flag)
False MakeLINacf - Make an ADAMS/LINEAR control / command file (flag)
—————————————————————— DAMPING PARAMETERS --------cmmmmmmmmmmm e e oo oo
0.01 CRatioTGJ - Ratio of damping to stiffness for the tower torsion deflection (-)
0.01 CRatioTEA - Ratio of damping to stiffness for the tower extensional deflection (-)
0.01 CRatioBGJ - Ratio of damping to stiffness for the blade torsion deflections (-)
0.01 CRatioBEA - Ratio of damping to stiffness for the blade extensional deflections (-)
—————————————————————— BLADE PITCH ACTUATOR PARAMETERS -------=---mommmmm e oo
971.350E6 BPActrSpr - Blade pitch actuator spring stiffness constant (N-m/rad)
©0.206E6 BPActrDmp - Blade pitch actuator damping constant (N-m/(rad/s))
—————————————————————— GRAPHICS PARAMETERS -----------mmmmmmmm e e mm e oo
2 NSides - Number of sides used in GRAPHICS CYLINDER and FRUSTUM statements (-)

.000 TwrBaseRad Tower base radius used for linearly tapered tower GRAPHICS CYLINDERs (m)
.935 TwrTopRad Tower top radius used for linearly tapered tower GRAPHICS CYLINDERs (m)

(’]

3

1

7.0 NacLength - Length of nacelle used for the nacelle GRAPHICS (m)

1.75 NacRadBot - Bottom (opposite rotor) radius of nacelle FRUSTUM used for the nacelle GRAPHICS (m)
1.75 NacRadTop - Top (rotor end) radius of nacelle FRUSTUM used for the nacelle GRAPHICS (m)
1.0 GBoxLength - Length, width, and height of the gearbox BOX for gearbox GRAPHICS (m)

2.39 GenLength - Length of the generator CYLINDER used for generator GRAPHICS (m)

1.195 HSSLength - Length of the high-speed shaft CYLINDER used for HSS GRAPHICS (m)

4.78 LSSLength - Length of the low-speed shaft CYLINDER used for LSS GRAPHICS (m)

0.75 GenRad - Radius of the generator CYLINDER used for generator GRAPHICS (m)

0.2 HSSRad - Radius of the high-speed shaft CYLINDER used for HSS GRAPHICS (m)

0.4 LSSRad - Radius of the low -speed shaft CYLINDER used for LSS GRAPHICS (m)

0.875 HubCy1Rad - Radius of hub CYLINDER used for hub GRAPHICS (m)

0.18 ThkOovrChrd - Ratio of blade thickness to blade chord used for blade element BOX GRAPHICS (-)

0.0 BoomRad - Radius of the tail boom CYLINDER used for tail boom GRAPHICS (m)
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A.5 Linearization Input File - NRELOffshrBsline5SMW_Linear.dat

True CalcStdy
3 TrimCase
0.0001 DispTol
0.0010 VelTol

36 NAzimStep
1 MdlOrder
[} NInputs

CntrlInpt
2] NDisturbs
Disturbnc

FAST LINEARIZATION CONTROL FILE -------ommmmmmmomeeooo

NREL 5.0 MW offshore baseline linearization input properties.

PERIODIC STEADY STATE SOLUTION -----------------oommmmmmo

- Calculate periodic steady state condition {False: linearize about initial conditions} (flag)

- Trim case {1: find nacelle yaw, 2: find generator torque, 3: find collective blade pitch} (switch)

- Convergence tolerance for the 2-norm of displacements in the periodic steady state calculation (rad

- Convergence tolerance for the 2-norm of velocities in the periodic steady state calculation (rad
MODEL LINEARIZATION -----------mmmmmmmm oo mmm oo oo oo

- Number of equally-spaced azimuth steps in periodic linearized model (-)

- Order of output linearized model {1: 1st order A, B, Bd, C, D, Dd; 2: 2nd order M, C, K, F, Fd, Vel
INPUTS AND DISTURBANCES --------------cmmmmmmmmm oo

- Number of control inputs [@ (none) or 1 to 4+NumBl] (-)

- List  of control inputs [1 to NInputs] {1: nacelle yaw angle, 2: nacelle yaw rate, 3: generator to

- Number of wind disturbances [@ (none) or 1 to 7] (-)

- List of input wind disturbances [1 to NDisturbs] {1: horizontal hub-height wind speed, 2: horizon
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Appendix B AeroDyn Input Files for the 5-MW Wind Turbine

B.1 Primary Input File —- NRELOffshrBsline5MW_AeroDyn.ipt

0.679061 tau_GDW

1.225 AirDens

1.464E-5 KinVisc

0.02479 DTAero

8 NumFoil
"AeroData\Cylinderl.d
"AeroData\Cylinder2.d
"AeroData\DU40_A17.da
"AeroData\DU35_A17.da
"AeroData\DU30_A17.da
"AeroData\DU25_A17.da
"AeroData\DU21_A17.da

at"
at"
£
£
Y
i
£
dat"

7333

.7333

7333
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
7333
7333
7333

"AeroData\NACA64_A17.
17 BldNodes
RNodes  AeroTwst DRNodes
2.8667 13.308 2.
5.6000 13.308 2
8.3333 13.308 2.
11.7500 13.308 4.
15.8500 11.480 4.
19.9500 10.162 4.
24.0500 9.011 4.
28.1500  7.795 4.
32.2500 6.544 4.
36.3500 5.361 4.
40.4500 4.188 4.
44.5500 3.125 4.
48.6500 2.319 4.
52.7500 1.526 4.
56.1667 ©.863 2.
58.9000 ©.370 2.
61.6333 0.106 2.

NREL 5.0 MW offshore baseline aerodynamic input properties; Compatible with AeroDyn v12.60i.

SI SysUnits - System of units used for input and output [must be SI for FAST] (unquoted string)
BEDDOES StallMod - Dynamic stall included [BEDDOES or STEADY] (unquoted string)
USE_CM UseCm - Use aerodynamic pitching moment model? [USE_CM or NO_CM] (unquoted string)
EQUIL InfModel - Inflow model [DYNIN or EQUIL] (unquoted string)
3 max_r_power - Max polynomial power in radial direction (-) [max 22]
3 m_modes - Number of modes in azimuthal direction (-) [max 22]
False Use_GDW_Vel_Filter - Use the incoming velocity filter in GDW (flag)
False Use_Vortex_Ring_GDW - Use the vortex ring correction in GDW (flag)

Time constant for GDW (-) {0.0: no wake delay, ©.679061 = 32/(15*pi) recommended}

WAKE IndModel - Induction-factor model [NONE or WAKE or SWIRL] (unquoted string)
0.005 AToler - Induction-factor tolerance (convergence criteria) (-)
PRANDt1 TLModel - Tip-loss model (EQUIL only) [PRANDtl, GTECH, or NONE] (unquoted string)
PRANDt1 HLModel - Hub-loss model (EQUIL only) [PRANdtl or NONE] (unquoted string)
"WindData\9@m_12mps" WindFile - Name of file containing wind data (quoted string)
90.0 HH - Wind reference (hub) height [TowerHt+Twr2Shft+OverHang*SIN(ShftTilt)] (m)
True TwrPotent - Calculate tower potential flow (flag)
False TwrShadow - Calculate tower shadow (flag)
True TwrRead - Read in filename below even if above is False (used for tower drag in some Dyn progs) (flag)
"NRELOffshrBsline5MW_AeroDyn_Tower.dat" TwrFile - Tower drag file name (quoted string)

Air density (kg/m"3)
Kinematic air viscosity [CURRENTLY IGNORED] (m"2/sec)
Time interval for aerodynamic calculations (sec)
Number of airfoil files (-)
FoilNm - Names of the airfoil files [NumFoil lines] (quoted strings)

Number of blade nodes used for analysis (-)
Chord NFoil PrnElm

3.542 1 NOPRINT
3.854 1 NOPRINT
4.167 2 NOPRINT
4.557 3 NOPRINT
4.652 4 NOPRINT
4.458 4 NOPRINT
4.249 5 NOPRINT
4.007 6 NOPRINT
3.748 6 NOPRINT
3.502 7 NOPRINT
3.256 7 NOPRINT
3.010 8 NOPRINT
2.764 8 NOPRINT
2.518 8 NOPRINT
2.313 8 NOPRINT
2.086 8 NOPRINT
1.419 8 NOPRINT

B.2 Tower Input File - NRELOffshrBslineSMW_AeroDyn_Tower.dat

0.00000 6.000 1
0.09733 5.787 1
0.19467 5.574 1
0.29200 5.361 1
0.38933 5.148 1
0.48667 4.935 1
0.58400 4.722 1
0.68133 4.509 1
0.77867 4.296 1
0.87600 4.083 1
0.97333 3.870 1

NREL 5.0 MW offshore baseline aerodynamic tower CD input properties.
Compatible with AeroDyn v12.60i.

12 NTwrHt - Number of tower input height stations listed (-)

1 NTwrRe - Number of tower Re values (-)

1 NTwrCD - Number of tower CD columns (-)

0.0 Tower_Wake_Constant - Tower wake constant (-) {0.0: full potential flow, ©.1: Bak model}

- DISTRIBUTED TOWER PROPERTIES = ----========n=mmmmmmmmmnoe

TwrHtFr TwrWid NTwrCDCol
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1.00000 3.870 1

—————————————————————— Re v CD PROPERTIES ----------mmmmmmmmm oo oo oo oo
TwrRe TwrCD1 TwrCD2 TwrCD2

1.0 0.0

B.3 Airfoil-Data Input File — Cylinder1.dat

Round root section with a Cd of ©.50
Made by Jason Jonkman
1 Number of airfoil tables in this file
Table ID parameter
Stall angle (deg)
No longer used, enter zero
No longer used, enter zero
No longer used, enter zero
Zero Cn angle of attack (deg)
Cn slope for zero lift (dimensionless)
Cn extrapolated to value at positive stall angle of attack
Cn at stall value for negative angle of attack
Angle of attack for minimum CD (deg)
. Minimum CD value
.00 0.000 0.5000 0.000
.00 0.000 0.5000 0.000
180.00 0.000 0.5000 0.000

OO0

OO0V
[

'
iy
00
o o

B.4 Airfoil-Data Input File — Cylinder2.dat

Round root section with a Cd of ©.35
Made by Jason Jonkman
1 Number of airfoil tables in this file
Table ID parameter
Stall angle (deg)
No longer used, enter zero
No longer used, enter zero
No longer used, enter zero
Zero Cn angle of attack (deg)
Cn slope for zero lift (dimensionless)
Cn extrapolated to value at positive stall angle of attack
Cn at stall value for negative angle of attack
Angle of attack for minimum CD (deg)
. Minimum CD value
.00 0.000 0.3500 0.000
.00 0.000 0.3500 0.000
180.00 0.000 0.3500 0.000

OO0 ®
WOOOOOODOOO®O®

'
=y
[
o
V]

B.5 Airfoil-Data Input File — DU40_A17.dat

DU40 airfoil with an aspect ratio of 17. Original -180 to 180deg Cl, Cd, and Cm versus AOA data taken from Appendix A of DOW
Cl and Cd values corrected for rotational stall delay and Cd values corrected using the Viterna method for @ to 90deg AOA by
1 Number of airfoil tables in this file
0.0 Table ID parameter
9.00 Stall angle (deg)
0.0 No longer used, enter zero
0.0 No longer used, enter zero
0.0 No longer used, enter zero
-1.3430  Zero Cn angle of attack (deg)
7.4888 Cn slope for zero lift (dimensionless)
1.3519 Cn extrapolated to value at positive stall angle of attack
-0.3226 Cn at stall value for negative angle of attack
0.00 Angle of attack for minimum CD (deg)
0.0113  Minimum CD value
-180.00 0.000 0.0602 0.0000
-175.00 0.218 0.0699 0.0934
-170.00 0.397 0.1107 0.1697
-160.00 0.642 0.3045 0.2813
-155.00 0.715 0.4179 0.3208
-150.00 0.757 0.5355 0.3516
-145.00 0.772 0.6535 0.3752
-140.00 0.762 0.7685 0.3926
-135.00 0.731 0.8777 0.4048
-130.00 0.680 0.9788 0.4126
-125.00 0.613 1.0700 0.4166
-120.00 0.532 1.1499 0.4176
-115.00 0.439 1.2174 0.4158
-110.00 0.337 1.2716 0.4117
-105.00 0.228 1.3118 0.4057
-100.00 0.114 1.3378 0.3979
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.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
.017
.003

002
120
236
349
456
557
647
727
792
842
874
886
875
839
777
761
744
725
706
685
662
635
605
571
534
494
452
407
360
311
208
111
090
072
065
054

0.014

RPRRPRPRRRPRPRRPRPPRPRPPRPRPPRPRREPRPRREPREPRPRPREPRLPPOOCOOOODODOOOOOOOOOO®

.009

004
036

.073

137
213
292

.369

444
514

.580

645
710
776

.841

904
967

.027

084
140
193

.242

287
333
368
400
425
449
473
494
513
538
587
614
631
649
666
681
699
719
751
767
798
810

.830

OO0 00D KRPRKRPRRPRRPREPRER

3492
3460
3283
2964
2507
1918
1204
0376
9446
8429
7345
6215
5067
3932
2849
2642
2440
2242
2049
1861
1687
1533
1398
1281
1183
1le1
1036
0986
0951
0931
0930
0689
0614
0547
0480
0411
0349
0299
0255
0198
0164
0147
0137
0113
0114
0118
0122
0124
0124
0123
0120
0119
0122
0125
0129
0135
0144
0158
0174
0198
0231
0275
0323
0393
0475
0580
0691
0816
0973
1129
1288
1650
1845
2052
2250
2467
2684
2900
3121
3554
3783
4212
4415
4830

D000

.3887

3781

.3663

3534

.3394
.3244
.3084
.2914

2733

.2543

2342

.2129
.1906
.1670
.1422

1371

.1320

1268

.1215
.1162
.1097
.1012

0907

.0784

0646

.0494
.0330
.0156
.0026
.0213
.0600
.0500
.0516
.0532
.0538
.0544
.0554
.0558
.0555
.0534
.0442
.0469
.0522
.0573
.0644
.0718
.0783
.0835
.0866
.0887
.0900
.0914
.0933
.0947
.0957
.0967
.0973
.0972
.0972
.0968
.0958
.0948
.0942
.0926
.0908
.0890
.0877
.0870
.0870
.0876
.0886
.0917
.0939
.0966
.0996
.1e31
.1069
.1110
.1157
.1242
.1291
.1384
.1416
.1479
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23.00 1.847 ©.5257 -0.1542
24.00 1.861 0.5694 -0.1603
25.00 1.872 0.6141 -0.1664
26.00 1.881 0.6593 -0.1724
28.00 1.894 0.7513 -0.1841
30.00 1.904 0.8441 -0.1954
32.00 1.915 0.9364 -0.2063
35.00 1.929 1.0722 -0.2220
40.00 1.903 1.2873 -0.2468
45.00 1.820 1.479 -@.2701
50.00 1.690 1.6401 -0.2921
55.00 1.522 1.7609 -0.3127
60.00 1.323 1.8360 -0.3321
65.00 1.106 1.8614 -0.3502
70.00 0.880 1.8347 -0.3672
75.00 0.658 1.7567 -0.3830
80.00 0.449 1.6334 -0.3977
85.00 0.267 1.4847 -0.4112
90.00 0.124  1.3879 -0.4234
95.00 0.002 1.3912 -0.4343
100.00 -0.118 1.3795 -0.4437
105.00 -0.235 1.3528 -0.4514
110.00 -0.348 1.3114 -0.4573
115.00 -0.453 1.2557 -0.4610
120.00 -0.549 1.1864 -0.4623
125.00 -0.633 1.1041 -0.4606
130.00 -0.702 1.0102 -0.4554
135.00 -0.754 0.9060 -0.4462
140.00 -0.787 0.7935 -0.4323
145.00 -0.797 0.6750 -0.4127
150.00 -0.782 ©.5532 -0.3863
155.00 -0.739 0.4318 -0.3521
160.00 -0.664 0.3147 -0.3085
170.00 -0.410 0.1144 -0.1858
175.00 -0.226 0.0702 -0.1022
180.00 0.000 0.0602 0.0000

B.6 Airfoil-Data Input File — DU35_A17.dat

DU35 airfoil with an aspect ratio of 17. Original -180 to 18@deg Cl, Cd, and Cm versus AOA data taken from Appendix A of DOW
Cl and Cd values corrected for rotational stall delay and Cd values corrected using the Viterna method for @ to 9@deg AOA by
1 Number of airfoil tables in this file
0.0 Table ID parameter
11.50 Stall angle (deg)
0.0 No longer used, enter zero
0.0 No longer used, enter zero
0.0 No longer used, enter zero
-1.8330  Zero Cn angle of attack (deg)
7.1838 Cn slope for zero lift (dimensionless)
1.6717 Cn extrapolated to value at positive stall angle of attack
-0.3075 Cn at stall value for negative angle of attack
0.00 Angle of attack for minimum CD (deg)
0.0094  Minimum CD value
-180.00 0.000 ©0.0407 ©0.0000
-175.00 0.223 0.0507 0.0937
-170.00 0.405 0.1055 0.1702
-160.00 0.658 ©0.2982 0.2819
-155.00 0.733 0.4121 0.3213
-150.00 0.778 0.5308 0.3520
-145.00 0.795 0.6503 0.3754
-140.00 0.787 ©.7672 0.3926
-135.00 0.757 0.8785 0.4046
-130.00 0.708 0.9819 0.4121
-125.00 0.641 1.0756 0.4160
-120.00 0.560 1.1580 0.4167
-115.00 0.467 1.2280 0.4146
-110.00 0.365 1.2847 0.4104
-105.00 0.255 1.3274 0.4041
-100.00 0.139 1.3557 0.3961
-95.00 0.021 1.3692 0.3867
-90.00 -0.098 1.3680 ©.3759
-85.00 -0.216 1.3521 0.3639
-80.00 -0.331 1.3218 ©.3508
-75.00 -0.441 1.2773 0.3367
-70.00 -0.544 1.2193 0.3216
-65.00 -0.638 1.1486 0.3054
-60.00 -0.720 1.0660 0.2884
-55.00 -0.788 ©0.9728 0.2703
-50.00 -0.840 0.8705 0.2512
-45.00 -0.875 0.7611 0.2311
-40.00 -0.889 0.6466 0.2099
-35.00 -0.880 ©0.5299 0.1876
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.846
.784
.768
.751
.733
.714
.693
.671
.648
.624
.601
.579
.559
.539
.519
.499
.480
.385
.359
.360
.355
.307
.246
.240
.163
.091
.019

052

.121

196
265
335

.404

472
540

.608

674
742
809

.875

941
007

.071

134
198
260

.318

368
422
475
523
570
609
642
675
700
717
712
703
671
649
621
598
571
549
544
549
565
565
563
558
552
546
539
527
522
529
544
529
471
376
249
097
928
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4141
3030
2817
2608
2404
2205
2011
1822
1640
1465
1300
1145
1000
0867
0744
0633
0534
0245
0225
0196
0174
0162
0144
0240
0188
0160
0137
0118
0104
0094
0096
0098
0099
0100
0102
0103
0104
0105
0107
0108
0109
0110
0113
0115
0117
0120
0126
0133
0143
0156
0174
0194
0227
0269
0319
0398
0488
0614
0786
1173
1377
1600
1814
2042
2316
2719
2906
3085
3447
3820
4203
4593
4988
5387
6187
6978
7747
8869
0671
2319
3747
4899
5728
6202

-0

-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.

D000

.1641

1396

.1345

1294

.1243
.1191
.1139
.1086

1032

.0975

0898

.0799
.0682
.0547
.0397

0234

.0060
.0800
.0800
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
.0925

0800
0800
0800
0800
0623
0674
0712
0746
0778
0806
0831
0863
0895
0924
0949
0973
0996
1016
1037
1057
1076
1094
1109
1118
1127
1138
1144
1137
1112
1100
1086
1064
1044
1013
0980
0953

0896
0864
0840
0830
0848
0880
0926
0984
1052
1158
1213
1248
1317
1385
1452
1518
1583
1647
1770
1886
1994
2148
2392
2622
2839
3043
3236
3417
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70.00 0.750 6302 -0.3586
75.00 0.570 6031 -0.3745
80.00 0.396 5423 -0.3892
85.00 0.237 4598 -0.4028

90.00 0.101
95.00 -0.022
100.00 -0.143
105.00 -0.261
110.00 -0.374
115.00 -0.480
120.00 -0.575
125.00 -0.659
130.00 -0.727
135.00 -0.778
140.00 -0.809
145.00 -0.818
150.00 -0.800
155.00 -0.754
160.00 -0.677
170.00 -0.417
175.00 -0.229
180.00 0.000

4041 -0.4151
4053 -0.4261
3914 -0.4357
3625 -0.4437
3188 -0.4498
2608 -0.4538
1891 -0.4553
1046 -0.4540
0086 -0.4492
9025 -@.4405
7883 -0.4270
6684 -0.4078
5457 -0.3821
4236 -0.3484
3066 -0.3054
1085 -0.1842
0510 -0.1013
0407  ©.0000
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B.7 Airfoil-Data Input File —- DU30_A17.dat

DU30 airfoil with an aspect ratio of 17. Original -180 to 18@deg Cl, Cd, and Cm versus AOA data taken from Appendix A of DOW
Cl and Cd values corrected for rotational stall delay and Cd values corrected using the Viterna method for @ to 9@deg AOA by
1 Number of airfoil tables in this file
0.0 Table ID parameter
9.00 Stall angle (deg)
0.0 No longer used, enter zero
0.0 No longer used, enter zero
0.0 No longer used, enter zero
-2.3220 Zero Cn angle of attack (deg)
7.3326  Cn slope for zero lift (dimensionless)
1.4490 Cn extrapolated to value at positive stall angle of attack
-0.6138 Cn at stall value for negative angle of attack
0.00 Angle of attack for minimum CD (deg)
0.0087  Minimum CD value
-180.00 0.000 0.0267 0.0000
-175.00 0.274 0.0370 0.1379
-170.00 0.547 0.0968 0.2778
-160.00 0.685 0.2876 0.2740
-155.00 0.766 0.4025 0.3118
-150.00 0.816 0.5232 0.3411
-145.00 0.836 0.6454 0.3631
-140.00 0.832 0.7656 0.3791
-135.00 0.804 0.8807 0.3899
-130.00 0.756 0.9882 0.3965
-125.00 0.690 1.0861 0.3994
-120.00 0.609 1.1730 0.3992
-115.00 0.515 1.2474 0.3964
-110.00 0.411 1.3084 0.3915
-105.00 0.300 1.3552 0.3846
-100.00 0.182 1.3875 0.3761
-95.00 0.061 1.4048 0.3663
-90.00 -0.061 1.4070 0.3551
-85.00 -0.183 1.3941 0.3428
-80.00 -0.302 1.3664 0.3295
-75.00 -0.416 1.3240 0.3153
-70.00 -0.523 1.2676 0.3001
-65.00 -0.622 1.1978 0.2841
-60.00 -0.708 1.1156 0.2672
-55.00 -0.781 1.0220 0.2494
-50.00 -0.838 0.9187 0.2308
-45.00 -0.877 0.8074 0.2113
-40.00 -0.895 0.6904 0.1909
-35.00 -0.889 0.5703 0.1696
-30.00 -0.858 0.4503 0.1475
-25.00 -0.832 0.3357 0.1224
-24.00 -0.852 0.3147 0.1156
-23.00 -0.882 0.2946 0.1081
-22.00 -0.919 0.2752 0.1000
-21.00 -0.963 0.2566 0.0914
-20.00 -1.013 0.2388 0.0823
-19.00 -1.067 0.2218 0.0728
-18.00 -1.125 0.2056 0.0631
-17.00 -1.185 0.1901 0.0531
-16.00 -1.245 0.1754 0.0430
-15.25 -1.290 0.1649 0.0353
-14.24 -1.229 0.1461 0.0240
-13.24 -1.148 0.1263 0.0100
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.052
.965
.867
.822
.769
.756
.690
.616
.542
.525
.451
.382
.314
.251
.189
.120
.051

017

.085
.152

219

.288

354
421
487

.554
.619

685

.749

815
879
944

.008

072
135

.197

256
305
390

424

458
488
512
533
549
558
470
398
354
336
333
326
329
326
321
331
333
340
362
382
398
426
437
418
397
376
354
332
293
265
253
264
258
217
146
049
932
799
657
509
362
221
092
030
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1051
0886
0740
0684
0605
0270
0180
0166
0152
0117
0105
0097
0092
0091
0089
0089
0088
0088
0088
0088
0088
0087
0087
0088
0089
0090
0091
0092
0093
0095
0096
0097
0099
olel
0103
0107
0112
0125
0155
0171
0192
0219
0255
0307
0370
0452
0630
0784
0931
1081
1239
1415
1592
1743
1903
2044
2186
2324
2455
2584
2689
2814
2943
3246
3557
3875
4198
4524
5183
5843
6492
7438
8970
0402
1686
2779
3647
4267
4621
4708
4544
4196
3938
3943

-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.

0090
0230
0336
0375
0440
0578
0590
0633
0674
0732
0766
0797
0825
0853
0884
0914
0942
0969
0994
1018
1041
1062
1086
1107
1129
1149
1168
1185
1201
1218
1233
1248
1260
1270
1280
1287
1289
1270
1207
1158
1116
1073
1029
0983
0949
0921
0899
0885
0885
0902
0928
0963
1006
1042
1084
1125
1169
1215
1263
1313
1352
1406
1462
1516
1570
1623
1676
1728
1832
1935
2039
2193
2440
2672
2891
3097
3290
3471
3641
3799
3946
4081
4204
4313
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100.00 -0.150
105.00 -0.267
110.00 -0.379
115.00 -0.483
120.00 -0.578
125.00 -0.660
130.00 -0.727
135.00 -0.777
140.00 -0.807
145.00 -0.815
150.00 -0.797
155.00 -0.750
160.00 -0.673
170.00 -0.547
175.00 -0.274
180.00 0.000

3798 -0.4408
3504 -0.4486
3063 -0.4546
2481 -0.4584
1763 -0.4597
0919 -0.4582
9962 -0.4532
8906 -0.4441
7771 -0.4303
6581 -0.4109
5364 -0.3848
4157 -0.3508
3000 -0.3074
1051 -0.2786
0388 -0.1380
0267  ©.0000
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B.8 Airfoil-Data Input File — DU25_A17.dat

DU25 airfoil with an aspect ratio of 17. Original -180 to 18@deg Cl, Cd, and Cm versus AOA data taken from Appendix A of DOW
Cl and Cd values corrected for rotational stall delay and Cd values corrected using the Viterna method for @ to 9@deg AOA by
1 Number of airfoil tables in this file
0.0 Table ID parameter
8.50 Stall angle (deg)
0.0 No longer used, enter zero
0.0 No longer used, enter zero
0.0 No longer used, enter zero
-4.2422  Zero Cn angle of attack (deg)
6.4462 Cn slope for zero lift (dimensionless)
1.4336 Cn extrapolated to value at positive stall angle of attack
-0.6873 Cn at stall value for negative angle of attack
0.00 Angle of attack for minimum CD (deg)
0.0065 Minimum CD value
-180.00 0.000 0.0202 0.0000
-175.00 0.368 0.0324 0.1845
-170.00 0.735 0.0943 0.3701
-160.00 0.695 0.2848 0.2679
-155.00 0.777 0.4001 0.3046
-150.00 0.828 0.5215 0.3329
-145.00 0.850 0.6447 0.3540
-140.00 0.846 0.7660 0.3693
-135.00 0.818 0.8823 0.3794
-130.00 0.771 0.9911 0.3854
-125.00 0.705 1.0905 0.3878
-120.00 0.624 1.1787 0.3872
-115.00 0.530 1.2545 0.3841
-110.00 0.426 1.3168 0.3788
-105.00 0.314 1.3650 0.3716
-100.00 0.195 1.3984 0.3629
-95.00 0.073 1.4169 0.3529
-90.00 -0.050 1.4201 0.3416
-85.00 -0.173 1.4081 0.3292
-80.00 -0.294 1.3811 0.3159
-75.00 -0.409 1.3394 0.3017
-70.00 -0.518 1.2833 0.2866
-65.00 -0.617 1.2138 0.2707
-60.00 -0.706 1.1315 0.2539
-55.00 -0.780 1.0378 0.2364
-50.00 -0.839 0.9341 0.2181
-45.00 -0.879 0.8221 0.1991
-40.00 -0.898 0.7042 0.1792
-35.00 -0.893 0.5829 0.1587
-30.00 -0.862 0.4616 0.1374
-25.00 -0.803 0.3441 0.1154
-24.00 -0.792 0.3209 0.1101
-23.00 -0.789 0.2972 0.1031
-22.00 -0.792 0.2730 0.0947
-21.00 -0.801 0.2485 0.0849
-20.00 -0.815 0.2237 0.0739
-19.00 -0.833 0.1990 0.0618
-18.00 -0.854 0.1743 0.0488
-17.00 -0.879 0.1498 0.0351
-16.00 -0.905 0.1256 0.0208
-15.00 -0.932 0.1020 0.0060
-14.00 -0.959 0.0789 -0.0091
-13.00 -0.985 0.0567 -0.0243
-13.00 -0.985 0.0567 -0.0243
-12.01 -0.953 0.0271 -0.0349
-11.00 -0.900 0.0303 -0.0361
-9.98 -0.827 0.0287 -0.0464
-8.98 -0.753 0.0271 -0.0534
-8.47 -0.691 0.0264 -0.0650
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.181

247

.312
.377

444

.508

573
636
701

.765
.827

890

.952

013
062
161

.208
.254

301

.336

369
400
428
442
427
374
316
277
250
246
247
256
260
271
281
289
294
304
309
315
320
330
343
354
359
360
325
288
251
215
181
120
076
056
066
064
035
980
904
810
702
582
456
326
197

.072
.050
.170
.287
.399
.502
.596
.677
.743
.792
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0114
0094
0086
0073
0071
0070
0069
0068
0068
0068
0067
0067
0067
0065
0065
0066
0067
0068
0069
0070
0071
0073
0076
0079
0099
0117
0132
0143
0153
0165
0181
0211
0262
0336
0420
0515
0601
0693
0785
0888
1000
1108
1219
1325
1433
1541
1649
1754
1845
1953
2061
2170
2280
2390
2536
2814
3098
3386
3678
3972
4563
5149
5720
6548
7901
9190
0378
1434
2333
3055
3587
3922
4063
4042
3985
3973
3810
3498
3041
2442
1709
0852
9883
8818

-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
.1375

-0

-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.

0782
0904
1006
1107
1135
1162
1186
1209
1231
1252
1272
1293
1311
1330
1347
1364
1380
1396
1411
1424
1437
1448
1456
1445
1419
1403
1382
1362
1320
1276
1234
1193
1152
1115
1081
1052
1026
1000
0980
0969
0968
0973
0981
0992
1006
1023
1042
1064
1082
1110
1143
1179
1219
1261
1303

1446
1515
1584
1651
1781
1904
2017
2173
2418
2650
2867
3072
3265
3446
3616
3775
3921
4057
4180
4289
4385
4464
4524
4563
4577
4563
4514
4425
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140.00 -0.821
145.00 -0.826
150.00 -0.806
155.00 -0.758
160.00 -0.679
170.00 -0.735
175.00 -0.368
180.00 0.000

7676 -0.4288
6481 -0.4095
5264 -0.3836
4060 -0.3497
2912 -0.3065
0995 -0.3706
0356 -0.1846
0202  ©.0000
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B.9 Airfoil-Data Input File — DU21_A17.dat

DU21 airfoil with an aspect ratio of 17. Original -180 to 180deg Cl, Cd, and Cm versus AOA data taken from Appendix A of DOW
Cl and Cd values corrected for rotational stall delay and Cd values corrected using the Viterna method for @ to 90deg AOA by

1 Number of airfoil tables in this file

0.0 Table ID parameter

8.00 Stall angle (deg)

0.0 No longer used, enter zero

0.0 No longer used, enter zero

0.0 No longer used, enter zero

-5.0609 Zero Cn angle of attack (deg)

6.2047 Cn slope for zero lift (dimensionless)

1.4144 Cn extrapolated to value at positive stall angle of attack

-0.5324 Cn at stall value for negative angle of attack
-1.50 Angle of attack for minimum CD (deg)
0.0057 Minimum CD value
-180.00 0.000 0.0185 0.0000
-175.00 0.394 0.0332 0.1978
-170.00 0.788 0.0945 0.3963
-160.00 0.670 0.2809 0.2738
-155.00 0.749 0.3932 0.3118
-150.00 0.797 0.5112 0.3413
-145.00 0.818 0.6309 0.3636
-140.00 0.813 0.7485 0.3799
-135.00 0.786 0.8612 0.3911
-130.00 0.739 0.9665 0.3980
-125.00 0.675 1.0625 0.4012
-120.00 0.596 1.1476 0.4014
-115.00 0.505 1.2206 0.3990
-110.00 0.403 1.2805 0.3943
-105.00 0.294 1.3265 0.3878
-100.00 0.179 1.3582 0.3796
-95.00 0.060 1.3752 0.3700
-90.00 -0.060 1.3774 0.3591
-85.00 -0.179 1.3648 0.3471
-80.00 -0.295 1.3376 0.3340
-75.00 -0.407 1.2962 0.3199
-70.00 -0.512 1.2409 0.3049
-65.00 -0.608 1.1725 0.2890
-60.00 -0.693 1.0919 0.2722
-55.00 -0.764 1.0002 0.2545
-50.00 -0.820 0.8990 0.2359
-45.00 -0.857 0.7900 0.2163
-40.00 -0.875 0.6754 0.1958
-35.00 -0.869 0.5579 0.1744
-30.00 -0.838 0.4405 0.1520
-25.00 -0.791 0.3256 0.1262
-24.00 -0.794 0.3013 0.1170
-23.00 -0.805 0.2762 0.1059
-22.00 -0.821 0.2506 0.0931
-21.00 -0.843 0.2246 0.0788
-20.00 -0.869 0.1983 0.0631
-19.00 -0.899 0.1720 0.0464
-18.00 -0.931 0.1457 0.0286
-17.00 -0.964 0.1197 0.0102
-16.00 -0.999 0.0940 -0.0088
-15.00 -1.033 0.0689 -0.0281
-14.50 -1.050 0.0567 -0.0378
-12.01 -0.953 0.0271 -0.0349
-11.00 -0.900 0.0303 -0.0361
-9.98 -0.827 0.0287 -0.0464
-8.12 -0.536 0.0124 -0.0821
-7.62 -0.467 0.0109 -0.0924
-7.11 -0.393 0.0092 -0.1015
-6.60 -0.323 0.0083 -0.1073
-6.50 -0.311 0.0089 -0.1083
-6.00 -0.245 0.0082 -0.1112
-5.50 -0.178 0.0074 -0.1146
-5.00 -0.113 0.0069 -0.1172
-4.50 -0.048 0.0065 -0.1194
-4.00 0.016 0.0063 -0.1213
-3.50 0.080 0.0061 -0.1232
-3.00 0.145 0.0058 -0.1252
-2.50 0.208 0.0057 -0.1268
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.270

333
396
458

.521
.583

645

.706

768
828
888

.948
.996

046

.095

145
192
239

.283
.324

358

.385

403
401
358
313
287
274
272
273
273
273
272
273
275
281
284
296
306
308
308
308
308
307
311
325
324
277
229
182
136
093
017
962
937
947
950
928
884
821
740
646
540
425
304

.179

053

.073
.198
.319
.434
.541
.637
.720
.787
.836
.864
.869
.847
.795
.711
.788
.394
.000
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0057
0057
0057
0057
0057
0057
0058
0058
0059
0061
0063
0066
0071
0079
0090
0103
0113
0122
0131
0139
0147
0158
0181
0211
0255
0301
0347
0401
0468
0545
0633
0722
0806
0900
0987
1075
1170
1270
1368
1464
1562
1664
1770
1878
1987
2100
2214
2499
2786
3077
3371
3664
4246
4813
5356
6127
7396
8623
9781
0846
1796
2617
3297
3827
4202
4423
4512
4480
4294
3954
3464
2829
2057
1157
0144
9033
7845
6605
5346
4103
2922
0969
0334
0185

-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
.1923

-0

-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
.0000

1282
1297
1310
1324
1337
1350
1363
1374
1385
1395
1403
1406
1398
1390
1378
1369
1353
1338
1317
1291
1249
1213
1177
1142
1103
1066
1032
1002
0971
0940
0909
0883
0865
0854
0849
0847
0850
0858
0869
0883
0901
0922
0949
0980
1017
1059
1105
1172
1239
1305
1370
1433
1556
1671
1778

2154
2374
2583
2782
2971
3149
3318
3476
3625
3763
3890
4004
4105
4191
4260
4308
4333
4330
4294
4219
4098
3922
3682
3364
2954
3966
1978
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B.10 Airfoil-Data Input File - NACA64_A17.dat

1

0.
.00

WWoNGOUAWNR

(2]

(2]

.0

(2]

.4320
.0031
.4073
.7945
.00

.0052

.00

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.50
.00
.00
.00
-1e.
.00
.00
.00
.00
.00
.00

00

D000

PRRPRRPRPPOODCOIOOOO

NACA64 airfoil with an aspect ratio of 17.
Cl and Cd values corrected for rotational stall delay and Cd values corrected using the Viterna method for @ to 9@deg AOA by

Original -180 to 18@deg Cl, Cd, and Cm versus AOA data taken from Appendix A of D

Number of airfoil tables in this file

Table ID parameter

Stall angle (deg)

No longer used, enter zero
No longer used, enter zero
No longer used, enter zero
Zero Cn angle of attack (deg)

Cn slope for zero lift (dimensionless)

Cn extrapolated to value at positive stall angle of attack
Cn at stall value for negative angle of attack

Angle of attack for minimum CD (deg)

Minimum CD value

000
374
.749
659
736
783
.803
798
771
.724
660
581
491
.390
282
169
052
067
.184
.299
.409
.512
.606
.689
.759
.814
.850
.866
.860
.829
.853
.870
.890
.911
.934
.958
.982
.005
.082
.113
.1e5
.078
.053
.15
.904
.807
.711
.595
.478
.375
.264
.151
.017
088
213
.328
442
556
.670
784
898
011
.1e3
181
257
.293
326

OO0 000NN RFPIFRPRREPREPRPRPRPPRPIPIERPPPOOODODOODODODOOO®

0198
0341
0955
2807
3919
5086
6267
7427
8537
9574
0519
1355
2070
2656
3104
3410
3572
3587
3456
3181
2765
2212
1532
0731
9822
8820
7742
6610
5451
4295
3071
2814
2556
2297
2040
1785
1534
1288
1037
0786
0535
0283
0158
0151
0134
0121
0111
0099
0091
0086
0082
0079
0072
0064
0054
0052
0052
0052
0053
0053
0054
0058
0091
0113
0124
0130
0136

D000 OOOOGOOO®

0000

.1880
.3770

2747

.3130

3428

.3654

3820

.3935
.4007

4042

.4047

4025

.3981

3918

.3838
.3743

3636

.3517

3388

.3248

3099

.2940
L2772

2595

.2409

2212

.2006

1789

.1563
.1156

1040

.0916

0785

.0649

0508

.0364
.0218

0129

.0028
.0251
.0419
.0521
.0610
.0707
.0722
.0734
.0772
.0807
.0825
.0832
.0841
.0869
.0912
.0946
L0971
.1014
.1076
.1126
.1157
.1199
.1240
.1234
.1184
.1163
.1163
.1160
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.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

COOOOOOOOOOOORRPRREPRPRPREPREPRERPRREPREPRRPRERRRPREREBRPRRERREBRRERRRER

.356

382
400
415
425
434
443
451
453
448
444
445
447
448
444
438
439
448
452
448
438
428
401
359
300
220
168
116
015
926
855
800
804
793
763
717
656
582
495
398
201

.176
.053
.074
.199
.321
.436
.543
.640
.723
.790
.840
.868
.872
.850
.798
.714
.749
.374
. 000

OO0 RPRPRRPRPREPRPRPRPPPIPIERPPPOOCOOOODDDNIDDDODODOODODODDODOODODODODDOOOOOODDODDODODOOOOOOOO®

0143
0150
0267
0383
0498
0613
0727
0841
0954
1065
1176
1287
1398
1509
1619
1728
1837
1947
2057
2165
2272
2379
2590
2799
3004
3204
3377
3554
3916
4294
4690
5324
6452
7573
8664
9708
0693
1606
2438
3178
3809
4304
4565
4533
4345
4004
3512
2874
2099
1196
0179
9064
7871
6627
5363
4116
2931
0971
0334
0198

-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
.3349

-0

-0.
-0.
-0.
. 0000

1154
1149
1145
1143
1147
1158
1165
1153
1131
1112
1101
1103
1109
1114
1111
1097
1079
1080
1090
1086
1077
1099
1169
1190
1235
1393
1440
1486
1577
1668
1759
1897
2126
2344
2553
2751
2939
3117
3285
3444
3593
3731
3858
3973
4075
4162
4231
4280
4306
4304
4270
4196
4077
3903
3665

2942
3771
1879
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Appendix C Source Code for the Baseline Turbine Control

System DLL

SUBROUTINE DISCON ( avrSWAP, aviFAIL, accINFILE, avcOUTNAME, avcMSG )
IDEC$ ATTRIBUTES DLLEXPORT, ALIAS:'DISCON'

IMPLICIT

! Passed Variables:
REAL(4), INTENT(INOUT)
INTEGER(4), INTENT( OUT)
INTEGER(1), INTENT(IN )
INTEGER(1), INTENT( OUT)
INTEGER(1), INTENT(IN )

! Local Variables:

REAL(4)

REAL(4)

REAL(4)

REAL(4),
REAL(4)

REAL(4),
REAL(4)

REAL(4)

REAL(4)

REAL(4),
REAL(4),
REAL(4),
REAL(4),
REAL(4),
REAL(4),
REAL(4),
REAL(4),
REAL(4),
REAL(4),
REAL(4),
REAL(4),
REAL(4),
REAL(4),
REAL(4),
REAL(4)

REAL(4)

REAL(4)

REAL(4)

REAL(4),
REAL(4),
REAL(4)

REAL(4)

REAL(4)

REAL(4),
REAL(4),
REAL(4),
REAL(4),
REAL(4),
REAL(4),
REAL(4),
REAL(4),
REAL(4),
REAL(4),
REAL(4),
REAL(4),
REAL(4),
REAL(4),

PARAMETER

SAVE

SAVE
SAVE
SAVE
SAVE
SAVE
PARAMETER
PARAMETER
PARAMETER
PARAMETER
PARAMETER
PARAMETER
PARAMETER
PARAMETER
PARAMETER
SAVE

PARAMETER
PARAMETER

PARAMETER
PARAMETER
PARAMETER
PARAMETER
PARAMETER
PARAMETER
PARAMETER
PARAMETER
PARAMETER
SAVE

SAVE

PARAMETER
SAVE

SAVE

INTEGER(4)
INTEGER(4)

NONE

11 avrSWAP
11 aviFAIL

11 accINFILE
©: avcMsG
:: avcOUTNAME

:: Alpha

: BlPitch

: ElapTime
:: CornerFreq
:: GenSpeed
11 GenSpeedF
i GenTrq

i GK

11 HorWindv

: IntSpdErr

LastGenTrq
LastTime
LastTimePC

:: LastTimeVsS
:: OnePlusEps
o PC_DT

i PC_KI

i PC_KK

it PC_KP

11 PC_MaxPit
:: PC_MaxRat
11 PC_MinPit
11 PC_RefSpd
11 PitCom

:: PitComI

:: PitComP

11 PitComT

:: PitRate

:: R2D

:: RPS2RPM

:: SpdErr

:: Time

:: TrgRate

i1 VS_CtInSp
1 VS_DT

it VS_MaxRat
11 VS_MaxTq
11 VS_Rgn2K
:: VS_Rgn2Sp
:: VS_Rgn3MP
:: VS_RtGnSp
:: VS_RtPwr
11 VS_Slopel5
11 VS_Slope25
11 VS_SIPc

it VS_SySp

: VS_TrGnSp

HE
: iStatus

:: DISCON

™)

*)
)
)

(3)

(3)

This Bladed-style DLL controller is used to implement a variable-speed

generator-torque controller and PI collective blade pitch controller for
the NREL Offshore SMW baseline wind turbine.
J. Jonkman of NREL/NWTC for use in the IEA Annex XXIII OC3 studies.

This routine was written by

1.570796

1.0 + EPSILON(OnePlusEps)
0.00125

.008068634

.1099965

.01882681

.570796

.1396263

[}

.9096

NOORrROO®O

57.295780
9.5492966

70.16224
0.00125
15000.0
47402.91
2.332287
91.21091
.01745329
121.6805
5296610.0

[

10.0
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The swap array, used to pass data to, and r
A flag used to indicate the success of this

The address of the first record of an array
The address of the first record of an array
The address of the first record of an array

Current coefficient in the recursive, singl
Current values of the blade pitch angles, r
Elapsed time since the last call to the con
Corner frequency (-3dB point) in the recurs
Current HSS (generator) speed, rad/s.
Filtered HSS (generator) speed, rad/s.
Electrical generator torque, N-m.

Current value of the gain correction factor
Horizontal hub-heigh wind speed, m/s.
Current integral of speed error w.r.t. time
Commanded electrical generator torque the 1
Last time this DLL was called, sec.

Last time the pitch controller was called,
Last time the torque controller was called,
The number slighty greater than unity in si
Communication interval for pitch controlle
Integral gain for pitch controller at rated
Pitch angle were the the derivative of the
Proportional gain for pitch controller at r
Maximum pitch setting in pitch controller,
Maximum pitch rate (in absolute value) in
Minimum pitch setting in pitch controller,
Desired (reference) HSS speed for pitch con
Commanded pitch of each blade the last time
Integral term of command pitch, rad.
Proportional term of command pitch, rad.
Total command pitch based on the sum of the
Pitch rates of each blade based on the curr
Factor to convert radians to degrees.
Factor to convert radians per second to rev
Current speed error, rad/s.

Current simulation time, sec.

Torque rate based on the current and last t
Transitional generator speed (HSS side) bet
Communication interval for torque controlle
Maximum torque rate (in absolute value) in
Maximum generator torque in Region 3 (HSS s
Generator torque constant in Region 2 (HSS
Transitional generator speed (HSS side) bet
Minimum pitch angle at which the torque is
Rated generator speed (HSS side), rad/s. --
Rated generator generator power in Region 3
Torque/speed slope of region 1 1/2 cut-in t
Torque/speed slope of region 2 1/2 inductio
Rated generator slip percentage in Region 2
Synchronous speed of region 2 1/2 induction
Transitional generator speed (HSS side) bet

Generic index.
A status flag set by the simulation as foll



INTEGER(4)
INTEGER(4)
INTEGER(4), PARAMETER

INTEGER(1)
INTEGER(1)
INTEGER(1), SAVE

LOGICAL(1), PARAMETER

CHARACTER( 256)

CHARACTER( 256)
CHARACTER(1024), SAVE
CHARACTER( 1), PARAMETER
CHARACTER( 25), PARAMETER

= "(F8.3,99('"//Tab//"",ES10.3E2,:))"

Loops through blades.
Number of blades, (-).

I/0 unit for the

CHARACTER string
CHARACTER string
CHARACTER string

Flag to indicate
CHARACTER string

CHARACTER string
CHARACTER string

debugging information

cInFile stored as a 1-byt
cMessage stored as a 1-byt
cOutName stored as a 1-byt

whether to output debuggin
giving the name of the par

giving a message that will
giving the simulation run

The tab character.
The format of the debugging data

! Set EQUIVALENCE relationships between INTEGER(1) byte arrays and CHARACTER strings:

EQUIVALENCE (iInFile , cInFile )
EQUIVALENCE (iMessage, cMessage)
EQUIVALENCE (iOutName, cOutName)

! Load variables from calling program (See Appendix A of Bladed User's Guide):

iStatus = NINT( avrSWAP( 1) )
NumB1l = NINT( avrSWAP(61) )

BlPitch (1)
BlPitch (2)
BlPitch (3)
GenSpeed
HorWindV

! Initialize aviFAIL to ©:

aviFAIL =0

! Read any External Controller Parameters specified in the User Interface
! and initialize variables:

IF ( iStatus == @ ) THEN

! Convert byte arrays to CHARACTER strings, for convenience:

DO I = 1,MIN( 256, NINT( avrSWAP(5@) ) )
iInFile (I) = accINFILE (I)

ENDDO

DO I = 1,MIN( 1024, NINT( avrSWAP(51) ) )
iOutName(I) = avcOUTNAME(I)

ENDDO

! Inform users that we are using this user-defined routine:

aviFAIL 1

cMessage = 'Running with torque and pitch control of the NREL offshore '// &
'SMW baseline wind turbine from DISCON.d1ll as written by 3J.
‘Jonkman of NREL/NWTC for use in the IEA Annex XXIII 0C3

‘studies.’

! Determine some torque control parameters not specified directly:

VS_SySp = VS_RtGnSp/( 1.0 + 0.01*VS_S1Pc )
VS_Slopel5 = ( VS_Rgn2K*VS_Rgn2Sp*VS_Rgn2Sp )/( VS_Rgn2Sp - VS_CtInSp )
VS_Slope25 = ( VS_RtPwr/VS_RtGnSp

IF ( VS_Rgn2K == 0.0 )
VS_TrGnSp = VS_SySp
ELSE

avrSWAP( 4)
avrSWAP(33)
avrSWAP(34)
avrSWAP(20)
avrSWAP(27)
Time = avrSWAP( 2)

if were on the first call to the DLL

I Sets cInfile by EQUIVALENCE

! Sets cOutName by EQUIVALENCE

)/( VS_RtGnSp - VS_SySp
.TRUE. if the Region 2 torque is flat, and thus, the denominator in the ELSE condition is

.TRUE. if the Region 2 torque is quadratic with speed

VS_TrGnSp = ( VS_Slope25 - SQRT( VS_Slope25*( VS_Slope25 - 4.0*VS_Rgn2K*VS_SySp ) ) )/( 2.0*VS_Rgn2K )

ENDIF

! Check validity of input parameters:



IF ( CornerFreq <= 0.0 ) THEN

aviFAIL = -1

cMessage = 'CornerfFreq must be greater than zero.'
ENDIF
IF ( VS_DT <= 0.0 ) THEN

aviFAIL = -1

cMessage = 'VS_DT must be greater than zero.'
ENDIF

IF ( VS_CtInSp < 0.0 ) THEN

aviFAIL = -1
cMessage = 'VS_CtInSp must not be negative.'
ENDIF

IF ( VS_Rgn2Sp <= VS_CtInSp ) THEN

aviFAIL = -1
cMessage = 'VS_Rgn2Sp must be greater than VS_CtInSp.'
ENDIF

IF ( VS_TrGnSp < VS_Rgn2Sp ) THEN

aviFAIL = -1
cMessage = 'VS_TrGnSp must not be less than VS_Rgn2Sp."'
ENDIF

IF ( VS_SIPc <= 0.0 ) THEN

aviFAIL = -1
cMessage = 'VS_S1Pc must be greater than zero.'
ENDIF

IF ( VS_MaxRat <= ©.0 ) THEN

aviFAIL = -1
cMessage = 'VS_MaxRat must be greater than zero.'
ENDIF

IF ( VS_RtPwr < 0.0 ) THEN

aviFAIL = -1
cMessage = 'VS_RtPwr must not be negative.'
ENDIF

IF ( VS_Rgn2K < 0.0 ) THEN

aviFAIL = -1
cMessage = 'VS_Rgn2K must not be negative.'
ENDIF

IF ( VS_Rgn2K*VS_RtGnSp*VS_RtGnSp > VS_RtPwr/VS_RtGnSp ) THEN

aviFAIL = -1

cMessage = 'VS_Rgn2K*VS_RtGnSp”~2 must not be greater than VS_RtPwr/VS_RtGnSp.'
ENDIF

IF ( VS_MaxTq < VS_RtPwr/VS_RtGnSp ) THEN
aviFAIL = -1
cMessage = 'VS_RtPwr/VS_RtGnSp must not be greater than VS_MaxTq.'
ENDIF

IF ( PC_DT <= 0.0 ) THEN

aviFAIL = -1

cMessage = 'PC_DT must be greater than zero.'
ENDIF
IF ( PC_KI <= 0.0 ) THEN

aviFAIL = -1

cMessage = 'PC_KI must be greater than zero.'
ENDIF
IF ( PC_KK <= 0.0 ) THEN

aviFAIL = -1

cMessage = 'PC_KK must be greater than zero.'
ENDIF

IF ( PC_RefSpd <= 0.0 ) THEN

aviFAIL = -1
cMessage = 'PC_RefSpd must be greater than zero.'
ENDIF

IF ( PC_MaxRat <= 6.8 ) THEN

aviFAIL = -1
cMessage = 'PC_MaxRat must be greater than zero.'
ENDIF

IF ( PC_MinPit >= PC_MaxPit ) THEN

aviFAIL = -1
cMessage = 'PC_MinPit must be less than PC_MaxPit.'
ENDIF
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! If we're debugging the pitch controller, open the debug file and write the
! header:

IF ( PC_DbgOut ) THEN
OPEN ( UnDb, FILE=TRIM( cOutName )//'.dbg', STATUS='REPLACE' )

WRITE (UnDb,'(/////)")

WRITE (UnDb,'(A)') 'Time '//Tab//'ElapTime'//Tab//'HorWindV'//Tab//'GenSpeed'//Tab//'GenSpeedF'//Tab//'RelSpdErr'//Tab
'SpdErr '//Tab//'IntSpdErr'//Tab//'GK '//Tab//'PitComP'//Tab//'PitComI'//Tab//'PitComT"'//Tab//
'PitRatel'//Tab//'PitComl’

WRITE (UnDb,'(A)') '(sec)'//Tab//'(sec) '//Tab//'(m/sec) '//Tab//'(rpm) '//Tab//"' (rpm) '//Tab//" (%) '//Tab
'(rad/s)'//Tab//' (rad) ‘//Tab//'(-)'//Tab//"'(deg) '//Tab//'(deg) '//Tab//'(deg) '//Tab//
'(deg/s) '//Tab//'(deg) '

ENDIF

! Initialize the SAVEd variables:
! NOTE: LastGenTrq, though SAVEd, is initialized in the torque controller
! below for simplicity, not here.

GenSpeedF = GenSpeed

PitCom = BlPitch

GK =1.0/( 1.0 + PitCom(1)/PC_KK )
IntSpdErr = PitCom(1)/( GK*PC_KI )

This will ensure that generator speed filter will use the initial value of
This will ensure that the variable speed controller picks the correct contr
This will ensure that the pitch angle is unchanged if the initial SpdErr is
This will ensure that the pitch angle is unchanged if the initial SpdErr is

LastTime = Time
LastTimePC = Time - PC_DT
LastTimeVS = Time - VS_DT

This will ensure that generator speed filter will use the initial value of
This will ensure that the pitch controller is called on the first pass
This will ensure that the torque controller is called on the first pass

ENDIF

! Main control calculations:

IF ( ( iStatus >= @ ) .AND. ( aviFAIL >= @ ) ) THEN ! Only compute control calculations if no error has occured and we are

! Abort if the user has not requested a pitch angle actuator (See Appendix A
! of Bladed User's Guide):

IF ( NINT(avrSWAP(10)) /= © ) THEN ! .TRUE. if a pitch angle actuator hasn't been requested

aviFAIL = -1
cMessage = 'Pitch angle actuator not requested.'
ENDIF

! Set unused outputs to zero (See Appendix A of Bladed User's Guide):

avrSWAP(36) = 0.0 ! Shaft brake status: ©@=off

avrSWAP(41) = 0.0 ! Demanded yaw actuator torque

avrSWAP(46) = 0.0 | Demanded pitch rate (Collective pitch)
avrSWAP(48) = 0.0 ! Demanded nacelle yaw rate

avrSWAP(65) = 0.0 ! Number of variables returned for logging
avrSWAP(72) = 0.0 ! Generator startup resistance

avrSWAP(79) = 0.0 ! Request for loads: @=none

avrSWAP(80) = 0.0 ! Variable slip current status

avrSWAP(81) = 0.0 ! Variable slip current demand

! Filter the HSS (generator) speed measurement:
! NOTE: This is a very simple recursive, single-pole, low-pass filter with
! exponential smoothing.

! Update the coefficient in the recursive formula based on the elapsed time
! since the last call to the controller:

Alpha = EXP( ( LastTime - Time )*CornerFreq )

! Apply the filter:

GenSpeedF = ( 1.0 - Alpha )*GenSpeed + Alpha*GenSpeedF
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! Variable-speed torque control:

I Compute the elapsed time since the last call to the controller:

ElapTime = Time - LastTimeVS

! Only perform the control calculations if the elapsed time is greater than
! or equal to the communication interval of the torque controller:

! NOTE: Time is scaled by OnePlusEps to ensure that the contoller is called
! at every time step when VS_DT = DT, even in the presence of

!

numerical precision errors.

IF ( ( Time*OnePlusEps - LastTimeVS ) >= VS_DT ) THEN

! Compute the generator torque, which depends on which region we are in:

IF ( (  GenSpeedF >= VS_RtGnSp ) .OR. ( PitCom(1) >= VS_Rgn3MP ) ) THEN ! We are in region 3 - power is constant
GenTrq = VS_RtPwr/GenSpeedF

ELSEIF ( GenSpeedF <= VS_CtInSp ) THEN ! We are in region 1 - torque is zero
GenTrq = 0.0

ELSEIF ( GenSpeedF < VS_Rgn2Sp ) THEN ! We are in region 1 1/2 - linear ramp in to
GenTrq = VS_Slopel5*( GenSpeedF - VS_CtInSp )

ELSEIF ( GenSpeedF < VS_TrGnSp ) THEN ! We are in region 2 - optimal torque is pro
GenTrq = VS_Rgn2K*GenSpeedF*GenSpeedF

ELSE ! We are in region 2 1/2 - simple induction
GenTrq = VS_Slope25*( GenSpeedF - VS_SySp )

ENDIF

! Saturate the commanded torque using the maximum torque limit:

GenTrq = MIN( GenTrq , VS_MaxTq ) ! Saturate the command using the maximum torque limit

! Saturate the commanded torque using the torque rate limit:

IF ( iStatus == © ) LastGenTrq = GenTrq

TrgRate = ( GenTrq - LastGenTrq )/ElapTime

TrgRate = MIN( MAX( TrgRate, -VS_MaxRat ), VS_MaxRat )
GenTrq = LastGenTrq + TrqRate*ElapTime

Initialize the value of LastGenTrq on the first pass only
Torque rate (unsaturated)

Saturate the torque rate using its maximum absolute value
Saturate the command using the torque rate limit

! Reset the values of LastTimeVS and LastGenTrq to the current values:
LastTimeVS = Time
LastGenTrq = GenTrq

ENDIF

! Set the generator contactor status, avrSWAP(35), to main (high speed)
! variable-speed generator, the torque override to yes, and command the
! generator torque (See Appendix A of Bladed User's Guide):

avrSWAP(35) = 1.0 ! Generator contactor status: 1=main (high speed) variable-speed generator
avrSWAP(56) = 0.0 ! Torque override: ©=yes
avrSWAP(47) = LastGenTrq ! Demanded generator torque

! Pitch control:

! Compute the elapsed time since the last call to the controller:

ElapTime = Time - LastTimePC

! Only perform the control calculations if the elapsed time is greater than
! or equal to the communication interval of the pitch controller:

! NOTE: Time is scaled by OnePlusEps to ensure that the contoller is called
! at every time step when PC_DT = DT, even in the presence of

! numerical precision errors.

IF ( ( Time*OnePlusEps - LastTimePC ) >= PC_DT ) THEN

! Compute the gain scheduling correction factor based on the previously
! commanded pitch angle for blade 1:
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GK = 1.0/( 1.8 + PitCom(1)/PC_KK )

Compute the current speed error and its integral w.r.t. time; saturate the

integral term using the pitch angle limits:

SpdErr = GenSpeedF - PC_RefSpd

IntSpdErr = IntSpdErr + SpdErr*ElapTime

IntSpdErr = MIN( MAX( IntSpdErr, PC_MinPit/( GK*PC_KI ) ), &
PC_MaxPit/( GK*PC_KI ) )

! Current speed error
! Current integral of speed error w.r.t. time

! Saturate the integral term using the pitch angle 1i

Compute the pitch commands associated with the proportional and integral

gains:
PitComP = GK*PC_KP*  SpdErr
PitComI = GK*PC_KI*IntSpdErr

Superimpose the individual commands to get the total pitch command;
saturate the overall command using the pitch angle limits:

PitComT = PitComP + PitComI
PitComT = MIN( MAX( PitComT, PC_MinPit ), PC_MaxPit )

Saturate the overall commanded pitch using the pitch rate limit:
NOTE: Since the current pitch angle may be different for each blade

! Proportional term
I Integral term (saturated)

! Overall command (unsaturated)
! Saturate the overall command using the pitch angle

(depending on the type of actuator implemented in the structural

dynamics model), this pitch rate limit calculation and the

resulting overall pitch angle command may be different for each

blade.
DO K = 1,NumBl ! Loop through all blades
PitRate(K) = ( PitComT - BlPitch(K) )/ElapTime
PitRate(K) = MIN( MAX( PitRate(K), -PC_MaxRat ), PC_MaxRat )
PitCom (K) = BlPitch(K) + PitRate(K)*ElapTime

ENDDO ! K - all blades

Reset the value of LastTimePC to the current value:

LastTimePC = Time

Output debugging information if requested:

I Pitch rate of blade K (unsaturated)
| Saturate the pitch rate of blade K using its maximu
! Saturate the overall command of blade K using the p

IF ( PC_DbgOut ) WRITE (UnDb,FmtDat) Time, ElapTime, HorWindV, GenSpeed*RPS2RPM, GenSpeedF*RPS2RPM, &
100.0*SpdErr/PC_RefSpd, SpdErr, IntSpdErr, GK, PitComP*R2D, PitComI*R2D, &

PitComT*R2D, PitRate(1)*R2D

ENDIF

, PitCom(1)*R2D

! Set the pitch override to yes and command the pitch demanded from the last

call to the controller (See Appendix A of Bladed User's Guide):

avrSWAP(55) = 0.0 ! Pitch override: ©@=yes

avrSWAP(42) = PitCom(1) ! Use the command angles of all blades if using individual pitch
avrSWAP(43) = PitCom(2) ! "
avrSWAP(44) = PitCom(3) ! "

avrSWAP(45) = PitCom(1l) ! Use the command angle of blade 1 if using collective pitch

Reset the value of LastTime to the current value:

LastTime = Time

ENDIF

DO I

Convert CHARACTER string to byte array for the return message:

= 1,MIN( 256, NINT( avrSWAP(49) ) )

avcMSG(I) = iMessage(I) ! Same as cMessage by EQUIVALENCE

ENDDO
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RETURN

END SUBROUTINE DISCON
!
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Appendix D Input Files for the ITI Energy Barge

D.1 FAST Platform / HydroDyn Input File

—————————————————————— FAST PLATFORM FILE ----------mmmmmmmmmm e mm oo oo
NREL 5.0 MW offshore baseline floating platform input properties for the ITI Energy barge with 4m draft.
—————————————————————— FEATURE FLAGS (CONT) =-----mmmmmmmmmm oo m oo
True PtfmSgDOF - Platform horizontal surge translation DOF (flag)
True PtfmSwDOF Platform horizontal sway translation DOF (flag)
True PtfmHvDOF - Platform vertical heave translation DOF (flag)
True PtfmRDOF Platform roll tilt rotation DOF (flag)
True PtfmPDOF Platform pitch tilt rotation DOF (flag)
True PtfmYDOF - Platform yaw rotation DOF (flag)
—————————————————————— INITIAL CONDITIONS (CONT) --------mmmmmmmmmmmmmomomem o
PtfmSurge - Initial or fixed horizontal surge translational displacement of platform (meters)
PtfmSway Initial or fixed horizontal sway translational displacement of platform (meters)
PtfmHeave - Initial or fixed vertical heave translational displacement of platform (meters)

PtfmRoll - Initial or fixed roll tilt rotational displacement of platform (degrees)

PtfmPitch - Initial or fixed pitch tilt rotational displacement of platform (degrees)

PtfmYaw - Initial or fixed yaw rotational displacement of platform (degrees)
—————————————————————— TURBINE CONFIGURATION (CONT) --------mmmmmmmmmmmmemem oo

0.0 TwrDraft - Downward distance from the ground level [onshore] or MSL [offshore] to the tower base platform conn

0.281768 PtfmCM - Downward distance from the ground level [onshore] or MSL [offshore] to the platform CM (meters)

0.0 PtfmRef - Downward distance from the ground level [onshore] or MSL [offshore] to the platform reference point
—————————————————————— MASS AND INERTIA (CONT) =—-----mmmmmmmmmmmmim oo
5452.0E3 PtfmMass - Platform mass (kg)

726.9E6 PtfmRIner - Platform inertia for roll tilt rotation about the platform CM (kg m"2)
726.9E6 PtfmPIner - Platform inertia for pitch tilt rotation about the platform CM (kg m~2)
1453.9E6 PtfmYIner - Platfrom inertia for yaw rotation about the platform CM (kg m~2)
---------------------- PLATFORM (CONT) === === mmmmmmmm o mmm o oo oo e
FltngPtfmLd PtfmLdMod - Platform loading model {@: none, 1: user-defined from routine UserPtfmLd} (switch)
"PlatformDesigns\WAMIT\ITIBarge4\Barge" WAMITFile - Root name of WAMIT output files containing the linear, nondime
6000.0 Ptfmvole - Displaced volume of water when the platform is in its undisplaced position (m”3) [USE THE SAME VALU
8 PtfmNodes - Number of platform nodes used in calculation of viscous drag term from Morison's equation (-)
4.0 PtfmDraft - Effective platform draft in calculation of viscous drag term from Morison's equation (meters)
45.1352  PtfmDiam - Effective platform diameter in calculation of viscous drag term from Morison's equation (meters) NO
1.0 PtfmCD - Effective platform normalized hydrodynamic viscous drag coefficient in calculation of viscous drag
60.0 RdtnTMax - Analysis time for wave radiation kernel calculations (sec) [determines RdtnDOmega=Pi/RdtnTMax in th

0.025 RAtnDT - Time step for wave radiation kernel calculations (sec) [DT<=RdtnDT<=0.1 recommended] [determines Rd
—————————————————————— MOORING LINES ------------eceemmmmmecceccm e cmcm e e o

8 NumLines - Number of mooring lines (-)

1 LineMod - Mooring line model {1: standard quasi-static, 2: user-defined from routine UserLine} (switch) [used
LRadAnch LAngAnch LDpthAnch LRadFair LAngFair  LDrftFair LUnstrLen LDiam LMassDen LEAStff LSeabedCD LTenTol [used
(m) (deg) (m) (m) (deg) (m) (m) (m) (kg/m) (N) (-) (-) [used

423.422 23.965 150.0 28.2843 45.0 4.0 473.312 0.0809 130.403 589.0E6 1.0 0.0001
423.422 66.035 150.0 28.2843 45.0 4.0 473.312 0.0809 130.403 589.0E6 1.0 0.0001
423.422 113.965 150.0 28.2843 135.0 4.0 473.312 0.0809 130.403 589.0E6 1.0 0.0001
423.422 156.035 150.0 28.2843 135.0 4.0 473.312 0.0809 130.403 589.0E6 1.0 0.0001
423.422 203.965 150.0 28.2843 225.0 4.0 473.312 0.0809 130.403 589.0E6 1.0 0.0001
423.422 246.035 150.0 28.2843 225.0 4.0 473.312 0.0809 130.403 589.0E6 1.0 0.0001
423.422 293.965 150.0 28.2843 315.0 4.0 473.312 0.0809 130.403 589.0E6 1.0 0.0001
423.422 336.035 150.0 28.2843 315.0 4.0 473.312 0.0809 130.403 589.0E6 1.0 0.0001
—————————————————————— WAVES === -mm o mmmm o e e e

1025.0 WtrDens - Water density (kg/m"3)

150.0 WtrDpth - Water depth (meters) [USE THE SAME VALUE SPECIFIED IN THE WAMIT .POT FILE!]

2 WaveMod - Incident wave kinematics model {@: none=still water, 1: plane progressive (regular), 2: JONSWAP/Pie
3630.0 WaveTMax - Analysis time for incident wave calculations (sec) [unused when WaveMod=0] [determines WaveDOmega=2

0.25 WaveDT - Time step for incident wave calculations (sec) [unused when WaveMod=0] [@.1<=WaveDT<=1.0 recommende

5.0 WaveHs - Significant wave height of incident waves (meters) [used only when WaveMod=1 or 2]

12.4 WaveTp - Peak spectral period of incident waves (sec) [used only when WaveMod=1 or 2]
DEFAULT WavePkShp - Peak shape parameter of incident wave spectrum (-) or DEFAULT (unquoted string) [used only when Wav

0.0 WaveDir Incident wave propagation heading direction (degrees) [unused when WaveMod=0]
123456789  WaveSeed(1) - First random seed of incident waves [-2147483648 to 2147483647] (-) [unused when WaveMod=0]
1011121314 WaveSeed(2) - Second random seed of incident waves [-2147483648 to 2147483647] (-) [unused when WaveMod=0]

—————————————————————— CURRENT ------cemmcmmmmmcc e ecm e m e e e ece e e e
[} CurrMod - Current profile model {@: none=no current, 1: standard, 2: user-defined from routine UserCurrent} (
0.0 CurrsSsve - Sub-surface current velocity at still water level (m/s) [used only when CurrMod=1]
DEFAULT CurrSSDir - Sub-surface current heading direction (degrees) or DEFAULT (unquoted string) [used only when CurrMo
20.0 CurrNSRef - Near-surface current reference depth (meters) [used only when CurrMod=1]
0.0 CurrNSve - Near-surface current velocity at still water level (m/s) [used only when CurrMod=1]
0.0 CurrNSDir - Near-surface current heading direction (degrees) [used only when CurrMod=1]
0.0 CurrDIV - Depth-independent current velocity (m/s) [used only when CurrMod=1]
0.0 CurrDIDir - Depth-independent current heading direction (degrees) [used only when CurrMod=1]
---------------------- OUTPUT (CONT) ===mcmcomamcomcmcocasccccacccccccacccanaaa-
1 NWaveKin - Number of points where the incident wave kinematics can be output [0 to 9] (-)
WaveKinNd - List of platform nodes that have wave kinematics sensors [1 to PtfmNodes] (-) [unused if NWaveKin=0
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D.2 WAMIT Input File — CONFIG.WAM

CONFIGuration file for WAMIT v6.3PC.

IALTFRC = 1 IALTFRC - Alternative form of the .FRC file {1: use alternative form #1, 2
IALTFRCN =1 1 etc. IALTFRCN - Alternative form of the .FRC file {1: use alternative form #1, 2
IALTPOT = 1 IALTPOT - Alternative form of the .POT file {1: use alternative form #1, 2
ICTRSURF = 2] ICTRSURF - Alternative form to evaluate the drift forces over a user-define
IDIAGT poT IDIAGY - Control index for increasing the precision of the panel integrat
IFIELD_ARRAYS = 0 IFIELD_ARRAYS - Additional uniform field point data {@: none, 1: using compresse
IFORCE = 1 IFORCE - Execute FORCE subprogram {@: do not execute, 1: do execute} (swi
IGENMDS = [} IGENMDS - Option to input geometric data associated with mode shapes of ge
ILOWGDF = 0 ILOWGDF - Generate low-order _LOW.GDF file based on input geometry {@: no,
ILOWHI = 2] ILOWHI - Order of panel method {@: low-order, 1: high-order} (switch)
ILOGt poT ILOGt - Control index for increasing the precision of the panel integrat
INUMOPTS = [} INUMOPTS - Option to output separate body pressure and velocity {@: as in v
INUMOPT6 = 0 INUMOPT6 - Option to output separate pressure at field points {@: as in v6.
INUMOPT?7 = [} INUMOPT7 - Option to output separate fluid velocity at field points {@: as
IPERIO = 2 IPERIO - Input data option for PER in the .POT file {1: period in sec, 2:
IPLTDAT = 0 IPLTDAT - Generate _PAN.DAT and _PAT.DAT files for plotting panel and patc
IPNLBPT = 0 IPNLBPT - Option to evaluate the body pressure at specified points in the
IPOTEN = 1 IPOTEN - Execute POTEN subprogram {@: do not execute, 1: do execute} (swi
IQUADT POT © IQUADT - Control index for increasing the precision of the panel integrat
IQUADIt SPL 4 IQUADIt - Order of Guass quadrature in the inner integration (-) [unused w
IQUADOT SPL 3 IQUADOT - Order of Guass quadrature in the outer integration (-) [unused w
IRRT POT IRRT - Irregular frequency removal {@: do not remove, 1: remove by repr
ISCATT = 0 ISCATT - Solve for the diffraction potential from the diffraction or scat
ISOLVE = 1 ISOLVE - Method of solution for the linear systems in POTEN {0: iterative
ISORT POT ISORT - Source strength evaluation {@: do not evaluate, 1: do evaluate}
ITANKFPT = [} ITANKFPT - Format for specifying input field point coordinates {@: conventi
KSPLIN SPL 3 KSPLIN - Order of B-spline for potential in high-order method {3: quadrat
MAXITT = 35 MAXITT - Maximum number of iterations in the iterative solver of POTEN (-
MAXMIT = 8 MAXMIT - Maximum number of iterations in the adaptive integration used to
MAXSCR = 8192 MAXSCR - Available RAM for scratch storage in POTEN = 8*MAXSCR"2 bytes (-
MODLST = 0 MODLST - Order in which the added mass and damping coefficients, exciting
MONITR = 2] MONITR - Mode for displaying output to the monitor during execution of FO
NEWMDS(n)t POT2 © NEWMDS (n) T - Number of generalized modes for body n (-)

NOOUT =1 1 1 1 1 1 1 1 1 NOOuT - Omit/include output in the .OUT file for each of the 9 output op
NPTANK(n) NPTANK(n) - List of panel or patch index ranges of internal tanks for body n
NUMHDR = [} NUMHDR - Omit/include one-line header in the numeric output files {@: omi
NUMNAM = 0 NUMNAM - Numeric output filename convention {@: use rootname of the .FRC
PANEL_SIZE = -1.0 PANEL_SIZE - Automatic subdivision of patches in the higher-order panel metho
RHOTANK RHOTANK - List of fluid densities in internal tanks relative to the densit
SCRATCH_PATH = C:\WAMITv6 SCRATCH_PATH - Path of directory for storage of some scratch arrays (unquoted s
USERID_PATH = C:\WAMITv6 USERID_PATH - Path of directory where USERID.WAM is stored (unquoted string)
XBODY(n)* POT or GGDF XBODY(n)t - X-, Y-, and Z-coordinates and the Z-axis rotation of the body-fi

D.3 WAMIT Input File — Barge.POT

POTential control file in alternative form #1 for WAMIT v6.3PC.
0 ISORT - Source strength evaluation {@: do not evaluate, 1: do evaluate}
IRRT Irregular frequency removal {@: do not remove, 1: remove by repr
0.0 0.0 HBOT Water depth {-1.0: infinite} (meters) & XBODYT - X-, Y-
IQUADT - Control index for increasing the precision of the panel integrat
IRAD Control index for radiation modes {1: use all 6 rigid-body modes
MODE - List of radiation modes and diffraction components required {@:
-102 NPER Number of wave periods to be analyzed {0: evaluate hydrostatics
-0.05 0.05 PER - List of wave periods [IPERIO = 1] or wave frequencies [IPERIO =
37 NBETA Number of wave heading angles to be analyzed {@: do not solve th

2
.0
]
1
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-
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(SRR RGO RGBS R VI G RS BRIV )

BETA

List of wave heading angles relative to the global coordinate sy

D.4 WAMIT Input File — Barge.FRC

1

OO0
LSRG

0

o0
o0

1

[SIGIG)
[SRNGG)

0 ]

2}

(2]

FoRCe control file in alternative form #1 for WAMIT v6.3PC.

2] © IOPTN
VCG

XPRDCT
NBETAH
NFIELD
XFIELD

Switches for generating numerical output files [1]{@: do not out
Vertical location of the center of gravity of the body relative

Matrix of body radii of gyration about the body-fixed coordinate
Number of wave heading angles to be analyzed by the Haskind rela
Number of points in the fluid domain where the hydrodynamic pres
Global X-, Y-, Z- coordinates of field points where the pressure

D.5 WAMIT Input File — Barge.GDF

1.0
1
2400

[GRU RV RNV RV VRV

[OOSR

9.806650

1

[lines deleted]

[
5

[ RGING]

Geometric Data File for WAMIT v6.3PC.

Barge: Half-Length=20.000000, Half-Width=20.000000, Draft=4.000000; NL= 41, NW= 41,
ULEN - Length scale (meters) & GRAV

- Gravitational acceleration (m/s

ISX - Geometric plane of symmetry switch for the x=0 plane {0: x=0 plane is not
NPAN(C) - Number of (conventional) panels defined in this file. Each panel has 4 v

. 0000000
. 0000000
-0.5000000
-0.5000000
-0.5000000
-0.5000000
-1.0000000
-1.0000000

oo

-0.0100000
-0.0100000
-0.0100000
-0.0100000

NPAND - Number of dipole panels defined in this file. Each panel has 4 vertices

D.6 WAMIT Output File — Barge.hst

VUADRAPPARDPWWWWWWRNNRNNNNRRPRRERPR

POUPRAWNROAOUVUDNWNROIUDWNROUDWNR

OO ONOOODOOOIRROIDODIDDPDIODDIOIOOO®O®

00000OE+00
00000OE+00
00000OE+00
©00000OE+00
00000OE+00
00000OE+00
©00000OE+00
©0000OE+00
00000OE+00
00000OE+00
©0000OE+00
00000OE+00
00000OE+00
©00000OE+00
600000E+03
00000OE+00
©00000OE+00
©00000OE+00
00000OE+00
00000OE+00
©0000OE+00
013000E+05
00000OE+00
©00000OE+00

. 00000OE+00
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(o) e We ) Ne We N )NV, IRV, BV, BV, BV )
auUubwNRrROOUAWN

OO0 OOIONOOO

.000000E+00
.000000E+00
.00000OE+00
.013000E+05
.000000E+00
.000000E+00
.00000OE+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00

D.7 WAMIT Output File — Barge.1

)

-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
.000000E+00
.000000E+00

LRGNV S B GS IGS BNV S IS BRIV IV S IS BV VI S IS IS IV IOV O IS B BV VI S I

OO0

100000E+01
100000E+01
100000E+01
100000E+01
100000E+01
100000E+01
100000E+01
100000E+01
100000E+01
100000E+01

00000OE+00

.000000E+00
.000000E+00

©00000E+00

.000000E+00

©00000E+00

.000000E+00

00000OE+00

.125664E+03
.125664E+03
.125664E+03
.125664E+03

125664E+03

.125664E+03

125664E+03

.125664E+03
.125664E+03
.125664E+03
.628319E+02

628319E+02

.628319E+02

628319E+02

.628319E+02
.628319E+02
.628319E+02
.628319E+02

628319E+02

.628319E+02
[lines deleted]

.125664E+01
.125664E+01

125664E+01

.125664E+01

125664E+01

.125664E+01
.125664E+01
.125664E+01
.125664E+01

125664E+01

AUUARWNNRROVUVUADNWNNRREROAUVUUVURMRMWNNREAOAUURADMWNNRR
OURANWBANUROURANWRANUROURANWANUROAURANWARNUER

OV UVEADWNNERR

AUV ANWRARNUVE
' '

ORNFEFNRNAND

.776617E+03

297780E+04

.776618E+03

297781E+04

.880441E+04

295660E+04

.413279E+06
.295662E+04

413279E+06

.434394E+05

308306E+02

.668855E+03

308387E+02

.668626E+03
.817598E+04

734576E+03

.229522E+06

734658E+03

.229520E+06

152173E+@5

.779421E+03
.302383E+04
.779422E+03
.302386E+04

920453E+04

.300262E+04

414163E+06

.300266E+04
.414163E+06
.435710E+05
.788056E+03

316680E+04

.788058E+03

316683E+04

.978440E+04
.314521E+04
.416919E+06
.314526E+04

416920E+06

.439680E+05

.383039E+02

853315E+03
383042E+02

.853380E+03

271407E+04

.882646E+03
.187890E+06
.882619E+03
.187889E+06

052984E+04

NRPARPRAPARPPARPRWROARNWONNN

'
N w

-3.
-3.

-5.

.548481E-04
.084972E-03
.465041E-04
.601011E-03
.226425E+02
.034077E-03
.920742E-01
.788456E-03
.771003E-01
.525452E-05
.595723E-02

356846E-01

.595903E-02

365759E-01

.246353E+03
.359398E-01
.187046E+01
.359777E-01
.196969E+01
.121533E-05

.095645E+01
.720968E+00
.095489E+01
.708005E+00
.630128E-01

207071E+01
894744E+00

.220637E+01

182734E+00

.109989E+03

D.8 WAMIT Output File — Barge.3

OO0

125664E+03

.125664E+03
.125664E+03

125664E+03

.125664E+03

125664E+03

.125664E+03
.125664E+03
.125664E+03
.125664E+03

-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.

180000E+03
180000E+03
180000E+03
180000E+03
180000E+03
180000E+03
170000E+03
170000E+03
170000E+03
170000E+03

BwNRrROOUAWNPR
ORr WRrRUUVRLRELAR

.983066E+00 -9.000000E+01 -6.
.825996E-08 -9.000000E+01 -1.
.591020E+03 2.962686E-03 1.
.325606E-06 9.000000E+01 4.
.447115E+01 -9.000000E+01 -1.
.515950E-15 9.000000E+01 5.
.952940E+00 -9.000000E+01 -6.
.443574E-01 -9.000000E+01 -1.
.591020E+03
.458789E+00 9.000000E+01 3.

N

.962686E-03 1.

338097E-08
542444E-15
591020E+03
236804E-14
740960E-06
515950E-15
241811E-08
100605E-08
591020E+03
023152E-07

-1.
-4.

= 00

-5.

-1.
-3.

O 00

983066E+00
825996E-08

.226946E-02
.325606E-06

447115E+01

.165130E-24

952940E+00
443574E-01

.226946E-02
.458789E+00
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(SO IEG IR GRS B BRI O RO B B VI I S B I VIO IS IS B VI VI S IS B I VIV S IS B VIV VI S IS IV VIS IS IS IOV IS B IOV VI S IS BBV O IS IS B VI VR S IS B I VI S IS IS I VI S IS IS BV IV o B B VI VI VI S IS BV RV O IS B GV VRS B B

.125664E+03

125664E+03

.125664E+03

125664E+03

.125664E+03
.125664E+03
.125664E+03
.125664E+03

125664E+03

.125664E+03

125664E+03

.125664E+03
.125664E+03
.125664E+03
.125664E+03

125664E+03

.125664E+03

125664E+03

.125664E+03
.125664E+03
.125664E+03
.125664E+03

125664E+03

.125664E+03

125664E+03

.125664E+03
.125664E+03
.125664E+03
.125664E+03

125664E+03

.125664E+03

125664E+03

.125664E+03

125664E+03

.125664E+03
.125664E+03

125664E+03

.125664E+03

125664E+03

.125664E+03

125664E+03

.125664E+03
.125664E+03

125664E+03

.125664E+03

125664E+03

.125664E+03

125664E+03

.125664E+03
.125664E+03

125664E+03

.125664E+03
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.628319E+02 -0.120000E+03 5 1.081174E+02 -9.000011E+01 -2.153705E-04 -1.081174E+02
628319E+02 -0.120000E+03 6 9.737923E-06 1.800000E+02 -9.737923E-06 5.062944E-16
.628319E+02 -0.110000E+03 1 2.707341E+00 -9.000011E+01 -5.392900E-06 -2.707341E+00
628319E+02 -0.110000E+03 2 7.438230E+00 -9.000011E+01 -1.481663E-05 -7.438230E+00
.628319E+02 -0.110000E+03 3 1.563451E+03 4.658015E-02 1.563451E+03 1.271050E+00
.628319E+02 -0.110000E+03 4 2.031977E+02 8.999989E+01 4.047584E-04 2.031977E+02
.628319E+02 -0.110000E+03 5 7.395638E+01 -9.000011E+01 -1.473225E-04 -7.395638E+01
.628319E+02 -0.110000E+03 6 1.101663E-05 1.800000E+02 -1.101663E-05 4.711616E-16
628319E+02 -0.100000E+03 1 1.374556E+00 -9.000011E+01 -2.738055E-06 -1.374556E+00
.628319E+02 -0.100000E+03 2 7.795338E+00 -9.000011E+01 -1.552795E-05 -7.795338E+00
628319E+02 -0.100000E+03 3 1.563453E+03 4.658010E-02 1.563453E+03 1.271050E+00
.628319E+02 -0.100000E+03 4 2.129536E+02 8.999989E+01 4.241898E-04 2.129536E+02
.628319E+02 -0.100000E+03 5 3.754859E+01 -9.000011E+01 -7.479772E-05 -3.754859E+01
.628319E+02 -0.100000E+03 6 7.200288E-06 1.800000E+02 -7.200288E-06 2.515480E-16
.628319E+02 -0.900000E+02 1 9.631858E-08 9.000000E+01 1.918623E-13 9.631858E-08
628319E+02 -0.900000E+02 2 7.915587E+00 -9.000011E+01 -1.576749E-05 -7.915587E+00
.628319E+02 -0.900000E+02 3 1.563453E+03 4.658009E-02 1.563453E+03 1.271050E+00
628319E+02 -0.900000E+02 4 2.162391E+02 8.999989E+01 4.307332E-04 2.162391E+02
.628319E+02 -0.900000E+02 5 2.631120E-06 8.999989E+01 5.241285E-12 2.631120E-06
.628319E+02 -0.900000E+02 6 5.470291E-13 -9.000000E+01 5.470291E-13 -1.498696E-23
.628319E+02 -0.800000E+02 1 1.374556E+00 8.999989E+01 2.738056E-06 1.374556E+00
.628319E+02 -0.800000E+02 2 7.795338E+00 -9.000011E+01 -1.552795E-05 -7.795338E+00
628319E+02 -0.800000E+02 3 1.563453E+03 4.658010E-02 1.563453E+03 1.271050E+00
.628319E+02 -0.800000E+02 4 2.129536E+02 8.999989E+01 4.241898E-04 2.129536E+02
628319E+02 -0.800000E+02 5 3.754860E+01 8.999989E+01 7.479774E-05 3.754860E+01
.628319E+02 -0.800000E+02 6 7.190672E-06 -1.999489E-09 7.190672E-06 -2.509377E-16
.628319E+02 -0.700000E+02 1 2.707341E+00 8.999989E+01 5.392901E-06 2.707341E+00
.628319E+02 -0.700000E+02 2 7.438230E+00 -9.000011E+01 -1.481663E-05 -7.438230E+00
.628319E+02 -0.700000E+02 3 1.563451E+03 4.658015E-02 1.563451E+03 1.271050E+00
628319E+02 -0.700000E+02 4 2.031977E+02 8.999989E+01 4.047584E-04 2.031977E+02
.628319E+02 -0.700000E+02 5 7.395638E+01 8.999989E+01 1.473225E-04 7.395638E+01
628319E+02 -0.700000E+02 6 1.094496E-05 -2.450852E-09 1.094496E-05 -4.681757E-16
.628319E+02 -0.600000E+02 1 3.957853E+00 8.999989E+01 7.883853E-06 3.957853E+00
628319E+02 -0.600000E+02 2 6.855131E+00 -9.000011E+01 -1.365513E-05 -6.855131E+00
.628319E+02 -0.600000E+02 3 1.563448E+03 4.658024E-02 1.563448E+03 1.271050E+00
.628319E+02 -0.600000E+02 4 1.872677E+02 8.999989E+01 3.730291E-04 1.872677E+02
628319E+02 -0.600000E+02 5 1.081174E+02 8.999989E+01 2.153705E-04 1.081174E+02
.628319E+02 -0.600000E+02 6 9.737923E-06 -2.978924E-09 9.737923E-06 -5.062944E-16
628319E+02 -0.500000E+02 1 5.088100E+00 8.999989E+01 1.013527E-05 5.088100E+00
.628319E+02 -0.500000E+02 2 6.063747E+00 -9.000011E+01 -1.207870E-05 -6.063747E+00
628319E+02 -0.500000E+02 3 1.563450E+03 4.658020E-02 1.563450E+03 1.271050E+00
.628319E+02 -0.500000E+02 4 1.656468E+02 8.999989E+01 3.299647E-04 1.656468E+02
.628319E+02 -0.500000E+02 5 1.389937E+02 8.999989E+01 2.768741E-04 1.389937E+02
628319E+02 -0.500000E+02 6 3.283122E-06 -1.234711E-08 3.283122E-06 -7.075052E-16
.628319E+02 -0.400000E+02 1 6.063741E+00 8.999989E+01 1.207868E-05 6.063741E+00
628319E+02 -0.400000E+02 2 5.088108E+00 -9.000011E+01 -1.013529E-05 -5.088108E+00
.628319E+02 -0.400000E+02 3 1.563451E+03 4.658015E-02 1.563450E+03 1.271049E+00
628319E+02 -0.400000E+02 4 1.389937E+02 8.999989E+01 2.768744E-04 1.389937E+02
.628319E+02 -0.400000E+02 5 1.656466E+02 8.999989E+01 3.299649E-04 1.656466E+02
.628319E+02 -0.400000E+02 6 4.580391E-06 -1.800000E+02 -4.580391E-06 -7.102749E-16
628319E+02 -0.300000E+02 1 6.855124E+00 8.999989E+01 1.365508E-05 6.855124E+00
.628319E+02 -0.300000E+02 2 3.957861E+00 -9.000011E+01 -7.883886E-06 -3.957861E+00
628319E+02 -0.300000E+02 3 1.563449E+03 4.658022E-02 1.563449E+03 1.271050E+00
.628319E+02 -0.300000E+02 4 1.081174E+02 8.999989E+01 2.153707E-04 1.081174E+02
628319E+02 -0.300000E+02 5 1.872679E+02 8.999989E+01 3.730287E-04 1.872679E+02
.628319E+02 -0.300000E+02 6 1.025948E-05 -1.800000E+02 -1.025948E-05 -4.990625E-16
.628319E+02 -0.200000E+02 1 7.438222E+00 8.999989E+01 1.481658E-05 7.438222E+00
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.395093E+00
.252509E-05
.407092E+00
.913002E-08
.554948E+01
.703443E+00
.664477E+01
.055748E-06
.184936E-04
.598411E-01
.355221E+00
.641694E-01
.395175E+00
.255705E-03
.407373E+00
.000703E-02
.180928E+00
.572205E-02
.537483E-01
.643375E-01
.461636E+01
.443828E-02
.209133E-01
.280223E-02
.811145E-01
.539704E-02
.010346E+00
.926759E-02
.606444E-02
.604339E-03
.887626E-01
.640184E-01
.505489E-01
.598975E-02
.918807E-02
.420332E-03
.518492E-01
.784220E-01
.513117E-01
.209431E-01
.450839E-02
.318395E-02
.528568E-02
.874063E-01
.010217E+00
.180867E+00
.990276E-02
.496015E-02
.728037E-01
.468017E-01
.461610E+01
.355207E+00
.598124E-01
.651669E-01
.150314E-03
.428637E+00
.407608E+00
.554958E+01
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.704308E+00
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.622116E+00
.422317E-02
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-7.
.940315E-01
-2.
-1.
.684125E-02
-3.
.125469E+00
-6.
.749323E-07
.708835E+01
.882830E+00
-2.
.536565E-06
-1.
.122929E-01
-1.
.687956E-02
-3.
-1.
.363773E+01
-4.
.622098E+00
.424140E-02
-1.
.177225E-01
.940970E-01
-3.
.063162E-01
-1.
.667688E-01
.191594E-01
-1.
-1.
.200668E+00
.553268E-02
.788048E-01
.767713E-01
.081812E-01
-1.
.027901E+00

550024E-01
184452E-01

122191E-01
738670E-01

943709E-01

363809E+01

749449E+01

003813E-04

738568E-01

939986E-01
125051E+00

429600E-01

558134E-01

092161E-01

628732E-02

197703E+01
027972E+00

200650E+00

495103E-02
818602E-01
978264E-01
086656E-01
063637E-01
092460E-01
599002E-02
998072E-01
756556E-01
197704E+01
622101E+00
429632E-01
345745E-02
209243E-01
477880E-01
933877E-01
737394E-01

.124187E-01
.673300E-02
-1.
-4.
-6.
-2.
.500359E-07
.883106E+00
-1.
-2.
-2.

113470E+00
070565E-01
363767E+01
708840E+01

510039E-05
749963E+01
007623E-04
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Appendix E Input Files for the MIT / NREL Barge

FAST Platform / HydroDyn Input File

—————————————————————— FAST PLATFORM FILE ----------mmmmmmmmmm e mm oo oo

NREL 5.0 MW offshore baseline floating platform input properties for the MIT/NREL shallow drafted barge (SDB).
—————————————————————— FEATURE FLAGS (CONT) =-----mmmmmmmmmm oo m oo

True PtfmSgDOF - Platform horizontal surge translation DOF (flag)

True PtfmSwDOF - Platform horizontal sway translation DOF (flag)

True PtfmHvDOF - Platform vertical heave translation DOF (flag)

True PtfmRDOF - Platform roll tilt rotation DOF (flag)

True PtfmPDOF - Platform pitch tilt rotation DOF (flag)

True PtfmYDOF - Platform yaw rotation DOF (flag)

—————————————————————— INITIAL CONDITIONS (CONT) --------mmmmmmmmmmmmmomomem o

0.0 PtfmSurge - Initial or fixed horizontal surge translational displacement of platform (meters)

0.0 PtfmSway - Initial or fixed horizontal sway translational displacement of platform (meters)

0.0 PtfmHeave - Initial or fixed vertical heave translational displacement of platform (meters)

0.0 PtfmRoll - Initial or fixed roll tilt rotational displacement of platform (degrees)

0.0 PtfmPitch - Initial or fixed pitch tilt rotational displacement of platform (degrees)

0.0 PtfmYaw - Initial or fixed yaw rotational displacement of platform (degrees)

—————————————————————— TURBINE CONFIGURATION (CONT) --------mmmmmmmmmmmmemem oo

0.0 TwrDraft - Downward distance from the ground level [onshore] or MSL [offshore] to the tower base platform conn

3.88238 PtfmCM - Downward distance from the ground level [onshore] or MSL [offshore] to the platform CM (meters)

0.0 PtfmRef - Downward distance from the ground level [onshore] or MSL [offshore] to the platform reference point
—————————————————————— MASS AND INERTIA (CONT) =—-----mmmmmmmmmmmmim oo
4519.15E3  PtfmMass - Platform mass (kg)

390.147E6 PtfmRIner - Platform inertia for roll tilt rotation about the platform CM (kg m"2)

390.147E6 PtfmPIner - Platform inertia for pitch tilt rotation about the platform CM (kg m~2)

750.866E6 PtfmYIner - Platfrom inertia for yaw rotation about the platform CM (kg m~2)

---------------------- PLATFORM (CONT) === === mmmmmmmmm oo e oo e oo e

FltngPtfmLd PtfmLdMod - Platform loading model {@: none, 1: user-defined from routine UserPtfmLd} (switch)

"PlatformDesigns\WAMIT\SDB\Cylinder" WAMITFile - Root name of WAMIT output files containing the linear, nondime

5089.38 Ptfmvole - Displaced volume of water when the platform is in its undisplaced position (m”3) [USE THE SAME VALU
0 PtfmNodes - Number of platform nodes used in calculation of viscous drag term from Morison's equation (-)
5.0 PtfmDraft - Effective platform draft in calculation of viscous drag term from Morison's equation (meters)
36.0 PtfmDiam - Effective platform diameter in calculation of viscous drag term from Morison's equation (meters)
0.0 PtfmCD - Effective platform normalized hydrodynamic viscous drag coefficient in calculation of viscous drag
60.0 RdtnTMax - Analysis time for wave radiation kernel calculations (sec) [determines RdtnDOmega=Pi/RdtnTMax in th

0.025 RAtnDT - Time step for wave radiation kernel calculations (sec) [DT<=RdtnDT<=0.1 recommended] [determines Rd
—————————————————————— MOORING LINES ------------eceemmmmmecceccm e cmcm e e o

8 NumLines - Number of mooring lines (-)

1 LineMod - Mooring line model {1: standard quasi-static, 2: user-defined from routine UserLine} (switch) [used
LRadAnch LAngAnch LDpthAnch LRadFair LAngFair  LDrftFair LUnstrLen LDiam LMassDen LEAStff LSeabedCD LTenTol [used
(m) (deg) (m) (m) (deg) (m) (m) (m) (kg/m) (N) (-) (-) [used

218.0 0.0 200.0 18.0 0.0 5.0 279.3 0.127 116.027 1.5E9 1.0 0.0001
218.0 0.0 200.0 18.0 0.0 5.0 279.3 0.127 116.027 1.5E9 1.0 0.0001
218.0 90.0 200.0 18.0 90.0 5.0 279.3 0.127 116.027 1.5E9 1.0 0.0001
218.0 90.0 200.0 18.0 90.0 5.0 279.3 0.127 116.027 1.5E9 1.0 0.0001
218.0 180.0 200.0 18.0 180.0 5.0 279.3 0.127 116.027 1.5E9 1.0 0.0001
218.0 180.0 200.0 18.0 180.0 5.0 279.3 0.127 116.027 1.5E9 1.0 0.0001
218.0 270.0 200.0 18.0 270.0 5.0 279.3 0.127 116.027 1.5E9 1.0 0.0001
218.0 270.0 200.0 18.0 270.0 5.0 279.3 0.127 116.027 1.5E9 1.0 0.0001
—————————————————————— WAVES === -mm o mmmm o e e e

1025.0 WtrDens - Water density (kg/m"3)

200.0 WtrDpth - Water depth (meters) [USE THE SAME VALUE SPECIFIED IN THE WAMIT .POT FILE!]

2 WaveMod - Incident wave kinematics model {@: none=still water, 1: plane progressive (regular), 2: JONSWAP/Pie
3630.0 WaveTMax - Analysis time for incident wave calculations (sec) [unused when WaveMod=0] [determines WaveDOmega=2

0.25 WaveDT - Time step for incident wave calculations (sec) [unused when WaveMod=0] [@.1<=WaveDT<=1.0 recommende

5.49 WaveHs - Significant wave height of incident waves (meters) [used only when WaveMod=1 or 2]

14.6563  WaveTp - Peak spectral period of incident waves (sec) [used only when WaveMod=1 or 2]

1.0 WavePkShp - Peak shape parameter of incident wave spectrum (-) or DEFAULT (unquoted string) [used only when Wav

0.0 WaveDir - Incident wave propagation heading direction (degrees) [unused when WaveMod=0]

123456789  WaveSeed(1) - First random seed of incident waves [-2147483648 to 2147483647] (-) [unused when WaveMod=0]
1011121314 WaveSeed(2) - Second random seed of incident waves [-2147483648 to 2147483647] (-) [unused when WaveMod=0]
—————————————————————— CURRENT ------cemmcmmmmmcc e ecm e m e e e ece e e e

[} CurrMod - Current profile model {@: none=no current, 1: standard, 2: user-defined from routine UserCurrent} (

0.0 CurrsSsve - Sub-surface current velocity at still water level (m/s) [used only when CurrMod=1]

DEFAULT CurrSSDir - Sub-surface current heading direction (degrees) or DEFAULT (unquoted string) [used only when CurrMo
20.0 CurrNSRef - Near-surface current reference depth (meters) [used only when CurrMod=1]

0.0 CurrNSve - Near-surface current velocity at still water level (m/s) [used only when CurrMod=1]

0.0 CurrNSDir - Near-surface current heading direction (degrees) [used only when CurrMod=1]

0.0 CurrDIV - Depth-independent current velocity (m/s) [used only when CurrMod=1]

0.0 CurrDIDir - Depth-independent current heading direction (degrees) [used only when CurrMod=1]
---------------------- OUTPUT (CONT) === === == e e e e

2] NWaveKin - Number of points where the incident wave kinematics can be output [0 to 9] (-)

WaveKinNd - List of platform nodes that have wave kinematics sensors [1 to PtfmNodes] (-) [unused if NWaveKin=0
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E.2 WAMIT Input File - CONFIG.WAM

CONFIGuration file for WAMIT v6.3PC.

IALTFRC = 1 IALTFRC - Alternative form of the .FRC file {1: use alternative form #1, 2
IALTFRCN =1 1 etc. IALTFRCN - Alternative form of the .FRC file {1: use alternative form #1, 2
IALTPOT = 1 IALTPOT - Alternative form of the .POT file {1: use alternative form #1, 2
ICTRSURF 2] ICTRSURF - Alternative form to evaluate the drift forces over a user-define
IDIAGT poT IDIAGY - Control index for increasing the precision of the panel integrat
IFIELD_ARRAYS = 0 IFIELD_ARRAYS - Additional uniform field point data {@: none, 1: using compresse
IFORCE = 1 IFORCE - Execute FORCE subprogram {@: do not execute, 1: do execute} (swi
IGENMDS = [} IGENMDS - Option to input geometric data associated with mode shapes of ge
ILOWGDF = 0 ILOWGDF - Generate low-order _LOW.GDF file based on input geometry {@: no,
ILOWHI = 2] ILOWHI - Order of panel method {@: low-order, 1: high-order} (switch)
ILOGt poT ILOGt - Control index for increasing the precision of the panel integrat
INUMOPTS = [} INUMOPTS - Option to output separate body pressure and velocity {@: as in v
INUMOPT6 = 0 INUMOPT6 - Option to output separate pressure at field points {@: as in v6.
INUMOPT?7 = [} INUMOPT7 - Option to output separate fluid velocity at field points {@: as
IPERIO = 2 IPERIO - Input data option for PER in the .POT file {1: period in sec, 2:
IPLTDAT = 0 IPLTDAT - Generate _PAN.DAT and _PAT.DAT files for plotting panel and patc
IPNLBPT = 0 IPNLBPT - Option to evaluate the body pressure at specified points in the
IPOTEN = 1 IPOTEN - Execute POTEN subprogram {@: do not execute, 1: do execute} (swi
IQUADT POT © IQUADT - Control index for increasing the precision of the panel integrat
IQUADIt SPL 4 IQUADIt - Order of Guass quadrature in the inner integration (-) [unused w
IQUADOT SPL 3 IQUADOT - Order of Guass quadrature in the outer integration (-) [unused w
IRRT POT IRRT - Irregular frequency removal {@: do not remove, 1: remove by repr
ISCATT = 0 ISCATT - Solve for the diffraction potential from the diffraction or scat
ISOLVE = 0 ISOLVE - Method of solution for the linear systems in POTEN {0: iterative
ISORT POT ISORT - Source strength evaluation {@: do not evaluate, 1: do evaluate}
ITANKFPT = [} ITANKFPT - Format for specifying input field point coordinates {@: conventi
KSPLIN SPL 3 KSPLIN - Order of B-spline for potential in high-order method {3: quadrat
MAXITT = 35 MAXITT - Maximum number of iterations in the iterative solver of POTEN (-
MAXMIT = 8 MAXMIT - Maximum number of iterations in the adaptive integration used to
MAXSCR = 8192 MAXSCR - Available RAM for scratch storage in POTEN = 8*MAXSCR"2 bytes (-
MODLST = 0 MODLST - Order in which the added mass and damping coefficients, exciting
MONITR = 2] MONITR - Mode for displaying output to the monitor during execution of FO
NEWMDS(n)t POT2 © NEWMDS (n) T - Number of generalized modes for body n (-)

NOOUT =1 1 1 1 1 1 1 1 1 NOOuT - Omit/include output in the .OUT file for each of the 9 output op
NPTANK(n) NPTANK(n) - List of panel or patch index ranges of internal tanks for body n
NUMHDR = [} NUMHDR - Omit/include one-line header in the numeric output files {@: omi
NUMNAM = 0 NUMNAM - Numeric output filename convention {@: use rootname of the .FRC
PANEL_SIZE = -1.0 PANEL_SIZE - Automatic subdivision of patches in the higher-order panel metho
RHOTANK RHOTANK - List of fluid densities in internal tanks relative to the densit
SCRATCH_PATH = C:\WAMITv6 SCRATCH_PATH - Path of directory for storage of some scratch arrays (unquoted s
USERID_PATH = C:\WAMITv6 USERID_PATH - Path of directory where USERID.WAM is stored (unquoted string)
XBODY(n)* POT or GGDF XBODY(n)t - X-, Y-, and Z-coordinates and the Z-axis rotation of the body-fi

E.3 WAMIT Input File — Cylinder.POT

POTential control file in alternative form #1 for WAMIT v6.3PC.
0 ISORT - Source strength evaluation {@: do not evaluate, 1: do evaluate}
0 IRRT - Irregular frequency removal {@: do not remove, 1: remove by repr

200.0 0.0 0.0 0.0 0.0 HBOT - Water depth {-1.0: infinite} (meters) & XBODYt - X-, Y-
0 2] 0 IQUADT - Control index for increasing the precision of the panel integrat
1 1 IRAD - Control index for radiation modes {1: use all 6 rigid-body modes
1 1 1 1 1 1 MODE - List of radiation modes and diffraction components required {@:

-102 NPER - Number of wave periods to be analyzed {0: evaluate hydrostatics
-0.05 0.05 PER - List of wave periods [IPERIO = 1] or wave frequencies [IPERIO =
1 NBETA - Number of wave heading angles to be analyzed {0: do not solve th
0.0 BETA - List of wave heading angles relative to the global coordinate sy

E.4 WAMIT Input File — Cylinder.FRC

FoRCe control file in alternative form #1 for WAMIT v6.3PC.

1 0 1 0 2] 0 2] 0 @ IOPTN - Switches for generating numerical output files [1]{@: do not out

0.0 VCG - Vertical location of the center of gravity of the body relative

0.0 0.0 0.0

0.0 0.0 0.0

0.0 0.0 0.0 XPRDCT - Matrix of body radii of gyration about the body-fixed coordinate

2] NBETAH - Number of wave heading angles to be analyzed by the Haskind rela

0 NFIELD - Number of points in the fluid domain where the hydrodynamic pres
XFIELD - Global X-, Y-, Z- coordinates of field points where the pressure
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E.5 WAMIT Input File — Cylinder.GDF

Geometric Data File for WAMIT v6.3PC. Circular cylinder: Radius=18.000000, Draft=5.000000; NA= 58, NR= 37, ND= 11
1.0 9.806650 ULEN - Length scale (meters) & GRAV - Gravitational acceleration (m/s
1 1 ISX - Geometric plane of symmetry switch for the x=0 plane {0: x=0 plane is not
2622 NPAN(C) - Number of (conventional) panels defined in this file. Each panel has 4 v
17.9931655 0.4959782 0.0000000
18. 0. 0.0000000
18. 0. -0.5000000
17.9931655 0.4959782 -0.5000000
17.9931655 0.4959782 -0.5000000
18. 0. -0.5000000
18. 0. -1.0000000
17.9931655 0.4959782 -1.0000000
[lines deleted]
Q. 18. -5.0000000
0.4959782 17.9931655 -5.0000000
0.4822010 17.4933554 -5.0000000
0. 17.5 -5.0000000
0 NPAND - Number of dipole panels defined in this file. Each panel has 4 vertices

E.6 WAMIT Output File — Cylinder.hst

OO VTUVUVUVNUVUDRADDRDREADWWWWWWNNNNNNRRRERRR
OUVUBRAWNRPOAUDWNROAOUDNWNRPROUDWNROUPDMWNROUDWNR

P00 RROIODDIIDPDPPIODDIODOOO®O®

00000OE+00
00000OE+00
00000OE+00
©00000OE+00
©0000OE+00
00000OE+00
©0000OE+00
©00000OE+00
00000OE+00
00000OE+00
©0000OE+00
©0000OE+00
00000OE+00
©0000OE+00
017745E+03
00000OE+00
00000OE+00
©0000OE+00
©0000OE+00
00000OE+00
©0000OE+00
968945E+04
00000OE+00
00000OE+00
©0000OE+00
©0000OE+00
00000OE+00
©00000OE+00
968947E+04
00000OE+00
00000OE+00
©0000OE+00
©00000OE+00
00000OE+00
©0000OE+00
000000E+00

E.7 WAMIT Output File — Cylinder.1

-0.100000E+01
-0.100000E+01
-0.100000E+01
-0.100000E+01
-0.100000E+01
-0.100000E+01
-0.100000E+01
-0.100000E+01
-0.100000E+01
-0.100000E+01

©.000000E+00

©.000000E+00

0.000000E+00

NRRAUVUDADWNNRR

489954E+03
.071913E+03
.489951E+03
.071907E+03
365988E+04
064123E+03
.238899E+05
064096E+03
238900E+05
.802706E-08
.318895E+02
.837424E+03
318895E+02

NUROOUREANWANUVER
unRErUVOORrROTROOR ORE O

199




LSRNV S B B IRV RNV O IS BRIV OO B S BE S BV VI S IS BV IRV IV O IS BV IV I )

OO0

.000000E+00

©00000E+00

.000000E+00

00000OE+00

.000000E+00
.000000E+00
.000000E+00
.125664E+03

125664E+03

.125664E+03

125664E+03

.125664E+03
.125664E+03
.125664E+03
.125664E+03

125664E+03

.125664E+03

628319E+02

.628319E+02
.628319E+02
.628319E+02
.628319E+02

628319E+02

.628319E+02

628319E+02

.628319E+02
.628319E+02

[lines deleted]

.125664E+01

125664E+01

.125664E+01

125664E+01

.125664E+01
.125664E+01

125664E+01

.125664E+01

125664E+01

.125664E+01

s

[uy

OUUAPWNNRRPOUVUURMAPDMWNNRRPROUVUUASADWN
AP OPROROARAROROIRAOAROIR AR OWR W

OUR ANWRARNUROAURANWRNUROUEREANWD

OV UEADWNNRR

AUV ANWRNUVE
' '

AWR WROUR MRS

]

.837423E+03

.698843E+03

.848423E+03

975065E+05

.848424E+03

.975065E+05

.618992E-08

.492564E+03 3.627036E-02
©089232E+03 4.171622E-01
.492562E+03 3.618027E-02
©89223E+03 -4.171455E-01
.504551E+04 1.326158E+03
.081390E+03 -4.176246E-01
240218E+05 4.771546E+00
.081377E+03 4.159448E-01
240217E+05 4.774776E+00
802735E-08 -2.658206E-16
500499E+03 1.688199E-01
.141928E+03 1.929863E+00
.500498E+03 1.688323E-01
.141922E+03 -1.929951E+00
.461348E+04 1.427834E+03
133953E+03 -1.927234E+00
244209E+05 2.202481E+01
133940E+03 1.927675E+00
.244209E+05 2.202487E+01
802819E-08 -9.891171E-16
.398125E+02 1.828869E+01
690897E+03 -7.049192E+00
.398125E+02 1.828869E+01
690901E+03 7.049183E+00
.633591E+03 2.642366E-02
.706354E+03 9.886565E+00
966836E+05 3.810670E+00
.706357E+03 -9.886564E+00
966838E+05 3.810673E+00
.784203E-08 9.183608E-10

m
o

WAMIT Output File — Cylinder.3

OO0

[ORG GG I R

.125664E+03
.125664E+03

125664E+03

.125664E+03

125664E+03

.125664E+03
.628319E+02
.628319E+02
.628319E+02

628319E+02

.628319E+02

628319E+02

[lines deleted]

.125664E+01

125664E+01

.125664E+01

125664E+01

.125664E+01
.125664E+01

OO0

OO0

.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00

.000000E+00
. 00000OE+00
. 00000OE+00
.000000E+00
. 00000OE+00
. 00000OE+00

1 7.489913E+00 8.999969E+01 4.113390E-05 7.489913E+00
2 0.000000E+00 9. +01 ©. +00 ©. +00
3 1.012577E+03 1.912910E-02 1.012577E+03 3.380647E-01
4 o. E+00 9. +01 0. E+00 O. +00
5 8.600130E+01 8.999969E+01 4.723112E-04 8.600130E+01
6 0.000000E+00 9. +01 ©. E+00 ©. +00
1 1.534577E+01 8.999855E+01 3.881812E-04 1.534577E+01
2 0.000000E+00 9. +01 ©. E+00 ©. +00
3 9.976350E+02 8.361685E-02 9.976340E+02 1.455937E+00
4 0. E+00 9. +01 0. E+00 O. +00
5 1.752071E+02 8.999855E+01 4.431981E-03 1.752071E+02
6 0.000000E+00 9. +01 ©. E+00 ©. +00
1 5.488204E+00 6.842252E+01 2.018336E+00 5.103597E+00
2 0. E+00 9. +01 0. E+00 O. +00
3 5.635286E-02 -1.303021E+02 -3.645004E-02 -4.297720E-02
4 ©.000000E+00 9. +01 ©. +00 ©. +00
5 2.966837E+00 -1.115774E+02 -1.091078E+00 -2.758925E+00
6 0 E+00 9. +01 0. E+00 0. +00

200




Appendix F Extreme-Event Tables for Normal Operation

F.1 Land-Based Wind Turbine Loads

Combined extreme-event file produced by CombEEvTablLand (v1.20, 22-Apr-20@87) on @6-Apr-2007 at 1@:13:8@.

The individual extreme-event files combined into this aggregate were:

Land/DLC1.1/Crunch/Aggregate. eev

LandfDLC1.3fCrunch/Aggregate. eev

LandfDLC1.4fCrunch/Aggregate. eev

Land/DLC1.5/Crunch/Aggregate. eev
2

Extreme events for Mind:

Wind¥ri WindVyi Wind¥z=i
Parameter Type File [mfsec) [misec) [misec)
Swindvixi Minimum DLCA.3_0003_Land_04.0%0_%$03 out -1.3TE+00 11E+00 SETE-01
whindvxi Mazimum DLCAL3_0063_Land_24.0%0_$03.out 3.54E+01) 3.40E-02 TEOE-O1
Swlindvyi Minimum DLCA4_0001_Land_ECD+R-20.0ut 5. BEE+00 -2 3TE+01 0.00E+00
whindvyi Mazimum DLC14_0004_Land_ECD-R-20.0ut 5.66E+00) 2.3TE+01 0.00E+00
Swindviai Minimum DLCA3_0064_Land_24 0%0_%04 out 2.02E+01 -5.44E+00 -6.43E+00
Swtindzi Pazimum DLC1L3_0065_Land_24.0%0_$05.0ut 2.T4E+01] 1.7SE+00 5.6TE+00
Extreme events for Drivetrain:

GenPwr GeaTq GenSpeed| RotSpeed

Parameter Type File

(v)

ki
-4.0EE-02 -6I2E-04 0.00E+00 E.72E-02
5.25E+03] 4.22E01 0.00E+00

GanPuwr inimum | OLC1.3_0002_Land_04.040_$02.cut £.32E000 1.54E+00
GenPur Mazimum [ DLC1.5_0053_Land_220%0_$05.0ut 2.63E+01
GenTq Minimum | OLC1.3_0002_Land_04.040_502.cut -4.0EE-02] -6.12E-04 0.00E+00 E.72E-02 £.32Ee00 1.54E+00
GenTq Mazimum | DLC1.3_0034_Land_14.0%0_S04.0ut S.03E+03] 4.T5E+01 0.00E+00 1.07TE+Q3 110E+01 1.50E+01
HESETg Minimum | OLC1.1_0001_Land_04.0%0_501.cut 1.22E+01 1.53E-01 0.00E+00 E.TE+02 £.32Ee00 2.43E+00
HESBITq Mazimum | OLCA.L_ 0001 Land_04.0%0_S01.0ut 1.22E+01 1.83E-01 0.00E+00 6.T1E+02 6.32E+00 2A3E+00
Gen$peed Minimum | OLC1.3_0003_Land_04.040_$03.0ut 0.00E+00 0.00E+00 0.00E+00 5.40E-02 G.G0ERDD 2.81E+00
Gendpeed Mazimum | OLCY.3 0062 Land_24.040_$02.0ut S.03E+03] 3.68E+01 0.00E+00 140E+03 144E+01 2.13E+01
FrotSpeed Minimum | OLC1.3_0003_Land_04.040_$03.0ut 0.00E+00 0.00E+00 0.00E+00 6.40E-02 G.G0EXDD 2.75E+00
Potipeed Mazimum | OLCY.3 0062 Land_24.040_$02.0ut 5.05E+03] 3.6TE+01 0.00E+00 140E+03 144E+01 2.82E+01

Extreme events for Blade Pitch:

Type File

Minimum | OLCL1_0030_Land_12.0%0_S06.out

EildPitcht Fazinum [ DLEA5_0065_Land_24 OW0_S05 out

EildPitchi Minimum | OLCL1_0030_Land_12.0%0_S06.out -2.36E-02 -2.35E-02 -2.38E-02 1A0E+01
EildPitcha Fazinum [ DLEA5_0065_Land_24 OW0_S05 out 2.36E 01| 2.36E401 2. 3BE01 525601
EildPitch3 Minimum | OLCL1_0030_Land_12.0%0_S06.out -2.36E-02 -2.35E-02 -2.38E-02 1A0E+01
EldPitch Mazimum | OLCY.3 0063 Land_24.040_$03.0ut 2.36E+01) 2.36E+01 236E+01 3.25E+01

Extreme events for Hacelle Yam

HacTaw | HacTawEr Wind¥rxi

File mizec
MacTaw DL 5_0062_Land_24 040_S02 out -5.TRE-02 5.23E+00 S.43E400
MacTaw Mazimum [ DLC1.5_0063_Land_24.0%0_$03.0ut 5.63E-02| 1.32E+00 2.81E+01
MacTawErr Minimum | OLC1.3_0001_Land_04.0%0_30%.out -2.02E-03]  -222E.02 -5.05E-01
MacTawEr Mazimum [ DLC1.5_0002_Land_04.0%0_S02.out -5.05E-03]  2.23Ee02 -5.26E-01

Extreme events for Blade 1 Defl:

0oPDefll IPDeill| TwstDefll Wind¥xi Time
Parameter Type File de: Seq]
CoFDefl Minimum | OLC1.3_0064_Land_24.040_504.out -3.TAE+00) 2.26E+00 0.00E+00 3I0E+01 5.52E 02}
QoPOefl Marimum | OLC4_0005_Land_FCO-Frout 1ME+01] ABBES0D 0.00E+00 113E+01 T.62E+01]
IPDefll Minimum | OLC1.3_0061_Land_24.0%0_50%.out S.T4E+00]  -24GE+00 0.00E+00 265E+01 5.67E 02}
IPDeflt Farinum [ DLCA5_0064_Land_24 OW0_S04 out -3.6TE+00] 2.51E+00 0.00E+00 3AZE+01 5.52E02]
TwstDerl Minimum | OLC1.1_0001_Land_04.0%0_501.0ut 1LO4E+00| -8.26E-02 0.00E+00 2.13E+00 3.00E+01]
TuwstDcfl Mazimum | OLCY.L 0001 Land_04.0%0_S01.0ut 1.O4E+00] -3.26E-02 0.00E+00 213E+00 3.00E +01]

Extreme events for Blade 2 Defl:

DoPDefI2 IPDeFIZ2 | TwstDell2

Parameter Type File de:

CoPDeflz Minimum | OLC1.3_0057_Land_22.0%0_303.0ut -3.53E+00) 2AGE+00 0.00E+00 2336401
OoPOefl2 Marimum | OLC4_0005_Land_FCO-Frout 109E+01 BBES00 0.00E+00 113E+01
IPDefl2 Minimum | OLC1.3_0053_Land_220%0_$05.0ut 4.33E+00 -2.35E+00 0.00E+00 2.05E+01
IPDefl2 Fazinum [ DLCA5_0062_Land_24 OW0_S02 out -3.5TE+00) 2.53E+00 0.00E+00 5.24E01
TwstDefl2 Minimum | OLC1.1_0001_Land_04.0%0_501.0ut TAGE-01) 3.68E-01 0.00E+00 2.13E+00
TuwstDicfl2 Mazimum | OLCY.L 0001 Land_04.0%0_S01.0ut T.16E-01 3.66E-01 0.00E+00 213E+00
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Extreme events for Blade 3 Defl:

DoPDfIS IPDFIS Wind¥xi
Parameter Type File [deg. [mlzec)
CoFDefls Minimum | OLC1.3_0064_Land_24.040_504.out -4.50E+00) 2.65E+00 0.00E+00 2.35E+01
OoPOefls Marimum | OLC4_0005_Land_FCO-Frout 109E+01 ATZE+00 0.00E+00 113E+01
IPDeflS Minimum | OLC1.3_0063_Land_24.040_$03.0ut 3.33E+00 -241E+00 0.00E+00 2.24E+01
1Pl Farinum [ DLCA5_0064_Land_24 OW0_S04 out -4 45E+00] 2.70E+00 0.00E+00 S.03E401
TwstDefls Minimum | OLC1.1_0001_Land_04.0%0_501.0ut LHE+00)| -4.TOE-01 0.00E+00 2.13E+00
TuwstDicfls Mazimum | OLCY.L 0001 Land_04.0%0_S01.0ut 1.HE+00 -4.TOE-01 0.00E+00 213E+00

Extreme events for Blade Clrnc:

Parameter Type File

EildCirnet Winimum | OLC1.4_0005_Land_ECD-Fr.out -2.55E+00) 5.03E+00 S.TEEs00 TEGE+D1 113E+01
EldClrnel Farinum [ DLCA5_0064_Land_24 OW0_S04 out 156E+01] 3.34E+00 1I4E0f 1HE02 5A0E+01
EldCirne2 Winimum | OLC1.4_0005_Land_ECD-Fr.out 3.43E+00 -4 10E+00 S.6EEs00 3226402
EldClrnc2 Farinum [ DLCA5_0057_Land_22 040_805 out 3.35E+00] 155E01 3.2TE+00 112E+02
EildCirned Winimum | OLC1.4_0005_Land_ECD-Fr.out 5.03E+00 3.44E+00 -4.01E+ 00 1.35E+02

BldClrne’ Mazimum | OLCY.3 0064 Land_24.040_$04.out A.56E+00] 116E+01 166E+01 3.30E+02 2.35E+01

Extreme events for Nacelle Acc:

HclMUT Axz [NclMUT Ayz | HMUT Azs FIMUT AMag

Parameter Typpe File [misec2) [misec-2)

MelMUT Axz inimum | OLC1.3_001_Land_06.0%0_T05.0ut AA3E+00| -2.00E-01 AISE+00 4.22E000
MeIPAUT b Mazimum [ OLC1.5_0064_Land_24.0%0_$04.0ut 1.35E+00] 2.55E-01 13TE+00 2.43E+01
MelMUT Ays Minimum [ OLC1.3_0065_Land_24 0Y0_805 out 5.52E-01 - X 5.30E-02 3.52E-01 5.21E+01
MeIPAUT Ay Mazimum [ DLC1.5_0057_Land_22.0%0_303.0ut 3.42E-02] 3.31E-02 8.72E-01 3.16E+01
NeIMUT Azs Minimum | OLCY.5 0065 _Land_24.0%0_305.0ut -4.57E-01 -3A3E-01 S.81E-01 3.05E+01
MelPUT Azs Mazimum [ DLCA.5_0066_Land_24.0%0_$06.0ut 5.92E-01 6.72E-01 2.05E+01
NelMUTAMag)  Minimum  [DLCA.L_0066_Land_24.0%0_S06.0ut T.26E-04) - -3.00E-03 2.51E+01
HelUT &Mag | aginam  [DLC13_0064_Land_24.0v0_S04.cut 1.35E00)] . 2 2.55E-01 13TE-00 2.43E+01

Extreme events for TwrTop Disp:

TTD:pFA| TTD=pSS|TTDzpTwst Time
Parameter Type |File sec

TTD:pFa DLC1.5_0004_Land_04.0%0_S04 cut AS5E-0] 234EW00]  S40E.0Y
TTOspFé Mazinum | DLG13_0051 Land_20.0V0_S035.0ut 66101 143E401 TL13E02
TTDO:pES Minimum | DLCA.3_0065_Land_24 0V0_S05.out 2 50E-01| 0.00E 010 23TEDT 2 47E03]
TTDopss Tazimum | DLC1.5_0063_Land_24.0%0_S03.0ut TATE-03 0.00E+00 2aEe0l|  2a0E.0E]
TTDO:pTuwst [ OLCAL_ 0001 Land_014.0%0_S01 aut 0.00E+ 00 213E.00 3.00E+01)
TTCepTwzt Nazimum | DLCLL_0001_Land_04.0%0_S0%.out 0.00E-00 ZATEA0 3.00E-01]

Extreme events for Blade 1 Root:

RootFzcl| RootFycl] RootFzcl Wind¥zi
Parameter Type |File kM) [kH) mizec
FootFrct DLC1.4_0006_Land_ECD-Re20.0ut LT0E-02]  -7.16E-01 141E-03] -6.68E05 1TEOT
RootFrcl Tazimum | OLCA.5_0053_Land_14.0%0_S0%.out GARE02|  215Ew02 T.03E-03 2.1E 04 105E+01
RoctFypel Minimum | DLCA1_0063_Land_24.0%0_30%.cut 2.73E+02] E.05E.03 23TE01
RootFyel Tlazimum | OLC1.L_0065_Land_24.0%0_S0%.out 5256401 343E.02 2 T0E+01
RootFact Mini DLC1.5_0005_Land_04.0%0_S03.cut 302601 212400 “E.E0E01 212600
RootFact DLCA.L_0062_Land_24.0%0_S02.0ut 343601 La1Ew02 1.74E+03 3.02E-00
Roothlxel Minimum | DLCA.3_0065_Land_24.0%0_$0%.out 135401 TABEWDE|  -213E.05 2TTEO1
Rocthlel Mazimum | DLCAA_0061 Land_24.00_S0%.cut 3.36E+02 [RET] 2E2E0
Roothiycl Minimum | DLC1.4_D006_Land_EGO-Re20.out LETEDZ 2 EHIES 1T0ELD1
Froothyl Iazimum | DLC14_0002_Land_ECD+F.out SEIE02]  142E+02] T -T.TBE+02 2.22E+04 113E01
Roothlzcl Minimum | DLC1.4_0006_Land_ECD-Rr20.0ut 1.36E0Z] 5.54E+00 6.93E-02]  -17sEe02|  -s.asEe03 172E01
Roothlzc Mazinum | DLCLE_0058_Land_16.0%0_S0Z.eut 5.0BE02] 126E+02|  B.S0E.DE|  -2.00E.D3 LTTE-04 E . 1.32E+01
RrootF Ryt Minimum | DLC1.5_0062_Land_24.00_$02.out 1.23E+00) “EABE-01 100ED3|  tEeE.02|  -2EsE.03 ; 2.66E403 2.02E.0
FootF iyl Mazinum | DLCLE_0030_Land_12.0%0_50.0ut SETE«0Z|  -3.35Es02 SEIE02]  3T0E0F 1ETEs04|  T30E+01]  GalEs0Z Z1E+04 LAE-OT
Roothixl | Minimum | DLCAL 0060_Land_22 0%0_306.0ut TADESDI| -2E.00 10E+D3| __5.A0E-00] -339E.01]  B.OSED] E+00 Z.05E+01
Froothdfl | Masimum | DLEA.4_0005_Land ECD-Fuout ¥ 53E+02] ZE02 6E02| _ B5IE0G RERE]

Extreme events for Blade 2 Root:

RootFxc2| RootFyc2| RootFzc2| RootMzc2| RootMyc2| RootMzc2 [RootFMxy2 RootMMxy2 Wind¥xi
Parameter Type File (kM) (kH) kH-m misec

kN
213E+02]

T.03E+02]

RootFrc Minimum | DLCA.4_ 0003 Land_ECOeF20.00t 1.B0E+02] 2HEDE]  BAIEWS
FootFrc2 Mazimum DLC14_0005_Land_ECD-R.out EAZE+02) -3.55E+02 B.E62E+03 236ED4
RootFyc2 Tinimum | DLC1.{_0066_Land_24.0%0_506.0ut 255E+02]  -5.02E02] 4.51E+03

1.05E+03 6.54E+03 165E+01
2.55E404 119E+01

2T6E+01

FroatFyc2 Flazimum [ OLCA1_0054_Land_20.0%0_$06.0ut 3.31E«01 2.75E+02 6296403  -324E.02 1TSES
FrootFac2 Minimum | OLC1.3_0003_Land_04.040_$03.0ut 463E+01)  -T.33E+00 ATSE+01 2.00E+02 2.03EH05 -3.63E+01 2.75Es00
RootFac2 Mazimum | OLCY. 0062 _Land_24.0%0_302.0ut 1E6E+02] -3.65E+01] 143E+03 1.05E+03 2.T0E+03 -12BE+02 5 2.30E+03 21301
Froathlie? Minimum | OLC1.3_0065_Land_24.0Y0_$05.0ut 4.32E+01] 2.43E+02 T.0EE+03 A0FEADG LEFE402 X TA2EH03 244Ee01
Roothxe2 Mazimum | OLCA.L_0063_Land_24.0%0_303.0ut 4.2TE+02] -4.T3E+02 110E+04 116E+04 -6.83E+01 X 1.60E+04 27T2E+01
Froathiyc? Minimum | OLC1.3_0062_Land_24 040_S02 out -3.40E+01 -5.36E+00 -9.24E402 -1ABEDS -4.38E+01] T.2ES03 S.34Ee00
Froothiyc2 azimum | DLC1.4_0005_Land_ECD-Fr.out 5.05E+02 -3.53E402 6.33E+02 358E+05 2.35E004 -2.52E+02 2.55E+04 IIE+01
Roothac2 Minimum | OLCY.4_0003_Land ECD+R+20.0ut -LA3E+02] 4.40E+01 1.05E+03 -BETE+02 -5.04E+03 -2.80E+02 S.08E+03 163E+01
Froathlzc2 Mazimum | DLC1.3_0037_Loand_16.0%0_$01.out 4. 3TE+02] 1.90E+02 5.70E02 -3ATE-D3 1TEE 04 1.95E+02 1.TIE04 126E+ 0
RootFiy2 Minimum | OLC1.3_0063_Land_24.0%0_S05.0ut 3.13E-02| -15BE-01 1.04E903 -B.3TE+02 -3.25E+03F -&.T0E+01 3.36E+403 2.5TE+0
FrootFhdy? Mazimum | OLC14_0005_Land_FCO-Frout E.13E+02] -53.55E+02 TABEA02 2626405 236Ew04|  -258Fs02 2.55E404 113E+01
FroothiPuy2 Minimum | OLC11_0052_Land_20.0%0_504.0ut 5.46E+01) -145E01 120EsD3 G50E+00 1B4E+01 -LIE+02 14E+00 1A3E 0

Poothifay2 Mazimum _ |DLC14_0005_Land_ECD-R.out 6.13E+02] -3.55E+02 TASE+02 A.62E+03 2. 36E+04 -2.3BE+02 T.05E+02] 2.55E+04 113E+01
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Extreme events for Blade 3 Root:

RootFxc3| RootFyc3| RootFzc3| RootMzc3

RootMyc3| RootMzc3 [RootFMzy3 footMMzys
(L) kN

Parameter Tzze File

FrootFrcd Minimum | OLC1.4_0002_Land_ECD+F.out LEAE+02 X -1.53E+03 SBS0ED3|  -234E-02] 2 ME.02] 6.TBE+03

FootFrcd Mazimum DLCA.3_0035_Land_14.040_S05.cut E.22E+02| 2 E.5TE+D3 2ATE+04 -3.34E+01

RootFych Minimum | DLCA.L_0063_Land_24.0%0_S0%.out 4.53E+02] 115E 04 1.26E+D4 -5.21E+01]

ProotFycl Mazimum DLCAA_0054_Land_20.0V0_S06.cut 5.35E«01 4 46E.02

RootFacd Minimum DLCAL3_0003_Land_04.0%0_$03.cut 4.|0E‘0||

RootFec Tazimum | OLCAL 0053 Lond_22.0%0_S05 out 2426402

FocthMxcd Minimum DLCAL3_0063_Land 24.0%0_$03.0ut 1.0ME+02

Roothlics Tazimum | OLCA.L_0065_Land_24 0%0_S0%.out 4.54E+02] 1.25E404

Poathycs Minimum DLCA3_0064_Land_24 0%0_%04 out -122E+02 -3 41E+03 -813E+03 -3, SIE‘DI‘

Roothycd Mazimum DLCA4_0005_Land_ECD-R.out 6.00E+02| -3.34E‘D_2| 6.‘TE¢0_2| 5.34E+03 2.34E+D4 -2.01E+02

Roothlzcs Minimum | DLCA.4_ 0005 Land_ECOeF20.00t 1.43E+02] E1TE+01 122E.05|  AIBE.D3|  -52iE.03

FoctMacd Mazimum DLCA3_0045_Lond 15.0%0_S06.0ut EEZE+02) 1.53E+02 S.0SE+02 -2 EE-D3 155E+04

RootFiys Minimum DLC13_0064_Land_24.0%0_$04.cut T.05E-01] A -6.35E+02 -2.15E+03 -L1GE+02 2.25E+03

ProatFheys Mazimum DLCA4_0005_Land_ECD-R.out 6. BIE‘OEI -3 STE‘D_QI . ETE¢D_2| &31E+03 233E+04 -1E5E+02 2 43E+04

FroothxyS Minimum DLCA_0065_Land_24.0V0_505.cut 3.55E+01] -6.25E+01 112E+05 -3.T1E‘DD| -T.OTE+DD -3.I6E+01 -2.64E+00 2.TIE+ 3.31E+D2]
Froothdhyd | Mlazimum | OLC14_0005_Land_ECT-Fout BOOEDZ|  GO4E+02|  GATEWDZ|  BO4EW05]  254Eq04]  -2OIEs02 Z5IE04 RER] TE0ED]

Extreme events for Blade 1 5@X:

SpaiMLzbi
kN-m

meter Type Fils

ZpnitiLb Minimum | OLC11_0065_Land_24.0v0_S05.0ut -1.S0E+03 1BIE+0F 2.50E+01
EpnitiLab Fazinum [ DLCA.5_0086_Land_24.040_$06.cut 1.35E+03  A.82E.03 2.53E+01 2.64E+02]
SpnitdLyb Minimum | OLC1.3_0064_Land_24.040_504.out 5.66E+02] -2.35E+03 L 03E 02 3.00E+03 F.I0E+01
Spnitdlybi Marimum | OLC4_0005_Land_FCO-Frout 11E+ 03] 654403 BER £.64E405 113E+01
EpnitdLebi Minimum | OLC1.4_0006_Land_ECD-Fie20.0ut 4.13E02] AOGE+0T -1.64E<0_2| 114E-03 1LTFE01
Spnifalabi Mazimum | DLC1.3 0038 _Land 16.0%0_S02.0ut LOIE+03] 4.33E+03 6.65E+01 4 44E+03 132E+01
EpnifAleyl Minimum | OLC11_0053_Land_22.0%0_305.cut AOZE00|  4.24E+00 -a44E.01] 3.13E-01 2.43E+01
SpnIMy! Tazimum | DLC1.4_0005_Land_ECD-R.out 11E+03] 6.54E+03 TA3E«01|  B.64E+D3 113E+01

Extreme events for Blade 2 5@X:

Parameter File
MLk DLEAA_0062_Land_24.0%0_S02.0ut 14303 1ITE+03 -53.62E01 1.90E-03 2.31E+
prifLt; Mazimum [ DLC1.3_0062_Land_24.0%0_S02.0ut 1.44E+03] 2BE+03 -B.TTE+D1 1.33E+03 2.63E+01
prifLub: Minimum | OLC1.3_0062_Land_24.04/0_S02.out 5. TIE+02] 5.06E+03 TA4EL01 512E403 3.30E+01
prifLyt, azimum | DLC1.4_0005_Land_ECD-Fr.out 134E+05] 05E+03 -LTEsD2 TISE+0E 113E+01
prifALab; Minimum | DOLC1.4_0006_Land ECD-Re20.0ut 4.1TE+02] -B.5BE+02 154E+01
Lok Mazimum | DLCA.3_0027_Loand_12.0%0_$03.0ut -1.94E+02 5.2GER01 4.30E05 1.30E01

Minimum | OLCA.1_0066_Land_24.0%0_306.0ut 1.25E+01 1.53E+00] -T54E0 -6.33E-01| 2ATE+01

Spriffyd Mazimum | DLCT.4_0005_Land_ECD-Fr.out 1.34E+03] 7.05E+03 LTEs02 T.15E-03 11301

Extreme events for Blade 3 5@X:

Wind¥zi Time
mise

SpaiMLzb3| SpaiMiyb3| SpalMi=b3 [SpaiMmzys
Parameter Type |File

Zpniflebd Minimum | OLC1.1_0066_Land_24.040_206.cut SLASE03|  -6.00Es02 158E+03 2.63E+01
FpnitiLsbd Mazimum [ OLC1.5_0062_Land_24.0%0_$02.0ut LIZE+D3|  -2.96E+03 2.31E+03 S.ME+DT
Spnitlybd inimum | OLC1.3_0064_Lond_24 040_804 out 5.33E+02] -351E+03 23401 S.ESE403 2.33E+01
Spnitilybd azimum | DLC1.4_0005_Land_ECD-Fr.out 1Z0E+3] T.OIE+03 -2.31ER01 THEOF 113E+01
Spniflebs Minimum | OLCY.4_0003_Land ECD+R+20.0ut 3.33E+02] -3ITE+02 SE+02 1.07TE+Q3 LTIE+01
EpnitAlebd Mazimum [ DLCA.5_0031_Land_14.0%0_301.0ut -1.E2E+02 4.61E+03 EABED1 4.65E-03 1ASE+1
Spnifahicyd Minimum | OLCA.3_0060_Land_22.040_$06.out 2.42E+00] 1.45E+00] -5.35E+01] 24TE+00 2.6TE+01
Sprifys Mazimum | DLCT.4_0005_Land_ECD-Fr.out 1.20E+03] 7.09E+03] -3.51E+01| THE+03F 11301

Extreme events for L55 Main Br:

RotTorq |LESGagMya [LESGagMaa

RotThrust| L§SGagFya| L§8GagF=a [£8GagFMy=fSCagMMy=|  Wind¥xi
Paramecter Type |File H kN ) ki misec)
RotThrust Minimum | DLC1.4_0002 Lond ECDeFiout -LOSE ] 1036403  -3.95E.02]  452E.03] -585E.02 1ATEsD3]  6.40E+03 126E+01
FrotThruzt Musinum | DLC1.3 0051 Land_20.0Y0_30%.0ut 1.55E+03) 139603 -542E.02 -2 A0E03 154E+02 143605 2306403 LSHE-M

LEEGagFya Minimum | OLCA.1_0064_Land_24.0%0_304.0ut 5.54E+02] ALIBE+03 232E+01 6.54E+03 B.53E+03 -3.45E+02 S.60E+03 21E+01

LE¥GagFys Flazinum [ OLCA.1_0058_Land_22.0%0_$04.0ut 5.01E+02] . -4.54E01 5.92E-03 STO2E03]  -240E03 1TTE+03 TAESD3 2.51Es0
LssGagFas Minimum | OLC11_0063_Land_24.0%0_303.0ut 5.34E+02] . -1T5Es03 GI4EAD5|  -3.23Ee03 A0FEH0Z 1TSE+05 3.I6E403 2.63E+01
LEEGagFza Mazimum | OLCY.1_ 0065 Land_24.00_S05.out 4.40E+02] . 1.T5E+03 5.33E+03 -LA3E+03 -BABE+03 176E+03 6.5TE+03 26TE+01
FrotTarg Minimum | OLC1.3_0003_Land_04.040_505.cut 104E+02] -8 146E203 -TE6E+01 4.55E403 -4.95E+02 146E+03] 4.61E+03 1.22E+00

RotTorg Mazimum | OLCA.1_0062_Land_24.0%0_302.0ut B.I5E+02] ! T.54E+03 1.06E+03 2.E1E+03 1.53E+03 2.81E+03 1.84E+01
LESGaghlys Minimum | OLC1.4_0006_Land_FCO-Fs20.0ut 143E+02] 4 B4E405 -14TEv04 2HE+03 144E+03] 145E+04 1TOES0

LEEGaghlya Mazimum [ DLC1.3_0031_Land_14.0%0_S01.0ut 3646402 . 5.61E+05 1BBEDE. -LI4EHDS 1ABE+05] 15TE#D4 LAIE01
LEEGaghaa Minimum | OLCY.5 0064 Land_24.040_$04.0ut 2.53E+02] . 4.5TE+03 -3.ME+03 -123E+04 130E+03) 1.33E+04 237E+01
LESGaghlan Mazimum | DLC1.4_0002_Land_ECD+F.out 9426402 . X S56E-03 2.23E00F 1L41E+04 1.42E+03] 143E+04 119E+01
LsEGagFhyz |  Minimum | DLC13_0062_Land_24.040_S02.0ut 4.08E+02 . X 5.40E+03 5.25E+03 S.60E+03 1ISE+03] 5.38E+403 SI0E+D
L58GagFMy | Mazimum | OLCTA_0065_Land_24 0%0_303 out T.OEE+02] £.33E405 S4BEW03|  -332E405 1.83E+03] 100E+014 262Eh0

LsSEaghMya | Minimum | DLC11_0056_Land_22.0Y0_S02.0ut 5.13E+02] . . EI4E+DE SLIOEeDD|  -340Es00 LBJE+E] -2.85E+01 2.86E001
LEEGagMMy Mazimum _ |DLC14_0002_Land _ECD+R.out 110E+03 1.45E+02 1.3TE+03] 5.64E+03 -144E+04 -6.32E+03 1.3TE+03 1.5TE+04 113E+01

Extreme events for Yaw Bearing:

YawBrFap| YawBrFyp| YawBeFzp| T: Wind¥xi
Parameter Type |File [CL)] (L] (kH) | misec
‘awGiFap DLCA.G_ 0005 Land_04.0%0_$03.0ut -5.01E~02 STEE01]  -4.65E-03 ¥ 135E+03 X E GAZE00
CawBiFup Tazimum | OLCA5_0051 Land_20.0%0_S0%.0ut TBAEDS|  GSE.D0|  ATEEME 6.1TE-05 ¥ X X 152E00
‘fawBiFyp Minimum | DLC1.5_D065_Land_24.0V0_S05.0ut 4TOE.D3|  G.SOE-03|  450E.0F 23TE01
TawBiFyp Masinum | DLCL3_0057_Land_22.0%0_S035.0ut GSDEsDE|  -a.63E03  442E.03|  -2eiEe0s FOEERDT
FawBiFap Minimum | DLC11_003_Land_24 0%0_S05.0ut 1356402 TABE03 S53E.02 34103 ZE2EDT
‘fawBiFep Masimum | DLCA.5_0062_Land_24.040_S02.out SIME.05|  D4SE.03|  -6.STE-03 ZAGEON
awitdp Minimum | DLCA.3_0005_Land_04.0%0_$0%.out “EIBE02 -G24Ee02]  -2MEW0S]  1BGEW0S FETED
awBihp Mazinum | DLCI_0065_Land_24.0%0_SOS.out 543608  6.70E.03 14BE<05 220E.01
TawBiyp Tinimum__| DLC1.4_0002_Land_ECO+F.out B 4.29E.05]  -\f8E08|  -23sEs03 TIIEDT
awBitup Tazimum | OLCA5_ 0064 Land_24.040_S04.0ut 232602 AATEW0S|  S6EEW0S 1SIERDd|  -5.51Ew03 Z3IE0
awGilep Minimum | DLC1.5_0062_Land_24.040_$02 out S5TE-O1|  -4.56E.03 440G BE4E.02|  -128E-04 FATEDT
awitzp Tazimum | OLCA5_0063_Land_24.040_S03.out . 153601 4503 BGOEWD3|  S3IEW03 120E+04 ZEIEA
awBiE M Minimum | DLCA.1_0003_Land_04.0%0_$05.cut “EAEE03 TEEE.O1|  ZOTE.03|  to7Es02 1.66E-01 1.9TE-00
owBrFIMay | Mazimum | DLC1.3_0051 Land_20.0%0_S03.0ut 4.TBES0T .1TE-03 TAEATS 2.2IE0T 1.64E+03] 132E 01
i Minimum | DLCA.3_0005_Land_04.00_305.out 45505 2.08E=01 SSESD|  -2SOE.03|  2SiEs02 152600 246E.00
YowBrtaldy | Blasimun | DLC15_D064_Land_24.0v0_504.out 44TE03| _ 56EE.0S 1HED4]|  B91E-03] _ 244Es02 2E+04 23E01
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Extreme events

for Tower Base:

TwrBzFzt| TwrBsFyt BeFat
Parameter Trpe |File (LH) M) |
TurBisFt Minimum | DLCA.5_ 0004 Lane_04.0%0_$04.out -4 15E+02] STIED]  -3.26E40% 1.30E+03F
TureBaFat Mazinum | DLCLE 005 Land_20.040_$03.out 1EDE]  4.5tE00 3.04E03 15305 1436403
TurrBiaFyt Minimum | DLCA.5_0064_Land_24.0%0_S04.0ut 2.32E+02 409E04|  2REAG4 1E3E0F
TurBeFyt Mazimum | DLCA.3_00T_Land_22.0%0_30%.cut 379E«02] 442602 2TIE04|  278E.04]  BMEw02Z
TurBafar Tinimum | DLCA.L_0063_Land_24.0%0_S05.out ZISE-04|  G2Ee04 34103
TurBisFat Tazimum | OLCA5_ 0062 Land_24.040_S02.0ut -E3EE0Z|  -B.IEEDS GISE04|  26E04|  -B.IBEMT
TreBiatilit Minimum | DLCA.3_00ST_Land_22.0%0_S08.cut 142602  901E.03|  BTIEW04|  2TeE.04|  sME.z
TrrBiahst Tazimum | OLCA.5_0064_Land_24.0%0_S04.0ut -3.25E.03]  A.0SE/08|  ZEAE.4 1E3E0F
TurBistyt Minimum__| DLCA.5_0004_Land_04.040_S04 cut E3TE.01|  -9.26E.03|  -4TiE.03|  -553E.04 158E+03
TurBatyt TMasinum | DLC3_ 0051 Land_20.0v0_303.0ut AFE1|  -338E.03  B.04E.03 1.53E+05 143E+03
TurBishlat Minimum | DLCA.3_ 0062 Land_24.0%0_$02 out ITESDY]  BAEE.D5|  269E.03|  445E.04]  Lo3Ee0d
TareBiatilct Mazimum | DLCA.3_0063_Lond_24.040_S05.cut GATED0| B0  480E0F|  302E.04 120E+04
TurEisF My Tinimum | DLCA.3_0016_Land_05.0%0_S04.out “G6OE-DT|  -9.26E40% 1.08E+DE|  5.8BEWDE|  -LezEs0s IZE0N| 5636403
TurBsFMyy | Masinum | DLCLS D05 Land_20.0v0_303.out LSIED3|  45E.D1|  -5.58E.03|  3.04E.03 153E+05 143E+05 151E+03] 153E408
T Tinimum | DLCA.3_0008_Land_06.0%0_305.0ut 335E+01|  5.86E.D0|  -3.26E403 1E4E+01 4ZIEA0|  B.04Ew02 4.00E+01) 153E+01
TurBshblsy | agimum | DLGLG_ 0051 Land_20.0¥0_S0%.0ut THEAG] 4501 -9.586.05  3.04E-03 T.55E+05 143603 FIE+03]
Extreme events for Tower 5@%:
TwHtiMLyt| TwHtiMLzt [TxHtiMMzy
meter Trpe |File tH-m -
Tt MLt NWinimum | DLCA.3_D0ST_Land_22.0%0_S0%.0ut 1.13E04] 1.29E+04
TuHtIMLet Mazimum | DLCA.3_0065_Land_24.00_305.cut 242604 503604 1.2TE0F
TuHtMLyt Tinimum | DLCA.3_0004_Lane_04.0%0_504.our -221E+03] A8sEs04 13EEDT 155E-04|  234EN00
TuHHMLyE Mazinum | OLCLS_ 005 Land_20 0M0_S03 out SETE05|  1.89E.D4|  22E.03|  T82E.04 152E+01
TurHtiMLat Minimum | DLC1.5_0062_Land_24.040_$02 out 3.35E+03]  2.22E.04]  A2GEs04|  225E-04 3.43E01
TuHtiMLat Tazimum | OLCA5_ 0063 Land_24.040_S03.0ut SZAEL0F]  2.00E+04 120E04|  Z.06E.04 2.51E+
TarHe M Minimum | DLCA1_0001_Land_04.0%0_S01.cut E2TE00|  20TE.0|  43E.02]  420E.00 3.00E.00
TwHtMMy | Maginum | DLGLG_ 0051 Land_20.0%0_S03.0ut S.0TE+03]  T.88Es04]  G.o4EW05|  T.94E-08 T.40E+01
Extreme events for Rotor Perf:
RotCp RotCr RotCq | TipSpdRat
Type |File [ i) [
Minimum | DLC1.5_0002_Lond_04.0%0_$02 out ~6.03E+10) ZT4EW0S|  B.03E+D2|  -BATE-D4]  -320E-03
Masinum | OLCT5_0002_Land_04.040_S02 out 4BEAI  630E.08 1IBE06]  ZABE.DE
Tinimum | DLCA.3_0005_Land_04.00_305.out 1E4E+0] SASEW05|  3.54Ew03|  -2.63E.03
RotCt Masinum | OLCT5_0002_Land_04.040_S02 out 4BIEA|  B80EwE 1IBES06]  ZABE.DE
RotCq Tinimum | DLCA.3_0003_Land_04.0%0_505.our 5.40E+03| T.O4Ew0T|  -B.33EwD4|  -5.adE.04
FotCyg Tazinum | OLC15_ 0002 Lond_04.0v0_S0Z.0ut AFIEA] _ E32E03 TIBEAE|  ZAEEWDE

F.2 Sea-Based Wind Turbine Loads

Combined extreme-event file produced by CombEEvTabSea (v1.20, 22-Apr-2087)

The individual extreme-event files combined into this aggregate were:

SeafDLC1.1f/Crunch/Aggregate. eev
SeafDLCL.3/Crunch/Aggregate. eev
Sea/DLC1.4fCrunch/Aggregate. eev
SeafDLC1.5/Crunch/Aggregate. eev

on B6-Apr-28@87 at 12:41:57.

a
a
a
2
a
a
a
Extreme events for Mind:
Wind¥ri|  Wind¥yi| Wisd¥=i| WarcEler Time
Parameter Type File [mdsec) (misec) [mdzec) (=) [5e<)
Wind'i Minimum | DLCA.G_0007_Sea_04.0%0_016Hs_05.97p_S03.0ut ~ITE00 TA1E+DD SETE-OL 412E-01 TESE0E]
Swtindxi Mazimum DLCALS_015T_Fea_24.0%0_05.5Hs_12.TTp_S03.0ut 3.54E+01) 3.40E-02 T.H0E-01 -1.23E-00 3.23E+02]
WindWyl Winimum | DLCT4_000L Sea ECD+F-20_D20Hz_10.6Tp_S0T.out SEEE+00]  BSTEADI|  O.OUESOD TEIE-01 7.00E+ ]|
Stindyi Mazimum DLC1.4_0055_Fca_ECD-R-20_02.0Hs_10.6Tp_5$0.0ut 5.66E+00] 2.3TE+01 0.00E+00 -5.53E-01 T.00E+01|
Windai Winimum | DLC1.G_0790_Sea_24.00_0550z_12.TTp_S04.00t ZOZEADI|  5AME-D0|  BAGEAOD|  -T.ODE-O1 5T0E-DE]
“w'indzi Pazimum DLCAL3_0133_Eea_24.0%0_05.5Hz_12.TTp_S05.0ut 2.T4E+01] 1.TSE+00 5.ETE+D0 -334E-02 1.70E~02|
Extreme events for Waves:
Warel¥zi| Warcl¥yi| Warcl¥zi| WarclAzi| Warclhyi| WarelAzi Vi Time
Paramcter Type File [mizec) [mdzcc) [mdzec)| [mlzec d)| [misec22)| [mizect2) [mizec) [=cc)
‘w'aveElew Minimum DLCA5_05535_Sea_EWEHe20.0_04 4H:_11.3Tp_S03.0ut -4 53E+00 -5.83E+00 0.00E+00 3.55E-01 5.54E-01 0.00E+00 3.38E+00 2.00E+01 6. 30E+ 1)
‘whaveEler Mazimum DLCA.5_0T45_Fea EwEH-24.0_05.5H5_12.TTp_%03.0ut 5.0GE+00] 3AZE+D0 0.00E+00 133E-01 2.06E-01 0.00E+00 -2.03E+00 2.40E+01 S 0E+ 0|
Swhave IV Minimum DLCA5_05535_Sea_EWEHe20.0_04 4H:_11.3Tp_S03.0ut -4 BTE+00 -3.8TE+00 0.00E+00 -5.02E-01 -2.85E-01 0.00E+00 3.43E+00 2.00E+01 6 SSE 01
whave IVl Mazimum DLCA5_0T45_Fea EwEH-24.0_05.5H5_12.TTp_503.0ut 5.04E+00] 3ASE+00 0LO0E+00 -534E-01 -1.T0E-01 0.00E+00 -2 1E+00| 2.40E+01 G.15E+ 0|
a1V Minimum DLCA_0001_Fea_04.0%0_01.6H=_05.3Tp_S01.0ut 3.13E-01] 357E-01 0.00E+00 2.08E-01 1.47E-01 0.00E+00 -4 13E-01 2AZE«00 3.00E« |
whave Vi Mazimum DLC1._0001_Fea_04.0%0_016Hs_0&8. 3Tp_S01.out 3.13E-01] SS5IE-01 0.00E+00 2.05E-01 1.4TE-01 0.00E+00 -4.13E-01 2.13E+00 3.00E+0]
Swhave Vi Minimum DLC1L5_0553_Fea _EWEHe20.0_04.4H:_11.3Tp_S03.0ut -3.74E-01 -6.03E-01 0.00E+00 -3.73E-00 -303EL00 0.00E+00 2.07E-01] 2.00E+01 & T3E« 0|
whave IVl Mazimum DLC1.5_0583_Sea_EwSHe20.0_04.4H:_11.3Tp_S03.0ut -1.46E+00)] 0.00E+00 3A3E+00 2.858E+00 0.00E+00 -2.64E-01 2.00E+01 T.05E+01)
Swtave b Minimum DLCA5_0553_Sea_E'WSH+20.0_04.4H:_11.3Tp_S03.0ut -3.74E-01 0.00E+00 -3.T3E+00 -30IE00 0.00E+00 2.07E-01] 2.00E+01 & TIE 0|
Wavelhal Tlazimum | OLCA.L_0100_Sea_14.00_05 0Hz_0%.TTp_S04.out SASE-DT O.00E-00| 223600 SAEO0|  O.0DE+00]  -2.28E-01 43E-01 [EE
Swtave 1Ay Minimum DLCA_0001_Fea_04.0%0_01.6Hz_05.3Tp_S01.0ut 513E-01] 0.00E+00 2.08E-01 1.47E-01 0.00E+00 -4.13E-01 2AZED0 3.00E+ |
Wavelhyl TWazinum__| DLCT_0001 Sea_04.0¥0_016Hz_08.3Tp_S0Tout FRE] TLO0E-00 Z0BE-01 TATE-DT|  DOOE+00 ENE] 2. 15E00 SO0
“w'avelhai Minimum DLCA5_0403_Sca_E'w'SY+14.0_03.0Hs_05.7Tp_305.0ut 2.62E+00] 2.74E+00 0.00E+00 -1.30E-01 -2.26E-01 0.00E+00 ~3.13E+00| 1.40E+01 3.83E 0|
WaveThal Tilazimum | OLCT5_0563_Gen_EWEH»20.0_04.dHz_Tl3Tp_S03.00t I TEA00| _GETESD0|  DWOEA00|  SOGE-0I|  -ZASEi|  UN0Es00]  GASES00 Z00E01 £ S5E
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Extreme events for Drivetrain:
GenPwr GeaTq| HSSDiTq| GeaSpeed| RotSpecd| WareEler|  Wind¥xi Time
Parameter Type _ |File [(35] (kH-=) (kN-m) (rpm] (rpm] =) (misec) [sec)
GenPur Tinimum | DLCA.3_0a0_Sea_24.0%0_05.5Hz_12.TTp_504.00t B.G2E+00|  -4.6EC-02]  0.OOE00 T2IE0Z TAZESDD|  -2ATE+DD ZIEERD 5.05E+02]
GenPur Mazimum | DLC1.5_0181_Sea_24.00_05 5Hz_12.TTp_S01.out 6.05E+03] SE4E01|  0.0DE.DD 155E+05 TE4E+01|  -GTEO0 134E0| 1.65E+03]
Genlq Tinimum | DLC1.G_0780_Sea_24.0%0_05.50z_12.7Tp_S04.00t -5.52E+00]  46EE-0E|  0.00Es00 T2E0E TAZESDD|  -247Es00 2R 6.05E+02]
GerTq azimum | DLCA._0058_Sea_{0.0V0_02 2Hz_03.2Tp_S02.0ut 5.00E03] 4TEESO1|  0.00ES00 OTE-0F T10E01 SATE-01 134401 ETE-03
HSZETq TWinimum | DLC1.1_D001_Sea_04.0%0_016Hs_05.9Tp_S0100t TS4ES00] B37E-02]  OL0DEWO0 E.TOE-DE R SI9E-01 2. 13E+00] F.00E+0]
HEZBTq Tilazimum | DLCA.L_0001_Ses_04.0%0_1.6Hz_05.8Tp_S01.0ut T E4E00)] E5TE-02  OL0DEADD £T0E-02 £ 300 EI8E-01 2. 13E00)] 3.00E-0]
Gendpeed Winimum | DLCA.G_0790_Sea_24.0%0_U5.50z_12.TTp_S04 00t EEERE £T4E0T]  0.0DEOD S44E-DE SE4E-DD TAEE-0T ZTEAD]  B.OOEDE
Gendpesd Tlazimum | DLC1.5_0164_Gen_282.0%0_04.THs_13ATp_S0Tout T35E03] ZA0E-01|  D.ODE.D0|  2.2BE-DE BIE-01|  AesE-02 2356401 2.58E+07)
Fotipeed Winimum | DLC1.G_0790_Fea_24.0%0_05.50z_12.TTp_S04.00t 3.56E0] £T4E0T]  0.00ESOD 54BE-DE SE4ESD0 TEEE-IT 3.25E+01 &.01EDE]
Fetipeed Tilazimum | OLC1.5_0164_Gen_28.00_04 THs_T2.4Tp_S0Tcut TS0 TAAE01|  DO0EDG|  ZESEDE Z32E01 TEEENE ZATE 3TEE07)
Extreme events for Blade Pitch:
BldPitchl| BldPitch2 WareEler
Parameter Type  |File [deg) [deq) (=)
EldFitchi inimum__| DLCA.L_0116_Sea_16.0%0_03.4Hz 13.4Tp_S05.0ut 5E-0| -50HE-02 “SIE-0E % 52E-01
EldPitchi Tlazimum | OLC1.0_0164_Gea_22.0%0_04.THs_13.4Tp_S0Hout 358601 330601 3H0E00 ~6.70E-1 2. 8TE01
EldFitche Winimum | DLCA.L_0116_Sea_16.0%0_03.4Hz 13.4Tp_S05.0ut 5 E-0E] EO1E-02 SOE-DE 52E-01 TH0ET
EldFitche Tlazimum | OLC1.0_0164_Gea_22.0%0_04.THs_13.4Tp_S0Hout 338E+01 330601 3A0ER00 ~6.70E-1 2. 8TE01
EldFitchs Winimum | DLCA.L_0116_Sea_16.0%0_03.4Hz 13.4Tp_S05.0ut 5 E-0E] -5IE-02 SOE-DE . 52E-01 TH0ET
EldPitchs Tilazimum | OLC1.5_0164_Gen_28.00_04 THe_T2ATp_S0Tout 335601 FEEE0T FESEA 6. T0E- 1 . ATET
Extreme events for Hacelle Yaw
HacTaw| NacTawErr| WareEles|  Wind¥n Time
Parameter Type _ |File [deq) [deg) =) [misec) [sec)
HacTaw, Minimum_| DLCA.4_00&6_Sea_ECDF_0Z.8Hz_13.4Tp_503.0ut SO0 -B.2oEe0i ~5.85E-01 TA9ER01 539601
HacTaw Mazimum | DLC15_0164_Sen_28 0v0_04 THs_13.4Tp_S0Tout SBTE-0Z]  5.02E.00) A BBE-O0 SOSES01| 5 ESE-DE]
FacTawErr Tinimum__| DLC1.3_0001_Sea_04.0v0_U16Hz_05.37p_S0T.out SA0E-03]  -B2lEs02 Z4SE-01|  -B0GE-01 3MESD
e TawErr Tlazimum | DLC1.5_0004_Ses_ 040001 6Hz_05.31 p_S08.out £.Z3E-05 5.35E+02 ZIGE-01|  -BERE-01|  G.o3Es0E|
Extreme events for Blade 1 Defl:
DoPDefll IPDefll] TwstDefll| WareEler| Wind¥xi
Parameter Type  |File =] =] [deg) (=) [mizec)
[EREN Minimum | DLCA.G_0145_Sea_20.0v0_04.4Hs_11.3Tp_S020ut ~5.04E+00] ATIE+00]  O.00E+00]  -BE4E0D 2. A5E0
OoF Dl Tlazimum | DLC14_0101_Sea_ECD-Fr20_DE.THs_12.TTp_S0&.0ut 138E+01|  2NE-00|  0.00E-00|  -A78E-00 TEBE-IT
[ Winimum | DLCA.L_ 0191 Sea_24.0¥0_05.5Hz_15.5Tp_S04.out SESE+00|  -A.53E00]  0.00E+00 ZA5E00 3.1ZE+0
POt Tilazimum | DLCA.0_0131_Sea_24.00_05 5Hz_15.5T p_S04.out BHE00 SO4E00|  0.00E+00 152E-00 236601 SS4E-0]
TustDefl Winimum | DLCA.L_0001_Sea_04.0%0_01.6Hs_05.3Tp_S010ut TOTE+0|  -3.28E-02]  OLODE+O0 SIBE-01 2.13E+00 3.00E+01]
T el Tilazimum | OLCA.L_0001_S+s_04.070_i1 6Hz_05.3Tp_S01.0ut TOTE-00|  -5.25E-02]  D.ODE-DD SI3E-01 ZIFEDT 3.00E+01]
Extreme events for Blade 2 Defl:
DoPDefl2 IPDefl2| TwstDell2| WareEler|  Wind¥xi -
Parameter Type  |File [ [ [deg) (=) [mizec) [zec)
CoFDieflz Minimum | DLCA.G_0164_Sea_22.0%0_04.THs_T5.4Tp_S0100t .2EE+01| TABEX0D|  O.0DEOD “5.BBE-0 EETE TR
OoFDeflz Tazimum | DLC14_0045_Sea_ECO+ReN_02.THs_16.4Tp_S04.0ut TIEE|  A23E+00]  0.00E+00 TA4E-D1 TEBE-IT 520601
[ZEH Winimum | DLCA.G_0790_Sea_24.0%0_0550z_12.TTp_ S04 00t 105E+01] &TE00]  O0.00E+00 1.58E-00 T54E-01 B
[EH Tlazimum | DLCA.L_0164_Sea_22.00_04.THz_15.4Tp_S01.0ut 3E01 TAGES00|  0.00E+00  -G2E-01 ETGEA01|  EBOE-0E]
TustOefiZ Winimum | DLCA.L_0001_Sea_04.0%0_01.6Hs_05.3Tp_S010ut 6. S0E-01 ETIE-D1] BB0EAO SIBE-01 2.13E+00 3.00E+01]
TrADFE Tilazimum | OLCA.L_0001_S+s_04.070_i1 6Hz_05.3Tp_S01.0ut & S0E-0 TTEDT]  O.00E00 SI3E-01 ZIFEDT 3.00E+01]
Extreme events for Blade 3 Defl:
DoPDefl3 IPDchI3]| Tws1Dell3 eEler|  Wind¥azi -
Parameter Type _ |File (O] (O] [deg) =) [misec) [sec)
OoFDafls Minimum__| DLCA.G_0164_Sea_22.0%0_04. THs_{3.4Tp_S010ut ~3.TIE00 6TE-00)  0.00E+00 ~&.51E-01 239601 2.53E02]
CoFTIefls Tazimum | OLC15_0164_Gea_22.0%0_04.7Hs_T5.4Tp_S0Tout T39E+01|  AB3E+00]  O.00E+00 ZI0E-D0 225601 3 55E02]
[EE Minimum_| DLCA.G_0731_Sea_24.0%0_05 SHs_15.5T p_S04.out G.65E+00]  #BOE00|  0.00E+00 B53E-00) 31500 553E-0]
[ZEE Tazimum | OLC15_0164_Sea_22.0%0_04.7Hs_T5.4Tp_S0Tout B15E+00|  BEBEOD|  O.00E+00 ETE-DT S0+ 2.53E02]
TasDefIS Minimum__| DLCA1_0001_Sea_04.0%0_(1.6Hs_05.9Tp_S0100t ERE ~453E-01] OL00EA00 513E-01 21300 500601
Tt Oeis Tilazimum | OLCT.L_0001_Sea_ (407 0_(Hz_0%.3Tp_S0Tout ERE) EIE01__ OL00Es00 EREI] ZTFERO0 F00E+01]
Extreme events for Blade Clrnc:
BldClact WaveEler| Wind¥zi Time
Parameter Type _ |File (O] =) [mlsec) [sec)
BldCirnct Minimum_| DLCA.4_0101_Sea_ECD-Fe20_02.THs_I2 TTp_504.out THIERDD|  5.64E+00 TOER00 TEGE-D1 EE
EldCirnel Tazimum | OLC15_0145_Gea_20.0v0_04 8Hz_11.3Tp_S0Zout B.2TE0] TETEDT ZEEADD 3A5E01 T.96E02)
EldCirmee Minimum__| DLCA.4_0045_Sea_ECDR-20_02.THs_16.4Tp_S04.0ut 1E6E-00]  T6IE-00 TA4E-I TEGE-IT 5.20E-01)
EldClirnce Tazimum | OLC15_0164_Gea_22.0%0_04.7Hs_T5.4Tp_S0Tout 17001 2.74E-01 1.35E-01 R “BBRE-T 2IEE01  ZBOEDE
EldCimed Minimum__| DLCA.G_0164_Fea_22.0%0_04.THs_{3.4Tp_S010ut TEOE00)] 6.59E-02|  G.0TEwD0 Z5E-0E ZI0E-D0 226601 BEEXE
EldCimes Tilazimum | OLCT5_0164_Gen_22.0v0_04 Hs_To.ATp_S0Tout T0ZEw| TF5E0T ZFEEAD FESEN0E|  EiE-0 33601 FREIE |
Extreme events for Nacelle Acc:
MUT Azz [NclMUT Azz [HcIMUT Az: FIMUTAMag | WareEler|  Wind¥zi Time
Parameter Type  |File [misec2)| (misec=2)| (misec2)| [misec"2) (=) [misec) [sec)
HelMLT ez Minimum__| DLC1.5_0164_Ses_22.0¥0_04 THz_{5.4Tp_S01.cut EEET 10TE+00 EXE N 2.15E+D0 2.35E+01 5 55E+02)
FelFALT s Tilazimum | DLC1.L0164_Sea_22.01_04.THz_15.4Tp_S01.0ut F5EA00|  AITE0D TSED0 TOMESDI| -2SiEs00 238E+01 2 50602}
HelFALT Az Winimum | DLCA.G_0735_Sea_24.0¥0_055Hz_12.1Tp_S05.00t G33EA00]  BOBEXOD 133E00 AFEN0|  B2dEsD0 .65E01 B S1E+02)
HelPUT Ays Tilazimum | DLC1.0_0131_Sea_24.00_05 5Hz_15.5T p_S04.out 4.58E+00 3.05E+00 SAGE-DT 55300 4770 001 EEE
HelFALT Azz Winimum | DLCA.G_0164_Sea_22.0%0_04.THs_T5.4Tp_S0lut ADE+00|  -444E-02]  AETE.D0|  443E.00 OEE-D0 3.26E+01 253602}
HelUT ez Tilazimum | DLCA.L_0165_Ses_22.0%0_04.THz_11.0Tp_S0Tout 5 FIE00) ASSE-O1 ZABED0 ST4E.00|  -4.0GE-00 B0SE01]  2.58E+0E
WelFAUT ARag | Flinimum | DLC1.5_0125_Sea_16.0V0_03 Rz _15.4Tp_S06.0ut 1TE-03] 45EE-04 136E-03 | -ZBRE-0G 4Z6E-0T TATES0T [IEE
LT £Flag | Teazimum | DLCTL_0164_Ser_22.070_04.THz_ 1.1 p_S01.cut SEREA00]  ASTE0D TEE0 TOIESDI|  -2.51E+00 3SAER01 3 S0E+02)
Extreme events for TwrTop Disp:
TIDspFA| TTDsp3s| TTDspTwst| WarcEler| Wind¥xi Time
Parameter Type  |File (=] (=] [deg) (=) [mizec) [zec)
TTDopk & Minimum | DLCA.G_0164_Sea_22.0%0_04.THs_T5.4Tp_S0100t “5ABE00] -ET4E-DT]  0.0DEOD ~T.26E-01 FE TR
TTOopr & Tlazimum | DLCA.L_0164_Sea_22.00_04.THz_15.4Tp_S01.0ut 3ETE00)] A0GE-01|__ O.0DE-Dn 1.52E-00 245601 2.56E02]
TTDopSE Winimum | DLCA.G_0762_Sea_24.0%0_0550z_15.5Tp_Silout 1.FIE00] TEIED]|  O.00E+00|  B63E00 325601 6.TE+0Z]
TTOpSs Tlazimum | DLC1.0_0162_Gea_&4.0%0_05 5Hs_15.5T p_S0T.out 6.76E-01| GISEDI|  0.00E+00]  .0BE-00 2 41E=00 G.E02,
TTDzpT wst Winimum | DLCA.L_0001_Sea_04.0%0_01.6Hs_05.3Tp_S010ut 2 45E-02] TASE-03] OLODESGD SIBE-01 2.13E+00 3.00E+01]
TTOpTwat Tilazimum | OLCA.L_0001_S+s_04.070_i1 6Hz_05.3Tp_S01.0ut 345602 TAEEDG)  D.00EG0 SI3E-01 ZIFEDT 3.00E+01]
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Extreme events for Platform Dsp:
3 y PrimRoll| PtfmPitch| PtimYaw| WaveEler|  Wind¥xi
Parameter Type  |File (=) (=) (=) (deg) (deg) (deg) (=) (misec)
PrmSurge Minimum__| DLC15_0754_Fea_E'wSH-24.0_055Hz_12.1T p_S06.cut SEE=01 SAE-01  -ESTED! IIE01  Z22E.00]  AS2E00]  B.02E-01 ZAGE-01
PrimSurge Tasinum | DLCTA_00T5_Sea ECD-FLOZ.4H5_IT.6Tp_S0lou 4TI T93E01| -T2E-00 F.39E-01 S I5E-01 SHIE03] 460001 TIAEwD1
PHmSuway Minimum__| DLC1.3_00B3_Sea_10.0Y0_02.2H:_{7.6Tp_S05.0ut 275401 -B.0BE+D0 TABE-D1 ABBE-DT TIGEO0|  4ZBE«00]  -BABE-DT T03E+01
PrimSway Tilazimum | DLC1.5_0063_Sea_10.0%0_02.2Hz_IT.67p_505.0u T4EE01] _ 6.68ES00 ATE-01  934E0E ZBEWD|  -3.04Ee00] 23301 T2IE0T
PtfmHeare Winimum | DLCA.L_0192_Sea_24.0%0_05 5Hs_T6.37 p_S04.0ut TT4ED1] -5.E4E+D0]  -H.BOESO0 TH4EA00|  -B52E+00 ZHE-00] _ -4.53E+00) 25501
PtfmHeave Tlazimum | DLC15_0745_Sea_E'WSH-24.0_0550s_12.1Tp_S05.0ut T94E-01 _ GGE-00|  #26Es00|  -ZbE-01 P SEIE0D|  S.04E+00) ZA0E-D1
Pl Winimum | DLCA.G_0762_Fea_24.0%0_U5.50z_15.5Tp_SiT.out TAOE-01| _ -#.4BE+D0|  -ISTE-D0|  #.98E-00]  -22SE-D0|  -ZHGE.00]  TLISESDD 2 53E-01
PrfmEtall Tilazimum | DLC1.5_0182_Ge_24.0%0_05 5Hz_15.5T p_S0T.out T40E-01 __ 3.02E+00 TEEEDD SOEDD|  430E-02|  T8EEs00 1.3TE+00 279E-01
FHfmPitch Winimum | DLCA.G_0164_Sea_22.0%0_04.THs_T5.4Tp_S01ut TB5E-D1| _ 10BE+D0 EBIE-DT 6IGE-01]  -B.0SEsD]|  -6.5GE00 TEAED] FATEO1
PHfmPitch Tazimum | DLCA.L0164_Sen_22.0W0_04.THz_15.4Tp_S.cut GEAE00|  153E+00|  2.00E-00 404E-01 213E-00 EEEE-0T 1.33E+00)] TAAE-DT
PHmT TWinimum | DLC1.G_0769_Sea_24.0v0_U5.50z_16.5Tp_S05.0ut T55ED] 138600 -Z2BE+D0|  SUEWDD|  -129E0D|  I@SERDl]  -EJSE0D) ZATEADT
PHfmTaw Tlazimum | OLC15_0160_Sea_20.0%0_04.8Hz_11.3Tp_S06.out TA4E0|  A72E+00]  A.04E+00 TSTEAD0] __ &.0E-00 BAE-0T G50 ZFE0T
Extreme events for Platform Acc:
PrimTAzt| PtimTAgt] PifmTAct|PtimTAMag| WarsEler|  wind¥zi Time]
Parameter Type  |File (misec )| (wisec 2)| (misec )| [misec2) (=) (mPsec) [
Pt det Minimum__| DLC11_0130_Sea_24.070_05 SHs_12.1T p_S04.out L25E00 TIE-D2 T ESE-01 T28E-00] _ -TA0E+D0 THIEDT] __ 5.83E+03
PHmT dt Tlazimum | DLCA.L_0131_Sea_24.0%0_D5.5Hz_15.5Tp_304.out TZSEA00|  S03E-02|  2a4E0E 123400 TA0ER00 ZSIESD1|_ S.65E+03)
PHmT Ayt Winimum | DLCA.G_0762_Sea_24.0%0_055Hz_15.5Tp_S0Tout STTE-01|  GABE-DI|  -6E3E-00 F.2E-01 T53E00 ZAEESD1|_ 6.05E+0E)
PHmT gt Tlazimum | DLCA.0_0161_Sea_20.0%0_04.4Hs_#.1T p_S06.0ut 535601 ZAAED|  -ozeEl STRE-01 TERE-00 ZI0E-01] __ 5.80E+02)
FHmT it Winimum | DLCA5_0563_Fea_EwSHe20.0_04 8Hz_11.3Tp_S0%.0ut 4001 ZT0E-02]  T80EA00 TIEEA00|  4ZBES00 Z.00E-01 R
PHmT it Tlazimum | DLC15_D583_Gen_E'WSH:20.0_04 4Hz_M3Tp_S03.cut ZEED] 136E-02 13E00|  2.00E00|  4ESE.00 2.00E-01 & 9060
PHmT ANag TWinimum | DLC1.G_0016_Sea_04.00_UTEz_16 4Tp_S06.0ut ~5.53E-04, BATE-0D S04 GESE-0R|  -5a6E-0T SIZEA0D|  4.0BE+IE)
BtfmT AMwg | Tazimum | DLC15_0583_Gen_EwSHs20.0_04 4H-_f3Tp_S0% cut TEED] TIEE-02 T39E+00]  Z.00E+00]  -4.55E+00 T .00E01 £ 30601
Extreme events for Blade 1 Root:
RootFzcl| RootFycl| RootFacl| RootMzcl| Roothycl| RootMzcl| RootFMzpl|RootMMzyl| WarcEler| Wind¥xi
Parameter Trpe |File (kM) kH ) mizec)
RootFrel Minimum | DLCA.L_0164_Sea_22.0%0_04.7Hs_13.4Tp_ S0%.ou -5.13E02 139E.05]  T4SE.D3]  -5.03E.04 GAZEA04]  TEsEm 2E6E01
RoctFect Mazimum | DLCAL_0164_Sea_22.040_04.THz_15.4Tp_SM.cut 1LITE03] LOEED3|  #.39E.03|  sasE.4 144E-00 2.56E+01
RootFpel Minimum | DLCA.L_0164_Sea_22.0%0_04.7Hz_13.4Tp_S0%.0ut 5.41E+01] 278403 151ED4| -2 0BEAGS -4 22E-01 2.75E+01
RoctFypel Mazimum | DLCAL_0164_Sen_22.040_04.THz_15.4Tp_SM.cut 445E-02] TA0E+03|  AME.04]  S0E.04 -8.21E-m 2.35E01
RootFacl Tinimum | DLCA.3_0134_Fea_24.0%0_05.5Hz_15.5Tp_S05.0ur 1.55E+02] SE4E00|  119E.03|  S23Ee03|  T39Es00 14ZE00 163E+01
RootFzcl Mazimum | OLCL 0164 Sea 220%0_04.THz 15.4Tp_ S01.0ut 1+ SAEH|  GGEE03|  509E.05|  2.25E.04| 22802 -4 10E-02 2.T6E01
Roothiel Minimum | DLCA1_0148_Seq_20.0%0_04.4Hz_14.Tp_S02.0ut “2.63E+02] 153E.03)  121E04|  128E.04 LOBE00 2.36E:01
Roothixel Tazimum | OLCA.L0190_Sea_24.0%0_055Hs_12.TTp_S04.0ut 5 43E+02] 1T3E0F 155E04 1ERE+D4 250E-01 20301
Roothlycl Minimum | DLC11_0164_Seq_22.0%0_04.7Hz_13.4Tp_S0%.0ut -B.13E02 133603  7TA43E.03|  -303E.04 T23E-00 2EED1
Roothiycl Tazimum | DLC1L_0164_Sea_22.0%0_04.THz_13.4Tp_S01.0ut 1I6E+03] 10%E03|  4T2E.03|  sasEens 141E+00 2.56E+01
Roothlzc Minimum | DLC1.4_0030_Sea ECO+R_02.4Hs 176Tp_304.0ut -2 T3E0Z 139E08] -2 MEDE]  -mNE.03 -5.47E-0 [RE=]
Rocthize Mazimum | DLCAL_0164_Sen_22.040_04.THz_15.4Tp_SM.cut “B.06E+02] 1956403 TRME0E|  289E.04 -7.38E-0 2.3E01
RootF iyl Minimum__| DLCA.3_0153_Sea_20.0%0_04.4Hs_16.8Tp_503.0ut -AAED2 T2E05|  G4EA02 FEADS 1.39E403 1.38E+00 1.ATES01
RootFhlayl Mazimum | DLCAL_0164_Sea_22.040_04.THz_15.4Tp_S01.cut LBE03] - 103E03|  472E.03|  343E.04 3.4EE+04 141E400 2.56E401
Roothixyl | Minimum | DLGAL_0178_Seq_22.0V0_04.THz_11.0Tp_$06.out LO3E0Z|  3.2TEs00 10ZEA03]  AS0Ef01|  102Es01]  -3.30E+01 1.03E+02] 8301 232601
FoothPy] | asinum | DLCTLD164_Sen_22.0%0_04.THe_15.4T p_S0T.out TIBEG]  TIEEs02 T0SE+05|  4T2E.D3|  G.ASE-D4 3I5E+02 PERE 14E00 2.56ED01
Extreme events for Blade 2 Root:
RootFrc2| RootFyc2| RootFzca Wind¥zi
Parameter Type |File {kM) [kH) (kN) | [misec)
FootFrct DLCA.G_0164_Sea_22.040_04.THs_{5.4Tp_S0.out -6.15E-02 16IE-02]  E02E03]  -BGIE0S 3.40E-04]  -5.59E-00 236E01
RootFrc Mazimum | OLCAL_0164_Sea_220%0_04.THz_15.4Tp_S01.0ut 1TABERDS|  2S3E.01|  ZeaEME 118E+D3]  4.05E.04 4.5TE-01 2.59E+01
RoctFycd Minimum | DLCA1_0164_Seq_22.0%0_04.7Hz_13.4Tp_S0.cut -3.68E+02] 7.33E-02 154E-08]  A22E.04 -5, 35E-0 S.0E«01
RootFyce Tazimum | DLC1L_0164_Sea_22.0%0_04.THz_15.4Tp_S01.0ut ATIEADS|  -4.T3E0T ~T.S6E-0 S.0E+01
RootFact Minimum | DLC1.5_0130_Ses_24.040_05.5H2_12.TTp_S04 ot 5 B3E.02 1T3E+04 T4BE-O1 22901
FootFoct Mazimum | DLCAL_0164_Sea_22.040_04.THz_15.4Tp_S0M.0ut TSEE-0G|  -10ZE.04 AS4E-DT 2.76E+01
Roothlic2 Minimum | DLCA.L_0164_Sea_22.0%0_04.7Hz_13.4Tp_S0%.out ABIE04|  -LOJEs04 -7.25E-0 Z6E01
Rocthic2 Mazimum | DLCAA_0164_Sen_22.040_04.THz_15.4Tp_SM.cut 154E-08|  122E.04 -5, 35E-0 S.0E«01
Roothiycz TWinimum | DLCA._0164_Sea_22.0%0_04.7Hz_13.4Tp_S0%.out -S.6IE+0F|  -5.58EW04 -5 BEE- Z0E01
Roothlyc2 Mazimum | OLCAL 0164 Sea 220%0_04.THz 15.4Tp_ S01.0ut 118E-03]  4.0SEv04 4.5TE-01 2.59E+01
Roothlzcz Minimum | DLCA1_0164_Sea_22.0%0_04.7Hz_13.4Tp_S01.0ut AG0E-04|  -T.0SE03|  -5.asE-02 -7.58E-0 2 3E01
Roothlzc2 Mazimum | OLCAL_0164_Sea_220%0_04.THz_15.4Tp_S01.0ut 6.52E.05]  -GASE04 1.15E+05 . -5 GHE-01 2.79E+01
RootF g2 Minimum | DLCA.1_0135_Sea_24.0%0_08 SHs_15.5Tp_S01.out F.65E-01 10903 260E.02|  12%E.03|  -s.2cE.01]  -2.93E0) 12TE03|  143E.00 215601
RootFhiy2 | Mazimum | DLC1LL_0164_Sea_22.0%0_04.THz_13.4Tp_S0.0u 1.43E+03] 2.63E03 11BE+03|  4.05E.04]  G.20Ew0Z 14SE+03]  4.05E404 4.5TE-00 2.53E+01
Foothixy2 | Minimum | DLCAS_ 0701 Sea EWSY+22.0_04.7Hs_15.4Tp S06.0ut 473601 G402 GOSE.DO|  LGSEGDD|  -B.B0EO1 4.52E01 6.15E+00 -5.TIE-01 220E+01
FroothlayZ | Blasimum | OLCLL 0164_Sen_22.00_04.THa_15.4Tp_Slouwt T53EA05]_ B.SEAD2 121E03] _ S.09E-05|  GAGE-04]  BosE-02 13TE-D3]_ $.03E04 T4ZED0 2.54E01
Extreme events for Blade 3 Root:
RootFrc3| RootFyc3| RootFzc3| RootMzc3| RootMycd| RootMac3|RootFMry3 RootMMzy3| WareEler| Wind¥xi
Parameter Trpe |File (kM) (LH) kH-m; [mizec)
RootFrch Minimum | DLCA.L_0164_Sea_22.0%0_04.7Hs_13.4Tp_ S0%.ou -6.35E02] 178E+02]  GA0E02]  321E.03]  -2asEeid 2.2TE404]  -2BEE-DT 234E0
FootFeck Mazimum | DLCAL_0164_Sea_22.040_04.THz_15.4Tp_SM.cut 1.33E+03] 2.3TE01 14303 1S4E-0G|  G83E.04 1L0EE-00 2.70E+01
RootFych Minimum | DLCA.L_0164_Sea_22.0%0_04.7Hz_13.4Tp_S0%.0ut -4.53E+02] -6.6GES02 14TE0F 1AZEA04|  -ATIENO4 ~5/85E-0 2.75E+01
RootFyct Mazimum | DLCA.3_0130_Sea_24.0%0_05.5Hz_12.TTp_S04.cut -4.20E+02] 15EE.03|  A3SE.04|  1GGE.04 -S44E-01 F20E-01
RootFach Tinimum | DLCA.3_0001_Fea_04.0%0_016Hz_05.3Tp_50T.out 240601 1ETEDI|  2.54E400 23TESD GZEE-ON|  204E+00
RootFec Mazimum | OLCAL 0164 Sea 220%0_04.THz 15.4Tp_ S01.0ut “EA0E02 5.38EA03|  2TIE0E B 1A3E04 45E02 2.T2E01
Rocthlics Minimum | DLCA.5_081_Sea_24.040_05 SHa_15.5Tp_S04.0ut “4.1TE02 15TE.03]  1G3E0% A4EE02Z : 2.25E.04]  EATE DT 3.22E401
FRroothlxcd Tavimum | DLCLL_0164_Sea_22.0%0_04.THz_13.4Tp_S0%.out -4.53E+02] 14TE+03 143E+04 LTE-04 139E+02 2.26E+04 -&.85E-01 2.75E+01
Roothycs Minimum | DLC15_0784_Sea E'w'SY-24.0_05.5H5_12.TTp_S04 cut -6.TOE+02 LOTEsD3|  -351E.03|  242E.04|  24sE.02 2.45E.04]  10BE00 24001
Roothlycd Tazimum | DLCAL_0164_Sea_22.0%0_04.THz_13.4Tp_S01.0ut 1.33E+03] 23TE01 143E0T 154E03|  333Ee04|  5EGE0Z 3.34E+08 1.0BE+D0 2.T0E+01
Roothlzcs Minimum | DLC1.4_0045_Soa ECO+Fie20_027THz 16.4Tp 505 .0ut 1.E3E0Z] 555E401 1236205 ATSE.D3|  5ASEW05|  -430Ew0E 184E+02|  E.20EWD3|  143E.00 LESEXT
Rocthzcs Mazimum | DLCAL_0164_Sea_22.040_04.THz_15.4Tp_SM.cut 1HE03] “5OMELDT LT0E:03|  270E08|  3acE.04]  BSEE02 1HE0E]  3.92E.04 FE4EO1 2.73E+01
RootF M3 Minimum | DLC1.3_0135_Seq_24.0%0_05.5Hz_15.5Tp_S05.0ut “GI0EA00| 2zEs00 ATEZ SE«02|  -2.MEw3|  -1STE«02]  SEED0|  eeiEe0s OTE-01 246E401
RootFMiy3 | Mazimum | DLCAL_0164_Sea_22.040_04.THz_15.4Tp_S01.0ut 1336403 237601 143603 154E.03|  593E04|  sesE.02 3.34E404 L0EES00 2.70E+01
Roothdixy3 | Minimum | DLC1L_0M30_Sea_22.0%0_04.THz_15.TTp_S06.0ut 5.13E01 ASSESDT 1.30E403 ] 112Es01]  a0sEe00|  -zaaEenz “ATEENDN|  -12TEs00 210E+01
FoothMxyG | Masinum | DLCTLD164_Sen_22.0%0_04.THe_15.4T p_S0T.out T.53E+03] ZATE TASES03]  1SAEWD3|  S.OGE-D4|  SEGEWE T33E+05]  S4Ew04 1.0BE+D0 Z.T0E+01
Extreme events for Blade 1 5@X:
SpaiMLzbi| SpaiMiybl| SpalMizbi|SpalMMzyl| WarcEler|  wind¥zi Time]
Parameter Type  |File (kN-m) (kN-m) (kN-m) (kN-m) [ (mPsec) [sec)
SpnitALab1 Tinimum | DLCA.I_0145_5ea_20.0%0_04.dHz_11.37 p_S0&.0ut “E3SEX03| 402403 435E+00 SOEDG|  -152E+00 ZHEDT] Z.03E+0E
SpnitLb1 Mazimum | DLCA.L_0164_Sea_22.0¥0_04.THz_15.4Tp_S01.cut SEIESDS|  -6.31EDD TTE+D2|  BSOE.03|  -T23E-D 2BEESD1|  2EDE«0T)
SpnitALyb1 Winimum_| DLCA.1_0145_Sea_20.0%0_04.8Hz_ 1. 1T p_S0Z.0ut ETME+03]  BA4ESD3|  G.04E-D0 TASEA0G|  -1E1E-00 2 32E-01 1.96E-02)
SpnitALyb1 Tazimum | OLC1A_0T01 Sea ECO-Fe2l_D2.THs_T2.1Tp_S0&.0ut THES03]  BBSER03|  A4BE0Z ETEANG|  -LTSESOD TESE=0T AR
SpnitALeb Minimum__| DLCA.1_0164_Ses_22.0%0_04.7Hz_13.4Tp_S0T.out 3EE05 TIEE-02| | GEOEIDE 1ETEA0E AE4E-00 2I5E-01]  259E+0d)
SpnitaLzbl Tazimum | OLC1L0164_Sea_Z2.0%0_04.THz_15.4Tp_S01.out SHEEA0E]  -6AUESDS ZTEDZ]  5.52EA05 AR T.05E-01|__ Z.E0E+0E)
SpnitvTpl Minimum__| DLCA1_0115_Sea_16.0%0_03.4Hz_10.1Tp_S0%.cut ZEOE00|  SEEEsD0|  -I0Es02|  BE4EDD 5BTE-01 TAZESD1 RXE
SpnitTTyT Tilazimum | OLCTA_0T01_Sea_ECO-Feal_U2.THz_12 1 Tp_S0&.0ut THEGF|  GASE03]  AABEZ FTEEA0G|  LTSEROD TESESTT e
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Extreme events for Blade 2 5@X:

SpaiMizb2| SpaiMiyb3| SpalMizba [SpaiMMzy2 | WareEler| Wind¥zi Time
Parameter Type  |File [kN-m) (kH-=) (k=) (kH'm) (=) [misec) [sec)
SpniMLba Minimum__| DLC11_0164_Sea_22.0¢0_04.THz_13.4Tp_S0.out ~55TESDS, 5.14E+D3 12BEADE E.TSEAD3 5 T3E-01 R .5TE+03)
SpnitLba Tilazimum | DLC1.L0164_Sea_22.01_04.THz_15.4Tp_S01.0ut .45E03] ~411E+D3 IFIEADE BASEWDG| 83001 283E+01 Z.61E0E]
SpnitALyba Winimum | DLCA.L_0164_Sea_22.0%0_04.THz_15.4Tp_S0T.ou LT5E+03]  -HBGES0D FI4EADE 1.03E04, “5EHE-0 2TFE01]  ZBOE+E
SpnitLybE Tlazimum | DLCA.L_0164_Sea_22.00_04.THz_15.4Tp_S01.0ut -2.53E-02] F11E+DT 403E00 BIEDE TATE-D0 256E+01 2.56E+0E]
SpnitLeba Winimum | DLCA.1_0161_Sea_24.00_05.5Hz_12.1Tp_S0.out SEOE-0Z|  -G.63E-03]  -G4EDZ GESE-DG|  -3.80E-01 ZEIET BEE
SpritLeb2 Tlazimum | DLCA.5_0164_Gen_22.0%0_04.THs_13ATp_S0Tout S2IE+05|  B.55E+05 +.ETE02 1.00E-04, 54ZE-0 234E-D1 2.53E+0g]
Tinimum | DLC1.3_0733_Sea_16.0%0_05.7Hz_10.1Tp_S03.0u 12002 BITE-02 TSAEDI| -2 alEsnn FESE-0T Z05E+01 .01E+0g]
EpnihAAcy2 Flazinum | DLCTL_0164_Ses_22.0W0_Dd THs_15 4T p_S01 out B GEEE0Z|  TIDE+0R 5 4ZE-01 ZTEE01 I
Extreme events for Blade 3 5@X:
SpaiMLzb3| SpaiMiyb3| SpalMizb3 [SpalMMzys | WareEler| Wind¥zi Time
Parameter Type  |File [kN-m) (kH-=) (k=) (kH'm) (=) [misec) [sec)
SpriMLb3 Minimum | OLCA_ 0151 Sea_24.0W0_05 5Hz_12.7Tp_S0Lout “55IES0S 415E+03 BEAEAD S44E-D3|  -1G2E-D0 2 15E+01 [IEE
SpnitLbd Tilazimum | DLC1.L0164_Sea_22.01_04.THz_15.4Tp_S01.0ur 4B5EA05|  -234E00 Z56EAT SESEW0G|  -8.83E-01 ETTE01 Z.61E0E]
SpnihALyb3 Winimum | DLCA.L_0164_Sea_22.0%0_04.THz_15.4Tp_S0T.ou THEEAIG] | TASESDE|  ASSEWOZ TEAEADS “EIBE-0 ETSE0T 2 53E+0E]
SpnitLybd Tazimum | OLC1.4_0100_Se_ECD-Re20_02.THs_06.9Tp_S04.0ut 151E03] B.I0E+05 ATSEA0E|  B.6EE0E -2 NE~00 TBBE+01 .2TE]
SpnihLebs Winimum | DLCA.1_0165_Sea_22.0V0_04 THs_15.7Tp_S0out BTAE-0Z|  -G.6GEs03|  -GEOEADE|  GBEAND THOE-0E ZAIESD1 2 53E+0E]
SpritLbd Tilazimum | DLCA.L_0187_Sea_24.0V0_05 SHa_12.1T p_S0%.0ut BTRE-05]  B.6BE-03 [ TEZE-0F|  LT4E-D0 BHIE-D1] _ 2.00E+0g
Spnilliys Tinimum | DLC1.1_0109_5ea_T6.0¥0_03.4Hs_10.1Tp_S0out -5 ARE00| 1B2E+00 -GTZEAD1]  -A.00E00 -12E-0 TA4E-01]  2.28Eeng
BT Flazinum | DLCT_0100_Ses_ECD-P+20_D2 THz_05 31 p_E04 ot TERE+03| & BAE+03 EEES0Z| B AGEDS ~Z1ZE 0 TEGE+0T & 2R+
Extreme events for L55 Main Br:
RotThrest| L53GagFya| LE3GagFza Wind¥xi
File [CL)] kN, L) kN [misec)
FotThrust DLCA.L_0164_Sea_82.040_04.Ths_13.4Tp_Si0l.out -2.THE+03 153E00]  -0.58E.02 SATEA03|  -1B4E-D4|  -5.4BE.05 1T3E+05 1ETE=D4 ~T.00E-0 2.5TE01
FotThrust Mazimum | OLCAL_0164_Sea_220%0_04.THz_15.4Tp_S01.0ut 4A40ER05]  -424F+02 1I0E+03 B54E05| -2 1203 LOTE+04 1BE+05 103E04 1A44E00 2.56E01
L$3GagFya Minimum | DLCA1_0136_Seq_24.0%0_05 SHs_12.7Tp_S05.cut AfsEa03]  -B.07E.03 2ESE.D2|  4.43E.03 SEOE.03|  GABE.03]|  2.03E.03 BE0E.03]  -BA3E.00 246E.0
L35 GagFya Tazimum | DLC1L0164_Sea_22.0%0_04.THz_15.4Tp_S01.0ut -2.54E+03) 2056403 1.0TE+02 GIEEADS|  -4.6SE.DG|  -l2SEsDa 2IBEIG] 1346404 -m02E-m 2356401
L55GagFas Minimum | DLC11_0130_Seq_24.0/0_05 SHs_12.7Tp_S04.out L54E.05 145E+08|  -BOBEWDS|  5.5BE.D3|  -10SE.04 TTEESD3|  20BE.03] 126E.04|  -5.10E.00 2.3TE01
L $5GagFea Mazimum | DLCAL_0154_Seq_20.0%0_04.dHz_11.5Tp_S04.0ut -6.02E-02]  A.63E-02 4.59E+05]  -BA9EAD3|  -L0SE-03 2.01E03] 6565403 -BAGE.OD 1.T3E-01
FotTarg Minimum | DLCA.L_0164_Sea_22.0%0_04.7Hs_13.4Tp_S0%.0u 1. 32E+0 AGSEADG|  -1BIEW04 5.55E+0F 1TZE+05 1.T5E+04 -7.25E-0 256E+T1
RetTorg Mazimum | DLCAA_0151_Fea_24 0%0_0F.5Hz_12.TTp_$0.out 243E+03 AFIEL03 10TE-04 2ME03[  -1asE.s 163E.03] 2436403 SO0 206E.0
L55Gaghya Minimum | DLC1.3_0191_Sea_24.0v0_05.5Hs_15.5Tp_S04.0ut 4.58E+02 450E-03| -2 siEe0q 1.55E+04 BIE+02] S31Es04|  2.azFeon S.00E+0
L$5Gaghya Mazimum | OLCAL 0164 Sea 22040 _04.THz 15.4Tp_ S01.0ut 4. 35E0 20TE-05]  S26E«04 T.E0F 3E5E402 335E404 AZ6E-0 2TBE01
L$5Gaghza Minimum | OLCA.5_015_$ea_24.040_05.5Hs_15.5Tp_$04.out 161E+05 £.51E-05 -SME-03|  -afiEe04 1I0E+05 281E+04|  S64E.00 SABED1
L$5Gaghaa Tazimum | OLCAL_0164_Sea_220%0_04.THz_15.4Tp_S01.0ut -LS0E0S -BETE+02 5 ADE+0F 1S5Ee05 | B62E«04 142E+03] 263604 -2.56E-0 255E+101
L$3GagFhlya | Minimum | DLCA3_0164_Sen_22.0%0_04.THs_13.4Tp_S00cut 1.8EE03] 542E.03 1EEE4|  -2.83E.03 6.53E+02 1BIE04 1LEEE+D0 239E01
Ls5GagFhiys | Mazimum | DLCLL 0164 _Ses_22.0%0_04.THz_15.4Tp_S01.om -2.60E+03] 1266403 Ag0Eens|  zaeE.ns| vaFend| SasEens]  220Ee3 1.50E+04 -BASE-0 Z4E+01
L3S GagMMyz | Minimum | DLC15_0060_Sea 10.0%0_02.2Hz_17.6Tp 502 out TAE0Z] 45E+03 153Ee02|  a42F.03]  -sSsE.00] 153600 146E+03]  A6EESD] 40GE-01 1.ETE+D1
L55Gaghye | Mlasimun | DLCALL 0191 Sen_24.0%0_D55Ha 15.5Tp_S04.out 7.4TE02] 4E-02 TAZE+D2 458E03]  BEIE-D4|  203E.04 105E03]  GATED4 241E.00 250E-01
Extreme events for Yaw Bearing:
TawBrFap v“B.F,p| YawBiFzp Wind¥zi
Parameter Type |File {kM) [EH) (kN | [EH =) [misec)
tawBiFup Minimum | DLCA.L_0164_Sea_22.0%0_04.7Hs_13.4Tp_ S0%.ou EIEsDE]  EAME02]  -4.63E.03 SASE403]  -226E.04 LZEEHD4 THIEA0F]  232Ee04 -TME-01 285601
fawBiFap Mazimum | DLCAL_0164_Sea_22.040_04.THz_15.4Tp_SM.cut S56E.03)  2i2E.02]  4S6E.03]  9.85E.08 11ZE-04|  aEoE.0s B5TE+03] 1E4E+D4 14BE00 2.54E01
tawBiFyp Minimum | OLC1L_0182_Sea_24.0W0_05.5Hs_15.5Tp_$0%.out S.00E+05]  A95E+03 ¥ 10TE+04 LHERD4|  -3BEEA0S 3.55E+05 168E+04]  264F.00 222EM
TawBiFyp Mazimum | OLCLA_ 0132 $ea_24.000_05 5He_15.5Tp_$01.0ut AAGE03] 1BBE-03 243603 142604 1T2E.03]  2.30E.03 144E04 113E+00 2.50E-01
TawBiFzp Tinimum | DLCA._0154_Sea_20,0%0_04 4Hz_11.3Tp_504.our AATEw0E]  -B54E.01 SSSE03|  GABEDD LOIEe0s]  42aFe02 sa1Es03|  -a.a3Eenn LTTE=01
tawEiFap Mazimum | OLCA5 0164_Sea 22 0%0_04.7Hs 13.4Tp S0%out 3.02E+02 STIES02 S2IEWDE|  1Z2F.04]  BESESDS SATES0Z 133604 5.33E-01 203E+11
awBilp Minimum | DLCA1_0164_Seq_22.040_04.7Hz_13.4Tp_S0.cut 452603 5.93E.02 B04E06|  TEIE-0S|  AB0E.04]  4.38E.03 TEIEDS -7.38E-0 2.31E01
tawitilp Magimum | OLCLL_0132_Sea_24.04/0_055Hs_15.5Tp_S00.0ut 44E+03] ASES| 41RO 113E+04 TEGEDG|  -152E03 4 A1E+03] 140E04 252400 2B0E+0
awBryp Minimum | DLC11_0164_Seq_22.0%0_04.7Hz_13.4Tp_S0%.0ut T2EE.03|  -5.43E.03)  S00E.03 S51E.05]  -S.05Ee04 TS0E03 THELS SI0ED4 -BAE-0 234E01
rawSiyp Tazimum | DLCA.L_0131_Sea_24.0%0_05.5Hs_15.5Tp_304.0ut 144E+03] 5.04E+03|  S89EWD4|  -265E.03 1L4BE+03] B.IE04 ZAIEA00 250Ee0
awitzp Minimum | DLCA.4_0026_Sea ECO+RL_02.4Hz 15.4Tp S03.00t T4ZE] SOTEA05| 3003 -246E«04 1.22E 02| 4.T3E405 ~5/85E-0 113E01
awBihep Mazimum | DLCAL_0164_Sea_22.040_04.THz_15.4Tp_SM.cut 403603 B.ISEL03 TNE-0|  2oaE.as SME04]  423E-03| 2408404 -2.56E-0 2.88E+01
awEiF My TWinimum | DLCA.L_0006_Sea_04.0%0_016Hz_16.4Tp_S02.0ut 113E-01 TEW0Z|  -236E05|  -15SEs0T 123E-01]  240E.03|  -5.93E-02 BEE+O0
TowBeFMey | Mazimom | DLCLL 0164 S22 0W0_04 THz_15.4Tp_S01.out 556E403] 3536403 11EEw04|  3EOE.0S B.5TE+03] 154E404 145400 2.54E01
i Tinimum | DLCA.3_0004_Sen_04.0%0_01.6Hs_05.8Tp_S02.0ut ASE+0Z] -4.63E403 TA4E.00|  -aOTEs0D ALHESDF 2ATEwz]  -265E00 aAzE-m|  ss2E-m
TowBmAMcy | asinum | DLCTL 0191 Sea_24.0¥0_05 5Hz_15.5Tp_504 out TA4E03] SEE03|  ADEs03]  GO4E05]  GAIEW4]  -DBSEsDS TABE+3] HIEE ZATE 00| 2a0Ee0
Extreme events for Tower Base:
TwrBsFrt| TwrBsFyt BsFat Wind¥xi
File [CL)] (kH) (kh) | kN [misec)
TurBsFat DLCA.L_0164_Sea_82.040_04.Ths_13.4Tp_Si0l.out 0BE+04|  A.00E.05]  A.05Ew04 TEOE-D4|  -8.SSEDS 1LIZE~04 1OSE+D4] 5.59E05 -T.S4E-0 296E+01
TurBisFat Mazimum | OLCAL_0164_Sea_220%0_04.THz_15.4Tp_S01.0ut AGE04]  -204E.02|  -3.86E.05 2TSEAD4. 34E05 LZ4E04 1IEE+04 H4E05 15500 243E+01
TurrBsFyt Minimum | OLCAL_ 0182 $on_24.040_05.5Hz_15.5Tp_$0%.out SETE+03]  -ZETE-03|  -3.44E.03 2A5E0F SOGEDE|  -353E03 453E403 B.IEE05 253E.00 225601
TurBsFyt Nazimum | DLC1L_0182_Sea_24.040_05.5Hs_15.5Tp_S0out 3EE05|  262Ee03|  -assE.03]  -1asEens -L21EX0S STOEs02|  2.96E03 233E405]  LOGEOD 241601
TurBisFat Minimum | DLC11_0154_Ses_20,0%0_04 4Hz_11.5Tp_S04 out SEZE.02]  -6.34E.00]  120E04 BAE.0F|  -55SE.04 LOE05]  3.62E.02 SESE.4|  -52sE.on LTTED
TurBsFat Mazimum | DLCA.5_0164_Seo_22.0%0_04.THs_13.4Tp_S00out 1.95E+05]  4.43E.02|  BSEE.0S|  -2.69E.04 LODE/DS|  2.58E.05]  142E.03] 1.04E-05 6.32E-01 215601
TurBishet Minimum __|OLCAL_0182_Sea_24.040_05.5Hs 15.5Tp_$0%.out A5EE05]  262F.03]  -aasE.0s]  1asEes -1Z{E+ 05 ST0E+02|  2.96E+03] 235E405]  AOGELOD 241E+01
TorrBshet Mazimum | OLCLA_ 0132 $ea_24.000_05 EHe_15.5Tp_$01.0ut FIZE03]  -2E4E.03 94703 2A5E0F 3AZES05|  -9.88E.03 4 5EE03 ET3E.05|  262E.00 226E.01
TurBshiyt Tinimum | DLCA._0164_Sea_22.0%0_04.7Hz_13.4Tp_S0%.0ut 0gEe0a|  L0Ess]  102Ee0s TTE-D8|  -@SEEL0S 1.E5E+04 1O3E+04] SEIEDS -TAIE-01 2356401
TurBishyt Mazimum | OLCAL 0164 Sea 220%0_04.THz 15.4Tp_ S01.0ut 1IGE04]  -204E+02|  -3.8EE.05 2TSEAD4. 3A4E05 L24E+04 1IEE+04 H4E05 15500 243E+01
TunrBshlat Minimum | OLCA.4_0026_$ea_ECD+F_02.4He_15.4Tp_$05.0ut -2.65E-02] 5.34E01]  -3.58E.05)  -B40E-03|  -18SE.D4|  -216E-04 2. 51E02] 1.35E+04 ~8.85E-01 1.13E-01
TurBishlat Mazimum | OLCA5_0164_Sea_22 0%0_04.THs_13.4Tp_S00out TAGEe0G|  963E.02]  -a5EE.03]  m02Fend|  -62IEe0S 215E+04 T.53E+05 62TEa05| -4 6EE-0 S0IE+T
TurrBsF My, Minimum | DLCA.3_0065_S+a_10.040_02.3H:_17.6Tp_$03.0ut atE.on|  assE.on|  -sasE.ns|  sosE.0s 413E03 GHE-03]  -3.34E.00 9376403 .15E-0 1.21E-01
TurBsr iy Tazimum | DLCAL_0164_Sea_22.0%0_04.THz_15.4Tp_S01.0ut 1IBE04]  -2.04E+02|  -3.58E403 ZTSEAD4, 3.14E05 LZ4E+04. 1IBE+04 3.4E405 1S5E+00 243501
T Minimum | DLCA5_0076_Sea E'w3He06.0_015Hs 05.0Tp 502 aut -2 33E+01 LMEWDT|  SABE.03|  T.22E.00|  -S.00E.00|  A32E.02 SAIE0 4 B4E-01 526E-01]  G.O0EX00
TorrBahMay | Musinum | DLCTL 0164 Sen_22.070_04.THz 15.4Tp_ S0 LIEE04]  B04E-02|  B.BEEDE 2.T5E 04 34E0E L24E04 LIEE04 FA4E05 LEEE D0 245E-01
Extreme events for Tower 5@X:
TwHEIMLzE | TwHEIMLyE| TwHEIMLzt [TwHEIMMzy | WareEler|  Wind¥zi Time
Parameter Type  |File (kH-=) (k=) (kH'm) (=) [misec) [sec)
ToHEIMLE Minimum | OLCAL_0182_Sea_24 040_05 5Hz_15.5T p_S01_out SABESDA]  T.0TESD4 12BEADS, 11GE05|  -10SED0 2. 4BE+01 [XEE
THtirAL Tlazimum | DLCLL 0162_Sea_24.0%0_055Hs_15.5Tp_s01.out ALTE+05, TRAEWD5|  -BAGE0T ZEEEID Z19E+01 E.1TE+0Z]
ToHrALy Winimum | DLCA.L_0164_Sea_22.0%0_04.THz_15.4Tp_S0T.out FE T TRE-0T 2HSE01]  ZBZE+E
ToHMLyt Tlazimum | DLCA.L_0164_Sea_22.00_04.THz_15.4Tp_S01.0ut T49E+04] 455E+05 16ZED0 2 45E+01 2.56E+0E]
ToHHtALzt Winimum | DLCA.1_0164_Sea_22.0%0_04.THz_15.4Tp_S0T.out ZETEW04|  -26EEe05|  EABEDE TE5E-0 201 260E+0g
TuHHMLzt Tilazimum | DLCA.L0164_Sea_22.0¥0_04.THz_15.4Tp_S0.cut FETE0G]  -BABES ZA4ED4, ZATEOE “E5RE-I1 BEEE01 _ 2B4E-02)
TRy Minimum | DLC15_0043_Sea_EWSY+04.0_016Hs_08.9T p_305.0ut ZEGEL00|  -ZATE+00|  -I0ZEeD1|  BO9E0D|  -9.2GE-02|  4.00E«00 5. T6ED]
TwRtAzy | Maximam | OLCLI_0164_Son_ 22 0V0_04 THs_15 4T p_S01.out TA3E04] T E5IERDE|  TEZESDD 3ABER0T 3 SEE03)
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Extreme events for Line 1:
AnchiTca| AnchlAag| Fairflca]| FairlAag| WareEler|  Wind¥zi Time]
Parameter Type _|File (kM) (dea) (kH) [dea) =) [mPsec) [sec)
nchiTen Minimum__| DLCA.1_D001_Sea_04.0%0_01.6Hs_05.9Tp_S010ut O.00E-00|  0.00E-00  4.05E+02 T.05E=01 3.19E-01 213E-00 300E-01)
AnchiTen TWazinum__| DLCTL_ 0001 Sea_04.0¥0_016Hz_08.3Tp_S0Tout O.00E+00|  0.00E+00]  4.05E+02 TOSE=O1 S13E-01 3 1GE-00 3.00E+01)
nchidng Minimum__| DLCA1_0001_Sea_04.0%0_01.6Hs_05.8Tp_S0100t 0.00E+00[  0.00E-00|  #.03E+02 T.05E-01 5.19E-01 2 13E-00 3.00E-01)
AnchiAng TWazinum__| DLCTL_ 0001 Sea_04.0¥0_016Hz_08.3Tp_S0Tout O.00E-00|  O.00E+00|  4.05E+02 TOSE=O1 S13E-01 3 1GE-00 3.00E+01)
FairlTan Winimum | DLC1.4_0075_Sea_ECD-R_0Z 4Hz_17.6Tp_S0Tout 0.00E+00|  0.00E+00|  BSGEW0E GSGES01|  -1BGES00 T1AE01 SA5E-0]
FairiTan Tilazimum | OLCT.L_01T0_Sea_22.0V0_04 THz_T5.4T p_S03.00t TO0E-00] _ O.00E+00| _ ASAEW0Z|  GTERDT TIZE-T TIREDT F.00E+0]
Extreme events for Line 2:
AnchZTca| AnchZhng| Fair2Tea| FairlAng| WarcEler| Wind¥xi Time]
Parameter Type _|File (kM) [dea) (kH) [dea) =) [mPsec) [sec)
ncheTan Minimum__| DLCA.1_D001_Sea_04.0%0_01.6Hs_05.9Tp_S010ut O.00E-00|  0.00E-00  4.08E+02 539E01 3.19E-01 213E-00 300E-01)
AnchaTan TWazinum__| DLCTL_ 0001 Sea_04.0¥0_016Hz_08.3Tp_S0Tout O.00E+00|  0.00E+00  4.08E+02 £ 3IE01 S13E-01 3 1GE-00 3.00E+01)
Anch2Ang Minimum__| DLCA1_0001_Sea_04.0%0_01.6Hs_05.8Tp_S0100t 0.00E+00[  0.00E-00|  #.08E+02 539601 5.19E-01 2 13E-00 3.00E-01)
Anchzhng TWazinum__| DLCTL_ 0001 Sea_04.0¥0_016Hz_08.3Tp_S0Tout O.00E-00|  O.00E+00|  4.08E+02 £ 3IE01 S13E-01 3 1GE-00 3.00E+01)
FaireTen Winimum_| DLCA.G_0085_Sea_12.0%0_02.4Hs_09 2T p_505.0ut 0.00E+00|  0.00E+00|  B.00E-0Z THE-01|  -1BIE00 T.O0E=01 G.15E+02]
FairTen Tilazimum | OLCT.L_01T0_Sea_22.0V0_04 THz_T5.4Tp_S03.00t D.00E+00]  0.00E+00]  B4BE0Z] 5. TIE-0T FIIE ZA0E+0T R
Extreme events for Line 3:
Anch3Tca| AnchBhng| FairdTea| FairdAmg| WarcEler| Wind¥xi Time]
Parameter Type _|File (kM) {dea) (kH) [dea) =) [mPsec) [sec)
HnchaTan Minimum__| DLCA.1_D001_Sea_04.0%0_01.6Hs_05.9Tp_S010ut T.O0E-00] __ 0.00E+00 414EDE 5.35E-01 3.19E-01 213E-00 300E-01)
AnchaTan TWazinum__| DLCTL_ 0001 Sea_04.0¥0_016Hz_08.3Tp_S0Tout TO0E=00|  0.00E+0D 4 4EDE £35E-D1 S13E-01 3 1GE-00 3.00E+01)
AnchBAng Minimum__| DLCA1_0001_Sea_04.0%0_01.6Hs_05.8Tp_S0100t 0.00E-00[  G.00E<0D 414EDE 6.35E-01 5.19E-01 2 13E-00 3.00E-01)
AnchBAng TWazinum__| DLCTL_ 0001 Sea_04.0¥0_016Hz_08.3Tp_S0Tout T.O0E-00|  (.00E+0D $14EDE £35E-D1 S13E-01 3 1GE-00 3.00E+01)
FairdTen Winimum__| DLCA.G_0051_Sea_05.0%0_01 6Hz_17.4T p_S05.0ut 0.00E+00|  0.00E+00|  B45EW0E TE4E-01|  -5.03E-01 TAIE00 PEXE
FairiTen Tilazimum | OLCTL_0073_Sea_12.0V0_02 4Hz_03.2Tp_S03.0ur TO0E-00] __ W.00E+00 EIZEDE T EZERDT EAEI] [E] e
Extreme events for Line 4:
AnchdTen| Anchdhng| FairdTea| FairdAng| WareEler|  Wind¥zi Time]
Parsmeter Type  |File (kM) (deg) (kH) (deg) [ [ [e<)
AnchdTan Minimum | DLCTL0156_Seu_18.0710_05.THa_16.1T p_S0d.out TESE-01  DOOESD0|  B.2ED2 550E=01 ATE-01 THE01 152E+0g]
AnchdTan Masimum | DLCTA_00T5_Sea ECD-FOZ.8Hs_1T.6Tp_S01ou BME0Z]  0.00E-00 12103 FEOE0 3BE0T T1AE01 4.55E-01
Anchding Minimum | DLC1L 0001 Sea_04.0¥0_016Hs_05.3Tp_S0100t 0.00E+00[  O.00Es00|  4.20E+02 £ EIE01 S13E-01 3 1GE-00 3.00E+01)
Anchaing Tlazimum | DLCA.L_0001_Sea_04.0%0_1.6Hs_05.8Tp_S0100t 0.00E+00|  0.00E-00|  #.20E+02 689E01 5.19E-01 2 13E-00 3.00E-01)
FairdTen inimum | DLC15_0T54_Sex EwSH-24.0_055Rs_T2.1Tp_S0.out O.00E+00|  0.00E+00|  5.85E402 TASESO1|  -&.02E-01 3A0E+01 3.00E+01)
FairdTen Telazimum | OLCA.L_0073_Sea_12.0V0_02 4Hz_03.2Tp_503.ouk SE2EN0Z]  OO0EAD0 TZSE0T FESE & 3EE0T TITET T E3E
Extreme events for Line 5:
AnchSTen| AnchSAng| FairsTen| FairSAng| WareEler|  wind¥zi Time]
Parsmeter Type  |File (kM) (deg) (kH) (deg) [ [ [e<)
AnchT e Minimum | DLGTL0105_Sea_4.070_05.0Hs_08.1Tp_S05.00t BOGED]|  O.O0E00|  G2BE0Z 553E=01 TT5E-01 TATE=DI| __ 2.06E+02)
AnchTen Tazimum | DLC15_D251 Sea_EW SH-12.0_024Hs_11.6Tp_S0out B.22Ea02|  0.00E+0D 122E+03 FEOE0 T.04E-01 T.20E-01 S5E-0)
Anchdng Minimum | DLC1L 0001 $ea_04.0¥0_016Hs_08.3Tp_S010ut U.00E+00]  G.00E+0D 4 TBEDE R S13E-01 3 1GE-00 3.00E+01)
nchSang Tlazimum | DLCA.L_0001_Sea_04.0%0_1.6Hs_05.8Tp_S0100t 0.00E-00] _ 0.00E+0D 4IBEDE 5.31E=01 5.19E-01 2 13E-00 3.00E-01)
FairsTen Winimum | DLC15_0T54_Sex EwSH-24.0_055Rs_12.1Tp_S0.out TO0E-00| _ 0.00E+0D FATE0E TSTERDI|  -B.42E-01 3A0E+01 FOHED|
FairiTen Tilazimum | OLCA.L_0063_Gea_10.070_02.202_ T 6Tp_S06.00t T.30E-02]  0.00E0D TZEEDT FEIE0 EAE) THEDT BE
Extreme events for Line 6:
6Ten| AnchbAng| Fairblea]| FairbAmg| WareEler|  Wind¥mi Time]
Parsmeter Type  |File (kM) (deg) (kH) (deg) [ [ [e<)
AnchBT en Minimum__| DLCA.L_ 0001 Sew 04,07 0_01.6Hz_08.3Tp_s0Tout D.O0E+00 TOOE+00|  AJ5E+02) BA3E+01 FE-01 EXEZIT] FO0E 0]
AnchETan Tilazimum | DLC1.0_0052_Sea_06.0%0_01.6Hs_ 0807 p_S06.oul AIE00|  0.00E-00 SI0EADE SA3E-01 TROE-1|  T4GE00 S.04E-01
AnchBAng Minimum | DLC1L 0001 Sea_04.0¥0_016Hs_05.3Tp_S0100t U.00E+00]  G.00E+0D [RE=NH £ 33E01 S13E-01 3 1GE-00 3.00E+01)
AnchBng Tlazimum | DLCA.L_0001_Sea_04.0%0_1.6Hs_05.8Tp_S0100t 0.00E-00] _ 0.00E+0D 4 15E0Z 539601 5.19E-01 2 13E-00 3.00E-01)
FairbTen Minimum | DLC15_0164_Seu 22.0¥0_04.THs_T3.4Tp_S0Tout O.00E+00|  0.00E+00|  G.38E402 TIERDI|  -BARESD0 ZIEE-01| _ 250E+0E)
FairTen Fazinum | OLC1_0063_Sea_10.0%0_02.0Hz_11 61 p_S05.out 0.O0E 00 0.O0E+00 EOSE-02|  SESE-OT 225601 TE01 T T2E0]
Extreme events for Line 7:
AnchiTen| AnchiAng| FairiTes| FairlAng| WareEler|  wind¥zi Time]
Parsmeter Type  |File (kM) (deg) (kH) (deg) [ [ [e<)
AnchTTen Minimum | DLG1L_ 0001 Sea_04.0%0_016Hs_08.3Tp_S0100t D.00E-00|  0.00E+00  4.0BE+0Z 7.01E=01 S18E-01 2.13E-00 3.00E+01)
AnchTTen Tlazimum | DLCA.L_0001_Sea_04.0%0_1.6Hs_05.8Tp_S0100t 0.00E-00|  0.00E-00|  4.06E+02 7.01E=01 5.19E-01 2 13E-00 3.00E-01)
AnchTdng Minimum | DLC1L_ 0001 $ea_04.0%0_016Hs_08.3Tp_S0100t 0.00E+00[  O.00Es00|  4.0BE+0Z [ S13E-01 3 1GE-00 3.00E+01)
nchiang Tlazimum | DLCA.L_0001_Sea_04.0%0_1.6Hs_05.8Tp_S0100t 0.00E+00|  0.00E-00|  .06E+02 7.01E=01 5.19E-01 2 13E-00 3.00E-01)
FairTTen Minimum | DLC1.5_0TH Sea_16.00_0%.4Hz_16.1Tp_S0T.0ut O.00E+00|  0.00E+00|  B8SE+02 TEIESD]|  -1ESER00 HE0T E.05E 0
FairTen Tilazimum | OLCA.L_0170_Ges_28.0V0_04 THz_T5.4T p_S05 .00t D.O0E-00|  0.00E00]  .38E+02 EEE01 TEREDT 3Z5E0 3.05E 01
Extreme events for Line 8:
AnchBAng| FairBTea| FairBAng| WarcEler| Wind¥xi Time]
Parameter Type _|File {dea) (kH) [dea) =) [mPsec) [sec)
HnchaTan Minimum__| DLCA.1_D001_Sea_04.0%0_01.6Hs_05.9Tp_S010ut O.00E-00|  0.00E-00  4.04E+02 T.03E-01 3.19E-01 213E-00 300E-01)
AnchETan TWazinum__| DLCTL_ 0001 Sea_04.0¥0_016Hz_08.3Tp_S0Tout O.00E+00|  0.00E+00]  4.04E+02 T.OFE-DT S13E-01 3 1GE-00 3.00E+01)
AnchBAng Minimum__| DLCA1_0001_Sea_04.0%0_01.6Hs_05.8Tp_S0100t 0.00E+00[  0.00E-00|  #.04E+02 T.03E-01 5.19E-01 2 13E-00 3.00E-01)
AnchBAng TWazinum__| DLCTL_ 0001 Sea_04.0¥0_016Hz_08.3Tp_S0Tout O.00E+00|  O.00E+00|  4.04E+02 T.OFE-DT S13E-01 3 1GE-00 3.00E+01)
FairdTen Winimum | DLC1.4_0075_Sea_ECD-R_0Z.4Hz_ 7.6 p_50Tout 0.00E+00|  0.00E+00|  BSGEW0E GSES01|  -1G5E+00 T1AE01 SA0E-0]
FairdTen Tilazimum | OLCT.L_0163_Eea_Ze00_04.THz_L0T p_S03.0ut T.00E+00]  0.00E-00] 4 SBES0Z £ EER0T TEEE-DT T25E01 FOTEAT
Extreme events for Rotor Perf:
RotCp RotCt RotCq| TipSpdRat| WarcEler|  Wind¥xi Time]
Parameter Type _|File -1 -1 -] - =) [mPsec) [sec)
oty Minimum__| DLCA,G_0005_Sea_04.00_01.6Hs_{2. (Tp_S0&.0ut IGAESH|  BGOE-DS|  BE0E-D3|  GSIE-04|  ZESE-01|  9EGE-05]  5.55E-03)
Rotlp Tazinum | DLCLG_ 0005 Sea_ 04.0%0_OT6H:_T2.Tp_S0Zout TATESIE|  SESE+DE]  GOGE06|  ZABEWDS ZSIE-01 TERE-04]  G.5GEE
FrotGt Minimum_| DLCA.G_0014_Fea_04.00_016Hz_12.TTp_S05.00t 1S0E-07| IAOES0B|  GS9E-0E|  -259E-03 GARE01|  LOBE-0Z]  #.90E+0g]
FrotCr Tiazinum | DLCLG_00D4_Son 04.0¥0_0L6Hz _05.3Tp SO0t TEIEAN_ BSSEs08 R N TERE-04]  G.5GEE
Fotlq Winimum__| DLCA.G_0006_Sea_04.0%0_01.6Hs_12.7Tp_503.0ut T.O0E-03|  53TE+D5| | BSEEWD|  2EIE-0E|  -LEBEDD ATZED1 1.61E-02)
Pt Tolazinum | DLCT3_0005_Sea_04.0%0_0T6H:_T2.Tp_S02aut TATE-IZ| _ SESE-D5|  GO3Es0B|  SAGENE|  ESEM TEEE-04| 3556403
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