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Abstract

There is an increasing interest in using wind turbines offshore, and in deeper
water. The tension leg platform wind turbine (TLPWT) concept is promis-
ing for intermediate (45 - 150 m) or deep (> 150 m) water. The limited
platform motions are expected to reduce the structural loading on the tower
and blades compared to other floating concepts, without requiring the large
draft of a spar or the spread mooring system and complex construction of
a semi-submersible. Although numerous TLPWT designs exist on paper,
there is very little consensus regarding size, tendon design, and analysis
requirements. In order to determine whether or not such concepts could
be feasible and to lead the way for future optimization work, a better un-
derstanding of how design choices affect the global system performance, an
investigation of potential design-driving load cases, and an evaluation of the
simulation sensitivity are required.

TLPWT systems are complex and dynamic: time-varying environmental
loads from the sea, soil, and air act on a flexible integrated structure with
a wide range of natural frequencies. Furthermore, the wind turbine may
enter and exit various operational, start-up, shut-down, and failure modes.
Dynamic simulation of TLPWTs requires multidisciplinary consideration of
aerodynamics, hydrodynamics, control systems, and structural mechanics.
Frequency-domain methods from offshore structures are not well-suited to
the flexible structure and wind forces, while the computationally intense
simulations common to the wind turbine industry are impractical with re-
spect to the long time series required to capture wave- and low-frequency
dynamics.

A new computational tool (SIMO-RIFLEX-AeroDyn) was developed
and used to examine both the design and analysis of TLPWTs. The com-
bination of three well-known codes under a single structural solver gave
a stable, state-of-the-art numerical tool for analysis of floating wind tur-
bines. Additionally, the wind turbine control system was implemented in
Java, including options for applying a control system fault at an arbitrary
point in time. This framework enabled detailed studies of parametric de-
sign effects, comparisons of different hydrodynamic models using a single
structural model - including the implementation of a different ringing force
model - and simulation of off-design conditions.

This thesis presents several baseline designs based on a parametric ap-
proach. Preliminary coupled simulations using first order wave forces sug-
gested that a reasonable single column design with displacement between
3500 and 6500 m3, three pontoons (for easier installation), and pontoon



ii

radius between 28 and 35 m, may be able to support a 5 MW wind turbine
and withstand harsh environmental conditions. Having established these
designs as test cases, various analysis methods were compared. Neither
linear frequency-domain analysis nor Morison-type forces gave acceptable
results. Second-order sum-frequency wave forces were found to be impor-
tant for fatigue and extreme response calculations for certain TLPWTs,
particularly those with relatively soft tendons. Third order ringing forces
were found to be critical for TLPWTs with large diameters (14-18 m), espe-
cially when the turbine was idling or parked. Finally, the analysis tool was
extended to several different severe operational conditions. Control system
faults were found to cause large tower top loads and yaw motions for TLW-
PTs, while wind-wave misalignment resulted in generally smaller responses
than aligned conditions. Second-order forces, however, had a greater impact
in misaligned wind and waves than in aligned conditions.

The original contributions of this thesis - including participation in de-
veloping the novel analysis tool (and the implementation of ringing loads),
the development of a simplified design method, and the presented simula-
tion results - provide the background for further studies of TLPWTs and
other floating wind turbine concepts.
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Nomenclature

Abbreviations

DLC Design load case

DOF Degree of freedom

EC Environmental condition

ETM Extreme turbulence model

PRVS Pitch-regulated variable speed

FE Finite element

FLS Fatigue limit state

FMEA Failure mode and effect analysis

FNV Faltinsen, Newman, Vinje (ringing force)

FWT Floating wind turbine

IBPC Individual blade pitch control

LRFD Load and resistance factor design

NTM Normal turbulence model

O&G Oil and gas

OWT Offshore wind turbine

PDF Probability density function

PI Proportional-integral (control)

QTF Quadratic transfer function

v
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TF Transfer function

TLBWT Tension leg buoy wind turbine

TLP Tension leg platform

TLPWT Tension leg platform wind turbine

ULS Ultimate limit state

Parametric TLPWT Design Variables

At Tendon cross-sectional area

BF Ballast fraction: ballast mass divided by displaced water
mass of the center columns

bt Freeboard to the tower base

D1 & D2 Diameter of upper (1) and lower (2) main column

dt Tendon outer diameter

Et Tendon Young’s modulus

Ft Pretension per line

h1 & h2 Length of upper (1) and lower (2) main column

hp/wp or dp Height/width or diameter of pontoons

l0 Tendon unstretched length

lp Length of pontoons

np Number of pontoons

nt Number of tendons

rp Pontoon radius (measured from TLPWT hull centerline)

T TLPWT draft

zs Vertical location of pontoons

∆ TLPWT hull displacement

ρt Tendon dry mass per unit length
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Mathematical Model and Response Variables

A Added mass matrix

a Waterline radius

Awp Waterplane area

Aij(ω) Frequency-dependent added mass matrix entry

Aj Wave component amplitude

at Transverse added mass per unit length

B Linear damping matrix

b1 Linear damping (Eq. 3.19)

b2 Quadratic damping (Eq. 3.19)

Baero Aerodynamic damping

Bij(ω) Frequency-dependent radiation damping matrix entry

BRayleigh Structural damping matrix

C Hydrostatic stiffness matrix

Ca Added mass coefficient (Morison’s equation)

CD Quadratic drag coefficient (Morison’s equation)

Cjk Hydrostatic stiffness matrix entry

Cm Inertia coefficient (Morison’s equation)

DRFC Fatigue damage

E Expected value

Exx Green strain (longitudinal)

f1p Rotor rotation frequency (1p)

F
(1)
3 Third-order force component due to the first-order potential

F
(2)
3 Third-order force component due to the nonlinear potential

f3p Blade passing frequency (3p)
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FT Wind turbine thrust force

F
FNV (3)
x Third-order ringing force

G Shear modulus

g Acceleration due to gravity

H Water depth

h Cylinder draft (FNV)

hhub Hub height above still water line

Hs Significant wave height

I Turbulence intensity

Iwp Waterplane area moment of inertia

K Mooring system stiffness matrix

k Wavenumber (k = 2π/λ)

K, K1, K2 Material property for S-N curves

Kg Finite element stiffness matrix

Kjk Mooring system stiffness matrix entry

L(V ) Loss of energy per cycle (Eq. 3.21-3.25)

M Mass matrix

m, m1, m2 Slope of S-N curve

Medge Blade root edgewise bending moment (local system)

MFA Fore-aft tower bending moment at the base

Mflap Blade root flapwise bending moment (local system)

Mg Finite element mass matrix

MIp Blade root in-plane bending moment

Mjk Mass matrix entry

MOop Blade root out-of-plane bending moment
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MSS Side-to-side tower bending moment at the base

Mθ Twist moment

P Electrical power

p Pressure

PR Blade pitch rate during emergency shutdown

Py Tendon yield load

R Response amplitude operator (RAO)

~Rext External loads

~Rint Internal reaction forces

Rxx Autocorrelation function

s0 Characteristic wave steepness

Sresp Spectral response

Sw Wave spectrum

Sxx Spectral density function

SF Safety factor

t Time

td Time to control system fault detection

tf Time of control system fault

Ti Tension in line i

Tnj Natural period in motion j

Tp Peak wave period

tref Reference thickness for S-N curves

Ū Mean wind speed

U Wind speed

U10 Mean wind speed at 10 m
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Ūref Mean wind speed at reference height

V Energy per unit mass

v+(ξ) Upcrossing rate

X̃j(ω) Frequency-dependent first-order wave excitation force

ẍnac Nacelle fore-aft acceleration

zref Reference height for wind speed

β Newmark-Beta integration parameter

βwave Wave direction

γ Newmark-Beta integration parameter

ζ Wave elevation

ζ̃j Platform rigid body motion in mode j

ζj Platform rigid body motion amplitude in mode j

η General degree of freedom (Eq. 3.19)

θ Cross-sectional location for fatigue calculation

λ Wavelength

µ Mean value

ρ Water density

ρair Air density

σ Standard deviation

σx Axial stress

σy Yield stress

τθ Shear stress

Φ(1) First-order velocity potential

Φ(2) Second-order velocity potential

ϕ, ϕj Azimuth angle, blade j azimuth angle
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ω Wave frequency

ω0 Undamped natural frequency

ωaxial Tendon natural frequency (axial)

ωtransn Tendon natural frequency (n-th transverse )

∇ Displaced volume

Commonly used expressions

cut-in wind speed: the wind speed at which the turbine first delivers power
[1, Ch. 1,p. 7]

cut-out wind speed: the maximum wind speed at which the turbine delivers
power [1, Ch. 1,p. 7]

pitch/bending mode: a natural mode of the TLPWT system which combines
hull pitch motion and tower bending

rated wind speed: the wind speed at which the rated (maximum) power out-
put is reached [1, Ch. 1,p. 7]

soft-stiff: the fundamental eigenfrequency is in between f1p and f3p
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Chapter 1

Introduction

1.1 Motivation

The use of wind turbines for electricity generation is increasingly common.
In particular, offshore wind turbines (OWTs) are an attractive solution for
energy conversion due to the higher wind speeds, more consistent wind pat-
terns, and decreased noise and visual effects for human population centers
compared to land-based turbines [2, 3]. Several wind turbine installations
in shallow water (≤ 45 m) using fixed foundations – such as monopile, grav-
ity, or jacket structures – are already connected to the electrical grid (e.g.
Horns Rev, Beatrice) [2].

In order to access a larger wind resource and move the noise and visual
effects farther offshore, wind turbine support platforms for intermediate wa-
ter depth (45 - 150 m) and deep water (> 150 m) are also being considered.
At these depths, gravity and monopile foundations are not economically
feasible, although fixed jacket structures may be appropriate for some in-
termediate depths (45 - 80 m) [4]. A wide variety of floating wind turbine
concepts have also been proposed, such as spar, semi-submersible, and ten-
sion leg platforms.

Floating wind turbine (FWT) concepts are presently limited by their
cost and by the fact that they are a relatively new and unproven technol-
ogy. Design innovations and improved load predictions can help to reduce
the construction, installation, and maintenance costs. Tension leg platform
wind turbines (TLPWTs, illustrated in Fig. 1.1) have been suggested as
a possible solution for intermediate water depths, since the tendon system
may be better suited for shallow water than a catenary mooring system.
Furthermore, the limited platform motions may reduce turbine and power
cable ultimate and fatigue loads. The present thesis addresses the design
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2 Introduction

and analysis of TLPWTs in order to provide a better understanding of the
system behavior, design parameter effects, and requirements for dynamic
analysis.

Figure 1.1: Tension leg platform wind turbines

When examining a relatively novel concept, such as a TLPWT, design
and analysis are necessarily intertwined. In order to evaluate a potential
design, analysis tools must be developed to model the relevant physics; in
order to develop an analysis tool, there must be some general idea of the
physical system to which it will be applied. Furthermore, the design-driving
environmental or operational conditions are not known a priori, and may
depend on both the platform and the component under consideration. For
example, a blade pitch actuator fault condition may result in extreme tower
top loads in fairly benign weather conditions, while the tower base loads
could be large in both near-rated wind speeds and extreme weather con-
ditions. The methods and fidelity required to simulate different situations
may vary, which means that the load conditions are also related to the
analysis methods.

TLPWTs present unique challenges in terms of both design and analysis.
A multidisciplinary approach has to be employed in studying such concepts,
and prior knowledge from both the offshore oil and gas (O&G) industry and
the wind turbine industry can be useful - but not necessarily sufficient - in
addressing these challenges.

1.1.1 Design Challenges for TLPWTs

In designing a TLPWT, the main objective is to create a platform which
can safely generate electricity at the lowest possible cost. A complete con-
sideration of the costs includes material and construction costs, installation
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costs, operation and maintenance costs, and decommissioning and removal
costs. Given the payload of a single platform - assumed here to be a single
5 MW wind turbine, weighing approximately 700 tonnes and producing a
maximum steady-state thrust of approximately 800 kN at 90 m above sea
level - one should create an economical design which can reliably produce
electricity as a part of a larger wind farm.

Construction costs, which constitute a large portion of the overall initial
investment, depend on the structural design. The structural design, in
turn, depends on the ultimate (ULS) and fatigue (FLS) loads encountered
over the structure’s lifetime. TLPWTs are subjected to a wide range of
load conditions dictated by the environment (wind, waves, current, ice),
by their operation (tow-out and installation, start-up, shutdown, normal
operation, idling, parked, and possibly faulted), and - possibly - by accident
(ship collision, ballast system failure, loss of mooring line, fire). Design
standards for wind turbines require the consideration of extensive design
load cases (DLCs) [5, 6, 7, 8]. New design standards for FWTs introduce
additional considerations specifically related to the mooring system and to
the interaction between the floating platform and the wind turbine [9, 10].
The question of which DLCs are design-driving in terms of both fatigue and
ultimate strength for different types of FWTs is, however, still open.

A better understanding of the sensitivity of different designs to particu-
lar load situations is needed in order to compare the wide range of TLPWT
designs available in the literature. For example, a governing choice in the
design process is the displacement (∆) of the TLPWT. ∆ governs the pre-
tension, which then governs the natural periods and tendon strength re-
quirements. The geometry, which must provide the desired ∆, also directly
affects the wave loads and the potential for a self-stable installation. A self-
stable platform has a sufficient restoring moment (in ballasted condition)
without the tendons, and can thus be towed to location without using extra
equipment for buoyancy.

Although numerous researchers have suggested possible designs, there
is very little consensus, with published 5 MW designs ranging from 846
tonnes [11] to 12,187 tonnes [12]. Even the idea of self-stable installation
is open to discussion, as one may argue that the construction cost savings
for a whole farm of floating wind turbines may offset the cost of building a
specialized installation device to provide stability during the marine oper-
ations [13]. Self-stable designs are generally larger and do not necessarily
perform better after installation. Furthermore, although some attempts
at TLPWT optimization for selected conditions have been published, their
analysis tools have been found to be faulty, casting doubt on the results of
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the optimization process.

This thesis aims to provide a new starting point for optimization by
suggesting some simple criteria, describing a method for initial screening,
and presenting the results of an examination of parametric variations on the
operational performance of TLPWTs. The simple initial design criteria are
given as:

1. The surge and sway natural periods should be longer than 25 s in
order to avoid first order wave excitation.

2. The heave, roll/bending, and pitch/bending natural periods should be
shorter than 3.5 s in order to avoid first order wave excitation.

3. In order to limit the angle at the tendon connectors, the mean offset
should not exceed 5% of the water depth [14, Ch. 7.6.3].

4. The tendon area must be sufficient to prevent yield (σy), within a
given safety factor (SF ), for tensions up to twice the initial tension
(Ft).

In addition to the parametric design study based on simply-generated
designs, this work examines certain atypical conditions (such as pitch con-
troller faults and misaligned wind and waves). Thus, this work provides
a first step towards informing designers about the relative importance of
different load cases. By identifying critical load cases, a more efficient opti-
mization process may be possible.

1.1.2 Analysis Challenges for TLPWTs

Beyond the inherent analysis challenges of a novel multidisciplinary design
problem, TLPWTs present particular challenges with regards to the range
of time scales involved in the problem, the coupled structural modes, and
the complex hydrodynamic loads.

Important time scales for global analysis of TLPWTs range from ap-
proximately 0.2 s (for the second platform pitch/tower bending mode) up
to approximately 60 s (for the platform surge motion), with even longer
periods present in the wind and in the difference-frequency wave forcing. In
between those limits, there are contributions from rotor frequencies, con-
troller frequencies, high- and low-frequency structural resonances, and wave
excitation. An analysis tool has to be able to capture the important high-
frequency effects while being sufficiently computationally efficient to allow
for the simulation of numerous cycles of slower events.
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Unlike most other floating wind turbine concepts, the flexibility of the
tower and blades play an important role in the natural frequencies of the
platform itself in the case of TLPWTs. That is, it is not possible to iden-
tify rigid body modes in pitch and roll: tower bending and pitch motion
are combined. This, in addition to the nonlinearities inherent in the wind
turbine control system, makes a traditional frequency-domain analysis more
complex.

Hydrodynamic loads on TLPWTs are a particularly interesting chal-
lenge: these structures may fall on the border between “slender” and “large-
volume” structures, such that the use of Morison’s equation may not be
appropriate. Due to the system natural frequencies, first order potential
flow may not be sufficient to capture all of the important effects. In the
difference-frequency loading, the surge natural period may be too short for
Newman’s approximation to work. A more detailed hydrodynamic anal-
ysis including the computation of the second-order sum- and difference-
frequency loads may then be required. In steep waves, the structure may
also be subjected to third-order “ringing” loads, which can greatly increase
both the extreme loads for ULS and the fatigue damage in a given environ-
mental condition.

Numerical studies, laboratory-scale experiments, and sea trials of larger
prototypes may be used to analyze this type of problem. The present work
considers numerical analysis, which must be further validated through com-
parisons with physical tests when such results are made available.

Researchers have developed numerous time-domain numerical analysis
tools to capture the coupled aero-hydro-servo-elastic response of FWTs.
Cordle and Jonkman provided an overview of many of these codes [15]. For
example, two of the leading codes are FAST [16] (from NREL) and HAWC2
[17] (DTU Wind Energy). Both were developed for land-based turbines and
later adapted to offshore turbines. At the time of this work, the FAST code
was somewhat limited in its structural, hydrodynamic, and mooring system
capabilities (ie, linear structural response, no twist degree of freedom in
the blades, no horizontal Morison elements, and only quasi-static catenary
mooring line solutions). Some of these limitations are being addressed in
more recent versions of FAST. HAWC2 provides better structural fidelity,
but limited hydrodynamic force models and long computation time.

In this work, a novel state-of-the-art analysis tool for TLPWTs is pre-
sented (SIMO-RIFLEX-AeroDyn). This coupled code, as outlined in Fig. 1.2,
takes advantage of the nonlinear beam element solver in RIFLEX, hydro-
dynamics models in SIMO, and the aerodynamic force models in AeroDyn.
As a part of the present work, the interface between RIFLEX and Aero-
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Dyn was written and tested, and the control system was implemented in
Java. Using the results from this analysis tool, the accuracy of a simplified
frequency-domain method (including wind forcing) is examined. Studies of
the importance of second-order and third-order forces, whose effects have
not been previously studied for a similar range of TLPWT designs, are also
presented.

LSS torque updatedWave history hull

SIMO RIFLEX Java Control

LSS torque, updated 
(commanded) blade pitch 

Wave history, hull 
hydrodynamic loads

SIMO RIFLEX Java Control

Rotor velocity, 
current blade pitch

Hull motions

WT element positions, 
orientations and

Aerodynamic 
forces on blades

p

AeroDyn

orientations, and 
velocities

forces on blades 
and tower

AeroDyn

wind velocity

TurbSim

wind velocity

Figure 1.2: SIMO-RIFLEX-AeroDyn overview. Dashed lines indicate con-
tributions by the author.

1.1.3 Severe Operational Conditions

Having established a reasonable design and an analysis tool that can model
the system, it is interesting to extend this analysis to certain conditions
which may cause severe dynamic responses. Although one may imagine a
wide range of conditions - control system faults, tether slack, wind-wave
misalignment, yaw misalignment, ice or impact loads - there are inherent
limitations in the time available to consider every condition. In the present
thesis, control system faults and wind-wave misalignment during the oper-
ational portion of the system’s lifetime were considered.

Within the extensive range of control system faults, blade pitch actuator
and grid faults were chosen for study. For pitch-regulated wind turbines,
the blade pitch control system of a wind turbine is known to contribute
significantly to the failure rate [18]. Blade pitch actuator errors, which
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introduce imbalance in the rotor, and emergency shutdown events (following
grid loss and with blade pitch errors) were studied using the SIMO-RIFLEX-
AeroDyn model of a single TLPWT. These conditions, which include both
deterministic and stochastic components, can lead to large transient loads
on certain components.

Wind-wave misalignment was identified as another potentially interest-
ing condition with respect to both ultimate and fatigue loads. It is not
uncommon for the wind and waves to come from different directions, par-
ticularly in stable atmospheric conditions [19, 20]. Barj et al. noted in-
creased extreme side-side tower base loads in simulations of a spar wind
turbine due to wind-wave misalignment [21]. These side-side loads were,
nevertheless, smaller than the fore-aft loads. Furthermore, wind-wave mis-
alignment causes increased tower fatigue loading for monopiles [20], since
the aerodynamic damping does not mitigate wave-induced loading. The ef-
fects of misalignment on the tower stresses and fatigue loading of TLPWTs,
and the effect of second-order sum-frequency wave loads in such conditions,
were not previously examined.

1.2 Aim and Scope

Based on the challenges described above, and in view of the related work
in this field, this thesis examines the design and global analysis of single-
column 5 MW TLPWT designs with multiple tendons. The aim of the
work is to inform designers and regulatory bodies about the global dy-
namic response of such concepts. The present results are intended to pave
the way for future optimization work, provide a better understanding of
how design choices affect the global system performance, examine potential
design-driving load cases, and evaluate the analysis procedure with respect
to hydrodynamic modeling.

The design space is limited to platforms with a central column, 3-4
pontoons, and one tendon per pontoon. Furthermore, the focus of the thesis
is on global analysis of the system in the installed condition: important
couplings between elements are included and investigated, but local loads
and structural details are not considered. For example, the hull is considered
as a rigid body, since it is relatively stiff compared to the wind turbine and
tendons. The installation process is not studied.

Despite these restrictions, computational analyses remain expensive, and
restrictions must also be placed on the number of models, environmental
conditions, and operational conditions that can be investigated. Represen-
tative loading conditions were chosen in order to demonstrate general trends
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in behavior, to highlight differences between analysis methods, and to sug-
gest nominal loads, but these conditions are not sufficient for the calculation
of long-term fatigue or the extrapolation of lifetime extreme events.

The thesis is divided into seven chapters. A survey of relevant literature
is provided in Chap. 2, which gives a more thorough background for the aim
and scope of the thesis. A more detailed exposition of the theory underlying
the nonlinear simulations follows in Chap. 3.

Chap. 4 considers the design of TLPWTs. A simplified parametric
single column TLPWT model is introduced, including simplified weight,
natural frequency, and cost estimates. The effects of variations in the diam-
eter, pontoon radius, water depth, and ballast weight are examined through
simulations of parametric variations on five representative baseline designs.
These simulations are carried out using a SIMO-RIFLEX-AeroDyn, consid-
ering first order potential flow and viscous damping for the hydrodynamic
loading. Although an optimal design is not identified, trends are identified
and some suggestions for further improvements are provided.

In order to better understand the results of the design study, it is also
important to examine the sensitivity of the results to the analysis meth-
ods. Chap. 5 focuses on different analysis methods. First, a simplified
frequency-domain analysis, which can quickly evaluate many potential de-
signs, is developed and applied in Sec. 5.1. Next, in Sec. 5.2, several different
hydrodynamic models are examined for a range of representative TLPWT
designs. Morison’s equation, first order potential theory, second-order sum-
frequency forces, and ringing loads are considered.

Finally, the performance of one representative TLPWT in selected ab-
normal operational conditions is examined in Chap. 6, which addresses the
global performance during control system faults and wind-wave misalign-
ment. Such conditions may have important consequences for the extreme
and fatigue loads of certain components.

The results are summarized in Chap. 7, which also provides some sug-
gestions for future work in this field.



Chapter 2

Related Work

2.1 Floating Foundations for Intermediate Water
Depth

Foundation options for wind turbines in intermediate (45 - 200 m) water
depth include both fixed and floating structures. Jacket structures, which
are already in use for water depths up to 45 m, may be more economical
than floating structures for depths up to 80 m, while floating solutions are
likely to prevail in deeper water [4].

Three primary types of floating wind turbines (FWTs) are under consid-
eration for intermediate water depth: semi-submersible designs, with mul-
tiple widely spaced columns; catenary moored spar designs, which require
heavy ballast and a deep keel for stability; and TLP designs, which depend
on the mooring system for stability. Examples of these three design types
in 200 m water depth are shown in Figure 2.1. This visualization highlights
the deep draft required for the spar platform and the extensive mooring
system of the semi-submersible platform. All three types of platforms have
been inspired by activities in the offshore oil and gas (O&G) industry.

For any type of foundation for OWTs, the placement of the natural fre-
quencies is paramount [24]. One should avoid both ocean wave frequencies
and the wind turbine’s rotational frequencies (in particular, the f1p rotor
frequency and the f3p blade passing frequency). While many fixed founda-
tions may be described as soft-stiff (ie, the fundamental eigenfrequency is
in between f1p and f3p), floating structures introduce an additional level of
complexity. Spar and semi-submersible designs typically can be described
as soft in all six degrees of freedom (DOFs): the surge, sway, heave, roll,
pitch, and yaw frequencies are lower than typical wave frequencies. The
tower bending frequency is then typically soft-stiff with regards to f1p and

9
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Figure 2.1: Semi-submersible (left, based on [22]), catenary moored spar
(middle, based on [23]), and TLP (right, based on [12]) wind turbine designs.
Horizontal line indicates still water line.

f3p.
Spar wind turbine designs are primarily intended for deep water, but

may have lower cost and simpler installation than TLPWTs. The spar’s
natural stability is an attractive feature [3]. The Hywind concept from
Statoil is the most well-known catenary spar concept. Skaare et al. pre-
sented comparisons with experimental results, including variations in the
wind turbine control system [23]. The Hywind concept is in full-scale test-
ing near Norway’s southwestern coast [25]. An academic 5 MW version of
the Hywind concept - the OC3 Hywind - has been used for international
comparison of numerical tools [26, 27].

Semi-submersible wind turbine designs are currently in consideration
for both intermediate and deep water. Semi-submersibles may have advan-
tages over TLPWTs in terms of mooring system cost, installation cost and
installation simplicity [3]. A semi-submersible platform with heave plates
(WindFloat) design has been developed by Roddier et al. and presented in
3 conference papers [22, 28, 29]. The system includes a 3-column platform,
with a 5 MW wind turbine positioned on one of the stabilizing columns [22].
A 2 MW prototype was deployed off the coast of Portugal in 2011 [30]. A
larger semi-submersible design with a 5 MW wind turbine positioned on a
central column is under study as an international test case through Phase
II of the OC4 project [31].

TLPWTs are fundamentally different from semi-submersible and spar
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WTs: the natural frequencies of vertical platform motions (heave, pitch,
roll) of TLPWTs are placed above the wave frequencies, rather than below.
With respect to f1p and f3p, the combined platform pitch and tower bending
mode of large TLPWTs may be either soft-stiff or stiff-stiff, depending on
the tendon stiffness and tower design. The TLPWT concept is promising
for intermediate water depths, particularly for water depths where catenary
mooring system design is challenging. The limited platform motions are
expected to reduce the structural loading on the tower and blades compared
to other floating concepts [3, 32].

2.2 TLPWT Designs

The design of TLPWT platforms remains an active field of study. The
present work focuses on single-column designs with vertical tendons, al-
though many alternative designs exist. The following subsections discuss
the early design development, newer 5 MW single column designs for direct
comparison with the present work, and some relevant tension leg buoy wind
turbine (TLBWT) and multi-column designs. Fig. 2.2 illustrates some of
the concepts described in the following sections.

2.2.1 Early Designs (MIT)

Significant early work on TLPWT concepts was performed at MIT, includ-
ing several master’s and PhD theses.

Withee’s PhD dissertation (MIT, 2004) presented a coupled dynamic
analysis of a 1.5 MW TLPWT in 200 m water depth [40]. In contrast to
some TLPWT designs from MIT, stable float-out was not a requirement.
As a result, the design has no ballast and provides almost 200% reserve
buoyancy. Computational free decay tests in each mode of motion showed
that the wind turbine dominates the pitch and yaw damping, while viscous
drag is more important in translational modes. The operational simula-
tions indicated that, compared to land-based turbines, the power output
decreases by approximately 1% and the fatigue life decreases significantly
for the tower. Withee also concluded that the operational loads on turbine
components (due to the operation of the power takeoff system) would be
higher than the structural loads due to the extreme wind or wave events on
the parked turbine.

Lee’s master’s thesis (MIT, 2005) presented two 1.5 MW TLPWT con-
cept designs: a three-legged floater with vertical tendons, and a spar-type
buoy with 8 taut tendons at 35-42◦ [41]. Linear seakeeping analyses were
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a b dc

f

e
g

h

Figure 2.2: Illustrations of selected TLPWT designs: a) Glosten [33], b)
GLGH [34], c) Tracy 10 m #1 [35], d) MIT/NREL [12], e) IDEAS [36], f)
EsaFloater [37], g) Crozier 10 MW [38], h) UMaine (model scale) [39]

performed for irregular seas with constant wind. The structure was consid-
ered as a rigid body and the aerodynamic damping was added to the linear
damping matrix. A brief investigation of higher harmonic events suggested
that nonlinear wave excitation may be important.

Wayman et al. presented the first iteration of the MIT-NREL TLP for
a 5 MW wind turbine in 2006 [42]. Rigid body motions were considered,
assuming the tethers to have infinite stiffness. The design provides for stable
ballasted tow-out with the wind turbine installed, and includes almost 50%
reserve buoyancy in the operational condition.

Tracy’s master’s thesis built further on Lee’s and Wayman’s work by ex-
amining parametric design of single column wind turbine support structures
with catenary, taut catenary, and tension leg moorings [43]. In order to find
the Pareto-optimal front for 200 m and 60 m water depth, three cost indica-
tors were evaluated: nacelle RMS acceleration, static and 3σ mooring line



2.2. TLPWT Designs 13

tension (both windward and leeward lines), and the structure displacement.
The responses were computed using rigid-body frequency-domain analysis
in two relatively severe sea states (identified by 6 m and 10 m significant
wave height).

Tracy found two Pareto optimal TLPWT designs in each sea state: a
relatively large, deep-draft design and a smaller, shallow-draft design. The
larger structure out-performed the smaller structure in terms of limited na-
celle accelerations and decreased tension variation. Furthermore, the anal-
ysis indicated that TLPWTs performed well compared to the alternative
Pareto-optimal designs in both sea states.

An extension of Tracy’s work was also presented by Sclavounos et al.
in 2007 [35]. In addition to the limitations of the linear model employed
in the dynamic analysis, Matha later identified important computational
flaws in the mass matrix computation used in Tracy’s master’s thesis and
in the later extension of the work [12]. These limitations suggest that the
identified designs may not be optimal.

2.2.2 Recent Single-Column 5 MW Designs

In addition to Wayman’s and Tracy’s designs, recent 5 MW single column
designs are compared in Table 2.1 and discussed below. In Table 2.1, H is
the water depth, D is the center column diameter, T is the draft, rp is the
pontoon radius, nt is the number of tendons, ∆ is the displacement, and Ft is
the pretension (per tendon). Values from Tracy’s master’s thesis have been
corrected, as the displacement was given in incorrect units in the original
document [43]. The steel mass was estimated from the displacement, turbine
mass, concrete ballast mass, and pretension. The designs support 5 MW
turbines with hub heights ranging from 80-95.5 m above the still water line,
and rotor diameters 120-126 m.

Matha, in his master’s thesis (UC-Boulder, 2009), evaluated a TLP in
200 m water depth, with additional comparisons to alternative designs [12].
This design, which was slightly modified from Tracy’s TLP#1 for the 10 m
sea state, is considered the current MIT/NREL design. The National Re-
newable Energy Laboratory (NREL) FAST software was used for the anal-
ysis, which included load cases following the IEC 61400-3 design standard.
Matha modeled the mooring system as quasi-static using HydroDyn and
noted that this is an area which requires additional modeling effort. The
fatigue load analysis used only the associated wave height and median peak
spectral period for each wind speed, rather than considering all of the joint
probabilities. In agreement with Withee’s results, Matha’s TLPWT had a
shorter lifetime than a land-based system (based on fatigue of wind tur-
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bine components) but performed well compared to other floating platforms
(barge and OC3-Hywind). Additionally, Matha identified system instabili-
ties in yaw, surge (related to blade pitch control), and in a mode including
the turbine yaw, tower side-to-side motion, and platform motions. These
instabilities are difficult to analyze, but additional results suggest that the
platform yaw instability is coupled with blade aerodynamics [45].

Sclavounos et al. (MIT/ENEL) recently presented designs for a TLPWT
and a tension leg buoy wind turbine (TLBWT) which relax the stable tow-
out requirement [13]. The designs are intended to support 3 to 5 MW
turbines in water depths from 30 to 150 m. According to Sclavounos et al.,
the TLBWT, which uses inclined pre-tensioned lines, is a better solution
for water depths less than 50 m; the TLPWT is proposed for deeper water
[13]. Both designs require a stabilizing floater for installation, which leads
to smaller concepts compared to self-stable units. Design specifics were not
published; however, results for tendon tensions and nacelle accelerations
according to frequency-domain analysis are promising. In their analysis,
mooring system restoring coefficients were computed at the static offset
using the program LINES.

Moon and Nordstrom, of Glosten Associates, described the design of a
5 MW TLPWT sited in conditions similar to the United Kingdom Round
3 Development Area [33]. The three-spoked design with 3 chain tendons
per spoke was specified for 55 m water depth and 50 year extreme events.
A proprietary driven plate anchor system was incorporated in the design
in order to reduce installation costs. The design is claimed to be cost-
competitive with fixed structures for water depths above 50 m [33]. The
design has been further refined as the PelaStar design, which has 2 tendons
per spoke [46]. Due to the commercial nature of the project, few details
about the PelaStar dimensions have been published.

Another extension of the Glosten design has resulted in the University of
Maine (referred to here as UMaine) TLPWT [32, 39]. A 1:50 scaled model of
the three-legged design for 200m water depth has been tested at MARIN,
giving a unique opportunity for examining the numerical simulation tool
(FAST) [39]. Note that the UMaine design, although inspired by [33], uses
neutrally buoyant steel pipe tendons.

GL Garrad Hassan presented a TLPWT design (referred to here as
GLGH) for German waters with 50 m water depth [34]. The design supports
a 5 MW turbine with 85 m hub-height. No ballast is included in the design,
which has a very open profile and a small waterline diameter. Henderson et
al. also examined different tendon solutions for the GLGH design, such as
wire rope and synthetic fiber lines [34].
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Two additional designs were presented by a Japanese collaboration (Ni-
hei et al.) [11]. The reported values of pretension were quite low and were
therefore assumed to be in units of kN rather than the presented unit (kg).
These three-legged designs were tested at 1:100 model scale. In the experi-
ments, the smaller design (Model 350) experienced both slack and capsize,
which were attributed to large yaw motions.

In addition to these designs, Crozier’s master’s thesis [38], which is fo-
cused on a 10 MW design, also includes an optimized, self-stable TLPWT
design for the NREL 5 MW wind turbine with a displacement of 6,360
tonnes. Interestingly, the self-stable 5 MW and 10 MW designs were very
similar despite the increased turbine capacity, and the draft was quite sim-
ilar to the deep-draft solution identified by Tracy [38]. Crozier’s optimal
design has approximately half of the displacement of the MIT-NREL design
due to the smaller diameter.

In addition to the numerous designs with vertical tendons, there is also
significant design activity around TLBWT concepts which are stabilized
by spread taut moorings. The previously mentioned MIT/ENEL TLBWT
[13] uses tendons at approximately 45 ◦ inclination in order to further limit
horizontal plane motions (surge, sway, yaw) as well as vertical plane mo-
tions (heave, roll, pitch). Myhr et al. have investigated several alternative
TLBWT designs, both numerically and experimentally [47, 48]. These de-
signs have a center column and 6 taut mooring lines, attached at two differ-
ent vertical positions. According to Myhr et al., the added taut lines may
reduce the steel mass of the floater and virtually eliminate nacelle motions,
but the large anchor loads become a significant design challenge [48]. The
GICON concept, which has been studied experimentally and numerically,
employs 8 mooring lines: four vertical and four inclined [49]. GICON plans
to deploy a full-scale prototype in the German Baltic Sea [49]. TLBWT
concepts may require large displacement to ensure pretension in the spread
taut moorings.

2.2.3 Multi-Column TLPWT Designs

Several researchers have also suggested multi-column TLPWT designs, which
may provide easier installation due to the increased hydrostatic stiffness pro-
vided by the columns. The main drawback to such designs is the increased
complexity of fabrication relative to single column designs.

Fulton et al. presented a self-installing tension leg design in 2007 [50].
The tri-floater type platform is to be towed out with a gravity anchor at-
tached, which is then released while the tendons are reeled out. Simulations
(using Orcaflex and Bladed) were carried out for 62 m water depth and
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a fairly detailed cost analysis was performed. The analysis indicated that
the mooring system loads are within an acceptable range, peak and fatigue
loads on the nacelle in the tower increase compared to onshore turbines,
and the cost of electrical connections is a major factor in the final cost of
energy.

A TLPWT design for Japanese waters was developed by Suzuki et al.
[51]. The three-spoked design with two tendons per spoke was proposed for
100 m water depth. This 4100 tonne TLPWT for a 2.4 MW turbine has a
center column and three additional surface-piercing columns for buoyancy,
stability, and easy access to the tendon attachment points. The analy-
sis included a consideration of the dynamic response in waves, a vibration
analysis for the first 10 modes, and an earthquake analysis. The tendon
tensions and platform motions were found to be within design criteria for
wind, current, wave, and seismic loading.

The EsaFloater (∆ = 3113 tonnes) described by Casale et al. uses a
hexagonal TLPWT hull to support a 6 MW turbine [52, 37]. The resulting
platform has an overall diameter of approximately 50 m, 12 locked-coil rope
mooring lines, and numerous bracings. The platform can be ballasted to
provide for stable tow-out with the wind turbine installed. For the foun-
dation at the seabed, Casale et al. considered piles, suction buckets and
gravity anchors, and concluded in favor of piles [52].

The IDEAS design [36] for a 5 MW wind turbine introduces both ad-
ditional inclined columns which pierce the surface (to limit vortex-induced
motions) and lateral taut moorings (to limit the mean offset and platform
set-down). The resulting system has a displacement of 1800 tonnes and
natural frequencies that are similar to TLPWTs - that is, the system is still
relatively soft in surge and sway.

Zhao et al.’s 5 MW TLPWT design (∆ = 4275 tonnes) is a relatively
clean structure with a center column and three corner columns [53]. The
publication describes the preliminary design, including the hull structural
layout, and presents analysis results using the FAST software and NAS-
TRAN. The flexibility of the hull itself affects the heave and pitch natu-
ral frequencies. Despite the extra columns, this design requires temporary
buoyancy during installation.

2.3 Floating Wind Turbine Analysis

The development of commercial FWTs requires extensive analysis of the
proposed designs, typically through numerical studies, laboratory-scale ex-
periments, and sea trials of larger prototypes. The present work is focused
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on numerical analysis, which must be further validated through comparisons
with physical tests.

2.3.1 Numerical Tools

Several time-domain numerical analysis tools have been used to capture the
coupled aero-hydro-servo-elastic response of FWTs. Cordle and Jonkman
provided an overview of many of these codes [15]. More direct comparisons
of numerous analysis codes have been carried out through the IEA’s Offshore
Code Comparison Collaboration (OC3) and Offshore Code Comparison Col-
laboration Continuation (OC4) [54, 55, 56]. These numerical tools are useful
for identifying system natural frequencies through eigenvalue analysis, com-
puting static deformations, and evaluating global dynamic responses.

Two of the leading codes developed in the wind industry are FAST [16]
(from NREL) and HAWC2 [17] (DTU Wind Energy). Both were developed
for land-based turbines and later adapted to offshore turbines. The FAST
code is based on modal theory, which gives linear structural response, and
is somewhat limited in its structural, hydrodynamic, and mooring system
capabilities. At the time of this study, no twist degree of freedom was
included in the blades, no horizontal Morison elements were allowed, and
only quasi-static catenary mooring line solutions were included. Subsequent
releases of the code have improved the hydrodynamic modeling, and new
capabilities are planned. HAWC2 is based on a multi-body formulation for
the non-linear structural response. The applicability of HAWC2 to floating
platforms is currently limited to cases where Morison’s equation can be used
to model the hydrodynamic forces.

In order to address the need for large volume hydrodynamics and second-
order forces in FWT analysis, simulation codes built upon existing marine
simulation tools have also been developed. MARINTEK’s SIMO-RIFLEX
combination has been updated to include wind turbine analysis capabilities.
A rigid-body model was first developed [57], followed by the development
of an elastic model [58, 59]. As a part of the present work, an academic
version of SIMO-RIFLEX was developed: SIMO-RIFLEX-AeroDyn, which
allows for the inclusion of turbulent wind and the use of either a Blade
Element Momentum (BEM) or Generalized Dynamic Wake (GDW) the-
ory. Comparisons between the AeroDyn BEM and GDW implementations
and RIFLEX’s internal BEM implementation for land-based and floating
wind turbines were carried out to verify the implementation and examine
the effects of different theories [60]. The SIMO-RIFLEX-AeroDyn code is
described in greater detail in Section 3.6.

A particularly sophisticated simulation tool is required for studying the
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transient effect of fault on floating wind turbines. Hansen et al. used
HAWC2 and DIgSILENT together to evaluate mechanical loads on a land-
based turbine due to grid faults, showing that tower loads may be affected
by grid faults and that an open loop simulation is not sufficient to cap-
ture the generator speed during such events [61]. A closed loop simulation
with DIgSILENT provided some insight into the shaft, tower, and blade
loads during grid fault and emergency shutdown of an active stall wind
turbine [62]. Although the grid behavior cannot be simulated, the coupled
simulation tool SIMO-RIFLEX-AeroDyn is well-suited to account for the
hydrodynamic modeling of a range of different platforms, the structural
modeling of the wind turbine and mooring systems, the control system for
the generator torque and blade pitch, including actuator and measurement
errors, and the aerodynamic forces on the blades and tower.

2.3.2 Experiments

A relatively limited number of experiments have been performed on floating
wind turbines, and very few results are publicly available. Molin presented
two sets of TLPWT tests in 2004: wind and wave tests at two different labo-
ratories with variable turbulence qualities [63]. Despite the tests’ limitations
(the blade rotation was only measured at one laboratory, the tendons were
much stiffer than intended, no blade control was used), the tests demon-
strated the influence of the tower flexibility on the platform modes, and the
importance of motions perpendicular to the wind and wave direction.

More recently, wind and wave tests were performed for three wind tur-
bine platforms (TLP, spar, semi-submersible) [64, 65]. Certain modeling
difficulties remained, such as the large weight of the measurement equip-
ment and scaling challenges related to the rotor design. The aerodynamic
forces on a geometrically scaled rotor do not give the correct thrust force
for a Froude-scaled model, such that higher wind speeds were required in
order to match the desired thrust forces. Nonetheless, these tests provide
new insights into the behavior of floating wind turbines over a range of
environmental conditions, including turbulent wind and the effects of the
operational turbine.

More detailed analysis of the semi-submersible test results was presented
by Coulling et al. [66], while Stewart et al. discussed the TLPWT re-
sults [39]. Comparisons between the FAST model and the experimental
results for the TLPWT indicated good general agreement in the wave-
frequency range, while viscous damping, high-frequency responses, and f1p
excitation were not very well captured by the numerical simulation [39]. The
f1p excitation may be related to rotor imbalance, which was not considered
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in the FAST model.

The tests were repeated for the semi-submersible concept using a dif-
ferent Froude-scaled turbine, which was not geometrically scaled, but had
different airfoils in order to better match the turbine performance [67]. Re-
sults from these tests are expected to be made publicly available over the
next few years.

Independent tests of a tension leg platform concept were performed at
the University of Aalborg [68]. Wave-only tests in severe sea states suggested
that the wave generation method (with or without harmonic components)
had a significant effect on the results. The number of slack line events, for
example, increased when the higher harmonics were included. The wave
nonlinearity and tower flexibility had significant effects on the nacelle accel-
eration.

Myhr et al. have also examined 1:100 scale wave tests of two tension
leg buoys performed at the NTNU/MARINTEK MCLab [47]. Generally
good agreement was seen between computational and experimental models
in regular waves, although the experiments showed yaw motions which were
not present in the numerical simulations (using an in-house code from the
Norwegian University of Life Science called 3Dfloat).

2.3.3 Sea Trials

A very limited number of concepts have been tested at full or pilot scale in
the natural environment. According to a report by Main(e) International
Consulting, Statoil’s Hywind and Principal Power’s WindFloat concepts
are the front runners in terms of full scale testing [69]. Among TLPWT
concepts, the Blue H two-bladed concept was tested at a small scale in 2008
off the coast of Southern Italy [69]. Although very little information from
these full-scale tests has been released, they are a promising sign for the
future development of such projects.

2.4 Floating Wind Turbine Load Conditions

Over its lifetime, a FWT may be subjected to a wide range of load con-
ditions dictated by the environment, (wind, waves, current, ice), by its
operation (tow-out and installation, start-up, shutdown, normal operation,
idling, parked, and possibly faulted), and - possibly - by accident (ship col-
lision, ballast system failure, loss of mooring line, fire). In order to identify
potential design-driving loads, it is necessary to consider extensive design
load cases (DLCs) [5, 6, 10].
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The question of which DLCs are design-driving in terms of both fa-
tigue and ultimate strength for different types of FWTs is still open. Cur-
rent (drag and vortex-induced vibration), ice, tow-out, installation, turbine
start-up, and accidental loads are not considered in the present work, and
very little published information is available regarding these conditions.
Some preliminary work on ice loading for OWTs was presented in 2013
[70, 71].

In general, there is correlation between the environmental conditions
and the turbine operational condition. For very low wind speeds, the tur-
bine idles until the cut-in operational speed is reached. Operational con-
ditions, where the turbine produces power, are associated with a range of
wind speeds from cut-in to cut-out (3 m/s to 25 m/s at hub height for the
NREL 5 MW turbine [72]). For higher wind speeds, the blades are feath-
ered and the turbine is either parked or allowed to idle. Many studies have
investigated the performance of FWTs in operational and idling conditions,
including most of the previously referenced design studies and some com-
parisons [44]. The majority of these studies focus on aligned wind and wave
conditions.

In addition to operational and idling conditions, the occurrence, con-
sequences, detection, and mitigation of wind turbine faults are important
research areas, particularly for OWTs, where maintenance and repair may
be complicated by limited access windows [73, Chap. 1]. The blade pitch
system was found to be the least reliable sub-assembly in a 1400 turbine-
year survey of onshore turbines [73, Chap. 3]. Analyses of both land-based
and spar-type wind turbines under pitch system fault conditions have been
performed previously. The work of Jiang et al. indicates that certain fault
loads may be less significant for spar wind turbines compared to land-based
wind turbines, but the effects on the mooring system remain unclear [74].
Different faults may show similar signals, making detection and mitigation
more challenging [75]. During the course of the present thesis, the work of
Jiang et al. was extended to a comparison of blade pitch controller fault
effects on different platforms [76].

2.5 Offshore Oil and Gas Tension Leg Platforms

Tension leg platforms (TLPs) for the offshore oil and gas (O&G) industry
have been a topic of interest since the 1960’s, with particular attention being
paid after the construction of the Hutton platform [77]. Although TLPWTs
are generally smaller than TLPs designed for the offshore O&G industry,
and the requirements for carrying the rotor thrust and torque are different
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than those for a drilling rig, considerations based on the O&G experience
are clearly valuable in designing and analyzing TLPWTs. For example,
many of the design considerations Halkyard introduces apply equally well to
TLPWTs: transport and installation, pretension and set-down calculations,
rough estimates of the maximum allowable horizontal offset, springing and
ringing forces, and the effects of platform dynamics on the tension legs
[14, Chp. 7.6]. On the other hand, station-keeping requirements (based
on drilling operations and power cable motions for TLPs and TLPWTs,
respectively), installation considerations (single unit TLP vs. a farm of
TLPWTs), and safety factors (manned TLPs vs. unmanned TLPWTs)
may differ.

Several design guidelines for O&G TLPs may be useful. In particular,
the American Petroleum Institute’s recommended practice for TLP plan-
ning, design, and construction (API RP 2T) provides detailed guidance re-
garding load and response calculation during different phases of the system’s
lifetime [78]. Guidelines for treatment of the tendon system are of partic-
ular interest, since the tendon system differentiates TLPWTs from other
floating platforms. In API RP 2T, the maximum tension load is found as
a combination of quasi-static tension, wave-induced tension, and individual
tendon effects, including consideration of the statistics of the joint driving
functions. Some general recommendations regarding tendon system design
include:

r The tendon system should be designed for the possibility of one tendon
being removed.r The flex element(s) (at the fairlead and anchor) should accommodate
the maximum tendon angles due to horizontal platform motions.r Single event fatigue should be considered.r The consequence of minimum tension (i.e. buckling or damage to flex
elements) should be considered.r Installation loads should be considered.r Local stresses due to diameter or thickness transition should be con-
sidered.r The hydrostatic collapse capacity should be checked.

DNV’s guideline for structural design of TLPs (DNV-OS-C105) is based
on the load and resistance factor design (LRFD) method [79]. For ultimate
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limit state (ULS) calculations, two combinations of load factors for perma-
nent and variable functional loads, environmental loads, and deformation
loads are required. The ULS and fatigue limit state (FLS) load considera-
tions for the tendons are largely based on the API RP 2T. Bureau Veritas
has also published rules for TLP classification which reference the API RP
2T [80].

In addition to the DNV-OS-C105 guideline, DNV provides an exam-
ple of offshore reliability analysis of a TLP [81]. Low-frequency offset and
wave-frequency effects were combined in the ULS analysis of the tendons.
External water pressure, axial force, and bending moment were considered.
Given a close correlation between axial force and bending moment, a simpli-
fied approach without outcrossing analysis was shown to be possible. In the
tendon FLS analysis, the springing effects on the tendon were emphasized.

Analysis procedures for TLP dynamics and hydrodynamics are also very
relevant for TLPWT analysis, as presented in the following subsections.

2.5.1 Tension Leg Platform Dynamics

In the horizontal plane, TLP dynamics resemble the dynamics of other
floating systems: surge, sway, and yaw motions are fairly well-defined and
tend to occur at the wave frequency and at the low-frequency natural period.
The definition of the vertical platform dynamics is, however, a challenge that
applies to both TLPWTs and O&G TLPs. Assuming that the hull can be
considered as a rigid body, the relationship between the surge and heave
motions (set-down) can introduce an awkward non-symmetric linearized
stiffness matrix for a symmetric platform [82]. Although finite element
models for the tethers have become more common, a simple analytical model
has advantages in terms of computational cost. One solution for maintaining
some non-linear effects within an analytical solution is to consider the set-
down and pure heave motion separately [83].

Furthermore, marine structures with natural frequencies in the range of
1-5 seconds (such as gravity-based structures, TLPs, and long ships) may ex-
perience two types of resonant response: steady-state “springing” responses
due to sum-frequency wave effects, and transient “ringing” responses in
severe seas [84]. Springing, which may have significant effects on fatigue
estimation, is observed in mild, moderate, and extreme seas, while ringing,
which is more related to extreme loads, generally follows large, steep waves.
Relevant studies on the hydrodynamic loads associated with such responses
are described in Section 2.5.2.

An additional dynamic effect - which is particular to TLPs and TLPWTs
- is the response to tension loss. Low tension can lead to buckling or ac-



24 Related Work

cidental tether disconnection [85], which can in turn lead to capsize, as in
the TLP Typhoon in the Gulf of Mexico during Hurricane Rita in 2005. On
the other hand, short-duration tension loss may not cause severe platform
motions, large bending stresses, or significant stresses during re-tensioning
(snatch) [86]. The present numerical model does not consider tendon dis-
connect.

2.5.2 Tension Leg Platform Hydrodynamics

There exists a significant body of research regarding the hydrodynamic loads
on large volume floating structures, which will not be reviewed in detail
here, as this can be considered textbook material [87, 88, 89]. Some of the
extensions of this research that have been driven by TLP development -
such as second-order sum-frequency effects and third-order ringing loads -
merit a brief summary due to their relevance to the present work.

Lighthill presented early work on sum-frequency forces in the late 1970’s
[90]. Molin pursued a similar approach, with extension to finite water depth,
that same year [91]. Various approaches to managing the free surface inte-
gral were attempted, including asymptotic relations based on assumptions
about the far field behavior [92, 93], and disregarding the component of
the force which comes from the second-order potential flow solution (keep-
ing only components arising from the first-order potential solution) [94].
Herfjord and Nielsen suggested that the sum-frequency forcing due to the
first-order potential in the range of 3 - 5 seconds may be of the same order of
magnitude as the first-order force for large structures in irregular waves [94].

The assumption that the first-order potential provides the main contri-
bution to sum-frequency forcing was, however, soon refuted by Kim and
Yue [95]. A significant component of the second-order force is associated
with the particular solution of the inhomogeneous boundary condition on
the free surface [93, 95]. Kim and Yue’s panel method analysis of a (station-
ary) four-column TLP design showed that the RMS of the tendon tension
could be several times larger than that predicted using only first-order wave
excitation [95]. Kim further demonstrated the effects of second-order wave
interaction between TLP columns in 1991 [96].

The effects of first-order motions on the second-order forces were sub-
sequently investigated by Liu et al. in 1995 using a higher order boundary
element momentum method [97]. For a compliant TLP, the effects of first-
order motions depended on frequency, but were not found to be very signif-
icant for the studied platform [97]. While improvements to the numerical
procedures for the free surface integral have since been implemented in nu-
merous codes, the main developments in the second-order force computation



2.5. Offshore Oil and Gas Tension Leg Platforms 25

were largely introduced in the mid 1990’s [98, 99].

In addition to second-order forcing, third-order forcing also sparked sig-
nificant interest in the mid 1990’s. The second-order forcing was found to be
insufficient to explain the ringing response observed on several O&G TLPs
[100]. Ringing responses occur for platforms with natural periods shorter
than the wave period. In intermediate or deep water, where TLPWTs may
be employed, ringing is known to occur in steep wave conditions [100]. Some
hydrodynamic criteria for ringing loads have been described in previous
studies [100, 101], including:

1. Presence of surface-piercing columns.

2. Low Keulegan-Carpenter number (KC = 2πU/ωD, where U is the
fluid particle velocity amplitude, ω is the wave period, and D is the
diameter) (fluid loading dominated by inertial loads): KC < 5.

3. Low diameter-wavelength (D/λ) ratio (linear diffraction is not signif-
icant): D/λ < 0.2. (Alternatively: ka < 0.63, where k = 2π/λ and
a = D/2)

4. Wave height comparable to cross-sectional structure dimensions.

TLPWT platforms, particularly single column designs with relatively large
diameters, may meet the given criteria for certain wave conditions. In or-
der to model these forces, a model for the nonlinear third-order force on
cylindrical columns is required.

Faltinsen, Newman, and Vinje (FNV) pursued a regular wave long-wave
formulation for the forces on a vertical cylinder due to the third-order poten-
tial using perturbation expansion for ka << 1, kA << 1, and A/a = O(1),
where A is the wave elevation [100]. The FNV formulation was extended
to irregular waves by Newman in 1996 [102]. During the same time pe-
riod, Rainey suggested an alternative method of computing third-order wave
loads on slender structures, using nonlinear wave kinematics and Morison’s
equation [103]. Gurley and Kareem, also considering nonlinear wave ele-
vation, argued that viscous loads could lead to ringing-type responses for
slender systems [84]. The nonlinear wave elevation models have not been
pursued in the present work, although there may be some cases where they
give better comparisons to model tests [101].

The FNV formulation includes both second and third-order components.
While the second-order component of the long-wave excitation force has
been shown to compare well to full second-order diffraction only up to ap-
proximately ka = 0.1, the third-order FNV formulation is known to compare
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well to full third-order diffraction theory up to ka = 0.4 [104]. Krokstad et
al. [104] therefore developed the following approach: the full second-order
sum-frequency quadratic transfer function (QTF) forces are included, and
the third-order sum-frequency horizontal forces according to the FNV for-
mulation are added. Krokstad et al. also included the explicit expression for
the moment proposed by Marthinsen [105]. This expression for the ringing
moment is not fully consistent, and, for a TLPWT, the ringing moment is
expected to be less important than the moment about the center of gravity
induced by the horizontal force applied at the still water level.

Direct implementations of the FNV formulation have been compared to
experiments on several occasions. Even using the second-order QTF rather
than the second-order FNV component, Krokstad et al. found that the FNV
formulation slightly overpredicted the high-frequency loads on a stationary
cylinder [104]. The overprediction was somewhat steepness-dependent, with
steeper waves leading to larger overprediction. Stansberg presented experi-
mental results for the first, second, and third-order loads on fixed cylinders
of different diameters [106]. Although similar overprediction of the forces
was observed, the FNV model was shown to correctly predict the trends in
the third-order force with regards to wave number.

An alternative implementation of the FNV formulation for irregular
waves was presented by Johannessen in 2012 [107]. This implementation
addresses two of the challenges associated with a direct implementation of
FNV: the spectrum cut-off dependency and the presence of low-frequency
components. FNV includes terms which do not decay at high frequency,
which implies that nonphysical wave components can be amplified, and the
resulting force can be altered based on the input wave spectrum. Fur-
thermore, a direct implementation of the irregular FNV formula includes
undesired difference-frequency components [108]. By rewriting the FNV
formulation as a sum of Fourier components including only sum-frequency
terms, and restricting the bandwidth of frequencies which are allowed to
interact, Johannessen is able to avoid these difficulties [107]. Results com-
pare well to model tests of a gravity based structure [107]. This approach
is further described in Sec. 3.2.4.2, and applied to TLPWTs in Sec. 5.2.

On the other hand, none of the aforementioned approaches succeeds in
capturing the secondary hydrodynamic loading cycle which was experimen-
tally observed as early as 1993 [109]. This loading cycle, which was doc-
umented for moderately steep waves and relatively large radii (kA > 0.3,
0.1 < ka < 0.33, 3.8 < KC < 7 and Fr > 0.4, where Fr = ωA/

√
gD ),

takes place approximately one quarter wave period after the main force peak
[110]. This phenomenon may also affect TLPWTs, but cannot be modeled
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by current numerical methods.
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Chapter 3

Theoretical Background

TLPWTs are complex systems, which must be analyzed in a multidisci-
plinary context, including at a minimum structural mechanics, hydrody-
namics, aerodynamics, and control. Additional consideration of soil-tendon
foundation interaction, drivetrain mechanics, and electrical engineering is
possible, but outside the scope of the present work. Relevant theoreti-
cal background for analysis with different levels of fidelity is discussed in
Sections 3.1 (structural mechanics), 3.2 (hydrostatics and hydrodynamics),
3.3 (wind turbine aerodynamics), and 3.4 (wind turbine control). In order
to consider the system behavior over its lifetime, some knowledge of envi-
ronmental conditions, stochastic processes, and extreme value estimation
is required, as introduced in Section 3.5. Finally, additional information
about the primary computational codes used in this work (SIMO-RIFLEX-
AeroDyn with external control) is given in Section 3.6.

3.1 Structural Mechanics of Steel Structures

Global structural dynamic analysis of a floating flexible structure can be
performed with varying degrees of fidelity, such as a linear rigid body ap-
proach, modal methods, nonlinear beam models, and more detailed finite
element (FE) models considering 2-D or 3-D shell elements. The present
work is focused on very simple methods (frequency-domain linear rigid body
models) and more refined methods that can still be solved on a reasonable
time scale (nonlinear beam element models). Rigid body mechanics are
introduced in Sec. 3.1.1. Modal methods, which are used in some FWT
analysis tools, are briefly introduced in Sec. 3.1.2, while the nonlinear beam
theory applied in the finite element model in the present work is discussed
in Sec. 3.1.3.

29
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The finite element model is solved in the time domain, as described in
Sec. 3.1.4, which includes a description of the time-domain formulation as
well as information about decay analyses and fatigue damage calculation
based on the time-domain results. Finally, Sec. 3.1.5 addresses natural
frequency estimation for the tendon system.

3.1.1 Rigid Body Mechanics for Floating Bodies

The simplest dynamic structural model of a platform is a single rigid body.
One can define up to six traditional global motions about a given inertial
reference point: surge (ζ1), sway (ζ2), heave (ζ3), roll (ζ4), pitch (ζ5), and
yaw (ζ6). These global motions can be represented mathematically by the
motion vector, ~ζ(t), where

~ζ(t) = [ζ1(t), ζ2(t), ...ζ6(t)]
T , (3.1)

and t represents time. Newton’s second law is then applied in an inertial
reference frame as

M
~̈
ζ = ~F (3.2)

where M is a 6x6 matrix containing the entries Mij representing the dry
mass of the structure, with the inertia computed about the body reference
point; ~F is a time-dependent vector of all of the forces acting on the body;
and the double dot represents two differentiations with respect to time.

For a moored floating body subjected to waves, a linear analysis of
the global motions can be carried out by separating the force vector into
several components: an added mass component which opposes the body
acceleration, a linear damping component which is proportional to the body
velocity, a linear stiffness due to hydrostatics which is proportional to the
body motion, a linear stiffness due to the mooring system, and external
wave excitation loads. By collecting the added mass, damping, and stiffness
terms on the left hand side, the equation of motion becomes:

[M + A]
~̈
ζ + B

~̇
ζ + [C + K]~ζ = ~X, (3.3)

where A represents added mass coefficients, B represents damping coeffi-
cients, and C and K represent linear stiffness coefficients due to hydro-
statics and the mooring system, respectively. A, B, C, and K are 6x6
matrices, including coupling terms, and A and B are frequency-dependent.
The 6x1 vector ~X contains the external wave excitation force for each mode
of motion.

For a linear wave-only analysis of a floating body, it is then convenient
to consider the problem in the frequency domain [88]. Neglecting nonlinear
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wave excitation terms (such as quadratic damping, or amplitude-dependent
higher order terms), the wave excitation at one frequency - and therefore
the body response - can be assumed harmonic. For a given frequency ω, the
regular wave excitation takes the form

~X(ω) = Re
(
~̃Xe−iωt

)
, (3.4)

where the tilde represents a complex value.
Eq. 3.3 can then be re-written for a single wave frequency:(

−ω2[M + A(ω)] + iωB(ω) + [C + K]
) ~̃
ζ = ~X(ω). (3.5)

Given the frequency-dependent coefficients Ajk and Bjk, the system of
equations can be solved very quickly. The response in irregular seas can
then be estimated by assuming linear superposition of many such wave
components [88]. For some applications, the frequency-domain response
works quite well for capturing the most important responses. For a floating
wind turbine, modification may be necessary in order to include the wind-
induced loading and damping. This approach is discussed in greater detail
in Sec. 5.1.

In order to include nonlinear load effects in a rigid body model, the
equations of motion should, however, be solved in the time domain. In
that case, the frequency-dependence can be included through a convolution
integral or by a state-space representation of the time-dependent coefficients
[111]. In the current formulation in SIMO, the convolution integral approach
is used [112].

3.1.2 Modal Analysis

Rather than limiting the analysis to six rigid body motions, the equations
of motion can alternatively be solved for a set of mode shapes including
structural deflections. That is, certain structural deformation patterns are
defined, and the time-varying structural deformations are found from the
sum of a combination of these patterns (or mode shapes).

If the mode shapes are determined accurately, modal analysis is reason-
ably accurate and computationally efficient for wind turbine analysis. The
well-known FAST software from NREL is based on a combination of modal
and multibody dynamics formulations [16]. Nonlinearity on the load side
of the equation can be accounted for, though material nonlinearity (elasto-
plastic behavior) and geometrical stiffening due to large deformations cannot
be considered [113, Ch. 11.7, p. 398]. An important disadvantage of modal
analysis is that it requires accurate pre-processing of the system modes.
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For a TLPWT, there may be some question about which mode shapes
should be included. In FAST, two modes are employed for the tower fore-aft
(and two for the tower side-side) motions, in addition to the six rigid body
platform motions. Currently, there are no mode shapes included for tendon
behavior in FAST.

3.1.3 Nonlinear Beam Element Theory

Additional dynamic effects can be captured by modeling the structure us-
ing beam, shell, or solid elements and solving the equations of motion in
a stepwise analysis. Beam elements can capture overall deflections of long,
slender structures. Shell elements, which remove a level of abstraction from
the beam element model, can capture flexural stresses which are not consid-
ered in a beam model [113, Ch. 10.2, p. 337]. A solid element model removes
another level of abstraction, but requires even greater computational effort.
In the present work, a nonlinear beam element formulation was applied to
investigate the global behavior of TLPWTs.

While this formulation is less computationally efficient than a modal
method, a nonlinear beam element formulation captures higher structural
modes without pre-processing. This formulation is also more flexible when
considering multiple bodies or a combination of wind and wave energy de-
vices. Results presented in this thesis employ the RIFLEX nonlinear beam
element software.

The beam element theory present in RIFLEX is based on a co-rotated
ghost element formulation, which allows for large rotational deformations
without requiring tensor transformation of the stress and strain [114]. The
slender beam theory applied here assumes that:

1. A plane section normal to the longitudinal axis remains plane and
normal to the longitudinal axis.

2. There are no shear deformations due to lateral loading.

3. There is negligible lateral contraction due to axial elongation.

4. The strains are small.

Since the cross sections are assumed to remain plane, the resistance
to torsion is provided by shear stresses in the cross-sectional plane (St.
Venant torsion) and warping resistance to torsion is neglected [114]. This
is a reasonable assumption for a beam with a closed cross section.

Fig. 3.1 illustrates the initial rotated coordinate system C0n and the
displaced position of point P with local coordinates (x, y, z). The updated
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rotated coordinate system is called Cn. Here, the displacements in (x, y, z)
are called (u, v, w), and the torsional deflection about the (longitudinal)
x-axis is denoted θ.

θ

z w

x, u 
θ

w

C0n
Cn

P

z, w 

P
y v

u0

v0
w0

y, v

Figure 3.1: Nonlinear beam theory displacement relations

The displacement of point P for small strains is given by:

~u(x, y, z) = ~u0(x)− yd~v0
dx
− z d ~w0

dx
(3.6)

~v(x, y, z) = ~v0(x)− zθ (3.7)

~w(x, y, z) = ~w0(x) + yθ. (3.8)

Then, the strain is calculated from:

Exx =
d ~u0
dx
− yd

2 ~v0
d2x

− z d
2 ~w0

d2x
, (3.9)

where the quadratic strain terms that are zero on the longitudinal (x) axis
are neglected, and the quadratic axial strain term is neglected. Further, the
torsional behavior is modeled simply as

Mθ = GItθx, (3.10)

where Mθ is the twist moment and GIt is the (St. Venant) torsional stiffness.

The displacements on the reference axis are given by a standard FE
formulation using linear interpolation for ~u0 and ~θ0 and cubic interpolation
for ~v0 and ~w0 [114, 113]. In the present thesis, this basic theory is applied
to the tendons, tower, and blades in the FE simulations of TLPWTs. These
simulations are carried out in the time domain, as described in the following
section.
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3.1.4 Time Domain FE formulation

The governing equation for structural dynamics can be formulated by re-
quiring that the virtual work done by externally applied loads be equal to
the sum of the virtual work absorbed by inertial, dissipative, and internal
forces [113]. The global form of the governing equation can be written as
in Eq. 3.11 assuming that the element mass (Mg) and damping (Bg) ma-
trices follow from the discretization and use the same shape function as the
stiffness matrix.

Mg
~̈D + Bg

~̇D + ~Rint = ~Rext (3.11)

In Eq. 3.11, ~D is the system displacement vector, ~Rint are the internal
reaction forces and ~Rext are the external loads. For a linear elastic material,
the internal forces can be written:

~Rint = Kg
~D, (3.12)

where Kg is the global stiffness matrix.

The system of equations in Eq. 3.11 are coupled second-order differen-
tial equations that are continuous in time (and discretized in space). The
mass and damping matrices are described in greater detail in Secs. 3.1.4.1
and 3.1.4.2, while the numerical solution method and the updated stiffness
matrix are explained in Sec. 3.1.4.3.

3.1.4.1 Mass Matrix Formulation

There are several ways to formulate the mass matrix for a global FE model:
lumped mass, consistent, combined, HRZ lumping, or optimal lumping
[113]. A lumped mass model yields a diagonal mass matrix, which is con-
venient for explicit time domain integration (see Sec. 3.1.4.3). A consistent
mass matrix uses the same shape function as the stiffness matrix. For im-
plicit time domain integration, employed here, it is less important to obtain
a diagonal mass matrix, as non-diagonal terms in the stiffness matrix are
also present on the left hand side of the equation.

A consistent mass matrix is employed in the SIMO-RIFLEX-AeroDyn
analyses in order to give better accuracy. The consistent formulation is
also applied to the added mass of beam elements in the model and to the
external hydrodynamic loads. (Aerodynamic loads are applied in a lumped
formulation). The use of the consistent mass matrix implies that computed
natural frequencies are an upper bound on the exact natural frequencies of
the model [113].
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3.1.4.2 Rayleigh Structural Damping

Rayleigh damping is a convenient formulation for the structural damping in
finite element analysis. The structural damping BRayleigh can be specified
as a linear combination of the mass Mg and stiffness Kg matrices, as in
Eq. 3.13. (More precisely, the tangential damping matrix is a function of
the tangential mass and stiffness matrices). In Eq. 3.13, a1 is the mass-
proportional coefficient, and a2 is the stiffness proportional coefficient. In
practice, different coefficients can be specified for the tension, torsion, and
bending degrees of freedom.

BRayleigh = a1Mg + a2Kg (3.13)

If global coefficients a1 and a2 are used, the Rayleigh damping for-
mulation gives an orthogonal structural damping matrix. The resulting
frequency-dependent modal damping λi for a linear dynamic system with
global coefficients a1 and a2 is then:

λi =
1

2

[
a1
ωi

+ a2ωi

]
, (3.14)

where ωi is the frequency of interest. This equation does not apply di-
rectly when different coefficients are used for different degrees of freedom,
but it can still be used to specify independent damping in tension, tor-
sion, and bending with reasonable accuracy [114]. Furthermore, although
Eq. 3.14 refers to global coefficients, damping coefficients were specified
on an element-by-element basis in the present work. Different structural
damping characteristics could then be applied to each flexible component
(tendons, tower, and blades).

From Eq. 3.14, one can see that mass-proportional damping is effective
for low frequencies, while stiffness-proportional damping is effective for high
frequencies. For a floating system, which may have important rigid-body
motions, it is typical to set a1 = 0. The damping ratio then becomes a
linear function of frequency.

Modal damping ratios for the tower and blades are specified for the
NREL 5 MW wind turbine [72]. It is not possible to obtain exactly the
same damping for all modes using Rayleigh stiffness-proportional damping,
so some compromise must be made. In this case, a coefficient of a2 = 0.007
was specified for the tower and a2 = 0.002 for the blades. The resulting
damping is compared to the specified modal damping for the land-based
turbine in Fig. 3.2 and Table 3.1.

Although Fig. 3.2 and Table 3.1 refer to the land-based turbine, similar
remarks can be made for the TLPWTs. In this case, the tower modes are
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Figure 3.2: Stiffness-proportional damping for the land-based NREL 5 MW
wind turbine. The curves show the obtained damping using Rayleigh struc-
tural damping, symbols show the specified coefficients [72].

Table 3.1: Structural damping for the land-based NREL 5 MW wind turbine.

Frequency Specified λ Modeled λ
(Hz) (% critical) [72] (% critical)

1st tower F-A 0.32 1.00 0.70
2nd tower F-A 2.84 1.00 6.25
1st blade flapwise 0.67 0.477465 0.42
1st blade edgewise 1.07 0.477465 0.67

coupled to platform pitch, yielding a small change in the natural frequency.
Still, the first tower mode is expected to be damped slightly less than the
desired 1% damping. The second tower mode is damped significantly more
than the desired value.

3.1.4.3 Direct Time Integration: Newmark-Beta with Newton-
Raphson Iteration

The governing FE equations (Eq. 3.11) are solved step-by-step in time:
the response is computed at discrete time instants (t = ∆t, 2∆t, ..., n∆t).
In general, explicit or implicit methods can be used for time integration.
An explicit method relies only on historical data to compute the response
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~Dn+1, while an implicit method contains the terms ~̇Dn+1 and ~̈Dn+1 on the
right hand side of the equation. Explicit algorithms require a smaller time
increment ∆t for stability, but the computation for each time step is more
efficient. Implicit algorithms require more computational time per step, but
fewer total steps [113]. Furthermore, implicit algorithms are better suited
to structural dynamics problems, such as the analysis of FWTs.

A commonly used family of implicit algorithms is the Newmark-Beta
family. The Newmark relations are:

~̇Dn+1 = ~̇Dn + ∆t
[
γ ~̈Dn+1 + (1− γ) ~̈Dn

]
(3.15)

~Dn+1 = ~Dn + ∆t ~̇Dn +
1

2
∆t2

[
2β ~̈Dn+1 + (1− 2β) ~̈Dn

]
(3.16)

where γ and β are numerical factors which control the accuracy, numerical
stability, and the amount of numerical damping [113]. By applying the

Newmark relations to Eq. 3.11 and eliminating terms including ~̈Dn+1 and
~̇Dn+1, one obtains:

Keff ~Dn+1 =~Rextn+1 + Mg

{
1

β∆t2
~Dn +

1

β∆t
~̇Dn +

(
1

2β
− 1

)
~̈Dn

}
(3.17)

+ Bg

{
γ

β∆t
~Dn +

(
γ

β
− 1

)
~̇Dn + ∆t

(
γ

2β
− 1

)
~̈Dn

}
,

where

Keff =
1

β∆t2
Mg +

γ

β∆t
Bg + Kg, (3.18)

assuming a linear stiffness matrix Kg.
The Newmark-Beta algorithm of Eq. 3.17 is unconditionally stable for

2β ≥ γ ≥ 0.5. Algorithmic damping is introduced for γ > 0.5, but
the accuracy reduces from O(∆t2) to (∆t). All simulations in SIMO-
RIFLEX-AeroDyn were performed with integration parameters presented
in Table 3.2. These parameters maintain unconditional stability while in-
troducing a small amount of algorithmic damping. A slight reduction in
accuracy occurs.

In practice, however, the stiffness matrix is not necessarily linear: Kg

is, in general, a function of ~D. In order to account for such nonlinearities,
Kg is replaced by the tangential stiffness matrix and a Newton-Raphson
iteration procedure is implemented [113, 114]. At each time step, the dis-
placements are computed iteratively, and the tangent stiffness matrix is
updated for each iteration. Pure Newton-Raphson iteration was applied
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Table 3.2: Newmark-Beta integration parameters used in SIMO-RIFLEX-
AeroDyn simulations

∆t 0.005 s
γ 0.505
β 0.2564

for all SIMO-RIFLEX-AeroDyn simulations, but the prescribed maximum
number of iterations (50) for the desired accuracy (10×10−5) was never
reached due to the small time step.

The results of the structural analyses include displacements and internal
loads on flexible elements. The displacement time histories can be used to
determine natural frequencies (Sec. 3.1.4.4), while the load time histories
may be post-processed to obtain stresses and fatigue cycles (Sec. 3.1.4.5).
Additional statistical analysis of FE results for stochastic simulations is
described in Sec. 3.5.

3.1.4.4 Decay Test Analysis

In order to determine the natural frequencies of a floating structure through
time domain simulation with a complete FE model, a numerical decay test
may be performed. The structure is displaced to a given offset and then
released. The ensuing response shows both the damped natural period in
water and the decay. In general, such tests are used for rigid body motions.
In the case of the TLPWT, the pitch decay response includes significant
contributions from tower bending.

For a TLPWT, the restoring forces are dominated by the mooring sys-
tem, and can be reasonably approximated as linear. The damping forces,
however, include important viscous contributions. In order to determine
the linear and quadratic decay contributions, one can follow Hoff’s work
[115], simplified for linear restoring forces. Assuming uncoupled motions,
the decay for any degree of freedom η can then be described by the following
equation of motion:

η̈ + b1η̇ + b2|η̇|η̇ + ω2
0η = 0 (3.19)

where ω0 is the undamped natural frequency and b1 and b2 are damping
coefficients. The energy per mass (V ) at any given time is then:

V (t) =
1

2
η̇2 +

1

2
ω2
0η

2. (3.20)



3.1. Structural Mechanics of Steel Structures 39

Since the TLPWT damping is small, the solution is approximately har-
monic with constant period 2π/ω0 and slowly decaying amplitude (ie, V is
constant over one cycle). The loss of energy L(V ) over each cycle can then
be found by Eq. 3.21-3.25.

L(V ) = − d

dt
V (3.21)

=
ω0

2π

∫ 2π/ω0

0
dtη̇ [b1η̇ + b2|η̇|η̇] (3.22)

=
ω0

2π

∫ 2π/ω0

0
dt
[
b1η̇

2 + b2|η̇|η̇2
]

(3.23)

=
ω0

2π

∫ 2π/ω0

0
dt
[
b12V sin2 ω0t+ b2|2

√
2 V 3/2 sin3 ω0t|

]
(3.24)

= b1V + b2
8

3
2
√

2 V 3/2 (3.25)

At the peaks and troughs at time tn, η̇ = 0 (there is no kinetic energy),
so V can be calculated from the amplitude ηn:

V (tn) =
1

2
ω2
0η

2
n. (3.26)

A least-squares fit is used to determine b1 and b2 to best match the decay
dV/dt. Since ω0 is not known a priori, one can approximate ω0 ≈ ωn, where
ωn is the damped natural frequency. This approximation is quite reasonable
for lightly damped systems.

3.1.4.5 Fatigue Damage

High-cycle fatigue failure is caused by stresses that are lower than a struc-
ture’s yield stress. Material imperfections lead to the formation of minute
cracks. Cyclic loading leads to crack propagation, which is eventually re-
sponsible for fatigue failure in metallic materials [116]. For metallic mate-
rials, physical testing leads to the establishment of stress-cycle or S-N dia-
grams, which relate the number of cycles to failure (N) to different stress
range levels (S). These curves are typically presented with a logarithmic
x-axis (N axis), and the resulting plot is most often linear or bi-linear.

In order to estimate the fatigue lifetime of the structure, one first needs
to determine the stress time history at different points on the structure,
particularly near welds and bolts. Hot spot stress can then be estimated by
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appropriate concentration factors [117], but that step in the analysis is not
considered here.

The dynamic FE results give the time history of loads at a cross section.
Here, the loads are denoted Nx (axial force), Vy and Vz (shear forces), Mx

(torsional moment), and My and Mz (bending moments). Based on the
coordinate system in Fig. 3.3, the axial stress (σx) and shear stress (τθ) at
a given point (r, θ) on the hollow circular beam cross section are given by
Eqs. 3.27 and 3.28.

y
Nx

z

y

θVz Mz

z
x

Mx

r

Vy

M

Vy

My

Figure 3.3: Coordinate system for sectional loads

σx =
Nx

A
+
My

Iy
r sin (θ) +

Mz

Iz
r cos (θ) (3.27)

τθ =
Mxr

J
+

2Vy
A

sin (θ) +
2Vz
A

cos (θ) (3.28)

In Eqs. 3.27 and 3.28, A is the cross-sectional area, J is the polar moment
of area, and Iy and Iz are the second moment of area for the cross section
computed about the y and z axes, respectively. Note that τθ is defined to
be positive in the same direction as θ and that these coordinates differ from
the local coordinate system in RIFLEX.

Based on the time history of the stress, the number of load cycles at
different stress levels must be computed. The rainflow counting technique
was proposed by Matsuishi and Endo in 1968 [118] and is generally con-
sidered to be the best method for fatigue damage estimation, at least for
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metal structures [119]. Effective stress ranges are counted based on the time
history of peaks and valleys. In the present work, the implementation of
rainflow cycle counting and fatigue damage summation in WAFO (Wave
Analysis for Fatigue and Oceanography [120]) was employed with a small
modification to allow for bilinear S-N curves.

Finally, given the stress cycle count for different stress levels Si, the
fatigue damage DRFC for the simulation time period is found by Palmgren-
Miner’s rule (Eq. 3.29), where ns is the total number of stress levels in the
simulation time history and ni is the number of cycles at stress level Si.
In Eq. 3.29, a simple SN curve with slope m is assumed, but it is a trivial
modification to select the appropriate slope m and material property K for
each stress range.

DRFC =

ns∑
i=1

K−1niS
m
i (3.29)

Representative bilinear S-N curves (with slopes m1 and m2 and material
properties K1 and K2) were selected for different components based on DNV
recommendations [117], as shown in Table 3.3. Characteristic curves from
DNV-RP-C203 Table 2-1 are for steel in air, and DNV-RP-C203 Table 2-2
is for seawater with cathodic protection [117]. In all cases, the reference
thickness is taken as tref = 25 mm. When the section thickness is less than
tref , the K values are obtained directly from the presented values of ā [117].

Table 3.3: Characteristic bilinear S-N curves for fatigue analysis for design
of structural components. N∗ indicates the maximum value of N for m1 and
k1.

component m1 log (K1) N∗ m2 log (K2) S-N Curve
[117]

tower (σx) 3.0 -12.164 1×107 5.0 -15.606 2-1, D
tower (τθ) 3.0 -12.449 1×107 5.0 -16.081 2-1, C1
tendons (σx) 3.0 -11.455 1×106 5.0 -15.091 2-2, F
tendons (τθ) 3.0 -11.901 1×106 5.0 -15.835 2-2, C2

Since fatigue damage is expected to occur first in welds rather than in
the base material, SN curves for girth welds were used. In order to obtain a
first measure for comparison, the base metal cross sections of the members
were used in stress calculation with a stress concentration factor of 1. Fur-
thermore, axial and shear stresses were considered separately. More detailed
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studies may consider different stress concentration factors for different load
types, more detailed geometry of the joints between structural members,
and address the combined stress state.

3.1.5 Natural Frequencies of Tensioned Beams

For a TLPWT, special consideration should be given to the tendon char-
acteristics. The tendon natural frequencies can be important when consid-
ering the coupled motions of the platform and the possibility of resonant
excitation. The natural frequencies for transverse modes of a beam with
pretension can be estimated following, for example, Shaker’s 1975 summary
[121]. For a TLPWT tendon with pretension Ft, diameter dt, thickness
tt, and pinned-pinned end conditions, the n lowest natural frequencies for
transverse deflections are found from

ωtransn =
n2π2

l20

√
1 +

Ftl20
EtItn2π2

√
EtIt
ρt + at

, (3.30)

where l0 is the tendon length, Et is the Young’s modulus, ρt is the dry
tendon mass per length, at is the transverse added mass per unit length
(approximated as at ≈ ρπ(dt/2)2) and It is the area moment of inertia,
calculated for a hollow circular section as:

It =
π

4

(
r4e − r4i

)
(3.31)

where re = dt/2 and ri = (dt − 2tt) /2. Note that Eq. 3.30 is modified from
the formula for a dry tensioned pinned-pinned beam [121] by the addition
of the transverse added mass term to the mass per unit length.

If we treat the tendon as an unsupported bar element in axial deforma-
tion, the axial natural frequency can be found from Eq. 3.32 as in [113].

ωaxial = π

√
EtAt
ρtl20

(3.32)

For the axial deflections, the added mass is assumed to be negligible. Ad-
ditional details about the tendon model applied in the dynamic simulations
can be found in Sec. 3.6.4.

3.2 Hydrodynamics of TLPWTs

Waves, tidal variations, and current may cause significant loads on TLPWT
structures. This thesis focuses on wave loads in intermediate and deep water
and does not consider tidal variations or currents.
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Given the range of TLPWT displacement, natural frequencies, and di-
ameters, several different hydrodynamic theories may be relevant [88]. First,
the hydrostatic restoring coefficients should be computed based on the mean
position of the structure (Sec. 3.2.1). For large volume structures, first-
order potential flow theory (Sec. 3.2.2) gives a good representation of the
wave excitation (both Froude-Krylov and diffraction effects) and provides
solutions for the added mass and radiation damping coefficients. First-order
potential flow theory considers excitation at the incoming wave frequency
and at the undisturbed position of the structure.

Second-order potential flow theory (Sec. 3.2.3) becomes important for
structures with natural frequencies that are either quite low or near twice
the wave frequency [88]. For TLPWTs, second-order potential flow theory
may be important for both low-frequency surge motions and high-frequency
pitch or heave springing responses. Forces due to approximations of third-
order potential flow theory (Sec. 3.2.4) are relevant for the computation of
ringing responses in large, relatively steep waves [100].

Finally, slender structures may be analyzed using the Morison Equation,
a semi-empirical formulation developed for circular cylindrical sections [88].
Inertia and viscous drag load components are included in the Morison Equa-
tion, which is described in Sec. 3.2.5.

3.2.1 Hydrostatic Analysis

Hydrostatics generally refers to the pressure distribution of a fluid at rest.
There are no shearing stresses present, and the pressure (p) depends only
on z [122]. For an incompressible fluid with density ρ,

dp

dz
= −ρg, (3.33)

where the acceleration due to gravity is denoted g.
The distribution of hydrostatic pressure is responsible for the mean load-

ing on the shell structure of the hull, which is an important load component
for detailed design. Furthermore, hydrostatic pressure dictates the stability
of freely floating structures according to current criteria for offshore struc-
tures [88, 123, 124].

Considering the platform as a rigid body, the hydrostatic stiffness de-
pends only on the waterline geometry, overall center of buoyancy (zB) and
overall center of gravity (zG). Eqns. 3.34-3.37 can be used to determine
the nonzero terms in the hydrostatic stiffness matrix for a body with x-z
symmetry. Note that these equations are modified from [88] because the cal-
culation of the pitch and roll stiffness must be modified to account for the
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inequality between the structural weight and displacement for a TLPWT.

C33 = ρgAwp (3.34)

C35 = C53 = −ρg
∫∫
Awp

xdxdy (3.35)

C44 = ρg∇zB −MgzG + ρg
∫∫
Awp

y2dxdy (3.36)

C55 = ρg∇zB −MgzG + ρg
∫∫
Awp

x2dxdy (3.37)

In Eqns. 3.34-3.37, Awp is the waterplane area and ∇ is the displaced vol-
ume. The waterplane moment of inertia (Iwp) is the same about all axes.
For a TLPWT with circular waterplane and diameter D:

C35 = C53 = 0 (3.38)

Awp = πD2/4 (3.39)

Iwp =
∫∫
Awp

y2dxdy =
∫∫
Awp

x2dxdy = πD4/64 (3.40)

C44 = C55 = ρgIwp + ρg∇zB −MgzG. (3.41)

These coefficients are strictly valid for infinitesimally small motions, but
are found to be reasonable approximations for the studied motions. In the
operational condition, the mooring system stiffness is much larger than the
hydrostatic stiffness; during installation, the hydrostatic stiffness determines
the stability of the freely floating platform.

3.2.2 First-Order Potential Flow Theory

First-order potential flow, or linear wave theory, is sufficient to describe
the dominant wave loading on many offshore structures [88]. The first-
order velocity potential Φ(1) is a solution of Laplace’s equation subjected
to appropriate boundary conditions. The details of the boundary value
problem are given in several textbooks [88, 125] and will not be repeated
here. Incompressible, inviscid, irrotational flow is assumed, and the problem
is solved for small-amplitude harmonic waves on a stationary rigid body, or
for small rigid body motions in still water. By the Haskind relations, only
one of these two problems must be solved.

Using, for example, a source distribution technique, Φ(1) can be obtained
for a general three-dimensional hull in the absence of current. As shown in
Eq. 3.42, the time dependence of the first-order results is the same as the
incoming wave frequency, ωj .

Φ(1)(x, t) = Re
∑
j

φ
(1)
j (x)eiωjt (3.42)
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The solution for the velocity potential gives the frequency-dependent added
mass (Aij(ω)), linear damping (Bij(ω)), and wave excitation (X̃j(ω)), which
are required for setting up the rigid body structural dynamics problem de-
scribed in Section 3.1.1 [88].

3.2.3 Second-Order Potential Flow Theory

For structures with natural frequencies outside of the wave excitation range,
second-order loads due to incompressible, inviscid, irrotational flow may also
be important. The interaction between two waves can result in excitation
at frequencies outside the wave excitation range. For plane waves with
frequency ωj and ωl, the full second-order potential (Φ(2)) includes both sum
frequency (φ+jl) and difference frequency (φ−jl) components, as in Eq. 3.43
[95].

Φ(2)(x, t) = Re
∑
j

∑
l

[
φ+jl(x)ei(ωj+ωl)t + φ−jl(x)ei(ωj−ωl)t

]
(3.43)

These two components are typically solved separately. Slowly-varying forces
are evaluated by integrating pressure from the difference-frequency poten-
tial. For a seastate with N wave components of frequency ωi, amplitude Ai,
and phase εi, the slowly-varying forces and moments FSVi can be written in
the form [88]:

FSVi =

N∑
j=1

N∑
l=1

AjAl

[
T icjl cos {(ωl − ωj)t+ (εl − εj)}+

T isjl sin {(ωl − ωj)t+ (εl − εj)}
]
, (3.44)

where i = 1, ..., 6. The coefficients T icjl and T isjl are transfer functions for the
difference-frequency forces [88]. The well-known Newman’s approximation
for the slowly-varying force components is then:

T icjl = T iclj = 0.5
(
T icjj + T icll

)
(3.45)

T isjl = T islj = 0. (3.46)

The advantage of using Newman’s approximation is that the terms T icjj and

T icll can be computed directly from the first-order results. This is a reason-
able approximation when the natural frequency is very low and the forcing
does not change too suddenly as one moves away from the diagonal [88].
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For a TLPWT, the sum-frequency forces are particularly important for
accurate prediction of vertical plane motions and tendon tension. The sum-
frequency pressure variation decays very slowly with depth, particularly
for small differences in frequency [88]. Although the contribution from the
quadratic term in Bernoulli’s equation can be computed from the first-order
results, it has been shown that it is nonconservative to consider only this
effect; that is, it is necessary to compute the second-order potential to obtain
accurate forcing estimates [94, 126].

The boundary value problem that must be solved to find the sum-
frequency second-order diffraction potential presents a particular computa-
tional challenge: the free-surface forcing term. This term decreases slowly
with distance away from the body and includes products of highly oscil-
latory terms [95]. Careful discretization of the free surface is required to
compute the sum-frequency integral. A more detailed mesh study for the
structures considered here is presented in Appendix C.

The combined results for the contribution of the quadratic term in
Bernoulli’s equation due to the first-order potential and the solution of the
second-order boundary value problem provide the sum-frequency quadratic
transfer function (QTF) for the second-order wave force. The QTF is a
function of frequency-pairs. In the time domain, these forces are generated
by the double sum of harmonic components [112].

3.2.4 3rd Order Long-Wave Forces (Ringing)

As described in Section 2.5.2, “ringing” loads and responses associated with
the third-order potential have been observed in both experiments and full-
scale TLPs. Following the approach of Krokstad et al. [104], the second-
order forces are considered based on the second-order QTF, and only the
third-order components of FNV are considered. Note that the FNV expan-
sion assumes ka << 1, kA << 1, and A/a = O(1), where A is the wave
elevation and a is the radius of a stationary cylinder in infinitely deep water.

The third-order horizontal force component of FNV (applied at z = 0) in
irregular waves can be obtained by two methods: a direct implementation of
FNV or a bandwidth-limited, sum-frequency implementation, as described
in Sec. 3.2.4.1 and 3.2.4.2, respectively. The present thesis does not consider
the third-order pitch moment about the waterline.

3.2.4.1 Direct Computation of Irregular Wave FNV

The regular wave FNV formula was extended to irregular waves by Newman

[102]. Two components (F
(1)
3 and F

(2)
3 ) of the third-order force are included.
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The horizontal force due to the first-order potential is given by [102]:

F
(1)
3 = πρa2

[
ζ1

(
utzζ1 + 2wwx + uux −

2

g
utwt

)
−
(
ut
g

)(
u2 + w2

)]
(3.47)

where ρ is the water density, g is the acceleration due to gravity, ζ1 is the
first-order wave elevation, and u and w are the horizontal and vertical wave
particle velocity, respectively. Differentiation is indicated by subscripts.
The third-order force due to the nonlinear potential is given as [102]:

F
(2)
3 =

πρa2

g
u2utβ (3.48)

where

β =

∫ (h+ζ1)/a

0

(
3Ψ1(Z) + 4Ψ2(Z)

)
dZ, (3.49)

h is the cylinder draft, and β = 4 for an infinitely long cylinder. The
definitions of Ψ1 and Ψ2 can be found in [102]. Then, the third-order force
may be implemented directly as in Eq. 3.50.

FFNV (3)
x = F

(1)
3 + F

(2)
3 (3.50)

3.2.4.2 Bandwidth-limited, Sum-frequency Implementation of Ir-
regular Wave FNV

An alternative formulation for the third-order FNV force in irregular waves
is given by [107]:

FFNV (3)
x = ρπa2

(
2ζ2Φ

(1)
xt + ζ21Φ

(1)
xtz + ζ1Φ

(1)
z Φ(1)

xz +
β

g
Φ(1)
x

2
Φ
(1)
xt

)
(3.51)

(where β = 4 in [107]), using a different perturbation for ζ2. Rewriting
Johannessen’s formulation in terms of particle velocities gives:

FFNV (3)
x = ρπa2

(
2ζ2ut + ζ21utz + ζ1wwx +

β

g
u2ut

)
(3.52)

which is equivalent to Eq. 3.50, except for certain difference-frequency com-
ponents. By writing the wave potential as a sum of N linear wave compo-
nents:

Φ(1) =

N∑
n=1

an
ωn
kn

sin (φn)eknz (3.53)
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where φn = knx−wnt+ εn and deep water is assumed, Johannessen writes
the third-order FNV force as in Eqs. 3.54-3.56 [107]. These equations, which
do not include any difference-frequency terms, are reproduced here in an
effort to clarify the misprinted subscripts in the original paper.

2ζ2Φ
(1)
xt + ζ21Φ

(1)
xtz =

g

4

N∑
n=1

(
3a3nk

2
n sin (3φn)

+

n−1∑
m=1

(
anam(an(2kn + km)2 sin (2φn + φm)

+ am(kn + 2km)2 sin (φn + 2φm)) (3.54)

+

m−1∑
j=1

2anamaj((kn + km + kj)
2

sin (φn + φm + φj))

))

ζ1Φ
(1)
z Φ(1)

xz =
1

4

N∑
n=1

(
a3nω

2
nkn sin (3φn)

+
n−1∑
m=1

(
anam(anωn(knωn + kmωm + knωm) sin (2φn + φm)

+ amωm(knωn + kmωm + kmωn) sin (φn + 2φm)) (3.55)

+

m−1∑
j=1

anamaj(((knωn + kmωm)ωj + (knωn + kjωj)ωm

+ (kjωj + kmωm)ωn) sin (φn + φm + φj))

))
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β

g
Φ(1)
x

2
Φ
(1)
xt =

β

2

N∑
n=1

(
1

2
a3nω

2
nkn sin (3φn)

+

n−1∑
m=1

(
anam

(
anknωm

(
ωn +

ωm
2

)
sin (2φn + φm)

+ amkmωn
(
ωm +

ωn
2

)
sin (φn + 2φm)

)
(3.56)

+
m−1∑
j=1

anamaj((knωmωj + kmωnωj + kjωmωn)

sin (φn + φm + φj))

))
In practice, this formulation is computationally expensive for large values of
N . To avoid this problem, a window function over 20 periods (with a taper
over two wave periods) is used when extracting the wave components, and
a bandwidth limitation is applied in the calculation of the forces [107]. This
bandwidth limitation prevents interaction among waves of very different
frequencies. Fig. 3.4 shows the ringing load calculated for different values
of the bandwidth dω. As shown, there is little change in the force for
dω ≥ 1.4ωp, where ωp = 2π/Tp, and Tp is the peak period.

The maximum allowable dω is chosen to be 1.4ωp. This is a larger
bandwidth than Johannessen recommends based on his work at model scale.
Although Fig. 3.4 shows differences between Johannessen’s formulation with
dω = 1.4ωp and a direct implementation of Eq. 3.50, it gives good agreement
with the bandwidth-filtered force time series computed using Eq. 3.50 (not
shown).

3.2.5 Morison’s Equation

As an alternative to potential flow theories, Morison’s equation is often
used for slender structures where the diameter D is small compared to the
wavelength λ (roughly, D < λ/5) [88]. The transverse force per length (f)
on a cylindrical section is given by Eq. 3.57, where Ca = Cm−1 is the added
mass coefficient, CD is the drag coefficient, u is the transverse wave particle
velocity, and v is the local transverse body velocity.

f = ρπ
D2

4
u̇+ ρCaπ

D2

4
(u̇− v̇) +

1

2
ρCDD (u− v) |u− v| (3.57)
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Figure 3.4: Example ringing loads according to Eqs. 3.54-3.56 for variable
bandwidth dω. ωp = 0.63 rad/s, and Hs = 8.71 m. The direct implementa-
tion of Newman’s formula (Eq. 3.50) is shown for comparison.

The first term in Eq. 3.57 represents the Froude-Krylov force; the second
term contains the added mass contributions; and the final term represents
the viscous drag forces. According to the deep water limit of linear wave
theory, at a location (x, y, z) with z vertically upward from the still water
level, the water particle acceleration is given by Eq. 3.58, where ω is the
wave angular frequency, ζ is the wave amplitude, and k = 2π/λ is the wave
number.

u̇ = ω2ζekz cos (ωt− kx) (3.58)

Assuming deep water (ω2 = gk) and neglecting v̇, a transfer function (HMor)
for the Froude-Krylov and added mass forces on a section of length dl cen-
tered at a vertical location z is given by Eq. 3.59.

HMor =
f

ζ
≈ ρV (1 + Ca)ω

2e(ω
2z/g) (3.59)

Noting that the z-coordinate will always be negative, the dependence on ω
is HMor ∝ ω2/eαω

2
, where α is a positive constant value for a given depth.

Since this function may not decay at the same rate as the excitation force
obtained from potential flow theory for high frequencies in the range of
the TLPWT pitch natural frequency, the model may predict significantly
different responses (see also Sec. 5.2.1).

In a time-domain dynamic analysis, a combination of Morison’s equation
and potential theory formulation may be used. The full Morison’s equation
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is applied for slender elements in addition to the potential flow solution for
large volume bodies. Viscous damping based on Morison’s equation may
also be applied to the large volume structure with appropriate coefficients.
In the present work, Morison’s equation was applied with first-order linear
waves, with forces integrated up to the instantaneous free surface. The wave
kinematics from the mean wave level were applied above the mean water
level (no Wheeler stretching).

MacCamy and Fuchs developed a solution for the wave forces on vertical
piles including diffraction effects which may be considered as an alternative
to the simple formulation here [127]. Their analytical solution for a vertical
pile extending from the bottom through the sea surface is applicable for
larger D/λ ratios. This approach has not been applied in the present work.

3.3 Wind Turbine Aerodynamics

Aerodynamic models for wind turbines range from one-dimensional (1-D)
momentum balance models to full 3-D Navier-Stokes solutions. In practice,
blade element momentum (BEM) and generalized dynamic wake (GDW)
models represent computationally efficient options. Despite the limitations
of these methods, such as their inability to account for large rotor cone or
large blade deflections, such methods have been found to give fairly accurate
results for many operational conditions [128, 129].

The development of SIMO-RIFLEX-AeroDyn, which was used for the
present thesis work, was performed in parallel with the implementation of a
BEM code within RIFLEX. As this BEM implementation differs somewhat
from AeroDyn’s BEM code, it is of interest to include some comparison
between the available methods. A summary of the theories that are imple-
mented in SIMO-RIFLEX-AeroDyn and in SIMO-RIFLEX is presented in
Table 3.4.

3.3.1 Blade Element Momentum

A basic implementation of the BEM method iteratively determines the local
induction factors to balance the axial thrust on the turbine with the change
of momentum of the air passing through the swept annulus, and the turbine
torque with the change of angular momentum in the air [130]. The basic
theory, the Glauert correction for large induced velocities, and the Prandtl
corrections for hub and tip loss are described in greater detail in numerous
textbooks [1, 130]. In addition to these universal corrections, additional
consideration is given to the effects of dynamic wake, dynamic stall, and



52 Theoretical Background

Table 3.4: Implemented aerodynamic theories in SIMO-RIFLEX (SR-
BEM), SIMO-RIFLEX-AeroDyn with BEM (SRA-BEM), and SIMO-
RIFLEX-AeroDyn with GDW (SRA-GDW).

SR-BEM SRA-BEM SRA-GDW

Tip loss Prandtl Prandtl Prandtl

Hub loss Prandtl Prandtl Prandtl

Dynamic stall Øye Beddoes-
Leishman

Beddoes-
Leishman

Dynamic wake Øye not
implemented

inherent

Tower shadow Potential
flow

Potential flow Potential flow

Skewed inflow
correction

Glauert Pitt and Peters inherent

skewed and sheared inflow.

The dynamic wake effect is the time lag in induced velocities due to
the shedding and downstream convection of vorticity [128]. Dynamic wake
effects are most pronounced for heavily loaded rotors, corresponding to high
induction factors (low wind speeds) [131]. This effect can be modeled by
the Stig Øye model, which acts as a filter for induced velocities. The Stig
Øye model is applied in Riflex BEM, but the AeroDyn BEM code does not
include dynamic wake effects.

3.3.2 Generalized Dynamic Wake

As an alternative to BEM, the GDW method can be used to determine the
induced velocities in the rotor plane. The method is based on a potential
flow solution to Laplace’s equation [129]. The Euler equation (conserva-
tion of momentum for inviscid flow, assuming induced velocities are small
compared to the incident wind velocity) and conservation of mass lead to
Laplace’s equation for the pressure distribution. The boundary conditions
for the solution are taken from the aerodynamic loading on the rotor blades,
the requirement that pressure returns to the ambient pressure far from the
rotor, and the requirement that the pressure discontinuity across the rotor
plane is equal to the thrust.

The pressure and induced velocity are solved as infinite series of Legendre
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functions and trigonometric functions. By including many flow states, a
more general pressure distribution on the rotor plane can be achieved than
with the BEM method. The GDW method inherently includes the tip losses,
skewed wake dynamics, and dynamic wake effects, but can only be used for
lightly loaded rotors.

3.3.3 Dynamic Stall and Skewed Inflow

Dynamic stall refers to time-dependent variations in the lift and drag co-
efficients of an airfoil due to changes in the angle of attack. Two slightly
different semi-empirical models are described in the literature. The Stig
Øye model gives unsteady lift by filtering the trailing edge separation point
with an empirical time constant [128]. The Beddoes-Leishmann model gives
unsteady lift and drag based on the indicial response of the normal force co-
efficient (the response to a step change in angle of attack based on linearized
differential equations for unsteady, compressible, inviscid flow) [129]. Both
models require tuning based on experimental results, which are not available
for the simulated turbine. Using the available input data, the two models
give similar results for the variation in lift. The blades are not expected to
encounter stall past the quarter radius for constant winds up to 25 m/s, but
the dynamic stall model may be more important for turbulent conditions,
skewed inflow, and pitch control action.

Skewed inflow may occur due to rotor tilt or a yaw angle between the
rotor and the oncoming wind. Glauert developed the basic formulation for
correcting the induction factor due to skewed inflow:

askew = a
[
1 + κ

r

R
cos(Φ)

]
(3.60)

where r is the local radius, R is the maximum radius, Φ is the azimuth angle
that is zero at the most downwind position on the rotor, and κ is a factor
which depends on the wake skew angle (χ) [130]. The AeroDyn-BEM code
uses κ = 15

32 tanχ [129].

The flow approaching the turbine may be sheared due to the effect of
surface friction or due to the wake of other wind turbines. Local implementa-
tion of BEM in both azimuthal and radial directions, as in both Riflex-BEM
and AeroDyn-BEM, gives the best agreement with advanced models [132].

3.3.4 Upwind Tower Influence

Since the incoming wind has to travel around the tower, the tower has an
effect on the local inflow, even for an upwind turbine. The tower influence is
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an important effect for dynamic analysis of TLPWTs: as each blade passes
through a region of modified inflow, the resulting thrust variations at f3p
can lead to tower and tendon fatigue.

A common method to calculate the velocity deficit due to the tower is
based on the 2-D potential solution for constant flow around a circle. Based
on the coordinate system shown in Fig. 3.5, the non-dimensional influence
at a location (x, y, z) is evaluated as in Eqs. 3.61-3.64, where Dtow is the
local tower diameter for the given z level, and Bk is the Bak modification
factor (0.1 for the Bak model, 0 for potential flow).

xw =
2x

Dtow
+Bk (3.61)

yw =
2y

Dtow
(3.62)

xinfl =

[
1− x2w − y2w

x2w + y2w

]
(3.63)

yinfl = 2

[
xwyw
x2w + y2w

]
(3.64)

In practice, the horizontal wind direction and speed are computed at
the location (x, y, z). This speed is multiplied by the factors xinfl and yinfl,
and the modified speed is then transposed back to the initial wind direction.
(See also [129]).

x

U

y

Figure 3.5: Tower upwind influence coordinate system.

Note that the x-coordinate here is upwind and the velocity is set to zero
for any point inside the tower. The difference between the Bak and plain
potential flow models is illustrated in Fig. 3.6, which shows the resulting
x-direction velocity at different locations upstream of the tower.

Note that an additional correction based on the tower drag coefficient is
possible but is neither documented nor included here (see [129]).
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Figure 3.6: Upwind tower influence: x-direction velocity for constant free-
stream velocity.

3.3.5 Tower Drag

In addition to the tower’s influence on the air flow, the forces on the tower
due to the air flow should be considered. The aerodynamic drag force on the
tower may be particularly important in extreme wind conditions, where the
wind forces on the parked (or idling) rotor are small. By considering a single
value for the drag coefficient (CDj ) in each of the local x, y, and z directions,
a simple quadratic drag model for the local force can be developed. Then,
the drag force in each local direction j is a function of the air density (ρair),
the local diameter D, the local segment length L, the drag coefficient CDj

in direction j, and the relative wind velocity at the center of the element
Vlocalj in direction j, as in Eq. 3.65.

Flocalj =
1

2
ρairDLCDjVlocalj |Vlocalj | (3.65)

The implementation of this model in the SIMO-RIFLEX-AeroDyn code is
described in greater detail in Sec. 3.6.2.

3.4 Wind Turbine Control Systems

The purpose of control systems at the wind farm, turbine, and component
levels is “to manage the safe, automatic operation of the turbine” [1, Ch.
8, p. 360]. A controller at the wind farm level serves to coordinate the
activities of several turbines, while the turbine-level controller regulates the
start-up, shut-down, fault monitoring, and operational condition of a single
turbine. In order to respond to environmental changes or changes in the
operational condition, the turbine-level controller provides some input to
dynamic controllers, such as generator torque or blade pitch controllers.
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Descriptions of stall-regulated and constant speed control strategies can
be found in [1, Ch. 8.3] [130, Ch. 8.2]. The present work is primarily con-
cerned with large horizontal axis wind turbines, which overwhelmingly use
pitch-regulated variable speed control to regulate the power output and
structural loads.

3.4.1 Pitch-Regulated Variable Speed Control

Pitch-regulated variable speed (PRVS) wind turbines, which are decoupled
from the grid frequency by a power converter, can vary both the rotor
speed and the blade pitch [130, Ch. 8.4][1, Ch. 8.3]. In between the cut-in
wind speed (below which there is effectively too little wind to generate a
worthwhile quantity of power) and cut-out wind speed (where the turbine
is shut down for structural reasons), PRVS wind turbines have two primary
operational regions: below-rated and above-rated wind speeds.

In the below-rated wind region, the blade pitch is kept constant and the
generator torque varies such that the WT operates as close as possible to
the optimal tip speed ratio. A simple quadratic algorithm for setting the
generator torque to track the optimal tip speed ratio is given by Burton et al.
[130, Ch. 8.3.2]. In this region, the thrust and torque increase quadratically
with wind speed.

At the rated wind speed, the wind turbine reaches the rated torque,
rated rotational speed, and rated thrust. In the above-rated wind speed re-
gion, the blade pitch is varied in order to minimize the structural loads and
the generator torque is chosen to give the rated power output. For a typical
land-based turbine, the generator torque is chosen to track the rated power.
A simplified WT control system for academic use is included in the defini-
tion of the NREL 5 MW wind turbine [72]. For this academic controller,
proportional-integral (PI) control is used for the collective blade pitch an-
gle. The gain scheduling for the NREL 5 MW blade pitch controller is based
on the nearly linear relationship between aerodynamic power sensitivity to
pitch angle and the collective pitch angle.

Namik and Stol studied individual blade pitch control (IBPC) as an al-
ternative to collective pitch control for FWTs [133]. For a TLPWT, they
claim that IBPC can reduce rotor speed error, reduce tower side-side load-
ing, and decrease the roll rate. Furthermore, disturbance accommodating
control reduces the platform yaw and pitch rates. In order to achieve such
improvements, however, the blade pitch actuation may increase by over
400% [133].
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3.4.2 Control Challenges for Floating Wind Turbines

The nacelle motions of FWTs present an additional challenge for the control
system. For systems with low-frequency surge or pitch motions, there may
be a negative feedback mechanism between the nacelle velocity and the
blade pitch controller [134, 23]. In above-rated wind speeds, when the blade
pitch controller responds to an increase (decrease) in the relative velocity by
pitching the blades to feather (stall), the thrust force decreases (increases).
The decreased (increased) thrust results in amplified motion into (against)
the wind.

Several methods exist to address this negative feedback: an active damp-
ing control system can be applied by including measurement of the tower
motions or accelerations [23], or the blade pitch control system gains can
be modified in order to place the control system frequencies lower than the
structural natural frequencies [26, 134].

For a TLPWT, the platform pitch natural frequency is generally higher
than the controller frequency, thus eliminating the need for control system
modifications in most operating conditions. On the other hand, the surge
natural frequency is lower than the control frequency and could theoretically
lead to an instability. Matha observed that it was possible to induce such an
instability in a contrived condition [12], but the surge damping is generally
large enough to avoid unstable response. Still, platform motions at the wave
frequency may result in negative feedback. Although wave-induced motions
tend to be small, such motions may become a concern in certain operational
conditions, particularly when large waves are present.

In most of the simulations, the land-based controller was applied to all
TLPWTs. For certain studies, particularly related to ringing, a modified
control system was used, as in Table 3.5. This modification is noted where
applicable.

Table 3.5: Control system parameters (as in [72])

Original (land-based) Modified

KI at min. pitch 0.008068634 0.00358605
KP at min. pitch 0.01882681 s 0.0125512 s
ωψn 0.6 rad/s 0.4 rad/s
above-rated strategy constant power constant torque
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3.4.3 Control and Electrical System Faults

In the IEC61400-1 design standard for wind turbines, design load case
(DLC) 2.1 requires the consideration of “control system fault or loss of
electrical network” [5]. The exact nature of the faults to be analyzed is,
however, not specified.

A Failure Mode and Effect Analysis (FMEA) may be used to evalu-
ate failure risks and make a rational decision about the faults one ought
to consider. Three metrics may be considered: severity, occurrence, and
detection [135]. That is, for any particular scenario, the severity (conse-
quences of failure), occurrence (likelihood of the scenario taking place), and
detection (ability of the monitoring system to detect and respond to the
failure) should be evaluated. The rotor and blades assembly, generator,
and electrical controls have high risk priority numbers according to such an
analysis for a 2 MW variable pitch turbine [135]. Although a more detailed
FMEA is required for TLPWTs, a first step is to examine the response to
certain high-risk faults. Here, blade pitch controller faults and grid faults
are considered.

3.4.3.1 Blade Pitch Control System Faults

For pitch-regulated wind turbines, the blade pitch control system contributes
significantly to the failure rate [18]. As shown in Fig. 3.7, the blade pitch
control system consists of mechanical components, sensors, and software -
all of which can be susceptible to failure.

Shaft speedGenerator Shaft speed 
measurement

Control 

Torque 
command

logic

Pitch angle 
measurement

Pitch 
actuator

Pitch command

Reference shaft 

measurementactuator

speed

Figure 3.7: Blade pitch and generator torque control overview

Many potential faults related to the pitch actuator and pitch angle sensor
are possible: the pitch actuator could get stuck on a particular value, the
pitch actuator could run away to a fixed value, the pitch sensor could report
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a value with constant offset or multiplicative error from the true value, or
the pitch sensor could report a fixed value to the controller [75]. The control
system must then recognize the fault and react in some way, typically by
shutting down the turbine (by quickly pitching the remaining functional
blades to full feather) [74]. The present thesis does not consider pitch sensor
faults, but considers the case where the pitch actuator becomes stuck.

3.4.3.2 Grid Faults

In order to serve the power grid, wind turbine farms are required to meet
standards regarding voltage and reactive power control, frequency control,
and fault ride-through [136]. Fault ride-through refers to the case when a
short circuit occurs somewhere in the grid, leading to a loss of voltage at
the wind farm.

Specific connection requirements are outside the scope of the current
work, but the case where grid fault leads to a complete loss of generator
torque has been investigated here as a worst case scenario for the mechanical
system. In this case, it is assumed that the blade pitch control mechanism
is still able to function, such that all three blades are pitched to feather
shortly after the generator torque is lost [74, 76].

3.5 Stochastic Methods for Offshore Structures

TLPWTs are subjected to random load processes. In order to evaluate
their performance, it is necessary to consider the loading and response from
a probabilistic perspective. The following subsections provide some back-
ground about stochastic processes (Sec. 3.5.1) and present models for the
environmental input for simulations of TLPWTs (Sec. 3.5.2). Relevant con-
cepts for treatment of the response to stochastic inputs are introduced in
Sec. 3.5.3.

3.5.1 Definition of a Stochastic Process

A process x is called stochastic if x(t) is a random value for all t on some
interval (which may be infinite) [119, Ch. 5.4]. Ocean waves can be taken
as an example of a random variable.

For a stationary process, the expected values E[x(t)] and E[x(t)x(t+τ)]
are both independent of t. This implies that the mean value of the random
variable is constant in time and that the autocorrelation (Rxx) is only a
function of τ . This further implies that the standard deviation is constant
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over time. For ocean waves, stationarity is often a good assumption over
time periods of several hours.

If the process is ergodic, every ensemble mean can be replaced by a time
average over a single representation. If we imagine our knowledge of the
ocean wave elevation to consist of reports from a large number of buoys at
many points in space, this can be compared to saying that the signal from
one wave buoy is representative of the signal of any buoy.

The assumption of stationarity and ergodicity of environmental pro-
cesses is a key step in the process of estimating structural responses to such
processes. A finite number of realizations can be used to study processes
that exist in nature over wide ranges of time and space. Furthermore, these
assumptions allow us to define the spectral density function. The autocor-
relation function Rxx in continuous form for a stationary, ergodic process
(Eq. 3.66) can be used as the starting point for deriving the spectral density
function, which is defined in Eq. 3.67. This is called the Wiener-Khintchine
Theorem [137, Ch. 10.1].

Rxx(τ) = lim
T→∞

1

2T

∫ T

−T
x(t)x(t+ τ)dt (3.66)

Sxx(ω) = lim
T→∞

1

2πT
|X(ω)|2 (3.67)

Taking the Fourier transform of Eq. 3.66 gives:∫ ∞
−∞

Rxx(τ)e(−iωτ)dτ = lim
T→∞

1

2T

∫ ∞
−∞

∫ ∞
−∞

x(t)x(t+ τ)e(−iωτ)dtdτ

(3.68)

= lim
T→∞

1

2T

∫ ∞
−∞

∫ ∞
−∞

x(t)x(t+ τ)e(−iω(t+ τ))e(iωt)dtdτ.

By noting that:

X(ω) =

∫ ∞
−∞

x(t)e(−iωt)dt (3.69)

X∗(ω) =

∫ ∞
−∞

x(t)e(iωt)dt, (3.70)

one can see that Rxx and Sxx are related:∫ ∞
−∞

Rxx(τ)e(−iωτ)dτ = lim
T→∞

1

2T
X(ω)X∗(ω) (3.71)

= lim
T→∞

1

2T
|X(ω)|2

= πSxx(ω).
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It is also useful to define the moments mj of the spectrum Sxx as in
Eq. 3.72.

mj =

∫ ∞
0

ωjSxx(ω)dω, j = 0, 1, 2... (3.72)

3.5.2 Random Environmental Processes

When studying TLPWTs, two random environmental processes are of par-
ticular interest: wave elevation and wind speed.

3.5.2.1 Ocean Waves

In reality, ocean waves are generally composed of many nonlinear compo-
nents traveling in different directions, driven by wind over variable distances.
Viscosity is present, and the waves interact with currents, tides, the sea floor
and coast lines, as well as natural and man-made obstacles. Fortunately,
reasonable approximations of this complicated situation can be obtained by
assuming incompressible, irrotational, inviscid fluid flow, and using linear
potential wave theory [88].

Linear theory can be used to simulate irregular seas as a sum of a large
number of wave components with different frequencies. According to linear
wave theory, the free surface elevation for long-crested waves traveling in
the positive x-direction is given by Eq. 3.73 [88].

ζ(t) =

N∑
j=1

Aj sin (ωjt− kjx+ εj) (3.73)

In Eq. 3.73, Aj is the amplitude, ωj is the frequency, kj is the wave number,
and εj is the phase angle of component j. Note that ωj and kj are related
by the dispersion relation, which depends on the water depth.

The frequency content of the wave components is described by the wave
spectrum, Sw (only positive frequencies are considered here). If the wave
spectrum is discretized into j components with constant spacing ∆ω, and
εj is a uniformly distributed variable over the interval [0, 2π], the amplitude
Aj is given by:

1

2
A2
j = Sw(ωj)∆ω. (3.74)

This approach has been used in the present thesis. The wave elevation
obtained by Eq. 3.73 is approximately Gaussian-distributed for sufficiently
large N . An efficient scheme for generating the wave time series takes
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advantage of Fast Fourier Transform (FFT) techniques. In SIMO, a Cooley-
Tukey FFT algorithm is used [112]. The number of time steps must then
be Nt = 2r, where r is a positive integer. In order to simulate a time series
of total length Tsim, the time step ∆t is related to ∆ω by Eq. 3.75.

Tsim = Nt∆t =
2π

∆ω
(3.75)

Several numerical approximations of wave spectra based on measured
wave data exist: the Pierson-Moskowitz, ISSC, and JONSWAP spectra are
single peak spectra which can describe waves generated by local wind con-
ditions, while the Torsethaugen two-peaked spectrum may be applicable
in areas where there is an important swell component [88, 119]. The JON-
SWAP spectrum (Eq. 3.76), which is most relevant for North Sea conditions,
has been used for the calculations in the present work [112].

Sw(ω) =
αg2

ω5
exp

(
−β
(ωp
ω

)4)
γa(ω) (3.76)

where

a(ω) = exp

(
(ω/ωp − 1)2

2σ̃2

)
(3.77)

and

σ̃ =

{
0.07, ω ≤ ωp
0.09, ω > ωp.

(3.78)

In Eq. 3.76, α is a spectral parameter, γ is the peakedness parameter, and
β is the form parameter [88, 112]. The variance (σ2ζ ) of the wave elevation

can be computed from the spectrum σ2ζ = m2, where m2 is the moment of
Sw as in Eq. 3.72 [119, Ch. 8.2].

The wave crest height can be shown to be Rayleigh-distributed if the
wave elevation is a narrow-banded process [119, Ch. 8.2]. Furthermore,
if one assumes that a trough of equal magnitude follows each crest, the
trough-to-crest wave height is also Rayleigh distributed. This is known to
be a simplification compared to observed waves, which tend to have steeper
crests and flatter troughs.

Two parameters are often used to describe the wave environment: the
significant wave height, Hs, and the peak period, Tp. By definition, Hs is
the mean value of the one-third largest waves and Tp is the period at which
the spectrum takes on its largest value. Hs can be related to the spectral
parameter α in Eq. 3.76, and Tp = 2π/ωp.
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In practice, numerical wave spectra may contain small unrealistic com-
ponents in the high-frequency range. In order to avoid unphysical high-
frequency first-order wave excitation, the spectrum may be set to zero above
a given wave cutoff frequency ωc [138]:

ωc =
√

2g/Hs . (3.79)

This cutoff was applied to simulations which included second-order forces
and to the Morison-only model. The cutoff region (ωc ± 0.25 rad/s) was
smoothed using a LOWESS method with span 0.1 rad/s.

3.5.2.2 Wind

While a detailed description of the atmospheric processes that drive the
wind is outside the scope of the present work, a short description of the
spatial and temporal variation of the wind speed is of interest. The wind
speed consists of longitudinal, lateral, and vertical components, where the
longitudinal component is taken to be along the primary wind direction.

Important temporal variations in wind speed occur across a wide range
of time scales: inter-annual, annual, diurnal, and short-term [1, Ch. 2.2].
The mean wind speed is typically reported for periods of 10 minutes or
1 hour. Then, the longitudinal wind speed U at a particular point in space
is generally described as the sum of mean and fluctuating parts:

U = Ū + u′ (3.80)

where Ū is the short-term mean wind speed and u′ is a fluctuating compo-
nent. Similarly, the lateral and vertical wind speeds consist of mean and
fluctuating components. For the present thesis, the mean lateral and verti-
cal wind speeds are assumed to be zero.

Turbulence intensity (I) is defined as the ratio between the mean wind
speed at a reference height (Ūref at zref ) and the standard deviation of the
wind speed (Eq. 3.81). I generally varies from approximately 0.1 to 0.4 and
tends to be largest for low wind speeds [1, Ch. 2.3].

I = σu/Ūref (3.81)

In the absence of detailed wind observations for a particular location,
the turbulence intensity can be obtained from design standards. The IEC
standard proposes a normal turbulence model (NTM) and an extreme tur-
bulence model (ETM) [5]. In the present thesis, the NTM and ETM models
were applied for IEC Class B and C.
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In order to simulate the TLPWT response to turbulent wind, the three-
dimensional wind speed across the rotor must be generated. Several meth-
ods for constructing a “turbulence box” with the wind components are pos-
sible: a one-dimensional FFT may be used to generate time histories of
the wind in each direction based on spectra (Kaimal or von Karman, for
example); or a three-dimensional FFT can be used to generate correlated
components (Mann model) [130, Ch. 2.6].

In the present work, the TurbSim program from NREL was used to
generate the turbulence box according to the Kaimal spectrum, including
spatial coherence and cross-component correlation [139]. Unless otherwise
noted, the grid was taken to be 150 m wide and 150 m tall, with 32x32 points
in the y and z directions. The resulting grid spacing is close to the chord
length of the NREL 5 MW wind turbine. In TurbSim, the time step for the
wind generation was 0.05 seconds. The resulting turbulence box advances
through space at the mean wind speed during the dynamic simulations
(following Taylor’s frozen wake hypothesis). As shown in Fig. 3.8, the FWT
moves in space through the planar sections where the turbulent wind is
defined. The wind turbine’s wake is assumed to move downstream faster
than the turbine, such that the turbine does not encounter its own wake
as it moves. Based on the surge velocity, this assumption appears to be
reasonable [140]. Larger pitch-induced velocities may become important for
the aerodynamic calculations.

U*0.05 s ζ1-6

150 m

ζ1 6

150 m

U
150 m

Figure 3.8: Turbulent wind box schematic

In addition to the temporal variation of the wind speed, there is sig-
nificant variation of the mean wind speed with height above the ground.
This variation, called wind shear, is due to viscous boundary layer effects,
and it leads to wind turbine load variations at f3p. Two formulations are
commonly used: logarithmic and power law [130, Ch. 2.6]. In this study,
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the power law formulation of the wind shear is applied to the mean longitu-
dinal wind speed, as in Eq. 3.82, where α is the power law exponent. Here,
α = 0.14, as is recommended for offshore locations [6].

Ū(z) = Ūref

(
z

zref

)α
(3.82)

3.5.2.3 Joint North Sea Wind-Wave Distributions

The wind and wave conditions are generally correlated. In order to examine
the lifetime loads on a TLPWT, a consideration of the joint wind and wave
distribution is required. Ideally, one would have access to a very large num-
ber of observations of the significant wave height, peak wave period, wave
direction, wave spreading, mean wind speed, turbulence intensity, and wind
direction. Based on these measurements, fitted joint distributions of the
parameters would be used to establish appropriate bins for computing the
lifetime fatigue, or for constructing contour surfaces to identify conditions
with a certain level of probability.

Johannessen et al. proposed a joint distribution function for the North-
ern North Sea based on wind and wave measurements from 1973-1999 [141].
The distribution, fUHsTp(u, h, t), is based on the 1-hour mean wind speed
at 10 m (U10), the significant wave height (Hs), and the peak period (Tp),
without regard to the wind and wave directions. As shown in Eq. 3.83,
the joint distribution is assumed to be the product of the marginal wind
distribution (fU10(w)), the conditional distribution of Hs given U10, and the
conditional distribution of Tp given Hs and U10.

fU10HsTp(u, h, t) = fU10(w)fHs|U10
(h|u)fTp|HsU10

(t|h, u) (3.83)

As described in detail by Johannessen et al., 2-parameter Weibull dis-
tributions were employed for fU10(w) and fHs|U10

(h|u), while a log-normal
distribution was fitted for fTp|HsU10

(t|h, u) [141].
In addition to the correlation between U , Hs, and Tp, the direction of

the wind and waves is of interest. This data was not reported in [141], but
observations from the Dutch North Sea have been presented by other re-
searchers [19, 142, 20]. In general, there are misalignments between the wind
and waves at all wind speeds: small misalignments at large wind speeds and
large misalignments at lower wind speeds [20]. The largest misalignments
are associated with stable atmospheric conditions [19]. Observations from
the North Sea suggest that misalignment of up to 30◦ is common, while
misalignment larger than 60◦ occurs less than 5% of the time [142].
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Similarly, wave buoy data from Cabo Silleiro (Spain) suggests that mis-
alignment is more common than alignment [143]. The probability of mis-
alignment based on the buoy data is shown in Fig. 3.9. As exemplified by
the Cabo Silleiro data, misalignment of up to 90 degrees occurs fairly often.
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Figure 3.9: Wind-wave misalignment probability distribution function at the
Cabo Silleiro buoy.

3.5.2.4 Selected Environmental Conditions

The joint wind-wave distribution for the Northern North Sea [141] was
used to choose relevant environmental conditions for simulating TLPWT
response. In addition to the North Sea data, Li et al. generated 10-
year statistics for several locations in the North Sea, Atlantic Ocean, and
Mediterranean Sea for the Marina Platform project based on a numerical
hindcast model from the National and Kapodistrian University of Athens
(NKUA) [143]. Over the course of the PhD work, several different sets of
environmental conditions (ECs) were employed, as summarized here.

First, four baseline ECs were chosen to represent both operational (ECs
1-3) and idling/parked (EC 4) conditions. As shown in Table 3.6, the oper-
ational conditions include below-rated, rated, and above-rated wind speeds.
As the wind speed increases, there are corresponding increases in Hs and
Tp. EC 4 was chosen from a 50-year contour based on the extreme 50-year
wind speed. Note that this condition does not necessarily represent the
most severe 50-year environment: larger Hs or Tp values are possible with
different wind speeds. Furthermore, the 50-year response does not necessar-
ily follow the 50-year environmental contour; EC 4 was chosen to be merely
representative, and no 50-year responses were extrapolated.

The baseline conditions from Table 3.6 were used in order to compare
linear and nonlinear analyses and in order to evaluate the effects of Morison
and second-order potential flow models. For the parametric study, two ad-
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Table 3.6: Baseline environmental conditions. The wind and waves travel
in the positive x-direction, and the wind speed is reported for the hub height.
The NTM model for Class B is used.

EC1 EC2 EC3 EC4

Hs (m) 2.5 3.1 4.4 12.7
Tp (s) 9.8 10.1 10.6 14.1
Ū (m/s) 8.0 11.4 18.0 50.0
I 0.20 0.17 0.15 0.11

ditional conditions were added to the baseline conditions: a condition with
severe waves and operational wind speed (EC5) and a condition near the
rated speed with extreme turbulence (EC6). These added conditions, shown
in Table 3.7, are useful for examining the design sensitivity to potentially
severe conditions.

Table 3.7: Extended baseline environmental conditions. The wind and waves
travel in the positive x-direction, and the wind speed is reported for the hub
height. The NTM and ETM models are applied for Class B.

EC5 EC6

Hs (m) 12.7 3.1
Tp (s) 14.1 10.1
Ū (m/s) 18.0 12.0
I 0.15 (NTM) 0.26 (ETM)

In order to examine the effects of second-order and third-order hydrody-
namic force models on the simulation results, a different set of environmental
conditions was identified, as in Table 3.8. These conditions (R1-R10) fall
along the 50-year U,Hs, Tp contour surface based on Johannessen et al.’s
data [141]. As shown in Fig. 3.10, combinations with relatively large Hs

and small Tp were chosen for wind speeds where the turbine would be oper-
ating and for wind speeds where the turbine would be idling. The modified
control system was applied for all simulations of the R1-R9. Furthermore,
for mean wind speeds of 16 and 24 m/s, the wind turbine was assumed to
remain in an operational condition regardless of gusts above the cut-out
wind speed (25 m/s).
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Table 3.8 includes the characteristic wave steepness, s0, computed as
in Eq. 3.84. These conditions are not breaking wave conditions, but have
characteristic wave steepness approximately 4 times larger than that of the
operational conditions EC1-3 from Table 3.6.

s0 =
2πHs

gT 2
p

(3.84)

Table 3.8: Ringing environmental conditions. The wind and waves travel in
the positive x-direction, and the wind speed is reported for the hub height.
The NTM model for Class B is applied.

R1 R2 R3 R4 R5 R6 R7 R8 R9

Hs (m) 5.68 6.12 7.96 8.22 8.71 9.36 9.87 12.57 14.0
Tp (s) 7.0 7.0 9.0 9.0 10.0 11.0 11.0 13.0 15.0
Ū (m/s) 16.0 24.0 24.0 28.0 24.0 24.0 28.0 44.0 44.0
I 0.15 0.14 0.14 0.13 0.14 0.14 0.13 0.12 0.12
s0/100 7.42 8.00 6.29 6.50 5.58 4.95 5.22 4.76 4.04
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Figure 3.10: 50-year contours of Hs and Tp for different wind speeds, based
on [141]. Markers indicate values in Table 3.8.

Environmental conditions for studying the fault conditions were chosen
based on Jiang’s previous work on the same topic [74]. These conditions
(Table 3.9) consider correlated, directionally aligned wind and waves for
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the North Sea, where the correlation of wind and waves follows Johan-
nessen’s work [141]. ECs F1-F5 represent a range of typical operational
conditions. Different faults were considered for these conditions, as de-
scribed in Sec. 6.1.1. EC F6 is a storm condition, where the turbine idles,
and EC F7 is an extreme turbulence condition close to the maximum thrust
condition. Faults were not studied in ECs F6 and F7, but the responses in
those conditions were used for comparison.

The number and length of simulations were chosen in order to provide a
reasonable statistical basis for comparison. In extreme cases, where the load
maxima were expected to be driven by waves or lower-frequency wind varia-
tions, six three-hour simulations were considered. For fault cases, where the
deterministic fault event was expected to dominate, 30 shorter simulations
were carried out. Current offshore wind turbine standards suggest that 12
10-minute simulations be carried out for power production plus fault cases
[6], but 30 simulations were employed in order to capture some of the signif-
icant stochastic and azimuthal variation that have been noticed in previous
work [74]. For fault types B (blade pitch fault), C (blade pitch fault with
shutdown), and D (grid loss and shutdown), the fault occurred after 400 s
of normal operation (see Sec. 6.1.1). Type A simulations have no fault. An
additional 600 s (10 minutes) after fault were simulated: this is in keeping
with the standards and allows for several cycles of low-frequency responses.

Because this study included semi-submersible and spar platforms with
larger wave-induced motions than TLPWTs, the wind was simulated over
a slightly larger box than that described in Sec. 3.5.2.2: 160 m wide and
160 m high, with 32x32 points in the y and z directions.

Finally, a set of environmental conditions for examining the effects of
wind-wave misalignment is shown in Table 3.10. In this case, the joint
distribution was taken from hindcast data obtained by the National and
Kapodistrian University of Athens (NKUA) based on the conditions near
the Cabo Silleiro buoy off the coast of Portugal [143]. Six environmental
conditions (ECs) were selected. These ECs, M1-M6, include lower wind
speeds in order to examine relevant fatigue effects. The modified control
system was applied in all simulations for M1-M6.

3.5.3 Response Statistics

Time-domain simulations of TLPWTs provide realizations of the motions
and certain structural loads. These realizations are of limited duration and
comprise limited environmental conditions. A brief overview of some of the
theory behind the analysis of the responses is provided in this section.
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Table 3.9: Fault environmental conditions. The wind and waves travel in
the positive x-direction, and the wind speed is reported for the hub height.
The NTM and ETM models are applied for Class C. The simulation lengths
given here include 400 s before fault. Fault conditions A-D are defined in
Section 6.1.1.

F1 F2 F3 F4 F5 F6 F7

Hs (m) 2.5 3.1 3.6 4.2 4.8 14.1 3.1
Tp (s) 9.8 10.1 10.3 10.5 10.8 13.3 10.1
Ū (m/s) 8.0 11.2 14.0 17.0 20.0 49.0 11.2
I 0.17 0.15 0.14 0.13 0.12 0.10 0.24
Faults A-D A-D A-D A-D A-D A A
Num. Seeds 30 30 30 30 30 6 6
Sim. Length (s) 1000 1000 1000 1000 1000 10800 10800

Table 3.10: Wind-wave misalignment environmental conditions. The wind
speed is reported for the hub height. The NTM model is applied for Class
C. Wave directions β = 0◦, 30◦, 60◦, 90◦ are considered.

M1 M2 M3 M4 M5 M6

Hs (m) 2.0 4.5 5.0 5.0 4.0 5.5
Tp (s) 8.0 12.0 14.0 12.0 10.0 14.0
Ū (m/s) 4.0 7.0 10.0 12.0 14.0 20.0
I 0.26 0.19 0.16 0.15 0.14 0.12

3.5.3.1 Calculation of Mean and Standard Deviation

The simulations presented in these studies include many realizations of sim-
ilar conditions. Different wind and wave seeds were employed in order to
capture some of the random variation.

One particular difficulty was encountered in the simulation of the re-
sponse to combined wind and wave conditions: the data files for long
wind series were prohibitively large. The original 32-bit version of SIMO-
RIFLEX-AeroDyn could not support 32x32 turbulent wind files longer than
approximately 40 minutes. In order to obtain 3-hour response statistics, sets
of 6 simulations were carried out for 30 minutes (not including the transient
effects which were removed from the response) and the mean and standard
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deviation were computed based on the 6 simulations taken together. Re-
sults are then presented as the expected value of the mean and standard
deviation based on many “3-hour” simulations.

In later work, a 64-bit version of SIMO-RIFLEX-AeroDyn was available.
This version does not suffer from the same restrictions on wind file size. Re-
sponse statistics are therefore presented as expected values of the mean (or
standard deviation) based on a given number of simulations of the desired
length. The response statistics computed from many short simulations were
found to agree well with longer simulations.

3.5.3.2 Response Spectra

For a linear, time-invariant system, the response to a stationary input is
also stationary. For a single degree of freedom mass-spring-dashpot (m-k-c)
system, it is simple to show that the response spectrum (Sx) is related to
the forcing spectrum (SF ) by the transfer function HFX [119]:

Sx(ω) = |HFX(ω)|2 SF (ω) (3.85)

where

HFX(ω) =
1√(

1− ω2m

k

)2

+
(cω
k

)2 (3.86)

is a complex function. The phase information is lost in Eq. 3.85.

Linear wave theory suggests that the wave force is proportional to the
wave amplitude. Therefore, for offshore structures, it is typical to define
the response amplitude operator (RAO) as the transfer function between a
particular response and the wave elevation. Then, for a variable with RAO
R(ω), the spectral response Sresp to the wave input Sw is given by Eq. 3.87.

Sresp = |R|2 Sw(ω) (3.87)

For linear systems, the frequency of the response is equal to the input
frequency, making the RAO a very useful concept. Due to nonlinearities
in both the forcing (such as quadratic drag or nonlinear wave forces) and
structure (such as geometrical nonlinearity in the stiffness), the response
spectra of offshore structures generally extend beyond the frequencies in-
cluded in the input wave spectrum. For wind turbines, the wind input and
controller further complicate the use of RAOs.

Nonetheless, even without computing RAOs, computation of the spec-
tral response based on the time history of response is a useful method for
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identifying the frequencies which are present in the response. Using a FFT,
the variance spectrum can be computed directly from the realization by
assuming that the response takes on a value of zero outside the simulation
time [119, Ch. 6.5].

3.5.3.3 Extreme Value Statistics

Estimates of the largest load effects encountered during a structure’s lifetime
are important quantities for design. Engineering estimates of the maxima
can be obtained based on the concept of level crossings: how often the re-
sponse exceeds a given value ξ. Assuming that the joint probability density
function (PDF) (fXẊ) of x(t) and ẋ(t) is independent of time, the upcross-
ing rate (v+(ξ)) in general is given by Eq. 3.88 (Rice formula) [119, Ch.
10.3].

v+(ξ) =

∫ ∞
ξ̇

(ẋ− ξ̇)fXẊ(ξ, ẋ)dẋ (3.88)

For a zero-mean Gaussian process, the upcrossing rate is then given by
Eq. 3.89.

v+(ξ) =
1

2π

σẋ
σx

exp (− ξ2

2σ2x
) (3.89)

Based on the upcrossing rate, the statistical distribution of peaks (fXp)
can be obtained for narrow-banded processes as in Eq. 3.90 [119, Ch. 10.3].

fXp = − 1

v+(0)

dv+(ξ)

dξ
, ξ ≥ 0 (3.90)

Eq. 3.90 simplifies to a Rayleigh distribution for a narrow-banded Gaussian
process.

In the offshore O&G industry, several methods for estimating lifetime
extremes have been introduced. The design wave approach is most appro-
priate for quasi-static load situations, while the design sea state approach
and full long-term approach are better suited to dynamic loading [119, Ch.
12]. The design sea state and full long-term approach are appropriate for
FWTs.

In the design sea state approach, the short-term extremes are estimated
for a given set of ECs [119, Ch. 12.3]. The contour line method is an option
for selecting the ECs: the most unfavorable sea states along a surface of
equal probability (for example, a return period of 100 years) are investi-
gated. Caution in identifying extreme values is required: the variation in
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the three-hour maximum value must be accounted for. Furthermore, the
contour method has not been validated for wind turbines.

A full long-term approach requires response calculation for a wide range
of environmental conditions. The choice of environmental conditions de-
pends on the region: for the North Sea, the wave conditions can be assumed
to change relatively slowly. The long-term situation is then regarded as a
sequence of many stationary short-term conditions. The characteristic long-
term extremes can be estimated based on all of the peak values, or based
on all short-term extremes, or by examining the long-term extreme value
[119, Ch. 12].

This thesis does not directly examine the long-term extreme design val-
ues. As described in Sec. 3.5.2.4, representative extreme conditions were
chosen based on joint probability distributions. These conditions were used
to examine both the TLPWT response and the dependence of that response
on the analysis methods. For a novel design concept, a full long-term
response analysis is required in order to verify a simplified contour line
method. Such a response analysis is outside the scope of the present work.

3.6 SIMO-RIFLEX-AeroDyn + Java Control

The majority of the computations presented in this thesis have been per-
formed using the coupled code SIMO-RIFLEX-AeroDyn with an external
controller (written in Java). Benchmark results and comparisons with a
different BEM implementation are presented in [60]. The SIMO-RIFLEX-
AeroDyn User’s Manual provides more detailed information about using the
code [144].

In order to make use of the open source AeroDyn (v13.00.00) [145, 129,
146] code, a Dynamic Link Library (DLL) was written to communicate
with RIFLEX, which models the structural dynamics of the wind turbine
and supporting structure [60]. The author’s contribution was in writing
the interface DLL between RIFLEX and AeroDyn which passes informa-
tion from Riflex (positions, velocities, orientations) to AeroDyn, and from
AeroDyn (element forces) to RIFLEX. The force calculation is done once for
each time step (on the first iteration for the structural code). Small modifi-
cations to AeroDyn were implemented (such as updating the tower shadow
for floating platforms) and additional features (tower drag, constant wind
start-up) were added. Verification of the code against FAST and HAWC2
was performed. Additionally, the author wrote the Java code for the NREL
baseline controller as well as implementations of fault conditions in the con-
troller. Drs. Harald Ormberg and Elizabeth Passano aided in the interface
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development at MARINTEK and Marit Kvittem contributed to the code
concept and verification.

The following subsections introduce the basic model components that
are considered to be a “wind turbine” structure in RIFLEX (Sec. 3.6.1),
provide details about modifications to AeroDyn (Sec. 3.6.2), summarize
the control system implementation (Sec. 3.6.3), and describe the resulting
coupled model (Sec. 3.6.4).

3.6.1 RIFLEX Model Components

The Riflex model, consisting of lines which compose the blades, eccentricities
from the hub center to the blade roots, shaft, and tower, is described in the
Riflex 4.0.0 User’s Manual [147] and illustrated in Fig. 3.11. The blade pitch
control is achieved at the constrained joints between the eccentricities and
blades, while the generator torque is applied at the flex joint.

Shaft
Blade (x elements)

Low‐ Flex joint Shaft 
(non‐
rotating)Constrained joint 

(pitch control)

Low‐
speed 
shaft

Flex joint 
(generator 
torque)

(p )

Rigid 
connection to 
blade hubs

Yaw bearing (future 
version)

blade hubs 
(eccentricities)

Tower 

Figure 3.11: RIFLEX components. Arrows indicate direction from first
element to last element in each line.

Transformations between the RIFLEX components and the AeroDyn
model concepts are described in detail in [144]. Choosing the correct trans-
formation matrices was a significant challenge in developing the DLL.

3.6.2 Modifications to AeroDyn

The AeroDyn v13.00.00 source code (including InflowWind module v1.02.00a-
mlb) was implemented in the DLL [145, 129, 146, 148]. Two significant
changes were made to the original AeroDyn code used in the DLL: the
tower influence model was modified (see also Sec. 3.3.4) and tower drag
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forces (see also Sec. 3.3.5) were added. An additional modification was to
allow for a period of constant wind at the start of a simulation.

1. Upwind tower influence: In AeroDyn v13.00.00, the tower influence
model is stationary: the tower influences the flow around the initial
position of the tower, making it somewhat irrelevant for platforms
with large surge or sway motions. In the DLL, the tower potential
flow model was updated to account for tower displacement based on
the locations of the top and bottom nodes, without accounting for the
velocity of the tower. The tower is assumed to remain approximately
vertical and the cross-sections are assumed to remain approximately
circular in the horizontal plane. The tower shadow does not affect the
vertical wind component.

2. Tower drag model : AeroDyn v13.00.00 does not include any forces
on the tower. In the DLL, a quadratic drag force was added, as in
Eq. 3.65.

When calculating the drag force, the relative wind velocity is first
transformed into the local coordinates:

~Vlocal =
[
Triflex

] (
~Vwindglobal − ~̇xglobal

)
. (3.91)

Then, after computing the local force as in Eq. 3.65, the force vector
is converted back to the global coordinates:

~F =
[
Triflex

]T ~Flocal. (3.92)

The implemented drag force considers only the undisturbed wind ve-
locity (~Vwindglobal): that is, the effect of the blades on the wind forces
on the tower is not included. There are no commonly used models for
this influence.

Furthermore, since the turbulent wind may not be defined below the
lowest blade position for the initial turbine configuration, the constant
wind velocity given as input to the DLL is applied to the tower ele-
ments that fall below that point. For the tower, CD = 1.0 was used
in the transverse directions in all simulations.

3. Initial constant wind period : In SIMO-RIFLEX-AeroDyn, the wind
turbine always starts from a standstill. Constant wind inflow at the
start of the simulation can be used to efficiently bring the rotor up to
speed and allow the platform to reach the correct mean position. The
constant wind speed and duration are specified as input to the DLL.
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3.6.3 Control System

An external control code was developed for SIMO-RIFLEX-AeroDyn. The
controller follows the logic described in [72] and the DISCON.f90 source
code available from NREL, with the additional possibility of running the
simulation with a given fixed blade pitch. The fixed blade pitch option
makes it possible to run parked or idling turbine simulations. The input
and output from the controller are described in detail in [144].

A separate controller with fault condition options was also developed.
The fault conditions are described in more detail in Section 6.1.1.

The original contributions to the controller were the implementation
and testing of the operational control logic in the Java language and the
development of control logic for fault conditions.

3.6.4 Floating Wind Turbine Model

The previously described structural, hydrodynamic, aerodynamic, and con-
trol system theories were applied to models such as the one illustrated in
Fig. 3.12.

The hull (red), hub, and nacelle were always considered as rigid bod-
ies. The hull location acted as the master node for the fairleads and the
tower bottom. No external forcing was applied to the hub or nacelle, but
hydrodynamic forces on the hull were applied. The hydrodynamic forces
were always applied at the initial position of the TLPWT such that the
relative phasing between first-order wave forces, second-order forces, Mori-
son loads, and ringing loads would be correct. Load correction due to yaw
motions was not considered, but the Morison drag forces were calculated up
to the instantaneous free surface (using wave kinematics at the initial body
position). Above the mean water level, wave kinematics from the mean
water level were applied. Morison loads on the hull were computed using
strip lengths of approximately 1 m for the main column and 2 m for the
pontoons.

The tendons, tower, shaft, blade eccentricities, and blades were modeled
by lines composed of flexible beam elements. The shaft and blade eccentric-
ities were modeled by relatively stiff elements, while the tendons, tower, and
blades were modeled with more physical stiffness properties. Some weight
from the hub was moved to the shaft and blade eccentricities, while the
total rotational inertia and weight of the hub, shaft, and eccentricities were
based on Jonkman’s description [72].

The tendons were composed of approximately 60 beam elements per
tendon, with cross-sectional properties computed for hollow, air-filled tubu-
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Figure 3.12: SIMO-RIFLEX-AeroDyn floating wind turbine model
overview.

lar steel sections. The line length was specified such that the stretched
line length would give zero heave for the hull. The anchors were modeled
by nodes that were fixed in translation and free in rotation, such that the
tendons were pinned to the rigid seabed. Pinned connections to the hull
were applied at the fairleads. Hydrodynamic forces were calculated based
on strips of length 10 m.

Ten beam elements were used to model the tower. The element diame-
ters and properties were selected based on interpolation of the tower data
given by Jonkman for the land-based turbine [72] and for floating wind tur-
bines [26] . The interpolation was based on the midpoint of each element.
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The blade model consisted of 17 elements, with a direct correspondence
between the structural elements and the aerodynamic elements. A compar-
ison of models with 17, 34, and 51 elements indicated that the difference in
the blade deflections was less than 5%. The beam element cross section was
specified with two stiffness axes, which were then rotated according to the
pre-twist of the airfoil about the pitch axis. The stiffness properties were
interpolated based on the data given in [72].

In wind conditions beyond the cut-out wind speed (25 m/s), the model
was modified such that the blades were fully feathered. The blade pitch
controller was set to keep the blades at the feathered position and no gen-
erator torque was applied. As a result, the rotor was simulated in an idling
mode.
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4.1 Spreadsheet-based Parametric TLPWT Design

4.1.1 Parametric TLPWT Definition

The design space considered here includes single-column TLPWTs with
three or four “spokes” or pontoons, intended to support the NREL 5 MW
wind turbine with the OC3 Hywind tower design [72, 26]. The hull, made
of steel, consists of a main cylindrical column (diameter D1, length h1)
continued into a base node (diameter D2, length h2), with overall draft
T . Protruding from one of these cylinders at a vertical location zs are np
rectangular or circular pontoons that support the tension legs, as shown in
Figure 4.1. For example, a TLPWT that resembles the SeaStar TLPs [149]
- with rectangular pontoons (height hp, width wp, and total radius from the
main column center rp) and nt tendons - is depicted in Fig. 4.1b. These
pontoons are located at the base of the TLPWT and may provide substan-
tial buoyancy. In contrast, Fig. 4.1c shows another alternative using thin
cylindrical pontoons (diameter dp and total radius from the main column
center rp) and nt tendons. In order to transfer the tendon forces to the hull,
additional support wires may be required, but the structural details of these
attachments are not considered in the initial global design.

D1 D1

z
h1 h1

T, zs

x

y

rp

rp

dp

D2

wp

hp
D2

h2

dp

a) b) c)

Figure 4.1: Parametric design definitions

The tendons are assumed to be hollow circular pipes, characterized by
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their Young’s modulus Et, cross-sectional area At, unstretched length l0,
dry mass per length ρt, and outer diameter dt. In general, it is desirable for
the tendons to have near zero weight in water (for easier tow-out and instal-
lation), which for typical steel density implies a thickness tt ≈ 0.033dt. In
the initial design process, the Young’s modulus is taken to be 2.11×1011 Pa
and only one tendon per pontoon is considered (np = nt). The restriction
on the number of tendons per pontoon is not a critical simplification: the
pretension could easily be divided among several tendons, and the global
stiffness would remain the same.

In order to reduce the number of design parameters, the freeboard to
the tower base (bt = h1 + h2 − T ) is constant for all designs (10 m). Some
permanent concrete ballast may be added to the base node and center col-
umn in order to improve the performance or allow greater stability during
installation. The parameter BF is defined as the ballast mass divided by
the displaced water mass of the center columns. No ballast is considered in
the pontoons.

The coordinate system originates at the center of the main column at the
still water level, with z vertically upward and x in the downwind direction,
which is also the zero degree wave propagation direction. The first pontoon
or strut is oriented in the x direction.

4.1.2 Spreadsheet Design Calculations

Based on the previously described parameters, first predictions of TLPWT
behavior can be obtained through simple spreadsheet computations, follow-
ing engineering assumptions and physical principles.

The displacement was easily found from the geometry, while approxi-
mate values for the steel weight in the hull were obtained from assumed
steel weights per volume (Table 4.1) [150]. By distributing the computed
steel weight into cylinders and boxes of uniform thickness, the 6x6 mass and
inertia matrix M was filled.

Table 4.1: Weight approximations for structural steel [150]

Column 1 (upper) 157 kg/m3

Column 2 (lower) 224 kg/m3

Pontoons 202 kg/m3

Simple linear approximations were then used to find the added mass
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matrix A, hydrostatic stiffness matrix C, and mooring system stiffness
matrix K based on the geometry and pretension, following for example
[151, 152, 88]. The added mass was estimated by summing the 2-D cross-
sectional properties of the main columns and pontoons, without consider-
ing any interaction. The hydrostatic stiffness in heave is a function of the
waterplane area, while the pitch/roll hydrostatic stiffness depends on the
waterplane moment of inertia, center of buoyancy, and center of gravity (see
Sec. 3.2.1). The mooring system stiffness can be approximated by assum-
ing that the tendons remain straight and disregarding changes in buoyancy.
The added mass estimation is described in greater detail in Sec. 4.1.2.1,
while the mooring system stiffness was computed as in Sec. 4.1.2.2.

Then, the spreadsheet calculations were used to identify candidate de-
signs that met the criteria described in Section 4.1.3. The resulting designs
are described in greater detail in Sec. 4.1.4.

4.1.2.1 Added Mass Estimation

Neglecting both the interaction between the components and any end effects,
2-D added mass coefficients [87, Ch. 4] can be applied for each of the
components. For a cylinder with diameter D, the transverse added mass
per unit length (at) is then given by Eq. 4.1.

at[D] = ρπD2/4 (4.1)

Eq. 4.2 can be employed for a square section with side length h.

at[h] = 4.754ρ

(
h

2

)2

(4.2)

Eq. 4.3 shows the summation of the contributions to the surge added mass
from the main column and pontoons. The contribution of the pontoons is
summed based on the angle θ about the z-axis. Note that the length of the
pontoons (lp) is measured from rp to the outer diameter of the hull at the
vertical level of the pontoons.

A11 ≈ at[D1] (h1 − bt) + at[D2]h2 +

np∑
i=1

lpat[hp or dp] cos2 θi (4.3)

The heave added mass (Eq. 4.4) includes a contribution from the main
column, which is approximated as the added mass of a sphere with diameter
equal to D2 (which is equal to the displaced mass of half of a sphere with
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diameter D2), and contributions due to the pontoons [87, 151].

A33 ≈ ρπ
1

12
D3

2 +

np∑
i=1

lpat[wp or dp] (4.4)

The added mass in pitch and coupled surge-pitch is computed by integrating
the sectional added masses as in Eqs. 4.5 and 4.6.

A55 ≈at[D1](h1 − bt)

(
1

12
(h1 − bt)2 +

(
1

2
(h1 − bt)

)2
)

+ at[D2]h2

(
1

12
h22 +

(
1

2
(−2T + h2)

)2
)

(4.5)

+

np∑
i=1

cos2 θi

(
1

3

(
r3p −D3

2

)
at[wp or dp]

)

+

np∑
i=1

sin2 θi

(
z2s

(
rp −

D2

2

)
at[hp or dp]

)

A51 ≈−
1

2
(h1 − bt)2 at[D1]−

1

2

(
T 2 − (−T + h2)

2
)
at[D2]

+

np∑
i=1

sin2 θizs

(
rp −

D2

2

)
at[hp or dp] (4.6)

Similarly, the yaw added mass is computed by summing the integrated
effects of the pontoons (Eq. 4.7). The central column does not contribute
to the yaw added mass.

A66 ≈
np∑
i=1

at[wp or dp]
1

3
(l3p −

D2

2

3

) (4.7)

4.1.2.2 Mooring System Stiffness Estimation

The mooring system stiffness matrix due to nt lines at positions θj is ap-
proximated for small motions by assuming that the lines remain straight.
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Following for example [88, 152]:

k11 =
Ft
l0
, k33 =

EtAt
l0

(4.8)

K11 ≈
nt∑
j=1

k11 (4.9)

K33 ≈
nt∑
j=1

k33 (4.10)

K51 = K15 ≈
nl∑
j=1

k11zs (4.11)

K55 ≈
nl∑
j=1

[
k11z

2
s + k33r

2
p

]
cos2(θj) (4.12)

K66 ≈
nl∑
j=1

k11r
2
p. (4.13)

For symmetric mooring systems:

K22 = K11 (4.14)

K24 = K42 = −K51 (4.15)

K44 = K55. (4.16)

4.1.3 Design Criteria

In order to choose somewhat realistic designs for study based on these
spreadsheet calculations, some criteria must be defined. When selecting
design criteria, one can first consider the overall goal of TLPWT hull de-
sign: to minimize the cost of electricity. That is, one would like to maximize
power production and minimize construction, installation, and operational
costs. A complete calculation of the cost of electricity is not realistic, but
one can consider several design and performance characteristics that may
affect cost. In order to minimize the construction and material cost, the
steel mass, tendon pretension, and displacement should be minimized; to
limit the operational costs, the tendon, tower, blade, and nacelle loads and
load variations should be minimized. The installation costs, which depend
heavily on vessel rent and seabed analysis, are assumed to be similar for all
designs, and are neither estimated nor compared here.
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With these goals in mind, the following criteria were applied at the
spreadsheet design stage:

1. The surge and sway natural periods should be longer than 25 s in
order to avoid first-order wave excitation. The decoupled undamped
surge natural period Tn1 may be estimated as in Eq 4.17.

Tn1 = 2π

√
M11 +A11

K11
(4.17)

2. The heave, roll/bending, and pitch/bending natural periods should
be shorter than 3.5 s in order to avoid first-order wave excitation.
The rigid body natural periods may be approximated by, for example,
Eq. 4.18, including the hydrostatic stiffness terms. The effect of tower
bending was not included in the spreadsheet design stage, but was
checked in the finite element model used in the time-domain analysis.

Tn3 = 2π

√
M33 +A33

C33 +K33
(4.18)

3. As in a typical TLP design process, in order to limit the angle at
the tendon connectors, the mean offset should not exceed 5% of the
water depth [14, Ch. 7.6.3]. The mean offset is a function of the
mooring system stiffness and the mean load due to wind, waves, and
current. In the preliminary design, the wind effect is taken to be the
maximum steady turbine thrust, the mean surge force due to waves
(F̄1) is estimated from the pressure integration and viscous forces [88]
as in Eq. 4.19 for regular waves with the significant amplitude ζa, and
current is neglected. The mean offset is estimated for significant wave
height 4 m and period 10 s, which corresponds approximately to the
wind speed that generates the maximum thrust, using drag coefficient
CD = 1.

F̄1 =
2

3
ρgζ2a

D1

2
+

2

3π
ρCDD1ω

2ζ3a (4.19)

4. The tendon area must be sufficient to prevent reaching the yield stress
(σy), within a given safety factor (SF ), for tensions up to twice the
initial tension (Ft), as in Eq. 4.20. For the purposes of establishing
designs, SF = 2 was assumed. This leads to a conservative design,
accounting for one tendon being very near slack, and with a high safety
factor compared to, for example, the API Recommended Practice 2T
[78].

2Ft
At
≤ σy
SF

(4.20)
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5. ∆ ≥ 2000 m3, based on preliminary results that indicated that a
minimum displacement may be required to survive extreme wind and
wave conditions [153]. A minimum displacement increases both the
stiffness of the system, due to higher pretension, and its ability to
mitigate extreme loads by platform inertia.

Inherent stability during the float-out phase was not a design require-
ment in this work. Additionally, the important coupled pitch/tower bending
and roll/tower bending modes of the TLPWT system could not be predicted
by the spreadsheet calculations. Further constraints on the natural periods
should consider 1p and 3p excitation. During normal operation, the max-
imum f1p is approximately 0.2 Hz, while the minimum f3p approximately
0.37 Hz. In order to avoid both first-order wave and 3p excitation, the first
coupled pitch/bending mode should then ideally fall between 2.7 s and 3.5 s.
Nonetheless, structures with natural periods between 2.7 s and 3.5 s may
still be susceptible to second, third, and higher order wave loads.

4.1.4 Resulting TLPWT Designs

Table 4.2 and Fig. 4.2 present the five baseline designs (in order of decreasing
displacement) which resulted from the spreadsheet design procedure with
the given design criteria. These designs were not optimized, but were were
intended to represent a range of possible geometries.

The first design (TLPWT 1) was based on the MIT/NREL design de-
scribed in Denis Matha’s master’s thesis [12]. The mass matrix was signifi-
cantly modified, however, due to the different steel mass estimation method,
and the tendon arrangement was simplified such that only one tendon was
considered on each pontoon. In order to satisfy design criteria 3 and 4,
the tendon stiffness was increased compared to the MIT/NREL design.
TLPWT 1, which had the largest displacement by far, depended almost
exclusively on the center column for buoyancy. Furthermore, TLPWT 1
was the only design that would be stable in tow-out, including the wind
turbine and appropriate water ballast in the pontoons and center column
to achieve the design draft.

TLPWT 2 was a 3-legged platform with approximately 60 % of the
displacement and 70 % of the initial tendon tension of the first design.
Approximately 30 % of TLPWT 2’s displacement came from the pontoons,
making it unstable for tow-out.

The hull of TLPWT 3 was an approximately half-scale version of the
original Sea Star oil platform [149]. Somewhat higher initial tendon tension



4.1. Spreadsheet-based Parametric TLPWT Design 87

T
a
bl

e
4
.2

:
B

a
se

li
n

e
d
es

ig
n

s
(w

a
te

r
d
ep

th
1
5
0

m
)

T
L

P
W

T
1

T
L

P
W

T
2

T
L

P
W

T
3

T
L

P
W

T
4

T
L

P
W

T
5

P
o
n
to

o
n

s
R

ec
t.

R
ec

t.
R

ec
t.

R
ec

t.
R

ou
n

d
D

1
(m

)
18

.0
14

.0
14

.0
6.

5
6.

5
D

2
(m

)
18

.0
14

.0
14

.0
10

.0
6.

5
h
1

(m
)

52
.6

40
.0

26
.0

33
.0

2
3.

0
h
2

(m
)

2.
4

5.
0

6.
0

6.
0

5.
0

r p
(m

)
27

.0
32

.0
28

.0
25

.0
3
2.

5
h
p
/
w
p

o
r
d
p

(m
)

2.
4/

2.
4

5.
0/

5.
0

6.
0/

6.
0

6.
0/

6.
0

5.
0

B
F

0.
55

0.
6

0.
4

0.
4

0.
4

n
p

4
3

3
4

3
z s

-4
3.

8
-3

2.
5

-1
9.

0
-1

9.
0

-1
5.

5
d
t

(m
)

1.
4

1.
1

1.
3

1.
2

0.
9

t t
(m

m
)

46
.2

36
.3

42
.9

39
.6

2
9.

7
S

te
el

m
a
ss

(t
on

n
es

)
2

32
2

1
51

8
1

29
3

85
9

5
05

∇
(m

3
)

11
86

6
7

26
3

5
65

5
4

11
4

2
3
20

F
t

(k
N

)
6

86
8

4
96

3
8

26
2

5
55

6
3

3
84



88 TLPWT Design

4
5

1
2

3

1

Figure 4.2: Baseline designs (water depth 150 m)

was required to satisfy the third criterion. Approximately 60 % of the
displacement came from the center column, with the rest coming from the
pontoons. Although TLPWT 3 had approximately half of the displacement
of TLPWT 1, the pretension per line was significantly higher.

The fourth and fifth designs were inspired by the GLGH design [34],
with some adaptations to support the OC3 wind turbine and satisfy the
design criteria. The pontoons provided approximately 70 % of the displace-
ment, and the upper center column diameter was equal to the tower base
diameter. The small column diameter was intended to make the structures
more transparent to waves, but the low displacement also made TLPWTs 4
and 5 more sensitive to extreme conditions. TLPWT 4 had approximately
twice the displacement and total pretension of TLPWT 5, but employed 4
rectangular pontoons instead of 3 round ones. The UMaine TLPWT design
falls in between these two designs in terms of displacement and pretension,
but has more flexible tendons.
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4.1.4.1 Hydrodynamic Coefficients

After establishing the designs based on the spreadsheet analysis, the first-
order potential for each baseline TLPWT hull was computed using the 3D
panel capability in the Wadam software, which is based on the well-known
WAMIT software [154]. In the case of TLPWT 1, the pontoons were not
included in the potential flow model, leading to near zero yaw added mass.
All other TLPWT potential flow models included the pontoons. The added
mass and radiation damping coefficients obtained for each TLPWT hull are
shown in Fig. 4.3.
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Figure 4.3: Added mass and radiation damping coefficients in surge, heave,
pitch, and yaw for the baseline designs

As shown, there is some frequency variation in the surge added mass
coefficients, and more significant frequency dependence in the damping co-
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efficients. The linear radiation damping is small compared to the quadratic
viscous damping added to the model using the Morison formulation, and
approaches zero for both high and low frequencies.

The first-order wave excitation based on the potential flow solution is
shown in Fig. 4.4. The maximum surge force coincides with typical wave
frequencies and increases with increasing waterline diameter, while the max-
imum heave force occurs for very low frequencies. There is very little first-
order forcing above 2 rad/s.
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Figure 4.4: First-order wave force excitation amplitude per unit wave am-
plitude in surge, heave, and pitch for the baseline designs
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4.1.4.2 Natural Periods

Next, the natural periods of the floating system were estimated with varying
degrees of accuracy, as shown in Table 4.3. In the spreadsheet design process
(column 1 in Table 4.3), the entire structure was assumed to be rigid, with
6 decoupled degrees of freedom, and the added mass was estimated based
on the component diameters and lengths. A slight improvement to this
model (column 2) used the calculated added mass at the estimated natural
frequency from panel model results with additional estimates for the added
mass of slender hull elements, but neglected off-diagonal terms in the sys-
tem matrices. A further improvement (column 3) used the NREL BModes
program [155] with the calculated added mass terms. Finally, in the FEM
model (column 4), the TLPWT was released from an offset position in each
rigid body mode of motion and the natural frequency was computed from
the decaying motion. The first two coupled platform pitch-tower bending
modes are reported for methods which included the tower flexibility (that
is, the BModes and FEM models).

The linear estimates gave good approximations of the surge, heave, and
yaw natural frequencies. Some discrepancies in the yaw natural period
can still be seen: the linear model does not include the tether mass or
added mass. In some cases, the “uncorrected” estimated added mass gave a
coincidentally good approximation to the FEM model due to overprediction
of the pontoon added mass.

The flexibility of the tower had a significant effect on the pitch mode
of motion [12]. Two platform pitch/tower bending modes were generally
present in the response, as shown for TLPWT 3 in Fig. 4.5. Several fre-
quencies are clearly present in the response, with the high-frequency mo-
tions decaying much faster than the first mode. The BModes model tended
to overpredict the first pitch frequency compared to the SIMO-RIFLEX-
AeroDyn model, but provided a reasonable approximation of the first two
pitch-bend mode shapes.

Furthermore, as shown in Table 4.3, the baseline TLPWT designs all
had similar pitch-bending natural periods as a consequence of criterion 4 in
Section 4.1.3. Due to the large tendon axial stiffness, and the resulting stiff-
ness in platform pitch (rigid modes <1.5 s), the tower-nacelle-rotor modes
dominated, giving all of the TLPWTs pitch/bend periods near 2.8 s. Note
that this study considered the hull to be a rigid structure, but the flexibility
of the hull (particularly the pontoons) may change the natural frequency in
heave as well as pitch [34].

In order to examine the effects of the pitch-bending natural period on
certain responses, additional “soft” versions of the first four designs were
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Figure 4.5: TLPWT 3 pitch decay (FEM model).

created by arbitrarily modifying the tendon elasticity: the Young’s modulus
of the tendons was modified without otherwise changing the design. The
natural periods of the soft designs are given in Table 4.4.

Table 4.4: Young’s modulus and natural periods of the “soft” TLPWT de-
signs. Natural periods were obtained by decay tests in the FEM model.

TLPWT Et (Pa) Surge (s) Heave (s) Pitch (s) Yaw (s)

1 soft 4.0×1010 55.80 1.26 3.15/1.03 14.05
2 soft 2.3×1010 53.16 2.24 3.79/1.07 18.07
3 soft 1.5×1010 42.00 2.21 4.10/0.96 18.65
4 soft 1.5×1010 34.24 1.94 4.27/0.87 19.83

In addition to the platform natural frequencies, the tendon and blade
natural frequencies may be of interest. The transverse and axial tendon
natural periods for the baseline and soft TLPWT designs were calculated as
in Sec. 3.1.5, treating the tendons as pinned-pinned beams and neglecting
the rest of the platform. These analytical tendon periods are shown in
Table 4.5.

The axial tendon periods were much shorter than the platform heave
periods and were not generally important for the response, although they
could be present in the case of snatch loads traveling along the tendon. Some
of the transverse tendon modes were close to the combined platform pitch
and tower bending modes. These modes interacted with pitch/bending
modes, but were unlikely to be excited by motions at the surge natural
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Table 4.5: Tendon natural periods for the baseline and “soft” TLPWT de-
signs (analytical results for a pinned-pinned beam in tension with transverse
added mass coefficient Ca = 1).

TLPWT Taxial (s) Ttrans(1) (s) Ttrans(2) (s) Ttrans(3) (s) Ttrans(4) (s)

1 0.042 3.048 0.938 0.438 0.251
2 0.046 3.403 1.254 0.630 0.373
3 0.052 3.873 1.374 0.678 0.390
4 0.049 3.995 1.374 0.668 0.390
5 0.053 4.677 1.837 0.957 0.577
1 soft 0.096 4.082 1.634 0.862 0.523
2 soft 0.140 3.929 1.854 1.136 0.773
3 soft 0.193 4.647 2.214 1.374 0.946
4 soft 0.183 4.935 2.330 1.430 0.973

frequency or at the wave frequency.

Bandpass-filtered time series of displacements from the platform pitch
decay tests were used to examine the tower and tendon mode shapes. Re-
sults for TLPWT 3 are shown here as an example. First, as shown in
Fig. 4.6, the two primary tower modes were obtained by filtering around the
main frequencies that are visible in the platform pitch motion. In Fig. 4.6,
the motion of the tower base due to the pitch motion of the platform is vis-
ible at the lowest point on the tower. The mode shapes are clearly affected
by both the platform motion and the rotor and nacelle mass.

The tendon mode shapes can be obtained in a similar manner, as shown
in Fig. 4.7. The first, third, fourth, and fifth mode shapes are similar to the
pure tendon vibration modes, including good agreement with the predicted
frequencies. The second mode, which is not one of the natural modes of a
pinned-pinned beam, corresponds to the first pitch-bend natural frequency,
and can be seen to have a node at approximately 3/4 of the tendon length.

Looking at the tower and tendon together, and splitting the low- and
high-frequency components based on the first two platform modes, the in-
teraction between these modes is more obvious. Fig. 4.8 illustrates the com-
bined modes. As shown, the fifth (four-noded) tendon mode was strongly
present in the high-frequency response. The combination of mode shapes
depended strongly on the TLPWT design. For the soft TLPWTs, increased
tendon bending was observed at the lower modes, but the higher modes
were generally less present in the response. Mode shape results for the other
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Figure 4.6: Tower bending modes for TLPWT 3 based on bandpassed time
series from the pitch decay test

TLPWT designs are provided in Appendix A. The prominent transverse
tendon natural periods observed in the decay tests are given in Table 4.6.

The natural periods of the blades are not easily obtained from the decay
tests, but can be assumed to be relatively unchanged from the land-based
turbine, since the first tower bending natural period is quite similar. Natural
periods obtained by an eigenfrequency analysis of the land-based NREL
5 MW wind turbine are given in Table 4.7.
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Figure 4.7: Tendon 1 bending modes for TLPWT 3 based on bandpassed
time series from the pitch decay test

Table 4.6: Transverse tendon natural periods for the baseline and “soft”
TLPWT designs based on platform pitch decay tests. Modes corresponding
to the pitch/bending modes are included, and only modes which are clearly
present in the decay test are listed.

TLPWT Ttrans(1) (s) Ttrans(2) (s) Ttrans(3) (s) Ttrans(4) (s) Ttrans(5) (s)

1 3.065 0.931 0.507 0.438 -
2 3.395 2.844 1.249 0.632 0.483
3 3.820 2.761 1.384 0.673 0.397
4 3.910 2.740 1.384 0.664 0.391
5 4.655 2.694 1.828 0.948 0.575
1 soft 4.131 3.152 1.020 0.871 -
2 soft 3.940 3.801 1.896 1.138 0.984
3 soft 4.650 4.101 2.204 1.380 0.948
4 soft 4.953 4.267 2.233 1.422 0.966
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Figure 4.8: Tendon 1 and tower bending modes for TLPWT 3 based on
bandpassed time series from the pitch decay test. Note that the x-location of
tendon 1 is at +28.0 m.

Table 4.7: Rotor eigenperiods based on the land-based NREL turbine [72].
FAST and ADAMS results are taken from [72]; RIFLEX results were orig-
inally published in [60].

RIFLEX FAST ADAMS
(s) (s) (s)

1st Drivetrain Torsion 1.638 1.612 1.641
1st Blade Asym. Flapwise Yaw 1.580 1.501 1.588
1st Blade Asym. Flapwise Pitch 1.521 1.498 1.496
1st Blade Collective Flap 1.444 1.430 1.425
1st Blade Asym. Edgewise Pitch 0.935 0.927 0.931
1st Blade Asym. Edgewise Yaw 0.926 0.918 0.919
2nd Blade Asym. Flapwise Yaw 0.594 0.517 0.606
2nd Blade Asym. Flapwise Pitch 0.547 0.520 0.539
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4.1.4.3 Linear and Quadratic Damping Ratios

For the baseline and soft designs, the linear and quadratic damping ratios
were estimated from the decay tests as described in Sec. 3.1.4.4. The values
of the coefficients b1 and b2 (linear and quadratic damping in Eq. 3.19, re-
spectively) for surge, heave, and yaw are given in Table 4.8. The damping
in surge and yaw is best described as quadratic damping: the viscous forces
on the center column and pontoons were much larger than the linear po-
tential damping, particularly for low frequencies. The high-frequency heave
motion has a more linear decay. Damping coefficients for the coupled pitch-
bending modes are not presented due to the difficulty in accurately fitting
coefficients from the filtered data series.

Table 4.8: Linear and quadratic damping coefficients (see Eq. 3.19) based on
decay tests for baseline designs (TLPWTs #1-5) and soft designs (TLPWTs
#1-4 soft). Decay tests were performed in still water, with no wind, with a
parked turbine. The presented coefficients depend on the platform size and
natural frequency.

# b1 b2 # b1 b2
(rad/s) (1/m (rad/s) (1/m

or 1/deg) or 1/deg)

Surge

1 2.81×10−4 1.76×10−2 1 soft 2.70×10−4 1.77×10−2

2 3.79×10−4 2.10×10−2 2 soft 3.83×10−4 2.10×10−2

3 2.78×10−2 1.62×10−2 3 soft 2.75×10−2 1.78×10−2

4 2.10×10−3 3.08×10−2 4 soft 2.10×10−3 3.07×10−2

5 1.81×10−4 2.15×10−2

Heave

1 1.33×10−1 4.42×10−3 1 soft 3.24×10−2 3.05×10−4

2 7.47×10−2 8.02×10−3 2 soft 4.18×10−2 1.05×10−4

3 1.17×10−1 8.81×10−3 3 soft 4.67×10−2 1.01×10−4

4 1.55×10−1 1.18×10−2 4 soft 7.84×10−2 1.36×10−2

5 1.18×10−1 7.96×10−4

Yaw

1 1.62×10−3 2.45×10−2 1 soft 2.02×10−3 2.42×10−2

2 1.22×10−3 2.74×10−2 2 soft 1.55×10−3 2.66×10−2

3 1.18×10−3 2.38×10−2 3 soft 1.18×10−3 2.41×10−2

4 1.04×10−3 2.35×10−2 4 soft 1.03×10−3 2.40×10−2

5 5.85×10−4 2.03×10−2
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4.1.4.4 Tendon Yield Loads

Table 4.9 shows the axial yield load (Py, assuming σy = 250 MPa) for
the baseline and soft designs. Note that the yield loads for the soft designs
depend on the arbitrary reduction of the Young’s modulus and do not reflect
real physical material characteristics.

Table 4.9: Tendon yield loads

TLPWT Py (kN) TLPWT Py (kN)

1 4.745×104 1 soft 4.745×104

2 2.929×104 2 soft 2.929×104

3 4.091×104 3 soft 4.091×104

4 3.485×104 4 soft 3.485×104

5 1.961×104

4.1.4.5 Cost Estimates

A simplified cost comparison for the baseline TLPWT hulls was performed
following Crozier’s model, as in Table 4.10 [38]. This simple model considers
upper and lower multiplicative factors for the steel mass, concrete ballast
mass, and tendon pretension (indicative of anchor system cost). The result-
ing values are crude estimates for comparing different designs which support
the same wind turbine. The cost model results for the baseline designs and
several of the published designs are shown in Fig. 4.9. It should be noted
that the estimates applied in this model are outdated. While these estimates
give generally low estimates of the overall cost, the relative contributions
of the different components and the resulting total estimates for different
concepts can still be compared.

Table 4.10: Cost estimation model, including lower and upper estimates.

Lower Upper
Estimate Estimate

Steel Mass (hull and tendons) 600 800 $/tonne
Concrete Ballast Mass 50 150 $/tonne
Tendon pretension 15 25 $/kN
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Figure 4.9: Hull and tendon simplified cost estimates, including weight/pre-
tension breakdown, for the baseline designs and selected published designs
for TLPWTs supporting a 5 MW turbine. The ballast mass is 6456 tonnes
for TLPWT 1 and 8220 tonnes for MIT/NREL.

The construction cost estimates for TLPWTs 1-5 (and parametric vari-
ations) were approximately linearly dependent on the displacement. The
recomputed costs of the published platform designs also depended on dis-
placement, but were found to be more variable due to differences in assump-
tions about hull scantlings and tendon weight per length. For example, the
MIT/NREL hull design assumes an equivalent hull thickness of only 0.015
m, while the mass model in Table 4.1 gave an average hull thickness of more
than twice that. Thus, despite the fact that the geometries and displace-
ments of TLPWT 1 and MIT/NREL are similar, the cost estimates differed
significantly due to the large differences in steel mass. Neither installation
nor maintenance costs were estimated, but TLPWT 1 was the only self-
stable construction among the new TLPWT designs, and can therefore be
expected to be somewhat easier to install than TLPWTs 2-5.

4.1.5 Conclusions

Based on the assumed design space (single column TLPWTs supporting the
NREL 5 MW wind turbine with the OC3 Hywind tower design [72, 26]),
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a simple spreadsheet analysis was used to create designs. The accepted
designs met certain criteria for natural periods, estimated mean offset, dis-
placement, and tendon strength.

An important weakness in the spreadsheet design approach was the as-
sumption of a fully rigid structure: the coupled pitch/bending natural fre-
quency could not be estimated. After selecting several baseline designs, a
more detailed hydrodynamic and structural analysis was performed. Decay
tests of the full structure showed that the flexibility of the tower and tendons
created additional important natural frequencies. Simplified cost estimates
suggested that the construction cost could be minimized by decreasing the
displacement.

Furthermore, the design criteria required very stiff tendons. In order
to obtain greater variety in the concepts, “soft” versions of the baseline
designs were generated by arbitrarily changing the material properties of
the tendons. While these designs are non-physical, their natural periods
are representative of other designs in the literature, making them useful for
testing the analysis tool.

The performance of the baseline designs, and of parametric variations
on these designs, is examined in Sec. 4.2.
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4.2 Effects of Parameter Variation on TLPWT Be-
havior

Comparisons of TLPWT designs are presented in this section and published
in [156]. The baseline designs are compared, and parametric variations on
these designs are introduced. For the baseline designs, comparisons were
made based on 36 x 0.5 hour simulations using SIMO-RIFLEX-AeroDyn,
treating the results as 6 x 3 hour simulations for statistical purposes. For
the parametric variations on the designs, 6 x 0.5 hour simulations were
applied, with the same wind and wave input for all designs. The baseline
and extended baseline environmental conditions from Tables 3.6 and 3.7
were applied. The soft TLPWT designs were not included in this study.

First, the performance comparison parameters are described in Sec. 4.2.1.
Then, the baseline TLPWT designs from the previous section are studied
in Secs. 4.2.2 and 4.2.3. Finally, the effects of parameter variations are
examined in Sec. 4.2.4.

Additional figures to complement this section are provided in Appendix B.

4.2.1 Performance Comparison Parameters

Several representative parameters - platform motions (ζj , j = 1−6), fore-aft
tower base bending moment (MFA), side-side tower base bending moment
(MSS), and tendon tension in line i (Ti) - were taken as primary perfor-
mance measures. The tendon tension T1 refers to the downwind line. As
this comparative study considered only aligned wind and wave loads, the
surge, heave, and pitch motions and the fore-aft tower base bending moment
were expected to be the most important. In turbulent wind conditions, how-
ever, both roll and yaw motion may be excited by time-varying torque and
asymmetric wind loads. These rotations are coupled via the thrust force and
are not subjected to aerodynamic damping. The power production (P ) of
the different designs was also examined, but the results indicated very little
difference among the different designs in that respect. In this chapter, the
standard deviation (σ) of these parameters in the different environmental
conditions was used as the main comparison measure, rather than predicting
extreme values or fatigue cycles.

4.2.2 Comparison of Baseline TLPWT Designs

First, the mean values (µ) of different performance indicators are shown in
Fig. 4.10a. The mean values of surge and pitch, µ(ζ1) and µ(ζ5), depended
on the mooring system stiffness as well as the wind and wave forcing. The
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surge stiffness of TLPWT 5 was less than half that of TLPWTs 2-4 and
approximately one-third of TLPWT 1. Because the mean wave force was
small compared to the thrust force (or drag force for the parked case),
µ(ζ1) was approximately inversely dependent on the stiffness, and varied
more with wind speed than wave height. Similarly, µ(ζ5) was primarily
dependent on the mooring system pitch stiffness and the moment due to
the wind turbine thrust or drag. TLPWT 1 had the largest K55, which
was approximately 2.8 times the K55 of TLPWT 5, which had the softest
mooring system. Because µ(ζ5) was small, µ(MFA) was not strongly affected
by gravitational loading. As shown in Fig. 4.10a, µ(MFA) did not vary
significantly among the designs.
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Figure 4.10: Comparison of baseline TLPWT means and standard devia-
tions for surge, pitch, tower base bending moment, and line tension

The mean tendon tension (µ(T1), Fig. 4.10a) was not necessarily equal to
the pretension (Ft), because µ(ζ1) increased the mean tendon tension in all
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lines, while µ(ζ5) decreased the tension in the downwind line and increased
the tension upwind. For line 1 (downwind), µ(T1) can be approximated as:

µ(T1) ≈
Ft

cos θ1
+
ρgD2

1πl0(1− cos θ1)

4nt cos θ1
− EtAtrp sin (µ(ζ5))

l0 cos θ1
(4.21)

where θ1 = arcsin (µ(ζ1)/l0). The decrease in mean tension due to pitch
was generally larger than the increase due to surge motion.

Fig. 4.10b provides an overview of the standard deviation of key per-
formance indicators for the baseline designs in the six environmental con-
ditions. While σ(ζ1) was very similar for TLPWTs 1-4, it was somewhat
higher (particularly around the rated wind speed in ECs 2 and 6, where
the thrust force is at a maximum) for TLPWT 5. The low-frequency surge
response was primarily excited by the wind, which was identical for all of
the designs, and mitigated by platform inertia. While the surge response
is not expected to be critical for the wind turbine performance or fatigue,
large surge displacements may be critical for the tendon seabed connectors
and the power cable due to large induced angles, and can also induce large
tension variations due to set-down effects. Assuming that the tendon con-
nectors are similar to those used in the offshore industry, for 150 m water
depth, the maximum surge displacement should not exceed 15 m [14, Ch.
7.6.3].

Although σ(ζ5) was quite small for all of the designs, TLPWT 5 showed
significantly larger low-frequency (wind-induced) and wave-frequency re-
sponse, the latter of which became increasingly important as the wave height
increased. Comparing σ(ζ5) in ECs 4 and 5, the operational turbine caused
larger pitch motions than the parked case.

MFA depended on the nacelle motions relative to the platform (grav-
itational loading), the thrust force, and the load transfer to hull inertia
and tendon tension. As shown in Fig 4.10b, the platform pitch motions
were not a good predictor of MFA. Significant contributions to σ(MFA)
occurred in three frequency ranges: low-frequency (wind-induced), wave-
frequency (wave-induced), and at the first coupled pitch-bending frequency
(structural). As an example, the spectrum of MFA for EC 2 is shown in
Fig. 4.11. Fig. 4.11 is shown with a log scale on the vertical axis, such
that many phenomena can be seen. Wave-frequency loading dominated
MFA, suggesting that dynamic inertial loads were important even though
the TLPWT motions were small.

The wave-frequency tower bending moment, which varied most among
the different designs, was least for TLPWTs 1, 2, and 4, while the loading
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Figure 4.11: Spectrum of MFA for EC 2 (TLPWTs 1-5 and land-based
5 MW turbine), including zoomed view around the wave frequency (b). Note
that MFA is measured 10 m above still water/ground level for all cases. Note
log scale on the vertical axis.

near the natural period was more similar. Furthermore, the wave-frequency
tower bending moment of TLPWT 3 was larger than expected based on the
general trend toward smaller tower loading with increased displacement.
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This may be related to the frequency dependence of the wave excitation
of platform pitch: the wave forcing transfer function for TLPWT 3 had its
peak at a higher frequency. EC 5 was also seen to be a critical load condition
for MFA, where the operating turbine increased the loading compared to
EC 4.

The standard deviation of line 1 tension, σ(T1), is an important consid-
eration when evaluating the probability of tendon slack and the fatigue life
of the tendons. Fig 4.10b shows the standard deviation of the line tension as
a fraction of the line pretension. Assuming tendon tension to be a Gaussian
process, in order to avoid slack conditions, we require

([µ(T1)− kσ(T1)] /Ft) > 0, (4.22)

where the factor k should be chosen to represent an acceptable probability.
Note that the mean tension is also an important factor in slack. The varia-
tion in T1 did not appear to be very sensitive to the wind speed when the
turbine was operating, but increased with the wave height in the extreme
wave conditions, EC 4 and 5. Assuming a Gaussian distribution for the ten-
don tension, the probability of slack in EC 5 for TLPWT 5 is approximately
4.25 %, indicating that the design may require further modification.
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Figure 4.12: Spectrum of T1 for EC 2.

Fig. 4.12 shows the spectral response of T1 in EC 2, and highlights the
components at the wave, structural, and wind turbine excitation frequencies.
The wave-frequency components of T1 dominated the response. As shown,
the heave and second pitch/bending natural frequencies of TLPWT 1 were
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very similar, which contributed to a larger peak in the spectrum of T1. The
wave-frequency tension variation for TLPWT 2 was significantly smaller
than that of the other designs. As shown, the relative importance of the
wind turbine rotation frequencies depended on the design.

In Appendix B, Fig. B.1 shows the coefficient of variation (σ/µ) for the
key parameters shown in Fig. 4.10.

4.2.3 Comparison of Baseline Designs with the Land-based
Turbine

Fig. 4.13 compares the means and standard deviations of MFA, MOop, MIp,
and P for the baseline TLPWT designs as a function of the land-based (77.6
m tower) turbine in the same wind conditions. The land-based results are
indicated by the subscript f . (Note that the original land-based design is
supported by an 87.6 m tower [72], but the OC3 Hywind tower [26] was
modeled as though there were a rigid foundation at 10 m height for this
comparison.) The results for the land-based turbine are summarized in
Table 4.11.

Table 4.11: Fixed turbine with 77.6 m tower: mean and standard deviation
of loads and power generation. (EC 5 and EC 3 results are identical).

MFAf
(kNm) MOopf (kNm) MIpf (kNm) Pf (kNm)

EC 1
µ 31,299 5183 634 1911
σ 10,744 1562 2572 800

EC 2
µ 50,910 8719 1265 4714
σ 6888 1350 2586 487

EC 3
µ 31,970 4517 1316 5000
σ 6708 1682 2628 33

EC 4
µ 27,741 335 -1339 0
σ 12,401 424 1157 0

EC 5
µ 31,970 4517 1316 5000
σ 6708 1682 2628 33

EC 6
µ 45,517 7740 1253 4670
σ 11,240 2190 2609 698

As shown in Fig. 4.13, the mean bending moments at the tower base
and at the blade root were nearly identical to those seen in the land-based
turbine. For EC 4, the blade loads are given for the blade that started in a
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Figure 4.13: Comparison of baseline TLPWTs and fixed turbine (77.6 m
tower) loads and power generation. The land-based results are indicated by
the subscript f .
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vertically upward position. The mean power, µ(P ), was also well-regulated
by the controller and was not affected by the TLPWT motions.

The structural loading and power production were, however, more vari-
able for the TLPWTs than for the land-based structure. The effect on
the blade root moments was relatively small, but σ(MFA) was significantly
higher than in the land-based case, especially as the wind speed increased,
and particularly in EC 5 where storm waves were encountered by an op-
erating turbine. The increase in σ(MFA) occurred at the wave-frequency,
which has a lower encounter frequency than the primary bending moment
variation for the land-based wind turbine. Other studies of TLPWTs indi-
cate increased design equivalent loading on the order of 1.2 times that of
the land-based tower [32]. Furthermore, in Fig. 4.13, the power variation
appears to increase significantly in ECs 3 and 5, but it is important to note
that σ(Pf ) is very close to zero (see Table 4.11), making a small increase in
the absolute value appear as a large relative change.

4.2.4 Parameter Variations

After comparing the baseline designs, variations in the TLPWT hull di-
ameters (D1 and D2 in Fig. 4.1), water depth (H), pontoon radius (rp in
Fig. 4.1), and ballast (BF ) were considered. These variations directly af-
fect the natural frequencies and (except for the ballast) the wave loads on
the structure, but do not directly affect the wind loading. The range of
displacements and total pretension represented by the different design vari-
ations is summarized in Fig. 4.14. The resulting natural periods are shown
in Appendix B in Table B.1. As shown, the designs considered here are also
representative of several published designs.

The trends in behavior observed for the variations are summarized in
Table 4.12 and in the sections below. Note that, in Table 4.12, “improved
performance” indicates decreased motions and loads. In addition to the
results presented in this chapter, more detailed results for the effects of
each parameter variation on the standard deviation in surge, pitch, yaw,
MFA, and T1 are presented in Appendix B, Figs. B.2-B.6.

4.2.4.1 Diameter

The first two variations applied to the TLPWT designs were a 10 % increase
and a 10 % decrease in the main column diameters, D1 and D2. An increase
in the diameter by a factor λ increased the column displacement and mass
by λ2. A11, A44, and A55 also increased by λ2, while A33 increased by λ3.
The resulting increase in inertia and pretension resulted in little net effect
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Figure 4.14: Total pretension vs. displacement for all of the TLPWT design
variations, including comparisons with published designs [12, 32, 34, 36, 38].

Table 4.12: Effects of increases in D1 and D2, H, rp, and BF on perfor-
mance parameters. + indicates improved performance, - indicates decreased
performance, and 0 indicates no clear trend, with more + or - symbols indi-
cating stronger effects. Where the effect of increasing D1 and D2, H, rp, or
BF is dependent on the baseline design displacement (∆) or wave condition
(Hs), symbols are given in order of increasing ∆ or Hs.

D1 and D2 H rp BF

σ(MFA) - - + + 0 + +

σ(T1/T ) + +/- (∆) + + + - -

σ(MOop) - + + 0 + +

σ(ζ1) 0 +/- (∆) +/- (Hs) +/- (Hs)

σ(ζ5) +/- (∆) - - - + + + +/- (∆)

σ(ζ4) + + - - + + + - - -

σ(ζ6) + + - - + + + - - -

on the surge and yaw natural periods (see also Table B.1 in Appendix B).
For the TLPWTs that did not depend heavily on the main column for
displacement, changing the diameter by 10% had little effect on the natural
periods. On the other hand, for a smaller platform that depended primarily
on the column for displacement, the increase in pretension due to an increase
in the D1 and D2 could be significant, particularly if the unchanging turbine
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mass represented a significant component of the overall mass. The increase
in volume, and particularly in the cross-sectional area at the waterline, due
to an increase in D1 also caused an increase in wave forces.

The effect of diameter changes on the surge motion depended heavily on
the baseline concept and the environmental conditions, and did not show
any clear trends (see also Fig. B.2a). For example, σ(ζ1) increased 10-20 %
in EC 1 and EC 3 for TLPWTs 2 and 3 for both a 10 % increase and a 10 %
decrease in D1 and D2. The increased diameter resulted in longer surge
natural periods, which were primarily excited by the wind forces, while the
decreased diameter resulted in decreased pretension, and lower stiffness,
which gave larger motion responses.

The effect on the pitch motions was also complicated. The increase in
D1 and D2 resulted in 10-20 % increases in σ(ζ5) for TLPWTs 1 and 2,
and less than 10 % decreases in σ(ζ5) for the other designs (Fig. B.3a). A
corresponding decrease in D1 and D2 reduced the pitch motions of TLPWT
1, but slightly increased the pitch motions of the other designs. The effects
on the roll and yaw motions were more consistent: an increase in D1 and
D2 resulted in decreases in both σ(ζ4) and σ(ζ6) (Fig. B.4a).

Furthermore, the structural loading also showed varying degrees of sen-
sitivity to D1 and D2. Although a 10 % decrease in D1 and D2 resulted in a
consistent increase in σ(T1) of up to 10 % for TLPWTs 2 and 3, and smaller
increases for the others, a corresponding increase in D1 and D2 had more
mixed impacts on σ(T1) (Fig. B.6a). The increase in diameter decreased
σ(T1) by 5-10 % for all of the designs except TLPWT 2, which showed up
to 10 % more tendon tension variation, particularly in ECs 3 and 4. The
variation in D1 and D2 resulted in less than 5 % change in σ(MFA), with
an overall increase (decrease) in σ(MFA) for increased (decreased) D1 and
D2 (Fig. B.5a).

Note, however, that these effects only include first-order hydrodynamic
loads; second- and third-order wave forces also depend on D1 and D2.

4.2.4.2 Water Depth

TLPWT platforms are most likely to be considered for water depths be-
tween 80 m (an approximate upper limit for bottom-fixed platforms) and
200 m (where spar platforms are likely to have economic advantages). The
performance of the baseline designs was examined for 100 m and 200 m wa-
ter depths, in addition to the design depth of 150 m. No structural changes
were implemented other than shortening or lengthening the tendons. In-
creasing the water depth did not affect ∆ or M , and the effect on added
mass and wave forcing was negligible. There was, however, a decrease in
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tendon stiffness due to the increased line length. Due to the decrease (in-
crease) in k11 in Eq. 4.8, the natural periods in surge/sway, heave, and yaw
increased (decreased) significantly when the water depth increased from 150
to 200 m (decreased from 150 to 100 m). The coupled pitch/bending natural
periods remained relatively unchanged, since K55 (Eq. 4.12) was still large
compared to the tower bending stiffness. Note that the change in stiffness
due to increased water depth is not equivalent to the change in stiffness
applied to obtain the “soft” designs. The natural periods of the parametric
variations are shown in Table B.1.

In lower sea states (ECs 1, 2, 6), σ(ζ1) tended to increase with increas-
ing water depth, but this trend was reversed as the wave height increased
(Fig. B.2b). Similarly, due to the decreased pitch stiffness, σ(ζ5) increased
with increasing water depth (Fig. B.3b). The pitch motions in 200 m water
depth were approximately 50 % greater than in 100m for several designs.
The rotations about other axes, σ(ζ4) and σ(ζ6), behaved similarly to σ(ζ1)
with respect to water depth. These motions, which can contribute to in-
creased power variability and wind turbine component fatigue, should be
carefully examined, particularly for deeper water.

Despite the decrease in σ(ζ5), σ(MFA) increased 5-10 % in the 100 m
water depth (Fig. B.5b). Inertia forces took up more of the wind and wave
forcing in deeper water (200 m), while the structural reactions became more
important in shallow water (100 m). The tendon tension was also fairly
sensitive to the decrease in water depth: σ(T1) increased by approximately
20 % for TLPWTs 2-5 in 100 m for ECs 3 and 4, while σ(T1) decreased by
roughly 10 % for TLPWT 1 (Fig. B.6b). On the other hand, σ(T1) did not
change as much when the water depth was increased to 200 m. There was
an approximately 3-8 % increase in σ(T1) for TLPWTs 1 and 2, a 2-3 %
decrease for TLPWTs 3-4, and a 3-5 % decrease for TLPWT 5.

4.2.4.3 Pontoon Radius

The effects of changing the pontoon radius (rp, the distance from the main
column center to the tendon fairlead) by 20 % depended on the baseline
design. For the designs that depended primarily on the main column for
displacement, an increase in rp shortened Tn6 (due to the increased stiffness)
and slightly shortened the coupled pitch-bending periods, with little effect
on Tn1 (Table. B.1). For designs that depended heavily on the pontoons
for displacement, the increase in ∆ often outpaced the increase in mass
(particularly when the turbine and ballast mass were significant compared
to the steel mass), resulting in higher pretension and shorter surge and yaw
natural periods. Tn3 was slightly longer due to the increase in mass and
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added mass with no change in the tendon axial stiffness.
Variations in rp had clear effects on the pitch motions, tendon tension,

and out-of-plane rotations. Even for the designs that did not depend heavily
on the pontoons for buoyancy, a significant reduction (25-40 %) in pitch
motion was achieved by increasing rp by 20 %, while an even more significant
(50-100 %) increase in σ(ζ5) occurred for a corresponding decrease in rp
(Fig. B.3c). The increase in rp also reduced σ(T1) by up to 20 %, while a
20 % decrease in pontoon radius resulted in up to a (roughly) 50 % increase
in σ(T1) (Fig. B.6c). The out-of-plane motions were very sensitive to rp:
the 20 % increase in rp reduced σ(ζ4) and σ(ζ6) by 40-50 %, indicating that
this may be an effective method to improve the yaw stability (Fig. B.4c).

The extent of the effects of varying rp on σ(ζ1) and σ(MFA) depended
more on the TLPWT design and environmental conditions. The increased
surge stiffness due to the buoyancy increase tended to reduce the surge
motions in ECs 1, 2 and 6, but the benefit of the added stiffness decreased
as the wave height and period increased. An increase in rp led to larger
σ(ζ1) in ECs 4 and 5 for almost all of the designs (Fig. B.2a). The effects
of rp on σ(MFA) were small (less than 2 %), even for TLPWTs 4 and 5,
which had the largest changes in displacement (Fig. B.5c, and note that the
remarks on TLPWT 5 do not consider a decrease in rp, only an increase).

4.2.4.4 Ballast Fraction

An increase in the ballast fraction (BF ) represents a larger quantity of
concrete permanent ballast in the main column, without any change in ge-
ometry. That is, the mass and inertia increase and the pretension decreases.
This results in both an increase in mass and a decrease in stiffness (k11 in
Eq. 4.8 decreases due to the decreased pretension). An increase in BF
does not affect the hydrodynamic added mass, damping, or wave excitation
forces. The system natural frequencies decrease as BF increases.

The effects of the changes in BF on the surge, heave, and pitch did not
show a clear trend. An increase in ballast resulted in up to 70 % larger σ(ζ1)
- particularly for TLPWTs 1 and 2 - in the lower seastates, but reduced σ(ζ1)
for ECs 4 and 5 (Fig. B.2d). The ballast increase had variable effects on
σ(ζ5): increasing BF increased the pitch motions of TLPWT 1 and 5 the
most, slightly increased σ(ζ5) for TLPWT 2, and reduced σ(ζ5) for TLPWT
3 and 4 (Fig. B.3d). Overall, the wind- and wave-aligned motions of the
designs with the largest ballast fractions (1 and 5) were also most improved
by decreasing BF by 0.1.

Clearer trends in σ(ζ4) and σ(ζ6) were noted (Fig. B.4d). These rotations
increased significantly (up to 70 % for TLPWT 1) when BF increased,
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indicating that increased stiffness is more effective than increased inertia in
reducing σ(ζ4) and σ(ζ6).

Increasing BF resulted in a more distinct increase in σ(T1) and a small
but distinct decrease in σ(MFA) (Figs. B.5d and B.6d). The increase in
σ(T1) may be related to the corresponding decrease in Ft: designs with
larger pretension tended to have less tension variation. TLPWT 1 was
most affected by the increase in BF with almost 80 % increase in σ(T1) in
ECs 4 and 5. The up to 8 % decrease in σ(MFA) associated with increased
BF indicated that the increased mass allowed more of the environmental
forces to be taken up by inertia. A reduction in BF gave corresponding
decreases in σ(T1) and increases in σ(MFA).

4.2.5 Design Trends

By examining the results for all of the parametric variations, it was possible
to identify some design trends that can be used to guide further TLPWT
development.

The natural periods of the structure should be chosen carefully to im-
prove the performance. For example, Fig. 4.15 indicates that σ(ζ1) in opera-
tional conditions increased with longer surge natural periods, but decreased
in the extreme condition. Tn1 did not have a large effect on T1, but the
designs with longer surge periods also tended to have decreased σ(MFA).

Within the range of observed heave periods (0.4 to 0.9 seconds), there
was no strong trend relating σ(T1) or σ(MFA) to Tn3. It may be more
important to consider the relationship between the Tn3 and Tn5 in order to
mitigate tendon loading, rather than tuning the Tn3 independently.

Reducing Tn6 tended to decrease the yaw and roll motions, as shown in
Fig. 4.16 for σ(ζ6). Because the mean values of yaw and roll were nearly
zero, changes in Tn6 primarily affected the standard deviations. This result
agrees with the reduction in yaw motion when rp was increased. In terms of
tower loading, however, Tn6 did not appear to have a significant influence
on MSS .

The range of pitch/bending natural frequencies in this study was very
small. A trend toward less pitch motion for longer Tn5 was observed, but
except in the storm conditions EC 4 and 5, σ(MFA) was not significantly
reduced by increasing Tn5.

In addition to natural frequencies, overall sizing considerations are a
critical aspect of TLPWT design. The results did not show any important
trends based on D1 and D2 alone, but the choice of displacement and total
pretension was important for the variation in T1. As shown in Fig 4.17,
σ(T1) decreased as the total pretension increased, particularly when results
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Figure 4.15: Effect of Tn1 on σ(ζ1) for all TLPWTs, ECs 1-6

are examined within each TLPWT design and its variations. Note that
the results shown in Fig. 4.17 do not include depth variations. Fig. 4.17
does not show the mean values, but an increase in µ(T1)/Ft was noted for
increasing Ft: there was a lower probability of slack for increased Ft.

When the results were considered in terms of displacement rather than
pretension, a reversal in the trend was noted for TLPWT 1, which has the
largest displacement. This suggests that a design with less displacement
and less permanent ballast may perform equally well in terms of tendon
tension variation. On the other hand, the variation in MFA was only weakly
dependent on the displacement, and did not show a strong relation to the
total pretension.
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Figure 4.16: Effect of Tn6 on σ(ζ6) for all TLPWTs, ECs 1-6

4.2.6 Conclusions

Because construction costs increase roughly linearly with displacement and
pretension, the design goal should be to achieve the best performance with
the least required displacement and lowest possible pretension. For all of
the designs that met some minimum requirements, placing the wind tur-
bine on the TLP platform did not have a large effect on the turbine blade
loads or power output, but the bending moment variation at the tower base
increased significantly compared to the land-based turbine. In general, the
designs with the largest displacement showed the smallest motions and the
designs with the highest pretension showed the least relative tension vari-
ation (and hence the least fatigue damage). Motions perpendicular to the
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Figure 4.17: Effect of total pretension on σ(T1) for all TLPWTs, ECs 1-6.
Variations in water depth are not included.

wind and waves were found to be an important consideration, even in aligned
wind-wave conditions. Roll motions, which are very lightly damped, may
be excited by the time-dependent wind turbine and generator torque, and
yaw motions may be excited both by roll coupling and by the time-varying
aerodynamic loading. Due to the low damping, the roll (and yaw) rotations
exceeded the pitch motions in some cases, but occurred at lower frequency.

The TLPWT responses were more dependent on changes in mass and
stiffness than direct dependence on diameter, water depth, ballast fraction,
or pontoon radius. For example, the surge natural period needed to be suf-
ficiently long (>45 s) to reduce surge motions in storm conditions but not
too long (<70 s) to see decreased performance in operational conditions.
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Decreasing the yaw natural period reduced the platform yaw motions, par-
ticularly for yaw periods >20 s. The wind turbine tower base bending
moment was only weakly dependent on displacement and pitch/bending
natural period. Furthermore, wave-frequency loading dominated MFA even
though σ(ζ5) was not a good predictor of σ(MFA), suggesting that dynamic
inertial loads (also due to surge) were important even though the TLPWT
motions were small.

Although the optimal TLPWT design has not been found, TLPWTs 3
and 4 with increased pontoon radius tended to show the best overall be-
havior considering platform motions, tendon tension, and turbine loads in
the considered environmental conditions, and the roughly estimated con-
struction cost. This study was very limited in its consideration of different
environmental conditions, and additional simulations are required to more
accurately predict fatigue and extreme events. Furthermore, the detailed
design and structural integrity of the hull, especially at the pontoon attach-
ment, was not investigated. Nevertheless, the results suggest that a rea-
sonable single column design with displacement between 3500 and 6500 m3,
three pontoons (for easier installation), and pontoon radius (measured from
the center of the platform to the tendon fairlead) between 28 and 35 m may
be able to support a 5 MW wind turbine and withstand harsh environmental
conditions.
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5.1 Linear vs. Nonlinear Analysis of TLPWTs

There is a need for simplified methods in the analysis of floating wind tur-
bines, since the nonlinear fully-coupled method requires significant compu-
tational time. To complement the nonlinear analysis, two frequency-domain
linearized analyses were carried out in MATLAB: with and without wind
effects. These are described in Sections 5.1.1 and 5.1.2, respectively. The
predicted responses are compared to nonlinear analysis results for the base-
line TLPWT designs in Section 5.1.3. Selected results from this chapter
were presented in [153].

5.1.1 Wave-only Frequency-Domain Analysis

In the wave-only linear analysis, the equations of motion for the rigid body
system in three DOFs (Eq. 5.1) were solved across the relevant wave fre-
quencies to obtain response amplitude operators (RAOs). Note that com-
plex values are indicated by tildes in Eq. 5.1. The hydrodynamic added
mass, damping, and excitation forces were obtained from a first-order panel
model, as in Sec. 3.2.2 and 4.1.4.1. The mooring system stiffness matrix
was obtained by linear approximation about the still water, zero wind po-
sition of the TLPWT, as in Sec. 4.1.2.2. This simplified analysis neglected
aerodynamic damping, wind excitation, tower flexibility effects, set-down ef-
fects, additional stiffness due to mean drift, and second-order hydrodynamic
effects.

(
− ω2

M11 +A11 0 M15 +A15

0 M33 +A33 0
M51 +A51 0 M55 +A55


+ iω

B11 0 B15

0 B33 0
B51 0 B55

 (5.1)

+

K11 0 K15

0 C33 +K33 0
K51 0 C55 +K55

)
ζ̃1ζ̃3
ζ̃5

 =

X̃1

X̃3

X̃5


All RAOs included amplitude and phase information. Furthermore, the

nacelle acceleration RAO (Rẍnac) was computed by linear superposition
from the surge and pitch RAOs (Eq. 5.2, where hhub is the hub height
above the still water line). The dynamic tendon tension RAO (RT1) was
estimated based on the vertical displacements according to the heave and
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pitch RAOs (Eq. 5.3). That is, horizontal motions were neglected in the
dynamic tendon tension calculation.

Rẍnac = −ω2 (Rζ1 + hhubRζ5) (5.2)

RT1 =

EtAt

(√
|Rζ3 −Rζ5rp + l0|2 − l0

)
l0

(5.3)

Spectral responses in varying wave conditions were then computed from
the RAOs and input wave spectra, as in Eq. 3.87.

5.1.2 Wind-Wave Frequency-Domain Analysis

As an extension of the wave-only model, simple formulations for the ef-
fects of wind excitation and aerodynamic damping were estimated. The
response spectra for wind-only responses were superimposed on the linear
wave-induced response, without considering phase information. That is:
the wind-induced RAO was computed for different wind speeds (the aero-
dynamic damping matrix depends on the mean wind speed), and the re-
sulting platform motion spectra (obtained from the wind-induced RAO and
the thrust spectrum) were added to the wave-induced spectra. The effects
of wind damping on the wave-induced response were not included here.

First, to obtain the wind-induced platform motion RAO, the aerody-
namic damping matrix must be established. Aerodynamic damping can be
estimated based on changes in the thrust force due to a change in wind speed
without considering the effect of the control system [41, 157, 158]. Simula-
tions in FAST were performed for the isolated NREL 5MW rotor subjected
to a range of constant wind speeds, Ui. For each wind speed, two additional
simulations were performed for wind speeds Ui ± 0.25m/s, where the blade
pitch was held at the value corresponding to steady-state operation at Ui.
The resulting values of the thrust force are shown in Fig. 5.1a.

The difference in thrust was used to estimate the critical damping for a
bottom-fixed wind turbine, as shown in Fig. 5.1b, where the participating
mass and stiffness represent the first fore-aft mode of the NREL 5 MW
land-based wind turbine. For comparison, the aerodynamic damping for
the 2 MW wind turbines at Blyth was estimated to be near 4% of critical
[157].

In the frequency-domain analysis, the aerodynamic damping (Baero) was
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Figure 5.1: Thrust force for aerodynamic damping calculations and aerody-
namic damping ratio for the NREL 5 MW land-based turbine [72]

included as:

Baero =

 dFT
dU 0 dFT

dU hhub
0 0 0

dFT
dU hhub 0 dFT

dU h
2
hub

 (5.4)

where FT is the thrust force.

In order to obtain reasonable results for the surge motion when the low-
frequency thrust force was included, it was also necessary to consider viscous
damping. A linearized form of Morison damping on the center column and
pontoons was added based on [159]:

B11visc ≈ CD
[
D1 (h1 − bt) +D2h2 + lp

√
np

2
[(hp or dp)]

]
1.596σv (5.5)

where σv is the standard deviation of the surge velocity. An iterative so-
lution for each environmental condition should be used, but for simplicity
the approximation σv ≈ Hs/2s (where Hs is in m) was employed for all
TLPWTs based on the nonlinear analysis results.

These additional damping matrices (aerodynamic and linearized hydro-
dynamic viscous damping), combined with the mass, added mass, potential
damping, and stiffness matrices from Sec. 5.1.1, were used to determine
the wind-induced motion RAOs. The wind-induced RAOs were computed
separately from the wave-induced motions.

Then, the thrust force spectrum was obtained from turbulent wind sim-
ulations of a fixed rotor in FAST. The resulting spectra for different wind
speeds are shown in Fig. 5.2. The main force contribution was at low fre-
quencies, although there was some excitation around the 3p and 6p frequen-
cies.
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Figure 5.2: Thrust force spectra for linear analysis. Note log scale on the
y-axis.

The wind-induced motion spectra (obtained from the wind-induced RAO
and the thrust spectrum) were then added to the wave-induced spectra to
obtain the total response. This approach neglects phase information from
the RAOs and the effects of aerodynamic damping on the wave-induced
motions.

5.1.3 Linear and Nonlinear Responses

After computing the natural periods (see Section 4.1.4.2), the linear and
nonlinear models were first compared for wave-only excitation. The wave
loading in the nonlinear model was limited to the first-order potential and
Morison-type viscous forces. The resulting predictions of the surge motions,
nacelle acceleration, and dynamic tendon tension standard deviations are
compared in Figs. 5.3a-5.5a. The nacelle acceleration was used as a represen-
tative measure of the tower loading. Perfect agreement between the linear
and non-linear computations would fall along the 1:1 line, with points above
the line indicating that the linear prediction is non-conservative. Similarly,
combined wind and wave excitation results are shown in Figures 5.3b-5.5b.
ECs 1-4 from Table 3.6 are included in these figures.

As shown, the linear simulation tool gave reasonably accurate predic-
tions for the standard deviation of the considered responses in wave-only
conditions, but tended to underpredict the nacelle acceleration compared
to the nonlinear simulations. The underprediction was worst for TLPWT
2, which was particularly sensitive to excitation in the upper half of the
wave frequency range. It is also interesting to note that the linear and non-
linear methods did not necessarily give the same ranking for the different
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Figure 5.3: Linear and nonlinear predictions of the surge standard deviation,
TLPWTs 1-5, ECs 1-4.
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Figure 5.4: Linear and nonlinear predictions of the standard deviation of
nacelle acceleration, TLPWTs 1-5, ECs 1-4.

TLPWT designs in wave-only conditions. For example, in the most severe
wave condition, the linear analysis predicted that TLPWT 5 would have
lower nacelle acceleration than TLPWT 3, while the nonlinear method pre-
dicted the opposite trend. This type of difference may lead to poor results
for an automatic optimization scheme using linear analysis.

The linear analysis gave somewhat worse agreement with the nonlinear
analysis for the combined wind and wave conditions. The surge motion was
generally over-predicted in the benign conditions and under-predicted in
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Figure 5.5: Linear and nonlinear predictions of the standard deviation of
the tension in tendon 1 (downwind) divided by the pretension, TLPWTs
1-5, ECs 1-4.

the more severe conditions, particularly for TLPWT 5. The standard devi-
ation of the nacelle acceleration was generally under-predicted by the linear
analysis, although the error decreased compared to the wave-only condi-
tion. There was more spread in the estimates of tendon tension variation
in the combined analysis compared to the wave-only analysis. The spectral
results may help explain differences in the standard deviation, such as the
illustrative examples in Figs. 5.6a-5.7b.

Fig. 5.6a shows the surge spectra for TLPWT 4 for different analyses.
In the wave-only case, the response was at the wave frequency, and was
captured quite well by the frequency-domain analysis. In the combined
wind and wave condition, the wind induced a low-frequency surge response
(at the surge natural frequency and across the thrust force frequencies). The
low-frequency response in the frequency-domain analysis depended greatly
on the Morison and aerodynamic damping and tended to be slightly more
narrow-banded than the time domain results.

The nacelle acceleration spectra for TLPWT 1 are shown in Fig. 5.6b.
There was no significant low-frequency nacelle acceleration, but there were
components near the wave frequency and the first pitch-bend frequency.
The high-frequency component is not modeled by the linear analysis. Due
to aerodynamic damping, the high-frequency component was reduced during
wind turbine operation, which gave improved agreement between the linear
and nonlinear analyses.

Figs. 5.7a-5.7b show the downwind tendon tension spectra for TLPWTs
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5 and 2, respectively. There are components in the wind-frequency range;
in the wave-frequency range; at the first pitch/bend frequency; and at high
wave frequencies, close to twice the peak wave frequency (primarily for
TLPWT 2).

As shown in Fig. 5.7a, the linear analysis tended to capture the wave-
frequency tendon tension variation of TLPWT 5 fairly well in the wave-only
cases, but underpredicted the tendon tension variation for the combined
wind and wave condition. The assumed aerodynamic and viscous damp-
ing may be too large. The wind-frequency component is reasonably well-
approximated, but the pitch/bend frequency component is missing from the
linear analysis.

For TLPWT 2 (Fig. 5.7b), the response spectrum is more complicated.
There is a significant component of the response at high wave frequencies
(close to twice the peak wave frequency), which is present in both the lin-
ear and nonlinear analyses. The response at the pitch-bend frequency is,
however, still missing from the linear analysis. As with the nacelle accelera-
tion, aerodynamic damping reduced the tendon tension response at the first
pitch-bend frequency for the wind-wave nonlinear simulations compared to
wave-only nonlinear simulations.

In addition to the surge, heave, and pitch motions, which are included
in the linear analysis, the nonlinear analysis showed that the sway, roll, and
yaw motions were also excited in long-crested waves and concomitant wind.
The aerodynamic torque and the 3p excitation (as the turbine blades pass
the tower) transferred energy to other modes, as previously described by
Philippe et al. [160].

5.1.4 Conclusions

A linear frequency-domain analysis was investigated as an alternative to the
time-consuming nonlinear analyses. The analysis assumed 3 DOF motion
of a rigid body, and included the wind-induced loads and damping through
approximate methods. While the linear frequency-domain method captured
the wave-induced motions, nacelle accelerations, and dynamic tension with
reasonable accuracy for low sea states, important wave-induced effects in
more severe states were not captured due to the limitations of the rigid-body
structural model. Furthermore, the low-frequency wind-induced response in
the frequency-domain analysis was damping-dependent and slightly more
narrow-banded than that predicted by the nonlinear analysis.

The frequency-domain analysis, in its current form, is insufficient for
analyzing floating wind turbine designs, including TLPWTs: it is not ac-
curate enough in modeling the included modes (surge, heave, pitch) and it
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cannot model enough modes to give a clear picture of the structural loading.
The model could be improved by including the tower elasticity in the pitch
mode, and attempts to correlate the nacelle acceleration with the tower base
bending moment could be pursued.
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5.2 Effects of Hydrodynamic Modeling Approaches

In order to develop appropriate numerical tools for initial design of FWTs,
the sensitivity of the results to the hydrodynamic modeling must be estab-
lished.

A comparison of Morison and potential flow models for a semi-submersible
wind turbine structure with 10 m characteristic length at the waterline in-
dicated that the Morison formulation, with coefficients chosen based on the
potential flow results, could be used to obtain similar structural responses
in the turbine and mooring system [161]. For a TLPWT, this approach may
not be as successful, as published in [162] and described here. In practice,
this means that some wind turbine analysis codes, which were developed for
fixed structures and only include Morison wave force models, should not be
used for TLPWTs.

Additionally, Roald et al. suggested that second-order sum-frequency
forces may be important for TLPWTs [163]. Bae and Kim found that such
forces are primarily relevant for severe wave conditions [164], in general
agreement with the results presented here and published in [162].

Finally, the importance of ringing loads for TLPs is well-established (see
Sec. 2.5.2), but ringing loads have not been included in previous studies of
TLPWT concepts. An examination of ringing load effects is presented here
and has been submitted for publication [165].

In this section, four hydrodynamic models, given below, are considered:

1. M: Morison formulation (Froude-Krylov excitation, added mass, and
viscous drag),

2. P1+V: first-order potential flow and viscous drag,

3. P2+V: first- and second-order potential flow and viscous drag,

4. P2+V+R: first- and second-order potential flow, third-order ringing
forces, and viscous drag.

The considerations included in the different models are summarized in Ta-
ble 5.1, while the background theory is described in Sec. 3.2.

The P1+V formulation is the baseline hydrodynamic model used in
Chap. 4. The P1+V, P2+V, and P2+V+R formulations included mean
drift forces using the Newman approximation, which depends only on first-
order information [88]. Neither the detailed slowly-varying QTF nor the
slowly-varying wave-drift damping was modeled. Compared to the wind-
induced forces in the low-frequency range, the difference-frequency wave
forces are generally small [163].
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Table 5.1: Summary of hydrodynamic models

P1+V P2+V P2+V+R M

Added
Mass

freq.-dep. freq.-dep. freq.-dep. constant

Linear
Damping

freq.-dep. freq.-dep. freq.-dep. not
modeled

Quadratic
Damping

Morison Morison Morison Morison

1st Order
Wave Excit.

rad. + diff. rad. + diff. rad. + diff. inertia

Sum-Freq.
QTF

not
modeled

direct
method

direct
method

not
modeled

Diff.-Freq.
QTF

not
modeled

not
modeled

not
modeled

not
modeled

Mean Wave
Drift
Forces/-
Mom.

Newman
approx. +

viscous

Newman
approx. +

viscous

Newman
approx. +

viscous

viscous

3rd Order
Wave Excit.

not
modeled

not
modeled

FNV [107] not
modeled

Identical transverse viscous damping coefficients were used in all four
hydrodynamic models: CD = 0.7 (see Eq. 3.57) for both circular cross
sections with diameter D and square cross sections (using the width as
the representative length). Although this assumption may underpredict the
drag, particularly on the square cross sections, it is taken as a reasonable first
approximation based on Reynolds and Keulegan-Carpenter number [88]. In
all cases, the viscous damping is applied to all members of the TLPWT hull
(in addition to potential forces or Morison inertia forces).

In all cases, the wave forces on the hull and tendons were computed at the
static position of the TLPWT. The Morison forces - including the viscous
forces in all models - were computed up to the instantaneous water level,
based on wave kinematics at the platform’s original position. No Wheeler
stretching was considered: the wave kinematics at the still water level were
used for points above the still water level. A model of the dynamic pressure
at the base of the center column was included in the Morison model [166],
and the heave added mass of the center column was estimated as the added
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mass of a sphere with diameter equal to D2 (see also Eq. 4.4) [87, 151].

In order to study the effects of different analysis models on a range of
platforms, these models were applied to the original and soft versions of
TLPWT platforms 1-4 (see Sec. 4.1.4). A comparison of the Morison model
and the baseline model is presented in Sec. 5.2.1; the effects of second-
order sum-frequency forces are examined in Sec. 5.2.2; ringing loads are
investigated in Sec. 5.2.3.

5.2.1 Morison Model vs. First-Order Potential Model

In this section, the Morison (M) model is compared to the first-order po-
tential model (P1+V).

The primary first-order force contribution for a single-column TLP comes
from the Froude-Krylov and inertia forces on the main column. The rep-
resentation of the forcing on the main column (neglecting viscous damping
and body acceleration) for the Morison (without diffraction) and potential
flow (with diffraction) models can differ significantly in the high-frequency
range, as shown in the force transfer functions in Figs. 5.8a and 5.8b for
surge and pitch, respectively. Theoretical results were obtained from the
potential flow solution and Eq. 3.59, while simulation results in the wave
frequency range were obtained from simulations with Hs = 2.5m, Tp = 9.8s.
The difference in surge forcing is not of great importance for the structural
response, since the surge natural frequency is lower than the wave frequency,
also excited by the turbulent wind, and relatively unimportant for mooring
system loads. The pitch/bending natural frequency is close to 2.25 rad/s,
where there is a large difference in the forcing and very little hydrodynamic
damping. The pitch/bending response is important for the tower bending
loads and the variations in tendon tension: despite the relatively small ocean
wave energy at this frequency, the large difference in force transfer function
may lead to differences in the computed structural response.

Based on the simulations of TLPWTs 1-4 in ECs 1-4, the effects of the
Morison model on the mean and standard deviation of the responses, as
well as on the short-term fatigue calculations, can be evaluated. The mean
and standard deviations of the baseline (P1+V) responses were previously
presented in Figs. 4.10a and 4.10b (Sec. 4.2.2).

Changes in the mean and standard deviation of the responses using the
Morison model compared to the P1+V model are shown in Figs. 5.9 and
5.10 for the baseline designs. The effect of the Morison model on the mean
values is nearly identical for the soft designs and is not shown. Fig. 5.11
shows the change in standard deviations for the soft designs. Positive values
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indicate that the Morison model overpredicts the shown quantity compared
to the P1+V model.
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baseline designs. Positive values indicate that the M model result is larger
than the P1+V model result.

First, examining the surge motions, the Morison model predicted smaller
µ(ζ1) and larger σ(ζ1) than the potential flow model, particularly for larger
wave heights and large diameters, regardless of the tendon stiffness. The
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Figure 5.11: Relative changes in the standard deviation of key responses, M
vs. P1+V, soft designs. Positive values indicate that the M model result is
larger than the P1+V model result.

difference in motions was observed at the surge natural frequency, where
there is little damping and small forcing differences become more evident in
the response. The large relative difference in σ(ζ1) in ECs 2 and 3 does not
represent a large change in the absolute value.

The agreement between the M and P1+V models was somewhat worse
for pitch compared to surge, particularly for TLPWTs with large diameter.
While µ(ζ5) depended mainly on the thrust force and was similar for both
models, the Morison model predicted significantly larger values of σ(ζ5).
The discrepancy in σ(ζ5) tended to be largest for TLPWT 1 and smallest
for TLPWT 4, regardless of tendon stiffness. The discrepancy for TLPWTs
2 and 3 depended significantly on the tendon stiffness: in both cases, the M
model was somewhat worse for TLPWT 2, which had larger displacement,
than for TLPWT 3. For the baseline designs of TLPWT 2 and 3, the mag-
nitude of the discrepancy was fairly similar (10-20 %). For the soft designs,
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the M model gave over 40 % more pitch response than the P1+V model
for TLPWT 2 (soft), but showed relatively good agreement with TLPWT
3 (soft). TLPWT 3 (soft) had a lower pitch/bend natural frequency, such
that the wave forcing was more similar between the M and P1+V models
in the important frequency range.

Similarly, the mean value of the fore-aft bending moment at the tower
base depended primarily on the thrust force and was unaffected by the
hydrodynamic model, while σ(MFA) increased with increasing wave height.
For the baseline designs, the M model gave larger load predictions than
P1+V (3-14 % for TLPWTs 1-3) in both operational and storm conditions,
primarily in the upper half of the wave frequency range and around the pitch
natural frequency. Due to the increased importance of gravitational loading
as a result of larger pitch motions, the M model gave 15-30% larger tower
loads for the soft versions of TLPWTs 1 and 2 in operational conditions.
For the baseline and soft versions of TLPWT 4, the M model gave good
results for MFA.

Finally, the mean value of the tendon tension in the downwind line
was reasonably well predicted by the M model, but σ(T1) differed signif-
icantly from the P1+V model. Moreover, while the M model predicted
up to 25% larger tendon tension variation for TLPWT 1, it was not nec-
essarily conservative: TLPWT 3 showed less tendon tension variation in
the wave-frequency region. The disagreement was even greater for the soft
TLPWTs, with up to 85 % overprediction of σ(T1). Even the most slender
hull, TLPWT 4, showed increased tendon tension variation using the M
model in the extreme wave condition.

As an example of the difference between the M and P1+V models,
the spectra of the tendon tension response in all environmental conditions
are shown for TLPWT 3 in Fig. 5.12. For the baseline design, the main
difference in the response occurred at the platform pitch/tower bending
frequency, while an additional important component of the response oc-
curred at the second tendon transverse bending mode for the soft version
of TLPWT 3. The response at the second tendon transverse bending mode
was apparent in both the M and P1+V models, but much larger for the M
model.

5.2.1.1 Conclusions

Morison’s equation gave reasonably good agreement for slender structures,
but generally led to larger pitch moment predictions for structures with
large diameter and in large waves. The Froude-Krylov force as computed
by Morison’s equation does not decay as quickly as the potential flow wave
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excitation, leading to larger (unrealistic) excitation for large wave frequen-
cies and near the pitch/bending natural frequency. It is possible that the
agreement between the two models could be slightly improved by varying
the Morison coefficients along the length of the cylinder, but the main dif-
ference in response is at the pitch natural frequency rather than at the wave
frequency. Better agreement between Morison’s equation and linear poten-
tial theory might also be achieved by implementing a correction based on
the MacCamy-Fuchs model, for example (see Sec. 3.2.5). This approach was
not considered here.

5.2.2 Effects of Sum-Frequency Second-Order Forces

The first challenge in studying the effects of the sum-frequency second-
order wave forces is the generation of the sum-frequency quadratic transfer
function (QTF). As described in Section 3.2.3, the free surface-forcing term
requires careful discretization of the free surface. The tool used here for
computing the second-order potential was WADAM, which has a particular
limitation: there may only be 3000 free surface panels in the basic part of
the model [154]. After performing a convergence study for the free surface
mesh radius and the mesh density at the structure waterline, free surface
meshes for each TLPWT were chosen to give the best possible results for
both long and short waves within the software limitation. The convergence
study is presented in Appendix C.

A partitioning radius R2 = 150 m was found to give acceptable results
for long waves, and the diagonal dimension at the structural waterline was
always less than 1.0 m. The shortest wave period included in the second-
order analysis was 4.5 s. Additionally, non-uniform edge element distribu-
tions were used on the hull panel model to obtain finer meshing around
corners and the waterline.

Fig. 5.13 shows the sum-frequency pitch moment QTFs for TLPWTs 1
and 3. The first pitch/bend frequency is shown as a dashed line. As shown,
the QTF tends to increase for increasing frequencies, and the trough along
the diagonal for low frequencies is more pronounced when large pontoons
are present.

The effects of the second-order sum-frequency forces were examined for
two sets of environmental conditions: ECs 1-4 and ringing conditions R1-
R9; selected results are presented here. Note that simulations of ECs 1-4 use
the land-based controller, while R1-R9 used the modified controller, which
gives additional damping but larger power variation. Not all designs were
tested in all ringing conditions: see also Sec. 5.2.3.
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Figure 5.13: Sum-frequency pitch force QTFs, TLPWTs 1 and 3. The
dashed line indicates the first pitch/bending frequency.

The sum-frequency forces had negligible effects on the mean value of the
responses, but increases in the standard deviation could be seen, as shown
in Fig. 5.14 for the baseline designs in ECs 1-4. (Similar results were seen
for R1-R9 and for the soft designs and are not shown here). While the
surge motion was not significantly affected, increases in σ(ζ5), σ(MFA), and
σ(T1) were observed. The increase in standard deviation was largest for
large values of Hs, particularly when the turbine was idling, and TLPWT 2
was the most significantly affected. For the baseline designs, the impact was
very small (< 1 %) for ECs 1-3, and slightly larger (2-10 %) for EC 4. For
the soft designs, the impact of second-order forces on the standard deviation
of the key parameters was similarly very small for operational conditions
(< 2 %), but somewhat larger for EC 4 (5-30 %).

The effect of sum-frequency forces on the blade root bending moments
(not shown) was also small: the observed changes in standard deviation
were less than 6 % in all conditions, with less than 0.1 % changes in ECs 1-
3. Furthermore, the largest relative increases in the standard deviation
were observed for parked conditions, which had lower blade root bending
moments than the operational conditions.

Although the observed effect on the standard deviation was small (< 1%
for the baseline designs, < 2% for the soft designs) in operational conditions,
second-order forces may nonetheless be important for fatigue calculations
if the number of stress cycles increases significantly. First, the one-hour
fatigue damage for the P1+V model is shown in Fig. 5.15. The one-hour
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increase in the response due to accounting for second-order sum-frequency
effects.

fatigue damage for the soft designs followed the same pattern, although the
absolute value of the estimated damage was significantly higher.

The effect of the second-order sum-frequency forces on the fatigue dam-
age is shown in Fig. 5.16 for the baseline designs. The relative difference in
the fatigue damage was generally more significant than the increase in the
standard deviation of the loading. Still, for the baseline designs in opera-
tional conditions, the increase in tower base fatigue was less than 5 %. The
tendon fatigue damage was sensitive to large waves: in ECs 1-3, there were
up to 10 % increases in DRFC for tendon 1, while in R3 and R5-R6, up to
30 % increases were observed for TLPWTs 2 and 3. When the turbine was
idling, the second-order forces became even more important, as shown in
Fig. 5.16. The effects of second-order forces on the tower top (which is rep-
resentative of the shaft loading) were also seen to be small in operational
conditions. Increased tower top fatigue (up to approximately 50 %) was
observed in severe conditions.

The effect of second-order sum-frequency forces on the soft designs
showed similar patterns, with generally larger effects. In ECs 1-3, the tower
base fatigue damage increased 2-10 % for soft TLPWTs 1 and 4, and up
to 30 % for soft TLPWTs 2 and 3; the tendon fatigue damage increased
on the order of 60 %. As the wave height increased, and particularly for
the parked turbine, 100 % and even 500 % increases in fatigue damage due
to sum-frequency loads were observed for the soft designs. So far, these
increases in fatigue damage have been investigated for a few environmental
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Figure 5.15: One-hour short term fatigue damage due to axial stress in the
tower base, tower top, and at the downwind tendon fairlead, P1+V, baseline
designs. ECs 1-4 and R1-R9 (note that R1-R9 are extreme conditions, see
Table 3.8).

conditions. A full long-term analysis is needed to better understand the
effects of second-order sum-frequency forces on the fatigue damage over the
structure’s lifetime.

5.2.2.1 Conclusions

Second-order sum-frequency wave loads had a significant impact on the
response in severe wave conditions, and relatively minor effects on the stan-
dard deviation of the loads in typical operational conditions. This find-
ing agrees with Bae and Kim’s results [164]. The effect of second-order
loads on the short-term tower base and tendon fatigue damage of the soft
TLPWTs was, however, quite significant, especially for the parked condi-
tions. For TLPWTs in deeper water, which are likely to have relatively long
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Figure 5.16: Relative changes in the fatigue damage due to axial stress in
the tower base, tower top, and at the downwind tendon fairlead, P2+V vs.
P1+V, baseline designs, ECs 1-4 and R1-R9.

pitch/bending periods, second-order forces may also have a large impact on
fatigue calculations.

5.2.3 Effects of Ringing Forces

Finally, third-order ringing forces were investigated. As described in Sec. 2.5.2
and 3.2.4, ringing loads are expected to occur in large, steep waves, and
can lead to large transient responses. The effects of ringing loads on the
short-term maxima and on the fatigue loading are examined in Secs. 5.2.3.1
and 5.2.3.2 for the baseline and soft designs, respectively. The effects of
wind turbine operation and viscous modeling on the ringing response are
discussed in Secs. 5.2.3.3 and 5.2.3.4.

Environmental conditions R1-R9 (Table 3.8), with the modified control
parameters, were considered when examining ringing. Not all conditions
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were simulated for each TLPWT: an effort was made to select conditions
which met the criteria for ringing (Sec. 2.5.2). Thus, the conditions were
applied as in Table 5.2. 10x1 hour simulations were considered.

Table 5.2: Range of ringing conditions for each TLPWT. See Table 3.8 for
definitions of conditions R1-R9.

TLPWT ECs Hs (m) Tp (s) ka

1 R5-R9 8.71− 14.0 10.0-15.0 0.16− 0.36

2 R3-R9 7.96− 14.0 9.0-15.0 0.12− 0.35

3 R3-R9 7.96− 14.0 9.0-15.0 0.12− 0.35

4 R1-R7 5.68− 9.87 7.0-11.0 0.11− 0.27

5.2.3.1 Baseline TLPWT Designs

Ringing loads in aligned wind and wave conditions had significant effects
on the tendon tension and fore-aft tower base bending moment. In this
section, the effect of ringing is first examined for the maximum loads and
subsequently for the fatigue loads for the baseline TLPWTs.

Figure 5.17 shows the 1-hour expected maximum tension in the down-
wind tendon (T1) divided by the pretension (Ft) and the 1-hour maximum
fore-aft tower base bending moment (MFA) for the baseline designs. In this
case, the maximum tendon tension in the downwind tension is considered to
be representative of the ringing response, as the minimum tension is often
negative and is not a reliable measure.

For TLPWT 1, the ringing forces led to negative tension incidents in
all of the tested environmental conditions. The resulting tendon loads were
quite large, while the tower base loads were less affected.

TLPWTs 2 and 3, which have the same diameter, experienced very
similar ringing loads. Ringing led to increased maximum T1 in all of the
considered environmental conditions. The maximum MFA increased for
TLPWT 2 in idling conditions, but was almost unchanged in operational
conditions compared to the first-order loads. On the other hand, the maxi-
mum MFA for TLPWT 3 increased in all conditions, particularly in idling
conditions. The reason for the difference in the tower base load response
between TLPWTs 2 and 3 is related to the phasing of the responses.

Fig. 5.18 illustrates one instance of the response to a ringing load for
TLPWTs 2 and 3 in an operating condition, where there is a mean positive
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Figure 5.17: Baseline designs: 1-hour expected maximum tension in the
downwind tendon (divided by pretension, top) and fore-aft tower base bend-
ing moment (bottom)

bending moment at the tower base due to the thrust force. The ringing
force decreases MFA at the peak of the first-order response, but adds a
peak shortly afterward. This peak is larger for TLPWT 3, which is lighter,
has larger pretension, and has a smaller tendon radius. The first-order
variation in tension relative to pretension is smaller for TLPWT 2, but the
ringing-induced variation is larger, which allows the platform to take up
more of the ringing load in the tendons than in the tower base.

Ringing had less impact on the maximum loads for TLPWT 4. An
increase in the maximum T1 (5-10%) was seen in all of the studied environ-
mental conditions, and the maximum MFA increased in idling conditions.
For all of the TLPWTs, the maximum MFA in idling conditions (R4, R7,
R8, R9) tended to be smaller than the maximum load in operational condi-
tions when ringing was not accounted for, but increased to similar or larger
levels when ringing was included in the analysis.

For all of the baseline TLPWTs, ringing loads also caused an increase
in the maximum tower top fore-aft bending moment in idling cases, but
that moment was much smaller than the moment encountered in operat-
ing conditions. The side-side bending moments at the tower top and base,
blade root bending moments, and surge and yaw motions were not strongly
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Figure 5.18: TLPWTs 2 and 3: wave, fore-aft tower base bending moment,
and tension in the downwind tendon (divided by pretension). R6 (Hs =
9.36 m, Tp = 11.0 s)

affected by ringing loads. Ringing-induced increases in the maximum and
standard deviation of the edgewise blade root bending moment were ob-
served for idling conditions, but the blade root loads were otherwise largely
unchanged.

Fig. 5.19 shows the 1-hour expected short-term fatigue damage in the
downwind tendon for the baseline designs. Clearly, the load oscillations after
a ringing event also contribute to fatigue. The tendon fatigue damage due
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to ringing was particularly large for idling cases. The fatigue damage at the
tower base (not shown) followed the maximum MFA patterns quite closely,
with TLPWT 3 suffering the greatest increase in damage due to ringing
loads. The present calculations indicate that the fatigue damage estimates
for these environmental conditions are sensitive to the ringing loads, but do
not consider the likelihood of encountering such environmental conditions.
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Figure 5.19: Baseline designs: 1-hour expected fatigue damage at the fair-
lead of the downwind tendon. See Table 3.8 for definitions of conditions
R1-R9.

Ringing also affected the short-term fatigue at the tower top in idling
conditions, but the fatigue damage there was still much smaller than during
the operational cases. In order to understand the effects of ringing on fa-
tigue, a full long-term analysis should be carried out. The conditions which
result in ringing do not occur often, but their contribution to fatigue should
be considered in light of the full lifetime of the TLPWT.

5.2.3.2 Soft TLPWT Designs

Ringing was found to have severe consequences for the baseline designs.
This section presents the effects of ringing loads on the maximum loads and
fatigue damage of soft TLPWTs.

Fig. 5.20 shows the 1-hour maximum of T1 and MFA for the designs
with softened tendons. Comparing Figs. 5.17 and 5.20, one can see that
the soft designs performed slightly worse than the stiff designs in terms of
maximum loads, although TLPWT 4 did not experience very large increases
in the loads.

Furthermore, Fig. 5.20 shows that the maximum value of MFA greatly
increased for soft TLPWTs 1 and 2 when ringing forces were included in the
analysis. The maximum value of T1 increased for the idling cases. These
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TLPWTs have natural pitch bending periods of 3.15 s and 3.79 s, making
them particularly sensitive to the third-order loads.

For the soft version of TLPWT 3, second-order forces had a large ef-
fect on both T1 and MFA, but the ringing forces resulted in only a small
modification to the second-order results. In many conditions, the maximum
response was slightly decreased by including ringing forces due to the phase
difference in the forcing. The natural pitch/bending period of soft TLPWT
3 was longer than that of the soft versions of TLPWTs 1 and 2, which may
place it slightly further from the third-order forcing.
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Figure 5.20: Soft designs: 1-hour expected maximum tension in the down-
wind tendon (divided by pretension, top) and fore-aft tower base bending
moment (bottom). See Table 3.8 for definitions of conditions R1-R9.

Similarly, Fig. 5.21, which shows the 1-hour expected fatigue damage in
the downwind tendon for the soft designs, suggests that ringing is a particu-
larly important consideration for soft TLPWTs 1 and 2, and that the idling
cases are most critical. The tendon fatigue damage for TLPWT 3 depended
on the second-order sum-frequency excitation, but was not very sensitive to
ringing. The fatigue damage to the downwind tendon of TLPWT 4 did not
depend strongly on second-order or third-order forces.
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Figure 5.21: Soft designs: 1-hour expected fatigue damage at the fairlead of
the downwind tendon. See Table 3.8 for definitions of conditions R1-R9.

5.2.3.3 Operational vs. Parked Turbines

The previously presented results suggested that the tendon tension variation
may be quite sensitive to turbine operation. The effect of turbine opera-
tion on the response to ringing loads was examined for R5 (Hs = 8.71 m,
Tp = 10 s, Uw = 24 m/s) by directly comparing simulations with identical
environmental inputs and varying the turbine state. The effect of ring-
ing loads on the expected maxima and on the 1-hour fatigue damage was
computed relative to the P2+V simulations. Fig. 5.22 shows the effects of
ringing forces on extreme T1 and MFA and on the fatigue damage in the
downwind line and tower base for the operational and idling turbine.

Ringing forces caused an increase in the maximum T1 regardless of
whether or not the turbine was operating. The increase was slightly larger
for the idling turbine and for the stiff turbine designs. The effect of ring-
ing on the tendon fatigue damage was, however, more strongly dependent
on the turbine operational mode. The simulated 1-hour fatigue damage
to the downwind tendon more than doubled for TLPWTs 2 and 3 in the
idling condition for R5, suggesting that aerodynamic damping may have an
important effect on the ringing-induced short-term fatigue damage in the
tendons.

The maximum MFA generally increased more due to ringing when the
turbine was idling than when it was operating, but the absolute maximum
value was generally larger for an operating turbine (due to the contribution
from the thrust force). Ringing caused a very large increase in the tower
base damage for the idling turbine, further highlighting the importance of
aerodynamic damping in the decay of ringing-induced oscillations.
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Figure 5.22: Operational and idling turbine: effect of ringing forces on
maximum T1/Ft and MFA, and on the fatigue damage in the downwind
line and tower base, environmental condition R5 (Hs = 8.71 m, Tp = 10. s)

5.2.3.4 Viscous Damping Effects

In order to examine the effects of viscous damping on the ringing response,
simulations for environmental condition R5 (Hs = 8.71 m, Tp = 10 s, Uw =
24 m/s) were carried out for CD = 0.4, 0.7, 1.0, and 1.3. The drag coefficient
influences both the wave forcing and damping, but the results were not
found to be sensitive to the value of CD within the given range. As shown
in Fig. 5.23, the differences in the maximum T1 and MFA were less than
3%. The effect on the fatigue damage (not shown) was similarly small.

5.2.3.5 Conclusions

Third-order wave forces on TLPWTs can induce ringing-type responses in
a range of environmental conditions which fall along the 50-year probability
contour surface for North Sea conditions.

The implementation of the ringing forces is an important consideration.
It has been shown that good agreement with experimental results requires
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Figure 5.23: The 1-hour expected maximum T1 and MFA as a function of the
viscous damping coefficient, CD. Results are shown for R5 (Hs = 8.71 m,
Tp = 10. s), with the turbine operational, second-order forces included, and
ringing forces included.

the use of the second-order QTF and the third-order long-wave FNV for-
mulation [104]. A direct implementation of the irregular wave formulation
of the FNV equation, however, includes difference-frequency terms which
are not desired in the simulation and are over-conservative. In order to
give the best possible estimate of the effect of ringing forces, Johannessen’s
implementation of the ringing force was applied here [107]. Comparisons be-
tween Johannessen’s implementation and direct implementation of FNV for
a single DOF oscillator are included in the work submitted for publication
[165].

The effect of ringing forces was seen primarily in the platform pitch
motions, which led to increased loads at the base of the tower and in the
tendons. Ringing had little effect on surge, roll, and yaw, on the tower top
loads, and on the blade loads.

All of the baseline (stiff) designs, with diameter 6.5-18 m and pitch/bend-
ing natural period ≈ 2.8 s, showed increased variation in the tendon tension
and tower base bending moment when ringing forces were included. Com-
pared to simulations which included only the first and second-order potential
flow excitation, the increase in the maximum tendon tension was 12-30 %
for TLPWTs 1-3 and 5-10 % for TLPWT 4 (which had the smallest diame-
ter), and did not depend strongly on the turbine operational condition. The
increase in the tower base bending moment due to ringing was largest for
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idling conditions (≈ 30-40 % increase) and TLPWT 3 was most affected.
Within the limited range of studied conditions, ringing also caused increased
short-term fatigue damage to the downwind tendon and tower base, partic-
ularly in idling conditions.

For the conditions investigated here, the softer TLPWTs showed gener-
ally worse performance characteristics with regards to tendon tension varia-
tion and the bending moment at the tower base. Ringing forces were found
to be most important for the soft versions of TLPWT 1 and 2, which had
pitch/bend natural periods of 3.15 and 3.79 s, respectively. Second-order
forces were of greater importance for TLPWT 3, which had its pitch/bend
natural period at 4.10 s. Both the extreme loads and the fatigue dam-
age increased for the soft versions of the designs compared to the baseline
versions.

Viscous damping had very little effect on the extreme loads or on the
fatigue, but the aerodynamic damping caused ringing loads to have less
relative effect on fatigue in the tendons and tower base for an operating
turbine compared to an idling turbine.

The present study considered a limited number of environmental condi-
tions – all of which had aligned wind and long-crested waves. The effects of
structural damping on the ringing response were not examined. Although
existing load models for the third-order excitation may still be conserva-
tive, the present results suggest that ringing may pose a serious problem
for TLPWTs in certain environmental conditions. Negative tension was en-
countered due to ringing loads in at least one simulation of each TLPWT
studied here. TLPWT 1 showed a significant number of negative tension in-
cidents, with somewhat more frequent occurrence for the soft version than
the baseline version. In order to better understand the effect of ringing
forces on extreme loads and on fatigue damage, long-term analysis needs to
be performed.



Chapter 6

Severe Operational
Conditions
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6.1 Effects of Wind Turbine Controller Faults on
TLPWTs

Control system faults are the first of two types of severe operational con-
ditions that were examined for TLPWTs. This section examines the dy-
namic response of TLPWTs during selected control system faults. For
pitch-regulated wind turbines, the blade pitch control system contributes
significantly to the failure rate [18]. Two types of faults were chosen for
study: blade pitch actuator faults and grid loss (see also Sec. 3.4.3.1). In
the case of blade pitch actuator faults, the response was studied with and
without emergency shutdown of the turbine. For grid loss, emergency shut-
down was always considered (to avoid severe overspeed).

This study was initially performed in collaboration with several PhD
students at CeSOS: key results and concept comparisons were published in
[76]. Additional results for the soft version of TLPWT 3 are included here
for comparison with the results for TLPWT 3 and the OC3 Hywind spar
wind turbine. Semi-submersible wind turbines, which were studied by M.
Kvittem and C. Luan, are not included in this thesis.

First, the fault conditions are defined in Sec. 6.1.1. Then, the responses
to shutdown in constant wind - including the dependence of the responses
on the azimuth angle at the time of fault and the effects of varying the blade
pitch rate - are examined in Sec. 6.1.2. The dynamic responses to controller
fault in irregular waves and turbulent wind are studied in Sec. 6.1.3.

6.1.1 Fault Conditions

Four conditions are examined when considering controller fault:

A) Fault-free: normal power generation in ECs F1-F5 and F7, idling in
EC F6 (see Table 3.9).

B) Blade seize: the pitch actuator of one blade is blocked at time tf and
the turbine continues to operate for 10 minutes, with the controller
trying to maintain the desired rotational speed by pitching the other
two blades.

C) Blade seize followed by shutdown: the pitch actuator of one blade is
blocked at time tf , and the controller reacts by shutting down after
detection time td.

D) Grid loss followed by shutdown: the grid is disconnected at time tf ,
and the controller reacts by shutting down after detection time td.
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When shutdown occurs, the grid is disconnected and all blades with working
actuators are pitched to feather (90◦) at the pitch rate PR. In the current
work, the pitch rate during shutdown is chosen to be PR = 8 deg/s, the
maximum pitch rate suggested in [72]. The pitch rate can have a significant
impact on the loads and motions, as discussed in Sec. 6.1.2.2 and studied
by Jiang et al. [74].

For fault types B, C, and D, the fault occurred after 400 seconds of
normal operation. An additional 600 seconds after fault were simulated
in order to capture several subsequent cycles of low-frequency events. For
fault types C and D, td = 0.1 seconds, which is approximately 10 times
the sampling frequency of the controller, as in benchmark studies of fault
tolerant control [167].

The wind turbine behavior during fault type C is illustrated in Fig. 6.1
for the land-based NREL 5 MW wind turbine. As shown, the non-faulted
blades reached full feather within approximately 10 seconds, and the tur-
bine slowed down within 20 seconds. Fig. 6.1 also shows the characteristic
negative thrust and torque during shutdown: the fast pitching action pulled
the rotor back into the wind. During shutdown without blade pitch fault,
the turbine stopped within 12 seconds, and the peaks in thrust and torque
were even more pronounced.
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Figure 6.1: Fixed wind turbine: blade 2 seize followed by shutdown (fault
type C). Constant wind, 20 m/s.
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6.1.2 Constant Wind

Before considering the full response of floating platforms to fault conditions
in turbulent wind and irregular waves, an investigation into the determin-
istic component of the response to controller fault was needed. Constant
wind simulations were therefore carried out for the land-based turbine and
for TLPWT 3.

Type B faults are, of course, meaningless in constant wind, since an
ideal blade pitch controller maintains a constant pitch angle in constant
wind. For fault types C and D, however, it is interesting to investigate the
importance of the azimuth angle on the blade and tower response during
shutdown (Sec. 6.1.2.1) and the impact of blade pitch rate on the response
(Sec. 6.1.2.2).

6.1.2.1 Azimuth Angle Dependence

The j-th blade azimuth angle (ϕj) is defined as zero when the blade is
oriented directly upward, and increases in the same direction as the turbine
rotates (Fig. 6.2). In this section, constant wind results are presented with
reference to the ϕ2 at the time of fault (tf ), since blade 2 is typically assigned
as the “faulty” blade for types B and C controller faults.

11

2
3

Z
X

Y
X

(a) ϕ1 = 0 degrees

3
2

1

3

Z

Y
X

(b) ϕ1 = 180 degrees

Figure 6.2: Azimuth angle definition for blade 1, including the global coor-
dinate system

As one would expect, given the rotor symmetry, the tower loads did not
depend on ϕ(tf ) in response to grid fault followed by shutdown with all
three blades pitching properly (fault type D), as shown in Fig. 6.3. For the
land-based turbine, a clear dependence on the wind speed can be seen, with
wind speeds near rated causing the largest load excursions. For TLPWT 3,
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irregular waves were applied together with the constant wind. The wave con-
ditions follow Table 3.10 in Sec. 3.5.2.4. In the case of TLPWT 3 (Fig. 6.3b),
the irregular waves added more variation to the results, but there was no
dependence on ϕ(tf ). Because the wave height increased with the wind
speed, the pattern with respect to wind speed was more difficult to discern
when irregular waves were included.
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Figure 6.3: Azimuthal dependence of the extreme tower base fore-aft load
due to grid loss and shutdown (fault type D). Constant wind speeds 8-20 m/s.
Irregular waves are included in the simulations of TLPWT 3.

Moreover, for fault type D, the blade loads depended on ϕ(tf ) due to
gravitational loading. Fig. 6.4 shows the maximum flapwise and edgewise
blade loads after fault as a function of ϕ2(tf ). The time to detection was
constant (td = 0.1 seconds), so the azimuth at the start of shutdown (t =
tf + td) depended on the rotor speed. For 8 m/s wind speed, shutdown
began at an azimuth angle approximately 5.5 degrees larger than that at tf ;
for wind speeds above rated, ϕ(tf + td) is approximately 7.2 degrees larger
than ϕ(tf ).

As shown in Fig. 6.4, for case D, the maximum flapwise loads occurred
if the blade was approximately 90 degrees past the upward vertical position
at the time of fault (on the way down). Note that, as a blade pitches to
feather, the gravitational loads act increasingly in the flapwise direction,
and the flapwise aerodynamic loading eventually decreases. The flapwise
loads during shutdown were similar or smaller than the operational loads.
The maximum edgewise loads after fault occurred on blades that were ap-
proximately 90 degrees past the downward vertical position (on the way
up), and could be larger than the operational edgewise loads.
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Figure 6.4: Azimuthal dependence of the maximum blade root loads due
to grid loss and shutdown, land-based wind turbine, constant wind speeds
8-20 m/s.

When blade 2 was not able to pitch to feather (fault type C), ϕ2(tf )
affected both the tower and blade loads.

The range of the tower base fore-aft bending moment after fault type C
is shown in Fig. 6.5 for the land-based turbine and TLPWT 3. The largest
load was applied to the tower base when the faulted blade - which continued
to provide a thrust force during shutdown - was approaching the vertical
upward position at tf . For the fixed turbine (Fig. 6.5a), ϕ(tf ) can account
for a 60 % variation in the fore-aft bending moment range. The same trend
was present for TLPWT 3 (Fig. 6.5b), although the wave effects contributed
additional load variations.

The land-based wind turbine blade loading in steady wind for fault case
C is examined in Fig. 6.6 for the faulted blade (blade 2) and in Fig. 6.7 for
a non-faulted blade (blade 1).

The flapwise loads on the faulted blade (Fig. 6.6a) were similar to oper-
ational wind loads, while the non-faulted blades encountered both gravita-
tional and aerodynamic loading in the flapwise direction. Furthermore, the
flapwise loads on the non-faulted blades in case C (Fig. 6.7a, where only
two blades were pitching to feather) were somewhat higher than the loads
in case D (Fig. 6.4a), but the same general azimuthal pattern was observed.

The edgewise loads on the faulted blade were smaller than the edgewise
loads on the pitching blades (Figs. 6.6b and 6.7b). The edgewise loads on
the faulted blade were only slightly larger than the operational loads, while
transient edgewise loading affected the pitching blades during the shutdown
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Figure 6.5: Azimuthal dependence of the extreme tower base fore-aft load
due to grid loss and shutdown (fault type C), constant wind speeds 8-20 m/s.
Irregular waves are included in the simulations of TLPWT 3.

process. The magnitude of the dynamic loading depended partly on grav-
itational loads, such that the extreme edgewise load depended strongly on
ϕ. The edgewise loads on the non-faulted blades were similar in magnitude
to those encountered for type D fault.

For the TLPWTs and spar, similar results were obtained for the az-
imuthal dependence of the tower and blade loads as for the land-based
turbine. Furthermore, the maximum yaw angle in fault case C was found
to depend on ϕ(tf ). For TLPWT 3, approximately one degree of the yaw
angle variation could be explained by azimuthal variation, with the maxi-
mum yaw amplitudes occurring when the faulted blade was near 90 or 270
degrees at the start of the shutdown process.

6.1.2.2 Pitch Rate Dependence

All of the irregular wave and turbulent conditions were studied with a con-
stant value of the blade pitch rate for emergency shutdown (PR = 8 deg/s).
Jiang et al. showed that the pitch rate affects the loads and motions of
land-based and spar wind turbines [74]. Larger turbine loads and decreased
platform motions were seen as PR increased. An example of the fixed
turbine response for a type C fault with different pitch rates is shown in
Fig. 6.8. As expected, the turbine came to a stop sooner when a higher
blade pitch rate was used, but the peaks in the negative thrust and torque
loads were larger. For a slower pitch rate, the maximum load was smaller,
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Figure 6.6: Azimuthal dependence of the maximum blade root loads on the
faulted blade due to blade pitch actuator fault and shutdown, land-based wind
turbine, constant wind speeds 8-20 m/s
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Figure 6.7: Azimuthal dependence of the maximum blade root loads on a
non-faulted blade due to blade pitch actuator fault and shutdown, land-based
wind turbine
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Figure 6.8: Fixed wind turbine: blade 2 seize followed by shutdown (fault
type C). Constant wind, 14 m/s.

but the large negative thrust and torque persisted for a longer time period.

For comparison, a brief investigation of the effects of varying PR was
performed for TLPWT 3 in constant wind (14 m/s) without waves. The
minimum/maximum tower base MFA and the maximum yaw motion am-
plitude (ζ6) for type C fault with PR = 4, 8, 12 deg/s are shown in Fig. 6.9.
As shown, increasing the pitch rate caused increased loads and motions, and
decreasing the pitch rate caused decreased response. Surge and pitch mo-
tions also increased (decreased) with increasing (decreasing) pitch rate, in
contrast to the softer spar platform. The blade loads also tended to increase
(decrease) with increasing (decreasing) blade pitch rate, as illustrated for
type D fault in Fig. 6.10.

These results suggest that slower blade pitch rate during emergency
stop could be considered in order to reduce loads on TLPWTs, without
increasing the platform motions. Such a decision would, of course, require
operators to accept the increased time required for complete stop.

6.1.3 Turbulent Wind and Irregular Waves

After the constant wind study, fault types A-D were implemented in 5 differ-
ent environmental conditions (F1-F5), and two additional conditions were
examined without fault (F6-F7). As described in Table 3.10 in Sec. 3.5.2.4,
ECs F1-F5 represented a range of typical operational conditions. EC F6
was a storm condition, where the turbine idled, and EC F7 was an extreme
turbulence condition close to the rated wind speed, which is associated with
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Figure 6.9: Pitch rate dependence of tower base fore-aft bending load and
yaw motion, fault C, TLPWT 3, 14 m/s constant wind, no waves
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Figure 6.10: Pitch rate dependence of blade root bending loads, fault D,
TLPWT 3, 14 m/s constant wind, no waves
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the maximum thrust. ECs F6 and F7 were included in order to provide a
“severe load” with which the fault-induced loads could be compared.

The number and length of simulations were chosen in order to provide a
reasonable statistical basis for comparison. In conditions F6 and F7, where
the load maxima were expected to be driven by waves or lower-frequency
wind variations, six three hour simulations were considered. For fault cases,
where the deterministic fault event is expected to dominate, 30 shorter sim-
ulations were carried out. Current offshore wind turbine standards suggest
that 12 10-minute simulations be carried out for power production plus fault
cases [6], but 30 simulations were employed here in order to capture some
of the significant stochastic and azimuthal variation [74].

6.1.3.1 Response Maxima

Choosing a consistent method to define maxima is particularly challenging
when comparing the fault-induced response, which is a short-term response
and often dominated by the transients in the shut-down procedure, and the
response in an extreme sea state, which is considered to last for three hours
at a time. Adding to the complexity is the azimuth dependence of some
fault-induced responses (particularly fault case C). Two different methods
were considered:

1. Absolute maximum: largest absolute value encountered in all 30 1000-
second simulations (ECs F1-F5), or all 6 3-hour simulations (ECs F6-
F7)

2. Expected maximum: average of the largest absolute value encountered
in each of the 30 1000-second simulations (ECs F1-F5) or 6 3-hour
simulations (ECs F6-F7).

Table 6.1 shows the combined environmental and fault condition lead-
ing to the largest responses using both definitions. The studied responses
include the global motions, the moments at the tower top and base in the
fore-aft (FA) and side-side (SS) directions, blade root bending moments
in the local coordinate system, and the mooring system loads. The most
severe mooring system loads were evaluated in different ways for different
concepts. For the spar, the tension in the delta lines was measured, while
the minimum tendon tension was considered as the representative mooring
system response for the TLPWTs.
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Table 6.1: Load cases resulting in the absolute maxima (1)/ largest expected
maxima (2). Note: blade 2 is the faulted blade for type B and C faults and
numbers refer to environmental conditions F1-F7.

Response Land- OC3- TLPWT 3 TLPWT 3
based Hywind soft

Surge (ζ1) - 6A/6A 6A/6A 6A/6A
Sway (ζ2) - 6A/6A 6A/6A 6A/6A
Heave (ζ3) - 6A/6A 6A/6A 6A/6A
Roll (ζ4) - 6A/6A 6A/6A 6A/6A
Pitch (ζ5) - 6A/6A 6A/6A 6A/6A
Yaw (ζ6) - 6A/6A 5C/5C 5C/5C

Tower base MFA 2C/2D 6A/6A 6A/6A 6A/6A
Tower base MSS 5C/5C 6A/6A 5C/4C 5C/5C
Tower top MFA 2C/2C 2C/2C 3C/2C 3C/2C
Tower top MSS 5B/5B 4B/5B 5B/5B 5B/5B

Blade 1 Mflap 4B/7A 4B/7A 5B/7A 5B/7A
Blade 1 Medge 2C/2D 2C/2C 3C/3D 2D/2D
Blade 3 Mflap 4B/7A 4B/7A 5B/7A 5B/7A
Blade 3 Medge 2D/2D 3D/5D 2D/4D 2D/2D
Blade 2 Mflap 3B/7A 3B/7A 5B/7A 3B/7A
Blade 2 Medge 3D/3D 5D/3D 2D/3D 5D/2D

Mooring system - 6A/6A 6A/6A 6A/6A

Table 6.1 highlights several important results:

r The global motions and (consequently) the mooring loads were dom-
inated by the extreme wave condition (F6A), while blade and tower
top bending moments were more affected by fault conditions.

r The absolute extreme blade bending loads tended to occur in fault
conditions. Flapwise loads were particularly sensitive to imbalance
(fault type B), while edgewise loads were most sensitive to shutdown
(fault types C and D).

r The extreme blade bending moments depended on the extreme value
computation method. While fault conditions may yield the absolute
extreme value, the expected maximum value for flapwise loads tended
to occur in the extreme turbulence condition (F7A). It is important
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to note that the expected maxima for conditions F6 and F7 effectively
represent 3.6 times longer time series than the fault conditions. The
expected extreme value of a distribution increases when a longer time
period is considered [119, Ch. 10.7]. Furthermore, averaging over the
randomly distributed azimuth angles for different fault conditions does
not necessarily give a good estimate of the condition which will lead
to the absolute extreme value (see also Sec. 6.1.2.1 and [74]).

r The tower top bending moments, which are representative of the shaft
loading, were sensitive to imbalance loads. The fore-aft tower top loads
were largest for blade imbalance followed by shutdown in near-rated
conditions, while side-side tower top loads were dominated by blade
imbalance at higher wind speeds.

It is important to note, however, that Table 6.1 does not give any in-
dication of the relative severity of different loads, nor does it show the
statistical variation present in the extreme values. An illustration of the
statistical variation in the maximum value for different simulations is shown
in Fig. 6.11. For each environmental and fault condition, the range of the
single-simulation maximum absolute value of the fore-aft tower bending mo-
ments is shown. The responses in Fig. 6.11 are normalized by the expected
absolute value for each condition.

There was significant stochastic variation in the maxima computed for
individual simulations – particularly for fault types B and C, where rotor
imbalance was present. In some cases, the absolute maximum was up to
50 % larger than the average of the maxima. The relative variation in the
maxima tended to be larger at the tower top than at the base for cases A
and B, but large variations were seen at both locations. The variation in the
response was fairly consistent for different substructures. The baseline and
soft versions of TLPWT 3 showed similar trends compared to the land-based
turbine.

The following subsections (6.1.3.2-6.1.3.5) discuss the interesting con-
sequences of pitch actuator fault, grid loss, and shutdown on the motions,
mooring system loads, tower loads, and blade loads.

6.1.3.2 Platform Motions and Mooring System Loads

With a few exceptions, the platform motions - and the related mooring sys-
tem loads - were not very sensitive to fault. The heave motions were wave-
driven and unaffected by fault, while the decreased thrust due to shutdown
resulted in decreased surge and pitch motion.
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Figure 6.11: Range of absolute maximum response values for different seeds.
Land-based, OC3-Hywind spar, and TLPWT 3 (baseline and soft). Response
values are normalized by the expected value of the maximum for each fault
type (A-D) and EC (1-7).

The sway, roll, and yaw motions, which are generally smaller than the
surge and pitch motions, were more affected by controller fault, particularly
by imbalance loads. The roll and yaw motions are related: during normal
operation, variations in the rotor torque can induce roll motion, which can
then induce yaw motion through both wave forces and thrust forces. Ad-
ditionally, uneven wind across the rotor can induce yaw moments. During
blade seize, the yaw motions increased slightly for both the original and soft
versions of TLPWT 3 (5-15%) and even more for the spar (up to 50%).

Blade seize followed by shutdown (type C) caused even larger yaw mo-
tions: the spar and TLPWT platforms have relatively small inertia and high
stiffness, making them responsive to the aerodynamic impulse load. Com-
pared to their normal operation, yaw motions increased by approximately
25% for TLPWT 3, with maximum expected fault-induced yaw of up to 2.9
degrees (2.5 degrees for the soft version), and by almost 400% for the spar
(7.3 degrees). The spar experienced only slightly larger yaw motion in the
extreme condition (expected maximum 8.3 degrees in F6).

The mooring loads on the original and soft versions of TLPWT 3 gen-
erally decreased following fault, because the tendons were most sensitive to
platform pitch motion. On the other hand, spar mooring loads were affected
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by both yaw and surge motions. The yaw motions due to blade seize caused
a 12.5% increase in delta line tension for the spar, while blade seize followed
by shutdown led to a 50% increase compared to operational loads. The
largest fault-induced mooring loads occurred near the rated condition. The
storm-induced loads were, however, still larger (60% larger than operational
loads for the spar).

6.1.3.3 Tower Base Bending Moments

The fore-aft tower base bending moment (MFA) is driven by the thrust
force, inertial loads, and by the weight of the rotor, which can cause a large
bending moment due to platform pitch or tower bending. For the spar
and (soft and original) TLPWT 3, shutdown resulted in decreased fore-
aft loading due to the decreased thrust, while blade seize had little effect.
Shutdown, however, caused relatively large fore-aft tower base bending loads
for the land-based wind turbine: the sudden change in the thrust caused
relatively large loading at the tower base and lightly-damped vibrations
in the first bending mode. Furthermore, the soft version of TLPWT 3
experienced smaller fore-aft loading at the tower base due to shutdown, but
larger loading in the extreme environmental condition.

The side-side tower base bending moment (MSS) depends on the torque
moment at the top of the tower and the rotor weight (due to sway and
roll motions or side-side bending). During normal operation, this moment
is much smaller than the fore-aft moment. Fault type D did not result
in large tower base side-side loads, but both fault types B and C caused
relatively large loads (100 % increase compared to operational conditions).
The shutdown process with a faulted blade caused only slightly larger loads
than the imbalance condition. Despite the increase, the side-side loads were
smaller than the fore-aft moment (MSS < MFA).

6.1.3.4 Tower Top Bending Moments

The tower top bending moments, which reflect both aerodynamic loads and
loads due to rotor inertia, may be seen as a measure of the drivetrain loads,
particularly the shaft bending moments. These loads are known to be larger
for floating systems compared to land-based or fixed bottom turbines [168].
As shown in [76], type D faults are unlikely to be design-driving for the tower
top, but blade seize - with or without shutdown - could lead to critical load
conditions for some platforms.

Figs. 6.12 and 6.13 compare the expected maximum fore-aft and side-side
tower top bending moments, respectively. In Figs 6.12 and 6.13, ECs F1-F5
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are shown with bars (A), diamonds (B), open circles (C), and triangles (D),
and the expected maxima for ECs F6 and F7 for each concept are shown as
horizontal lines for comparison. As shown, blade seize increased both the
fore-aft and side-side tower top bending moments, particularly in higher
wind speeds.
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Figure 6.12: Expected maximum tower top fore-aft bending moment for all
platforms and conditions.

Fig. 6.12 shows that shutting down the turbine after blade seize error
(C) tended to reduce the expected maximum fore-aft moment in high wind
speeds for the land-based and TLPWT wind turbines, but tended to greatly
increase the maximum load in lower wind speeds. Shutting down the turbine
in high wind speeds was less effective for the spar platform: the maximum
load due to type C faults was always greater than that due to type B faults.
Additionally, Fig. 6.12 shows that the original design of TLPWT 3 was
slightly more sensitive to controller fault with respect to the tower top fore-
aft loading, while the soft version of TLPWT 3 experienced larger loads in
the extreme wind and wave condition (F6).

The side-side bending moment at the tower top was fairly consistent
across all platforms. Shutting down the platform gave a clear load reduction
of the side-side bending moment for all platforms compared to continued
operation with a seized blade (Fig. 6.13).

The nature of the maximum fore-aft tower top load in fault cases B
and C is illustrated in Fig. 6.14. When shutdown occurred, the maximum
load occurred for a short period immediately after the onset of shutdown,
followed by a reduction in the load. The maximum load in case B, on the
other hand, took more time to develop. If the blade pitch error were to
persist even longer, larger loads than those seen here might occur.
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Figure 6.13: Expected maximum tower top side-side bending moment for all
platforms and conditions. ECs 1-5 are shown with bars (A), diamonds (B),
open circles (C), and triangles (D). The expected maxima for ECs 6 and 7
for each concept are shown as horizontal lines for comparison.

−200 0 200 400 600
−2

−1.5

−1

−0.5

0

0.5

1

1.5

x 10
4 TLP

Time−TF, s

T
ow

er
 T

op
 M

F
A
, k

N
m

 

 

−200 0 200 400 600
−2

−1.5

−1

−0.5

0

0.5

1

1.5

x 10
4 Spar

Time−TF, s

T
ow

er
 T

op
 M

F
A
, k

N
m

B
C

Figure 6.14: Spar and TLP fore-aft tower top bending moment for one
realization of EC 5 (cases B and C).

6.1.3.5 Blade Root Bending Moments

In general, the effects of faults and shutdown on the blade loads were similar
for all of the platforms (and for the land-based turbine). This is consistent
with the steady wind study results (Sec. 6.1.2).

The flapwise bending moment was susceptible to blade seize faults, while
shutdown decreased the flapwise loading. Compared to normal operation
conditions, blade seize faults (type B) caused small (5-10%) increases in
the expected maximum flapwise loads on the faulted blade and somewhat
larger (up to 25%) increases for the other two blades. Since the controller
continued to try to maintain the rotation speed, the chosen pitch angles
for the non-faulted blades often resulted in larger loads. It is expected
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that longer simulations with fault case B would result in even larger load
increases.

The edgewise bending moment was not affected by blade seize faults,
but was sensitive to shutdown. The shutdown process yielded up to 40%
increases in the maximum edgewise bending moment compared to normal
operational conditions. This increase was observed for all platforms and
tended to be maximum near the rated wind speed.

6.1.4 Conclusions

Although extreme weather conditions were found to generally result in more
severe motions, mooring loads, and tower base loads, fault conditions were
critical in some cases for tower top and blade loads. Furthermore, fault and
shutdown induced large yaw motions for the OC3 Hywind spar and both
the baseline and soft versions of TLPWT 3.

No unstable behavior was encountered in the simulation of the floating
platforms under fault conditions. The nonlinear simulation tool did not
reproduce the instability identified by Jonkman and Matha [44, 169] for a
TLPWT idling with a blade pitch fault in fault case C after shutdown.

A limited number of realizations of each fault were carried out, and only
aligned wind and wave conditions were considered in this section. There
are large stochastic variations - and uncertainties - related to the maximum
loads induced by fault events. Some of the variation is related to azimuthal
variations, while additional uncertainties are related to the stochastic wind
and waves (and the phase angle between the platform response and the
incoming wind and waves at the time of fault).
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6.2 Effects of Wind-Wave Misalignment on TLPWTs

The second severe operational condition that was considered was misalign-
ment between the incoming wind and waves. A selected number of wind-
wave misalignment conditions were considered, as illustrated in Fig. 6.15. In
all cases, the wind came from the -x direction, and the turbine was aligned
with the wind. The wave propagation direction (βwave) varied. The abso-
lute value of the misalignment was limited to 90◦, in increments of 30◦, as
shown in Fig. 6.15.Wind‐wave misalignment

2 θ

windwaveβwave=0°
1

βwave=30°
3

Tower base

w
ave

βwave

Βwave=60°wave

βwave=90°

Figure 6.15: Wind-wave misalignment and tower base cross section coordi-
nate system.

These misalignment conditions were applied in a range of operational
environmental conditions, M1-M6, as shown in Table 3.10. The effects of
misalignment, and the effects of second-order sum-frequency wave forces, on
fatigue loads and maximum loads are examined in the following subsections.
These results have been submitted for publication [170].

First, the distribution of fatigue damage around the tower base and
tower top cross section is examined in Sec. 6.2.1. The tower and tendon fa-
tigue damage in misaligned conditions is examined in Secs. 6.2.2 (first-order
wave loads) and 6.2.3 (second-order wave loads). The effects of misalign-
ment on blade root bending moments are briefly examined in Sec. 6.2.4.
Finally, the effects of misalignment on the maximum stress in the tower and
tendons are presented in Sec. 6.2.5.
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6.2.1 Cross-Sectional Fatigue Damage Calculation

There was significant variation in the damage at different points in the tower
cross section, as illustrated for the tower base and top in Fig. 6.16. Note
that the definition of θ is shown in Fig. 6.15.
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Figure 6.16: Tower base and top damage distribution around the cross sec-
tion, EC M3.

As shown in Fig. 6.16, DRFC(σx) at the tower base had two nearly equal
maxima, and these were aligned with the wave propagation direction. The
damage due to shear stress, which was much smaller in magnitude, also had
two maxima, one of which tended to be slightly larger that the other. The
location of the maximum DRFC(τθ) at the tower base was separated from
the wave direction by 90 degrees.

At the tower top, DRFC(σx) depended primarily on the thrust force and
did not vary significantly with wave direction. The thrust force creates a
bending moment about the tower top due to the offset between the rotor
and tower top [72]. The two nearly equal peaks in DRFC(σx) at the tower
top were aligned with the wind. The distribution of DRFC(τθ) at the tower
top was sensitive to the wave direction and followed the same pattern as
DRFC(τθ) at the tower base. While DRFC(σx) at the tower top was several
orders of magnitude smaller than DRFC(σx) at the tower base due to the
difference in moment arm, DRFC(τθ) was larger at the tower top than at
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the base due to the differences in dimensions (6.0 m diameter at the tower
base, 3.87 m at the tower top).

The tendon damage was primarily due to tension variations and did not
vary significantly around the cross section.

6.2.2 Fatigue Damage from First-Order Wave Loads

Fig. 6.17 shows the computed damage due to axial and shear stresses for
both the original and soft designs, as a function of wave direction for differ-
ent environmental conditions, considering only first-order wave loads. The
expected maximum damage is shown: first, the maximum damage among
24 points around the cross section was computed for each simulation, then
these values were averaged over 10 seeds for each environmental condition
and wave direction. Note that Fig. 6.17 shows the damage multiplied by a
scaling factor in ECs M1-M3 in order to make the results more legible.

The top two subplots in Fig. 6.17 show the fatigue damage at the tower
base. In general, both DRFC(σx) and DRFC(τθ) decreased for increasing
misalignment, and the soft design accumulated more fatigue damage than
the baseline design. There were some exceptions to these trends: DRFC(τθ)
was slightly greater for waves from 30◦ than 0◦ in EC M6, the damage in-
creased with increasing misalignment for the soft design in ECs M1 and M2,
and the baseline design had greater DRFC(σx) in EC M1 due to the interac-
tion between the 3p turbine excitation and the first platform pitch/bending
mode.

The third and fourth subplots in Fig. 6.17 show the fatigue damage at the
tower top, which exhibited less dependence on the wind-wave misalignment.
Except for EC M1, the soft platform encountered slightly more fatigue than
the baseline design. In EC M6, DRFC(τθ) at the tower top was greater for
waves from 30◦ than 0◦, but otherwise the damage decreased with increasing
misalignment.

The fifth subplot in Fig. 6.17 shows the expected fatigue damage in
tendon 1 (downwind). Here, the damage decreased quite clearly for increas-
ing misalignment up to 60◦. For the soft TLPWT, the absolute value of
the computed fatigue damage is not realistic, since the Young’s modulus of
the tendons was arbitrarily changed, but the trends are of interest. Further-
more, the other two tendons suffered increased damage when the waves were
aligned with their radial position (compared to βwave = 0◦), but tendon 1 in
the aligned wind-wave condition was by far the most susceptible to fatigue
loading.
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Figure 6.17: One-hour fatigue damage for different load conditions as a
function of misalignment. Baseline and soft versions of TLPWT 3, first-
order potential flow model.

6.2.3 Second-Order Sum-Frequency Wave Load Effects

Fig. 6.18 shows the computed damage due to axial and shear stresses for
both the original and soft designs, as a function of wave direction for differ-
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ent environmental conditions, considering both first and second-order wave
loads. Fig. 6.19 shows the relative change in the quantities presented in
Fig. 6.17 when second-order sum-frequency wave forces are included. A
positive ∆DRFC indicates an increase in the computed fatigue damage for
the selected condition due to the inclusion of second-order forces.

The second-order forces had a fairly significant impact on the fatigue
damage at the tower base in misaligned cases, as shown in the first two
subplots in Fig. 6.17. In aligned wind and wave conditions, DRFC(σx)
increased by 1-3 % for the baseline designs, while the soft designs saw 3-
13 % increases. In misaligned wind and waves, the differences could be
as large as 80 %. Even accounting for the second-order forces, the fatigue
damage in the misaligned cases was still significantly lower than that of the
aligned cases.

The second-order forces had less effect on the damage at the tower
top. The third subplot of Fig. 6.19 shows that DRFC(σx) at the tower
top changed less than 6 %, with the largest changes occurring for the soft
design. As shown in the fourth subplot, DRFC(τθ) increased by up to 40 %
at the tower top for severe misalignments, but the changes were small in the
aligned conditions (1-2 % for the baseline design, up to 10 % for the soft
design). As with the tower base results, the fatigue damage in the aligned
condition remained larger than the misaligned conditions (except in EC M6,
where 30◦ misalignment could be more severe for DRFC(τθ)).

The fatigue damage of the tendons was sensitive to second-order forces
across all misalignment cases (Fig. 6.19, fifth subplot). For the baseline
TLPWT, the effects were on the order of 3-10 %, and did not depend
strongly on the wave direction. For the soft TLPWT, the effects were con-
sistently larger, and could account for a 35 % increase in the estimated
damage in the aligned wind and wave case. Although the absolute value of
the fatigue damage in the soft tendons is not realistic due to the assumed
value of the Young’s modulus, the effect of the second-order forces is less de-
pendent on such assumptions. Assuming that the chosen slope for the S-N
curve is reasonable, the observed increase in the short-term fatigue damage
in relatively benign operating conditions suggests that second-order forces
should be included in any long-term studies of TLPWT tendon fatigue.

It is also interesting to examine the spectra of the stress when examining
the effect of second-order forces on fatigue. As an example, Figs. 6.20a
and 6.20b show the axial stress at the tower base for ECs M1 and M4,
respectively. For each wave direction, the stress spectrum is shown for a
point which corresponds to the maximum damage DRFC(σx).

As shown in Fig. 6.20a, the f3p excitation in EC M1 led to a large
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Figure 6.18: One-hour fatigue damage for different load conditions as a
function of misalignment. Baseline and soft versions of TLPWT 3, second-
order potential flow model.

response at the first pitch/bend natural period. Second-order forces also
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Figure 6.19: Relative change in one-hour fatigue damage for different load
conditions as a function of misalignment. Baseline and soft versions of
TLPWT 3, P2+V (first- and second-order potential with viscous damping)
vs P1+V (1st order potential with viscous damping) models.
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Figure 6.20: Spectra of axial stress at the tower base, ECs M1 and M4,
for varying misalignment. The stress spectra are shown for the point with
maximum fatigue damage.

contributed to excitation at such high frequencies. As the misalignment
increased, the aerodynamic damping became less effective against the wave-
induced response, and the second-order effects become more apparent.

For EC M4 (Fig. 6.20b), the response at the first pitch/bend frequency
was much smaller in aligned wind and waves. In misaligned wind and wave
conditions, the lack of aerodynamic damping for the second-order excitation
nonetheless caused increased response at the first pitch/bend frequency.
The contribution from second-order waves was more significant for the soft
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design, which encountered more excitation at its (lower) pitch/bend natural
frequency.

In the tendon response, the second-order force effects were primarily
observed at the pitch/bend natural frequency and, in the case of the soft
TLPWT, at the heave natural frequency (which coincided with the second
tendon transverse natural frequency). As expected, the second-order forces
increased the number of high-frequency, low-amplitude stress cycles.

6.2.4 Blade Root Bending Moments

The effect of misalignment on second-order wave forces on the turbine com-
ponents can be examined by considering the tower top fatigue damage
(which is representative of shaft loads) and by examining blade root bending
moments. Fig. 6.21 shows the blade root bending moments for different load
conditions as a function of misalignment. As shown, the standard deviation
of the flapwise blade root bending moment tended to decrease with increas-
ing misalignment, which can be explained by the fact that the platform
motions aligned with the wind direction tended to decrease with increasing
misalignment. The edgewise blade root bending moment, which is domi-
nated by gravity loading, was not affected by misalignment. Second-order
wave forces had little effect on the blade root bending moments.
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Figure 6.21: Blade root bending moments for different load conditions as a
function of misalignment. Baseline and soft versions of TLPWT 3, first-
and second-order potential flow models.
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6.2.5 Maximum Stress

Second-order wave forces and misalignment may also affect the extreme
loads and stresses, not just the fatigue damage. In agreement with the re-
sults for a spar wind turbine presented by Barj et al. [21], misalignment
caused an increase in the maximum side-side tower base loads and in the
maximum tendon loads (depending on the tendon orientation). It is, how-
ever, more interesting to examine whether or not this increase in side-side
loads corresponds to an increase in stress.

First, the cross section location (θ) of the maximum axial stress (tension
or compression) in the tower base for all simulations is plotted in Fig. 6.22.
As shown, the maximum stress generally occurred on the downwind side
of the tower and followed the wave direction, except for 90◦ misalignment,
where there was more spread in the results. The maximum stress location
was also more variable for the soft design than for the baseline design.
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Figure 6.22: Cross-sectional location of maximum stress as a function of
misalignment, all seeds, all conditions.

Next, Fig. 6.23 shows the expected maximum stress at the tower top
and tower base, as well as the minimum tension in the downwind line, as
a function of the wave direction. The results for first-order wave forces are
shown with open circle symbols, while results that include the second-order
sum-frequency potential are shown with “x” symbols.

The first two rows of subplots of Fig. 6.23 show that the maximum ax-
ial and shear stresses at the tower base tend to decrease with increasing
misalignment. Sum-frequency forces caused a noticeable increase in the
maximum stress for 90◦ waves, but had relatively little effect on the max-
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imum stress in other conditions. In some cases, the expected maximum
stress for the soft TLPWT was slightly smaller when second-order effects
were included, but the differences were not significant. Furthermore, at the
tower top, the maximum stress was not strongly dependent on the wave
direction, and second-order forces had almost no effect.

In the last row of Fig. 6.23, the expected minimum tension is shown as
a function of wave direction. The expected minimum tension is computed
based on 10 1-hour simulations in each condition. As shown, the minimum
tension increased for increasing misalignment, that is, the risk of slack de-
creased for increasing misalignment. The wind force generally determined
the mean tension value, but the wave forces largely determined the standard
deviation. In the aligned conditions, the second-order forces resulted in a
decrease in the expected minimum tension of approximately 3 %. It should
be noted that slack is not expected in these operational conditions, and that
extreme environmental conditions were not included here.

6.2.6 Conclusions

The dynamic response of the baseline and soft versions of TLPWT 3 in
both aligned and misaligned wind and wave conditions, with and without
second-order sum-frequency potential forces, was investigated.

The fatigue damage decreased in misaligned wind and wave conditions,
but the relative effect of second-order forces increased. In severe misalign-
ment, the inclusion of second-order forces could increase the predicted tower
base fatigue by up to 80 %. The short-term fatigue damage computed for
the soft TLPWT design was particularly sensitive to sum-frequency forces,
especially in the tendons. It is recommended that sum-frequency forces be
included in long-term fatigue studies of TLPWTs.

Despite the increase in side-side loading in misaligned conditions, aligned
conditions were associated with larger short-term maximum stresses (in op-
erational conditions). These results are limited to conditions which are not,
however, expected to lead to lifetime maxima. Further work should inves-
tigate the effects of wind and wave misalignment on the response in more
severe wave conditions. Additional designs, with differing diameters and
geometries, should also be examined.
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Figure 6.23: Expected maximum stress and minimum tension. Note: “o”
indicates P1+V (first-order potential with viscous damping), “x” indicates
P2+V (first- and second-order potential with viscous damping).



Chapter 7

Conclusions and
Recommendations for Future
Work

This thesis examined the design and global analysis of single-column 5 MW
TLPWT designs in an effort to inform researchers, designers, and regula-
tory bodies about the global dynamic response of such concepts. A new
computational tool - SIMO-RIFLEX-AeroDyn - was developed and used to
examine a range of parametric designs. The effects of higher order hydrody-
namic models and atypical operational conditions were also examined. The
key results for the design study, analysis sensitivity study, and the simula-
tions of severe operational conditions are summarized in Secs. 7.1-7.3. The
original contributions to our understanding of TLPWT design and analysis
are summarized in Sec. 7.4. Some of the limitations of the present analysis
are noted in Sec. 7.5, while suggestions for future work are listed in Sec. 7.6.

7.1 TLPWT Design

The design space considered here included single-column TLPWTs with
three or four “spokes” or pontoons, intended to support the NREL 5MW
wind turbine with the OC3 Hywind tower design [72, 26]. A spreadsheet
design method was developed based on the definition of the hull and ten-
don parameters: approximate calculations of hydrodynamic coefficients and
mooring system stiffness were used to check if the input parameters resulted
in a design that met certain criteria. These design criteria were based on
natural periods, the estimated mean offset, the displacement, and the ten-
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don yield strength.

An important weakness in the spreadsheet design approach was the
assumption of a fully rigid structure: the coupled platform pitch/tower
bending natural frequency could not be estimated. After selecting several
baseline designs, a more detailed hydrodynamic and structural analysis was
performed. Decay tests of the finite element model of the complete struc-
ture showed that the flexibility of the tower and tendons created additional
important natural frequencies. Simplified cost estimates suggested that the
construction cost could be minimized by decreasing the displacement.

In addition to the five baseline designs which were developed from the
spreadsheet, forty more designs were obtained by varying the diameter,
water depth, ballast fraction, and pontoon radius of the baseline designs.
The dynamic response of these 45 designs in a limited set of environmental
conditions was then compared by simulations using the nonlinear analysis
tool SIMO-RIFLEX-AeroDyn. The TLPWT responses were found to be
mostly dependent on changes in natural periods and stiffness, not the exact
parameters. Some of the key observations were:

r The designs with the largest displacement showed the smallest mo-
tions.

r Designs with the highest pretension showed the least relative tension
variation.

r Motions perpendicular to the wind and waves (particularly roll) were
found to be an important consideration, even in aligned wind-wave
conditions. While there is little excitation of roll, there is also very
little damping.

r For best results, the surge natural period needed to be sufficiently long
(>45s) to reduce surge motions in storm conditions but not too long
(<70s) to see decreased performance in operational conditions.

r For the studied designs, reducing the yaw natural period (Tn6) tended
to decrease the yaw and roll motions. This can be achieved by in-
creasing rp.

r The wind turbine tower base bending moment (MFA) was only weakly
dependent on displacement and pitch/bending natural period, but the
standard deviation of MFA increased significantly compared to the
land-based turbine.
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7.2 TLPWT Analysis

An understanding of the analysis sensitivity is necessary for comparing the
responses of different designs. Considering the SIMO-RIFLEX-AeroDyn
with first-order potential wave forces as the baseline analysis tool, both
simpler and more advanced methods were considered.

First, a simple, linear, frequency-domain analysis method was devel-
oped, including wind turbine effects. While the computationally efficient
linear frequency-domain method captured the wave-frequency motions, na-
celle accelerations, and dynamic tension with reasonable accuracy for low
sea states, important wave-induced effects (particularly tendon tension vari-
ation at the wave, tendon, and pitch/bending frequencies) in more severe
states were not captured due to the limitations of the structural model. Fur-
thermore, the low-frequency wind-induced response in the frequency-domain
analysis was damping-dependent and more narrow-banded than that pre-
dicted by the nonlinear analysis. The frequency-domain analysis, in its
current form, was found to be insufficient for analyzing TLPWTs: it was
not accurate enough in modeling the included modes (surge, heave, pitch)
and it could not model enough modes to give a clear picture of the structural
loading.

Next, the SIMO-RIFLEX-AeroDyn analysis tool was used with several
different hydrodynamic load models:

1. M: Morison formulation (Froude-Krylov excitation, added mass, and
viscous drag),

2. P1+V: first-order potential flow and viscous drag,

3. P2+V: first- and second-order potential flow and viscous drag,

4. P2+V+R: first- and second-order potential flow, third-order ringing
forces, and viscous drag.

These models were compared with the P1+V model serving as a baseline.
Morison’s equation (M, applied with constant Ca) gave reasonable agree-

ment with P1+V for slender structures, but led to larger pitch moment pre-
dictions for structures with large diameter and in large waves. The Froude-
Krylov force (M) does not decay with increasing frequency as quickly as
the potential flow wave excitation (P1+V, including diffraction), leading
to larger (unrealistic) excitation for large wave frequencies and near the
pitch/bending natural frequency.

Second-order sum-frequency wave loads (P2+V model) had a signifi-
cant impact on the response in severe wave conditions, and relatively minor
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effects on the standard deviation of the loads in typical operational condi-
tions. The effect of second-order loads on the fatigue damage of the soft
TLPWTs was, however, significant, especially for the parked conditions. It
is recommended that sum-frequency wave loads be included in any fatigue
studies of TLPWTs.

For the P2+V+R model, the implementation of the ringing forces was
an important consideration. Krokstad et al. showed that good agreement
with experimental results requires the use of the second-order QTF and
the third-order long-wave FNV formulation [100, 104]. A direct imple-
mentation of the irregular wave formulation of the FNV equation includes
difference-frequency terms which are not desired in the simulation and are
over-conservative. The alternative sum-frequency, bandwidth-limited ap-
proach [107] was implemented and used here.

The effect of the ringing forces was seen primarily in the platform pitch
motions, which led to increased loads at the base of the tower and in the ten-
dons. The increases in the maximum tendon tension (12-30 % for TLPWTs
1-3 and 5-10 % for TLPWT 4) did not depend strongly on the turbine op-
erational condition, but the increase in the tower base bending moment due
to ringing was largest for idling conditions (30-40 % increase). Ringing also
caused increased short-term fatigue damage to the downwind tendon and
tower base, particularly in idling conditions.

7.3 Severe Operational Conditions

Having established candidate designs and examined the analysis sensitiv-
ity, the SIMO-RIFLEX-AeroDyn analysis tool (first and second-order wave
forces) was extended to conditions which were seen as potentially interest-
ing or design-driving. Control system faults and wind-wave misalignment
during the operational portion of the system’s lifetime were considered.

Within the extensive range of possible control system faults, blade pitch
actuator and grid faults were chosen for study. For the baseline and soft
versions of TLPWT 3, the blade pitch actuator and grid faults were not
found to be critical for the mooring system, but could cause large yaw
motions (blade pitch actuator fault with shutdown), large tower top loads
(blade pitch actuator fault, with and without shutdown), and large edgewise
blade loads (shutdown). There was significant deterministic and stochastic
variation in the response to blade pitch actuator faults and grid faults, but
the baseline and soft versions of TLPWT 3 performed similarly.

Wind-wave misalignment was identified as another potentially interest-
ing condition with respect to both ultimate and fatigue loads. Wind-wave
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misalignment is known to occur frequently and to cause increased fatigue
loading for monopile bottom-fixed OWTs. In this study, misaligned wind
and waves did not generally cause increased fatigue damage for the the base-
line and soft versions of TLPWT 3 in operational conditions. Moreover, de-
spite the increase in side-side loading in misaligned conditions, misaligned
operational conditions were not associated with large short-term maximum
stresses. Second-order sum-frequency forces, however, became more impor-
tant in misaligned wind and waves. In severe misalignment, the inclusion
of second-order forces increased the predicted tower base fatigue damage by
up to 80 %.

7.4 Original Contributions

This thesis includes original contributions to the development of design and
analysis methods as well as the investigation of several phenomena. First, in
order to be able to study TLPWT concepts, the following original software
was developed:r Coupling between RIFLEX and AeroDyn: the Fortran DLL for com-

munication between RIFLEX and AeroDyn was written, tested, and
documented. In cooperation with MARINTEK, the author wrote the
DLL (including modifications to AeroDyn) and documentation and
tested the implementation [144, 60]. Marit I. Kvittem also contributed
to verification of the implementation [161]. This software is being used
by several researchers: continual support and modifications have been
provided.r WT control system implementation in Java: the generator torque and
blade pitch controller according to [72] was implemented and tested.
In addition to the operational control logic, algorithms for controller
fault conditions were developed and implemented.r Ringing force implementation (Matlab): Johannessen’s formulation of
FNV [107] was implemented in Matlab as an external force for use with
SIMO. The implementation was compared with other formulations of
FNV and bandwidth effects were investigated.r Spreadsheet TLPWT design tool : an Excel spreadsheet was developed
for preliminary analysis of parametric TLPWT designs.r Linear TLPWT analysis tool (Matlab): a frequency-domain analysis
program was developed in Matlab. First-order potential flow results
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were read in from existing software (Wadam). Linearized mooring
system stiffness, viscous damping, wind spectra, and the frequency-
domain response to wind and wave excitation were computed by the
Matlab program.

Using the developed tools, the design and analysis of TLPWTs were
studied. Several systematic investigations were performed:r Single column, multiple tendon TLPWT designs were established and

compared [153, 156]. The details of five baseline designs are published
[156].r A parametric study was carried out based on the baseline designs
[156]. The effects of parameter variations (main column diameter,
pontoon radius from the center column, water depth, and ballast)
on the global performance in irregular waves and turbulent wind were
examined. This provides a consistent study of a range of designs which
are representative of those found in the literature.r Linear, frequency-domain analysis of TLPWTs, including both wind
and wave loads, was compared to the coupled analysis with first-order
wave loads [153]. Although reasonable agreement could be obtained
in the wave-frequency range, the frequency-domain method was found
to be insufficient for studying the global responses.r The effects of different hydrodynamic force models on the global re-
sponses of TLPWTs were examined [162, 165]. Morison’s equation
with constant coefficients was not suitable for modeling the structure.
Second-order sum-frequency forces were found to be important for
the calculation of short-term fatigue in the tower and tendons. Third-
order ringing forces, which have not been previously investigated for
TLPWTs, resulted in significantly increased responses in severe wave
conditions.r Selected controller fault conditions were examined: the failure of one
blade pitch mechanism, with and without shutdown; and grid loss
followed by shutdown. This work was coordinated with other PhD
students in order to compare fault effects on several FWT concepts
[76]. For TLPWTs, fault conditions may lead to large yaw motions,
tower top loads, and blade edgewise bending moments.r The effects of misalignment between the mean wind direction and the
long-crested waves were also investigated, for TLPWTs [170] and, with
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contributions from other PhD students, for several types of FWTs
[171]. While misaligned wind and wave conditions did not result in
increased short-term fatigue damage for the studied platforms, second-
order forces became increasingly important for TLPWTs in such con-
ditions.

7.5 Limitations

Certain limits on the design space, model complexity, and simulation time
were required in order to approach this topic.

In this thesis, the design space was limited to platforms with a central
column, 3-4 pontoons, and one tendon per pontoon, and the NREL 5 MW
academic wind turbine as the payload. Within this design space, a limited
number of designs, environmental conditions, and operational conditions
were investigated. The installation process was not studied, nor was it
considered in the design process.

The modeling reductions included assumptions that the hull was rela-
tively stiff compared to the rest of the structure, that the aerodynamic loads
could be accurately captured by BEM and GDW theories, that hydrody-
namic loads could be calculated at the mean position, that the anchor points
were perfectly fixed, that a simple controller would give reasonably accurate
results, that the uncertainties in the structural model were acceptable, and
that the included load models were sufficient. In particular, current, tides,
and wake effects from other turbines were not considered. Furthermore, the
focus of the thesis was on global analysis of the system in the installed con-
dition: important couplings were included and investigated, but local loads
and structural details were not considered.

Representative loading conditions were chosen in order to demonstrate
general trends in behavior, to highlight differences between analysis meth-
ods, to suggest nominal loads, and examine fatigue in representative short-
term states. No complete long-term fatigue or extreme value analysis was
pursued.

7.6 Recommendations for future work

TLPWT (and, more generally, FWT) design and analysis is a young field,
with huge potential for innovation and improvement. A few of the many
natural extensions of the present work on TLPWT design and analysis are
suggested below.
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r Design generation, parametric variation, and optimization:
The generation of different designs with consideration of tower flexibil-
ity and slightly different acceptance criteria (particularly with regards
to the safety factor for tendon yield) could yield better-performing
baseline designs. An extension of the parametric study to a wider
range of designs, and subsequent hull optimization should be pursued.
An optimization study (with an objective function that reflects life-
time costs) would be computationally demanding, as the simulations
should include second-order and ringing forces in certain wave con-
ditions, but may be able to identify more efficient and safer designs.
Different turbine sizes, such as 10 MW, and types, such as vertical
axis turbines, could also be considered.

r Frequency-domain analysis:
The 3 DOF linear frequency-domain analysis attempted here was not
sufficient for preliminary design and optimization, but it may be possi-
ble to improve the analysis by extending it to more degrees of freedom,
such as the first and second pitch/bending (and roll/bending) modes.
Better frequency-domain modeling of the wind forces could also be
pursued.

r Long-term fatigue analysis:
The present results suggest that second-order sum-frequency forces
can have significant effects on the fatigue life of TLPWTs. A long-term
study of TLPWT fatigue damage including these effects could help
determine whether or not such designs can become practical solutions
for electricity generation at a given location.

r Control system modifications for TLPWTs:
The control system applied here - a slightly modified version of the
academic NREL 5 MW controller [72] - is not optimized for the given
systems. The control system’s behavior around rated wind speed could
be improved in order to reduce structural loads and power variations.

r MacCamy-Fuchs correction:
The MacCamy-Fuchs correction [127] to Morison’s equation should be
implemented. This would enable more detailed structural analysis of
the hull in the presently available software.

r Ringing loads and responses:
Ringing remains a poorly understood phenomenon. Further experi-
mental analysis of ringing loads - particularly for structures that are
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relatively soft in surge - would be very useful for evaluating and im-
proving the currently available simplified models. Furthermore, ring-
ing loads may also be critical for bottom-fixed offshore wind turbines,
which are generally located in relatively shallow water, where second-
order wave kinematics become more important. A consistent ringing
load model should be developed for studying such structures.r Modeling of slack incidents:
TLPs and TLPWTs are generally designed to avoid loss of tension
(slack). Avoiding slack usually implies larger displacement and larger
tendons, and consequently higher construction costs. More detailed
models are required to examine the structural response during slack
conditions, especially in an effort to determine whether or not such
conditions are critical.r Drivetrain loads:
In the global analysis model employed here, the tower top loads and
the generator torque are the best available indicators of the input loads
to the drivetrain. More refined structural models could use the tower
top loads to examine the influence of the platform on the drivetrain
extreme loads and fatigue life.r Control strategies in response to blade pitch actuator fault :
The controller influences the platform response to fault. Different
control strategies - such as varying the pitch rate during shutdown or
waiting for a particular azimuthal position before starting shutdown
- could be investigated as methods to reduce the tower top and blade
loads. The optimal strategy may depend on the wind turbine and
support structure. The influence of the controller reaction time (td)
and the details of aerodynmics should also be examined. Furthermore,
sensor faults can have significant effects on land-based wind turbines
and spar FWTs [75, 71] and should also be considered for TLPWTs.r Wind-wave misalignment in extreme conditions and yaw error :
The investigation of wind-wave misalignment was limited to opera-
tional conditions with the turbine oriented into the wind. Further
investigation of both yaw errors and extreme conditions with wind-
wave misalignment should be pursued.
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Bandpass-filtered time series of displacements from the platform pitch
decay tests were used to examine the tower and tendon mode shapes. The
results for TLPWT 3 are presented in Sec. 4.1.4.2. For the other designs,
two figures are presented in each of the following sections: 1) the tendon
bending modes split into five frequency ranges, and 2) the tower and tendon
modes split into two frequency ranges. The first plot shows the different
tendon modes which are all present in the response, while the second plot is
useful for highlighting the most important modes. In the second plot, note
that the tendon is plotted as though it were horizontally aligned with the
tower, but it is in fact offset by a horizontal distance rp.

A.1 TLPWT 1 Tower and Tendon Mode Shapes

For TLPWT 1, based on Fig. A.1, four tendon modes are identifiable: the
first pinned-pinned mode, the second pinned-pinned mode, a mode asso-
ciated with the second platform pitch/tower bending mode, and the third
pinned-pinned mode. The first platform pitch/tower bending mode is close
to the first pinned-pinned mode.
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Figure A.1: Tendon 1 bending modes for TLPWT 1 based on bandpassed
time series from the pitch decay test.

As shown in Fig. A.2, the first and third tendon modes are perhaps the
most important in the response.
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Figure A.2: Tendon 1 and tower bending modes for TLPWT 1 based on
bandpassed time series from the pitch decay test.

A.2 TLPWT 2 Tower and Tendon Mode Shapes

For TLPWT 2, based on Fig. A.3, five tendon modes are identifiable: the
first pinned-pinned mode, a mode associated with the first platform pitch/-
tower bending mode, the second and third pinned-pinned modes, and a
mode associated with the second platform pitch/tower bending mode.

In Fig. A.4, the second and fifth modes from Fig. A.3 dominate in the
response.
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Figure A.3: Tendon 1 bending modes for TLPWT 2 based on bandpassed
time series from the pitch decay test.
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Figure A.4: Tendon 1 and tower bending modes for TLPWT 2 based on
bandpassed time series from the pitch decay test.

A.3 TLPWT 4 Tower and Tendon Mode Shapes

Fig. A.5 shows five tendon modes for TLPWT 4: the first pinned-pinned
mode, a mode associated with the first platform pitch/tower bending mode,
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the second and third pinned-pinned modes, and the fourth pinned-pinned
mode, which also corresponds to the second platform pitch/tower bending
frequency.
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Figure A.5: Tendon 4 bending modes for TLPWT 4 based on bandpassed
time series from the pitch decay test.

As shown in Fig. A.6, the first and fifth tendon modes are strongly
present in the response. This suggests that the fourth pinned-pinned mode
may be significant in the system response to irregular waves and turbulent
wind.
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Figure A.6: Tendon 1 and tower bending modes for TLPWT 4 based on
bandpassed time series from the pitch decay test.

A.4 TLPWT 5 Tower and Tendon Mode Shapes

Fig. A.7 shows six tendon modes for TLPWT 5: the first pinned-pinned
mode, a mode associated with the first platform pitch/tower bending mode,
the second, third, and fourth pinned-pinned modes, and the fifth pinned-
pinned mode, which also corresponds to the second platform pitch/tower
bending frequency. The fifth pinned-pinned mode has a period of 0.383
seconds.

In Fig. A.8, it is easy to see that the fifth pinned-pinned tendon mode
is significant.
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Figure A.7: Tendon 1 bending modes for TLPWT 5 based on bandpassed
time series from the pitch decay test.
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Figure A.8: Tendon 1 and tower bending modes for TLPWT 5 based on
bandpassed time series from the pitch decay test.

A.5 Soft TLPWT 1 Tower and Tendon Mode Shapes

For the soft version of TLPWT 1, four tendon modes can be identified
(Fig. A.9): the first pinned-pinned mode, a mode associated with the first
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platform pitch/tower bending mode, a mode associated with the second
platform pitch/tower bending mode, and the third pinned-pinned mode.
The second pinned-pinned mode was not observed in the response.
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Figure A.9: Tendon 1 bending modes for soft TLPWT 1 based on bandpassed
time series from the pitch decay test.

From Fig. A.10, it is clear that the displacement associated with the
first transverse mode is significant for the soft tendons. There is no clearly
dominant higher frequency mode.
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Figure A.10: Tendon 1 and tower bending modes for soft TLPWT 1 based
on bandpassed time series from the pitch decay test.

A.6 Soft TLPWT 2 Tower and Tendon Mode Shapes

Fig. A.11 shows five tendon modes for the soft version of TLPWT 2: the first
pinned-pinned mode, a mode associated with the first platform pitch/tower
bending mode, the second and third pinned-pinned modes, and a mode
associated with the second platform pitch/tower bending mode. The first
two modes are quite close in frequency, but nonetheless distinct. The second
pinned-pinned mode is, however, not strongly present.

For the soft version of TLPWT 2, the mode associated with the first
platform pitch/tower bending mode causes significant displacements, and
the mode associated with the second platform pitch/tower bending mode is
dominant over the other high-frequency modes.
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Figure A.11: Tendon 1 bending modes for soft TLPWT 2 based on band-
passed time series from the pitch decay test.
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Figure A.12: Tendon 1 and tower bending modes for soft TLPWT 2 based
on bandpassed time series from the pitch decay test.

A.7 Soft TLPWT 3 Tower and Tendon Mode Shapes

The tendon modes for the soft TLPWT 3 follow the same pattern as the
soft TLPWT 2, except that the mode associated with the second plat-
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form pitch/tower bending mode corresponds to the fourth pinned-pinned
mode. As with the soft TLPWT 2, the second pinned-pinned mode for soft
TLPWT 3 is not strongly present.

−0.5 0 0.5

−140

−120

−100

−80

−60

−40

−20

Z
, m

X disp., m

Tendon 1, 0.1−0.25 Hz

−0.2 0 0.2

−140

−120

−100

−80

−60

−40

−20

Z
, m

X disp., m

Tendon 1, 0.25−0.4 Hz

−0.05 0 0.05

−140

−120

−100

−80

−60

−40

−20

Z
, m

X disp., m

Tendon 1, 0.4−0.65 Hz

−0.01 0 0.01

−140

−120

−100

−80

−60

−40

−20

Z
, m

X disp., m

Tendon 1, 0.65−0.8 Hz

−0.05 0 0.05

−140

−120

−100

−80

−60

−40

−20

Z
, m

X disp., m

Tendon 1, 0.8−3 Hz

Figure A.13: Tendon 1 bending modes for soft TLPWT 3 based on band-
passed time series from the pitch decay test.

As expected, the fourth pinned-pinned mode is strongly present in the
high frequencies of Fig. A.14.
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Figure A.14: Tendon 1 and tower bending modes for soft TLPWT 3 based
on bandpassed time series from the pitch decay test.

A.8 Soft TLPWT 4 Tower and Tendon Mode Shapes

Six tendon modes for the soft TLPWT 4 are shown in Fig. A.15: the first
pinned-pinned mode, a mode associated with the first platform pitch/tower
bending mode, the second, third, and fourth pinned-pinned modes, and a
mode associated with the second platform pitch/tower bending mode.

There was no clear dominance among the high-frequency modes, but
the mode associated with the first platform pitch/tower bending mode was
clearly dominant in the lower-frequency range (Fig. A.16).
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Figure A.15: Tendon 1 bending modes for soft TLPWT 4 based on band-
passed time series from the pitch decay test.
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Figure A.16: Tendon 1 and tower bending modes for soft TLPWT 4 based
on bandpassed time series from the pitch decay test.
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This appendix complements Sec. 4.2.
Table B.1 shows the natural periods of the baseline designs and all para-

metric variations.
Fig. B.1 shows the coefficient of variation (σ/µ) for the key parameters

shown in Fig. 4.10. The variation in σ(ζ1) is related, to some extent, to
the variation inµ(ζ1): smaller platforms tended to have both larger mean
and larger standard deviations, while the coefficient of variation was more
similar among the different platforms for a given EC. On the other hand,
the coefficient of variation of the pitch motion was large for both large plat-
forms (which had small mean pitch) and small platforms (which had large
pitch standard deviation). Because µ(MFA) varied very little among the
concepts, the coefficient of variation of MFA primarily reflects the stan-
dard deviation. Finally, the coefficient of variation for the tendon tension
is large for both large displacement concepts (with large σ(T1)) and small
displacement concepts (with low mean tension in the downwind tendon).

The effects of parameter variations on the standard deviation of the
surge, pitch, and yaw motions, the tendon tension, and the tower base fore-
aft bending moment are shown in Figs. B.2-B.6. In all cases, the change in
standard deviation is computed as in Eq. B.1.

∆σ =
σ(Variation)− σ(Baseline)

σ(Baseline)
(B.1)

These effects are also summarized in Sec. 4.2.4.
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Figure B.1: Baseline TLPWT coefficient of variation for surge, pitch, tower
base bending moment, and line tension
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Figure B.2: Change in σ(ζ1) due to parametric variations

(a) Diameter variation
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Figure B.3: Change in σ(ζ5) due to parametric variations

(a) Diameter variation
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Figure B.4: Change in σ(ζ6) due to parametric variations

(a) Diameter variation
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Figure B.5: Change in σ(MFA) due to parametric variations

(a) Diameter variation
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Figure B.6: Change in σ(T1) due to parametric variations

(a) Diameter variation
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234 Second-Order Potential Flow Calculations

This appendix examines the second-order force computation for three
single-column TLPWT designs (TLPWTs 1-3, see Section 4.1.4). The tool
used here for loads prediction is WADAM, which has a particular limita-
tion: there may only be 3000 free surface panels in the basic part of the
model (ie, one quadrant for double-symmetric hulls, or two quadrants for
hulls with a single plane of symmetry) [154]. It is therefore necessary to
carefully examine the free surface and body meshing to optimize the use of
the available computational resources, and to examine the effects of differ-
ent meshes on the results. Due to the difficulty of perfectly predicting the
first-order motions including viscous damping, it is also of interest to exam-
ine whether results for the stationary hull can give a reasonable estimate
of the second-order forcing on the moving hull. The effect of pontoons and
use of Newman’s approximation are also examined.

C.1 Free Surface Meshing

The free surface mesh was created with the same symmetry settings as the
hull panel model. For TLPWT 1, a single quadrant may be modeled, while
two quadrants are required for TLPWTs 2 and 3. The mesh geometry
is defined as in Fig. C.1, with a finer mesh inside the radius R1, and a
coarser mesh out to radius R2. An identical number of elements (NC)
were distributed on the curved edges, and two distributions (NX1 elements
and NX2 elements) were used on the straight edges. In order to use the
maximum number of elements, a mesh with NC × (NX1 + NX2) = 3000
may be chosen.

NC

NC
R2

R1

NC

R2

NCNC

NC
R2

R1 NC

NX1 NX2

R1

NX1 NX2

Figure C.1: Free surface meshing

Recommendations for the panels on the TLPWT hull include:r 6 panels per second-order wavelength [172]: For panels with diagonal
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dimension 0.5m, this implies greatest confidence in results for incom-
ing waves with periods of at least 5.5s. The shortest wave periods
included in the second-order analysis were 4.5s.r Finer mesh around corners [172]: This was achieved by non-uniform
edge element distributions in the meshing program PatranPre.r Finer mesh around waterline [172]: This was achieved by non-uniform
edge element distributions in the meshing program PatranPre.

Recommendations for the panels on the free surface include:r The partitioning radius R2 must enclose the hydro model [154].r R2 ≈ O(H) for shallow water and R2 ≈ O(λ) for deep water [154]: The
water depth considered here is H = 150m, which can be considered
deep water for waves shorter than approximately 14s, or intermediate
water depth for longer waves. The partition radius should ideally be
larger than 150m to capture the longest waves, but the panel size is
also an important consideration, within the limitations of the num-
ber of panels available. For the ISSC TLP, the convergence of the
heave force was relatively slow with respect to the partition radius, as
compared to surge and pitch components [126].

In the following sections, the first and second-order forcing on the differ-
ent TLPWT hulls are examined in detail, considering the meshing geometry,
the forces on the stationary hull, and then adding the first-order motions.

C.2 TLPWT 1

For TLPWT 1, the small pontoons were not included in the panel model,
and due to the symmetry, only one quadrant of the hull and free surface was
modeled. Three free surface meshes (Sec. C.2.1) were first compared for the
stationary platform, to examine the effects of the number of panels and the
partition radius on the sum- and difference-frequency force computations
(Sec. C.2.2 and C.2.3). The effect of the first-order motions is then examined
in Sec. C.2.4 and C.2.5.

C.2.1 Free Surface Meshes

Three meshes were compared for TLPWT 1 as a stationary platform, as
shown in Table C.1 and Fig. C.2. Mesh 2 was approximately twice as fine
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as Mesh 1, while Mesh 3 was coarser but had a larger partition radius. A
comparison between meshes 1 and 2 was used to find out whether or not
a mesh density similar to Mesh 1 could be used for the other platforms
(which required 2 quadrants in the basic model). Comparing Mesh 3 and
Mesh 2 for longer waves served as an indication of the limitations of the 150
m partition radius.

Table C.1: TLPWT 1 free surface meshes

Mesh 1 Mesh 2 Mesh 3

R1 (m) 27 27 60
R2 (m) 150 150 250
NC 18 36 30
NX1 18 30 30
NX2 50 50 70
Free Surface Elements 1224 2880 3000

C.2.2 Sum-Frequency Forces on Stationary TLPWT 1

The first-order and the double-frequency exciting forces and moments on
the stationary structure are shown in Fig. C.3. Note that the frequency
given on the x-axis represents the incoming wave frequency and all transfer
functions are presented for unit wave amplitudes. The mean excitation is
shown in the right-hand plots. As shown, the sum-frequency forces were
approximately an order of magnitude smaller than the first-order forces.
Good agreement for the double-frequency forces was seen for heave and
pitch, which are most sensitive to high-frequency forcing. A slight mesh
dependence was seen in the real part of the double-frequency surge forcing.

In addition to the double-frequency forces, it is interesting to examine
the shape of the full sum-frequency force quadratic transfer function (QTF)
for heave and pitch for the stationary structure. Fig. C.4 shows the QTF
obtained from mesh 2, which agreed well with results for the other meshes.
As shown, the heave force was maximum along the double-frequency line,
and increased with increasing frequency, with a fairly sharp decline outward.
The heave natural frequency for TLPWT 1 (11.4 rad/s) was so high that it
was very unlikely to be excited.

The pitch moment QTF also had its maximum along the double-frequency
line and increased with increasing frequency, but did not decrease as sharply
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Figure C.2: TLPWT 1 free surface meshes

away from the double-frequency line. The dashed line shows the points
where ωi + ωj = ω5, where ω5 is the first coupled pitch/tower bending fre-
quency [156]. As shown, there may be significant excitation around these
frequencies.

C.2.3 Difference-Frequency Forces on Stationary TLPWT 1

Since the structure has a low-frequency resonance in surge, the primary
low-frequency excitation of interest is in surge. The diagonal terms of the
difference-frequency QTF are independent of the free surface mesh, and can
be computed from the first-order solution. These terms are known to be
sensitive to the number of elements on the waterline [172]. The difference-
frequency QTF showed good agreement between meshes 2 and 3, with mesh
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Figure C.3: First-order (left) and double-frequency (right) surge force, heave
force, and pitch moment transfer function components, stationary TLPWT
1. Mesh 1: solid black line, mesh 2: dashed gray line, mesh 3: dotted light
gray line.

1 giving slightly smaller surge forcing. (Mesh 1 was coarser around the
waterline). Fig. C.5a shows the QTF computed using mesh 2, including the
surge resonance frequency.

By computing the QTF values along the dashed and dotted lines in
Fig. C.5a, we can examine whether or not Newman’s approximation is ap-
propriate in this context. For a stationary cylinder, as shown in Fig. C.5b,
the Newman approximation worked very well across a wide range of fre-
quencies, as expected. The discrepancy in the lowest frequencies stemmed
from interpolation from the rather coarse QTF in the low-frequency range.
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Figure C.4: Sum-frequency heave force (left) and pitch moment (right)
QTFs for the stationary TLPWT 1 (mesh 2). The first pitch/bending nat-
ural frequency is indicated by the dashed line.
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Difference-frequency surge force at the TLPWT 1 surge natural frequency,
based on QTF and Newman’s approximation for the fixed structure.

C.2.4 Sum-Frequency Forces on Moving TLPWT 1

The previous results were computed for the stationary platform, but the
correct solution for the second-order potential should include the first-order
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platform motions. Tension leg elements and appropriate Morison damping
were included in the WADAM model in order to achieve first-order motion
RAOs.

Fig. C.6 compares the first-order RAOs computed by WADAM to time
domain simulation results in irregular wave-only conditions using SIMO/RI-
FLEX. The SIMO/RIFLEX results include structural non-linearities and
quadratic damping from the Morison equation, but no second-order poten-
tial forces. The results show reasonable agreement, although the WADAM
RAO overestimates the pitch response for TLPWT 1.
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Figure C.6: TLPWT 1: first-order motion RAOs. Note: pitch non-
dimensionalized by D/ζ.

The components of the double-frequency forces on TLPWT 1 for the
stationary and moving structure are shown in Fig. C.7. All results in this
section use mesh 2.

Fig. C.7 suggests that the first-order motions had a particularly large
effect on the real component of the double-frequency surge force, while the
mean and imaginary components were quite similar. The double-frequency
heave force was significantly underestimated when the first-order motions
were not included, while the imaginary component of the pitch moment was
overestimated.

The effect of the first-order motions on the force QTFs can also be ex-
amined by comparing the contour plots shown in Fig. C.4 for the stationary
hull and Fig. C.8 for the moving hull. The computed heave QTFs were
smaller in the high frequency range, and tended to decrease more sharply,
when the first-order motions were included. For the low frequencies, the
heave QTF values were slightly larger when first-order motions were in-
cluded. The pitch moment QTFs similarly had smaller peak values, but
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Figure C.7: Double-frequency surge force, heave force, and pitch moment
transfer function components, for TLPWT 1 fixed in space (solid, black)
and moving (dotted, gray). (mesh 2)

less narrow peaks.

The most important consideration for determining whether or not the
QTF for a stationary platform could give a reasonable approximation is
the forcing obtained near the natural frequency. Fig. C.9 shows the pitch
moment transfer function along the line ωi + ωj = ω5 for the stationary
and moving models. The stationary model overpredicts the pitch excitation
compared to the moving model by approximately 12% at the peak and as
much as 30% in the lower frequency range (where there is expected to be
more incoming wave excitation).

C.2.5 Difference-Frequency Forces on Moving TLPWT 1

The effect of the first-order motions on the difference-frequency forces may
also be important. The shape of the surge force difference-frequency QTF
changed significantly when the first-order motions were included (Fig. C.10a).
(All results in this section use mesh 2). Forcing along the diagonal (ωi = ωj)
tended to decrease, while the off-diagonal forcing increased for large fre-
quency differences. When the first-order motions were included, the QTF
was found to change more quickly near the surge frequency, which called
into question the validity of Newman’s approximation.

Fig. C.10b compares the validity of Newman’s approximation with and
without the first-order motions. When the first-order motions were included,
Newman’s approximation underpredicted the forcing for incoming wave fre-
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quencies 0.3 rad/s - 0.8 rad/s: that is, a significant portion of the typical
wave energy spectrum. Furthermore, a comparison between the stationary
and moving approximations indicated that the forces given by the stationary
hull computation exceeded those for the moving hull.

C.3 TLPWT 2

The three free surface meshes which were compared for TLPWT 2 are sum-
marized in Sec. C.3.1. Sum- and difference-frequency forces on the station-
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ary hull are examined in Secs. C.3.2-C.3.3. The effect of first-order motions
on the second-order forces is examined in Secs. C.3.4-C.3.5.

C.3.1 Free Surface Meshes

Three free surface meshes were compared for TLPWT 2, as described in
Table C.2. Due to the three pontoons, the hull had only one plane of
symmetry, so half of the free surface had to be modeled. All of the meshes
employed the maximum possible number of elements. The first two meshes
were very similar, but the second mesh had smaller spacing close to the
waterline and fewer elements outside R1. The third mesh had the same
concentration of elements along the waterline as mesh 1, but a coarser mesh
and larger partition radius.

C.3.2 Sum-Frequency Forces on Stationary TLPWT 2

The three meshes were first compared for the stationary TLPWT. Fig. C.11
shows the first-order and double-frequency surge, heave, and pitch excita-
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Table C.2: TLPWT 2 free surface meshes

Mesh 1 Mesh 2 Mesh 3

R1 (m) 28 28 35
R2 (m) 150 150 250
NC 40 50 40
NX1 20 20 20
NX2 55 40 55
Free Surface Elements 3000 3000 3000

tion. As with TLPWT 1, the second-order forces were typically 1 or 2
orders of magnitude smaller than the first-order forces in the main wave
excitation frequencies (<1 rad/s). Good agreement was seen for the double-
frequency excitation in heave and pitch, while small discrepancies were
noted in the double-frequency surge. The coarse outer mesh of Mesh 2
gave slightly different results for some (lower-frequency) components of the
double-frequency heave forcing, indicating that the mesh density over the
whole free surface mesh matters.

The QTFs of heave and pitch excitation for the stationary TLPWT 2
are shown in Fig. C.12. The heave excitation was not strictly maximum
along ωi = ωj in this case, but the pitch forcing qualitatively resembled the
pitch forcing for the fixed TLPWT 1. Fig. C.12 also indicated that there
may be significant pitch excitation due to the second-order potential around
the first pitch natural frequency.

C.3.3 Difference-Frequency Forces on Stationary TLPWT 2

Consistent with the results from TLPWT 1, the difference-frequency results
for TLPWT 2 were found to depend only slightly on the distribution of
elements along the waterline. The surge force QTF for the fixed platform is
shown in Fig. C.5a, with the resonance frequency indicated by the dashed
lines. As shown in Fig. C.13b, the Newman approximation works quite
well for the stationary TLPWT 2. Since the second-order force in surge
depended primarily on the elements at the waterline, it also seen that the
difference-frequency surge force at the natural frequency is estimated very
well by a stationary cylinder without pontoons. This could be used to save
computational time if the results were similar to the full model when first-
order motions are included (see Section C.3.5).
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Figure C.11: First-order (left) and double-frequency (right) surge force,
heave force, and pitch moment transfer function components, stationary
TLPWT 2. Mesh 1: solid black line, mesh 2: dashed gray line, mesh 3:
dotted light gray line.

C.3.4 Sum-Frequency Forces on Moving TLPWT 2

The first-order motion RAOs for TLPWT 2 are shown in Fig. C.14. The
Wadam model captured the motions quite well.

The inclusion of the first-order motions in the calculation of the second-
order potential changed the result significantly for some frequencies. Fig. C.15
shows the double-frequency force transfer function components for the sta-
tionary and moving hull. All comparisons are shown for mesh 1. As
shown, the imaginary components of the surge, heave, and pitch forcing
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Figure C.12: Sum-frequency heave force (left) and pitch moment (right)
QTFs. The first pitch/bending natural frequency is indicated by the dashed
line.
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Difference-frequency surge force at the TLPWT 2 surge natural frequency,
based on QTF and Newman’s approximation for the fixed structure.

were changed more than the real components. The results for the station-
ary hull were conservative in magnitude for some, but not all, frequencies.
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Figure C.15: Double-frequency surge force, heave force, and pitch moment
transfer function components, for TLPWT 2 fixed in space (solid, black)
and moving (dotted, gray). (mesh 1)

The effect of the motion on the overall shape of the QTF in heave and
pitch can be seen by comparing Figs. C.12 and C.16. While the peak values
of the force amplitude tended to decrease, the low-frequency components of
the QTFs increased. These frequencies represent a large part of the available
wave energy.

Examining the pitch moment QTF along the line ωi + ωj = ω5 in
Fig. C.17, the forcing on the stationary structure matched well around the
main wave frequencies but overpredicted the peak by approximately 20 %.
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Figure C.16: Sum-frequency heave force (left) and pitch moment (right)
QTFs for TLPWT 2 including first-order motions. The first pitch resonance
is indicated by the dashed line.
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frequency line for the fixed and moving structure.

C.3.5 Difference-Frequency Forces, Moving TLPWT 2

The effect of the first-order motions on the difference-frequency forces was
also quite significant. Fig. C.18a shows the surge excitation QTF, which
can be compared to Fig. C.13a for the stationary hull. Again, all results
are shown for mesh 1. When the first-order motions were considered, the
heave forcing decreased along the diagonal, but increased away from the
diagonal. The Newman approximation became more tenuous, as illustrated
in Fig. C.18b. In the main wave excitation frequencies, the Newman ap-
proximation appears to be quite non-conservative.
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Figure C.18: a) Difference-frequency surge force QTF for TLPWT 2, in-
cluding first-order motions (mesh 1). Heavy dashed lines indicate the surge
resonance difference-frequency, dotted line shows ωi = ωj. b) Difference-
frequency surge force at the TLPWT 2 surge natural frequency, based on
QTF (mesh 2) and Newman’s approximation for the fixed and moving struc-
ture.

C.4 TLPWT 3

The free surface mesh used for TLPWT 3 was identical to Mesh 1 for
TLPWT 2, as given in Table C.2. No mesh convergence study was per-
formed for TLPWT 3, but the stationary (Secs. C.4.1-C.4.1) and moving
(Secs. C.4.3-C.4.3) results were compared, and some consideration was given
to the importance of the pontoons in the computation of slow-drift forces.

C.4.1 Sum-Frequency Forces on Stationary TLPWT 3

The first-order and double-frequency forces on TLPWT 3 are shown in
Fig. C.19. The surge and pitch forces on TLPWTs 2 and 3 were very
similar, as they had the same waterline geometry, though TLPWT 2 had
a significantly larger draft. The heave forces on TLPWT 3 were much
larger than those on TLPWT 2 due to TLPWT 3’s smaller draft and larger
pontoons.

The heave and pitch excitation QTFs are shown in Fig. C.20. As shown,
both the heave and pitch force generally increased with frequency. The
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Figure C.19: First-order (left) and double-frequency (right) surge force,
heave force, and pitch moment transfer function components, stationary
TLPWT 3.

heave force QTF had peak values away from the diagonal. Relatively large
values of the pitch QTF intersected the line indicating the first pitch/bend-
ing natural frequency.

C.4.2 Difference-Frequency Forces on Stationary TLPWT 3

Fig. C.21a shows the difference-frequency QTF for the stationary TLPWT
3, while Fig. C.21b shows the surge force transfer function at the surge nat-
ural frequency. The corresponding surge force transfer function based on
Newman’s approximation and based on only considering the main column
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Figure C.20: Sum-frequency heave force (left) and pitch moment (right)
QTFs. The first pitch/bending natural frequency is indicated by the dashed
line.

(no pontoons) in the model are also shown. For the stationary structure,
Newman’s approximation worked quite well, and the pontoons did not con-
tribute significantly to the difference-frequency surge force.

C.4.3 Sum-Frequency Forces on Moving TLPWT 3

The first-order motion RAOs for TLPWT 3 are shown in Fig. C.22. The
pitch response is somewhat underestimated by Wadam for TLPWT 3.

Fig. C.23 compares the double-frequency transfer function components
for the stationary and moving TLPWT. Similarly to TLPWTs 1 and 2, the
first-order motions had a considerable impact on the second-order excita-
tion. The imaginary components of the surge force and pitch moments were
more affected than the real components, but both components of the heave
force (as well as the mean value) were significantly changed.

The changes in the overall shape of the heave and pitch sum-frequency
excitation QTFs can be seen by comparing Figs. C.20 and C.24. The in-
clusion of the first-order motions tended to decrease the high-frequency
excitation, but increased the low-frequency and off-diagonal terms. The
peak pitch moment along the resonance line (Fig. C.25) decreased by ap-
proximately 25% compared to the value for the stationary structure, but
changed very little in the lower frequency range.
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Figure C.21: a) Difference-frequency surge force QTF, for stationary
TLPWT 3. Heavy dashed lines indicate the surge resonance difference-
frequency, dotted line shows ωi = ωj. b) Difference-frequency surge force
at the TLPWT 3 surge natural frequency, based on QTF and Newman’s ap-
proximation for the stationary structure. Results for the main column only
(QTF and Newman approximation) are also shown.
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Figure C.22: TLPWT 3: first-order motion RAOs. Note: pitch non-
dimensionalized by D/ζ.

C.4.4 Difference-Frequency Forces on Moving TLPWT 3

The first-order motions also had a significant impact on the difference-
frequency wave excitation on TLPWT 3. The surge force QTFs in Figs. C.21a
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Figure C.24: Sum-frequency heave force (left) and pitch moment (right)
QTFs for TLPWT 3 including first-order motions. First pitch/bend natural
frequency is indicated by the dashed line.

and C.26a can be compared to see the influence of the TLPWT motions:
the forces along the diagonal decreased, especially for combinations of high
frequencies, while the off-diagonal terms increased. As with TLPWTs 1 and
2, the Newman approximation became less accurate and non-conservative
around the surge natural period, especially for wave frequencies between 0.3
and 1.0 rad/s.
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Figure C.26: a) Difference-frequency surge force QTF for TLPWT 3, in-
cluding first-order motions. Heavy dashed lines indicate the surge resonance
difference-frequency, dotted line shows ωi = ωj. b) Difference-frequency
surge force at the TLPWT 3 surge natural frequency, based on QTF (mesh
2) and Newman’s approximation for the fixed and moving structure.

C.5 Discussion

The main results of the examination of second-order forces are summarized
below.
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r Body and free surface meshing:

Within the bounds of the computational restrictions, a detailed exami-
nation of mesh refinement was not possible. The results from TLPWT
1 indicated that 1.5 m long mesh elements along the waterline did not
give sufficiently good resolution for the computation of second-order
forces, but that approximately 1 m long elements improved the re-
sults. Increasing the resolution from 1.1 m to 0.88 m for TLPWT 2
did not change the results. Elements with length 1.1 m were used for
TLPWTs 2 and 3.

Increasing the partition radius from 150 m to 250 m (with correspond-
ing loss of mesh refinement) did not significantly impact the results
for long wave frequencies. Therefore, the 150 m radius was considered
to be sufficient.

If the Newman approximation is to be used, it is recommended to solve
the first-order potential with a finer mesh than is used on the the free
surface and with a finer frequency resolution, in order to obtain the
most accurate possible answers and avoid interpolation errors.r Effect of pontoons on QTFs:

The effect of the pontoons on the QTFs was only considered for the
stationary case of TLPWTs 2 and 3. The sum-frequency surge and
pitch results and difference-frequency surge results were largely unaf-
fected by the presence of the pontoons, but the first-order heave and
pitch and the sum-frequency heave forcing were significantly changed.
Based on the present results, the difference-frequency surge forcing
for the stationary structure may be reasonably approximated by ig-
noring the pontoons, but this is not a useful result due to the effect
of first-order motions on the QTFs.r Effect of first-order motions on QTFs:

In the cases considered here, the 1st order motions had a non-negligible
effect on both sum- and difference-frequency QTFs. The peak sum-
frequency heave and pitch forcing tended to decrease between 10 and
30 % when first-order motions were included, and the peaks became
less pronounced. The surge difference-frequency excitation decreased
along the diagonal of the QTF, but increased away from the diagonal.r Appropriateness of Newman approximation:

The Newman approximation gave a good approximation of the forcing
on a stationary TLPWT at the surge natural frequency, but tended to
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underpredict the forcing at the surge natural frequency for a moving
TLPWT. Since the TLPWT has a shorter surge natural period than
a typical TLP construction, Newman’s approximation is likely to be
less accurate, and is not necessarily conservative, particularly in the
frequency range 0.3 - 1.0 rad/s, which corresponds to the majority of
the incoming waves in a typical open water seastate.
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