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ABSTRACT

Floating offshore wind turbines (FOWTSs) represent a valuable resource as governments plan how to
transition from fossil fuels to renewables. However, there are both technical and economic challenges to
overcome before floating offshore wind becomes a commercially viable option. Due to high deployment,
capital, and development costs (due to the relative novelty of the technology), floating offshore wind
currently has a much higher energy cost than other renewable options such as fixed bottom offshore or
land-based wind turbines. The design of FOWTs also presents many engineering hurdles, such as
maintaining platform stability without excessive system mass and cost, keeping the Levelized Cost of
Energy (LCOE) competitive with other energy production methods, and ensuring the structure can
withstand environmental loading from waves, wind, and turbine actions.

SpiderFLOAT is a novel semi-submersible floating offshore wind substructure designed by the
USFLOWT team under the ARPA-E ATLANTIS program. SpiderFLOAT is a flexible substructure
consisting of a central column with three legs attached by moment-free connections and supported by
tensioned stay-cables. Buoyancy cans are attached at the ends of the legs. This structure is designed to
shed loading via structural compliance, reducing the structural requirements to sustain wind and wave
loading in an offshore environment. This keeps system mass, and by extension material costs, lower than
other FOWT substructure designs.

This thesis investigates a few SpiderFLOAT substructure alterations to the design to mitigate loading
and improve system stability while keeping system mass low. Two types of design alterations were
considered: alterations to the structural geometry and the introduction of substructure actuation
mechanisms. Structural alterations included system draft, buoyancy can size, stay cable attachment
points, and the number of legs. Actuation mechanisms included the tension of the stay cables, the ballast

level in the buoyancy cans, and adjustments in mooring-line length and thus tension.
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CHAPTER 1
INTRODUCTION

1.1 Motivation and Challenges for the Design of Floating O shore Wind Substructures

As both industry and government seek to decarbonize, new and innovative means of zero-carbon energy
production will need to be implemented while also continuing to meet the growing energy demands of both
industry and the public. O shore wind presents a signi cant opportunity in the growing renewable energy
space. The U.S. National Renewable Energy Laboratory (NREL) estimates the technically feasible o shore
wind energy potential for US territorial waters at 7,203 TW h per year [1]. This represents 57 % more
energy capacity than the total energy consumption of the US in 2020 [2]. However, NREL also predicts that
regions with water depth exceeding 60 m, which covers 58 % of the total estimated o shore wind energy
capacity, will require oating o shore wind turbines (FOWTSs) for both technical and economic feasibility
[1]. FOWTs also present several advantages over both land-based wind turbines and xed-bottom o shore
wind turbines. For example, the ability to deploy FOWTs in deep water (exceeding 60 m) allows
deployment further from residential areas, reducing the likelihood of public resistance to their deployment.
Additionally, many FOWT designs can be constructed near the quay and towed out to the deployment site,
as well as towed back to port for repairs, removing the requirement for specialized deployment vessels and
reducing construction costs. This can reduce both capital and operational expenses signi cantly [3].

One of the most signi cant barriers to oating o shore wind development is costs and economic
competitiveness with existing alternatives. Currently, the levelized cost of energy (LCOE) for FOWTs is
more than 50 % higher than their xed-bottom counterparts [4]. A study by Jan-Niklas Linneschmidt at
the Manster University of Applied Sciences in 2021 found that semi-submersible FOWTs have capital
expenditures 13% to 26.5% higher than the best recent xed-bottom o shore wind turbines and operating
expenditures 412 % to 603 % higher, both contributing to the higher LCOE of FOWTs [5]. That same
study does predict that further development of FOWTs will allow them to become cost-competitive with
xed-bottom o shore turbines with further development, based on their estimates for future FOWT
development costs [5]. Reducing the LCOE of FOWTs can be approached in several ways, such as
improving annual energy production, reducing capital cost, and improving the design of the platform. This
thesis is primarily focused on the capital expense side by investigating structural modi cation trade-o s for

a novel FOWT substructure, the SpiderFLOAT [6].



Another challenge to the design of FOWTs is the loading experienced by the support structure, which
can be excited by both waves and aerodynamic actions on the rotor-nacelle assembly (RNA). The thrust
and wave forcing may also lead to platform instability and needs to be avoided by appropriately designing
the oating substructure [7]. Several FOWT substructure types have been developed that attempt to
mitigate these issues in various ways. The most common types are spar buoys, tension-leg platform,
barges, and semi-submersible platforms. Renderings of these design concepts are shown in Figure 1.1. Spar
buoys utilize a deep draft and ballast to achieve a large metacentric height and hydrodynamic damping [8].
Barges are rigid structures with a low draft, which achieve stability via a large waterplane area moment of
inertia (the area moment of the portion of a structure that intersects with the water surface) [8].

Tension-leg platforms rely on restoring moments from a high-tension mooring system and excess buoyancy
in the platform compared to system mass [8]. Semi-submersibles are a hybrid of these designs, typically
featuring a deeper draft and lower mass than barges and a higher waterplane moment of inertial than
tension-leg platforms and spar buoys [8]. The design of semi-submersibles can vary widely, but they
typically include a central stem with several outboard columns connected by braces and anchored via

mooring lines [9].

Figure 1.1 Example illustrations of typical oating wind substructures. Substructure types are left to right:
spar buoy, semi-submersible, and tension-leg platform. Barge substructure not shown. [Image Credit: J.
Bauer, NREL1]

1Source: https:/images.nrel.gov/imx/go?id=alxartgdwzf



Optimization and improvement of platform design has been used to improve the LCOE of FOWTs by
other researchers in the past. For example, the ShortSpar is a spar buoy FOWT based on the HyWind
design, more suitable for moderate water depths than other spar designs, creating a more cost-e ective
solution for FOWTs at moderate water-depth sites [10].

Turbine controllers can also mitigate key loads on FOWT substructures. For example, NREL was able
to optimize a xed-bottom turbine controller for the WindFloat semi-submersible platform, resulting in a
20 % reduction in tower base bending damage equivalent load across most wind speeds when compared to
operation with the unmodi ed turbine controller [11].

Structural control of FOWTs has also been attempted in previous research. A study published in
Mechatronics implemented an idealized tuned mass damper system for passive control and an idealized
hybrid mass damper for active control on the ITI Energy barge FOWT substructure, using the NREL
5MW turbine [12]. Using these structure controls, the authors are able to achieve tower base fore-aft
bending damage equivalent load reductions of 9.4 % for passive control, and up to 32.6 % for active control,

when compared to the un-actuated platform [12].
1.2 The SpiderFLOAT

To address the challenges of development and deployment of FOWTSs, the USFLOWT project, under
ARPA-E's ATLANTIS program [13], has developed a novel semi-submersible substructure, the
SpiderFLOAT. A diagram of SpiderFLOAT is shown in Figure 1.2 on the next page. SpiderFLOAT
consists of a central column to which three legs and three buoyancy cans (bundles of buoyancy units) are
connected via moment-free connections. The stem and legs are held together by pre-tensioned cables
attached to the top and bottom of the stem and the tips of the legs [6]. Investigation of the loads that
SpiderFLOAT must withstand and methods to reduce them to achieve a lighter structural mass and thus
lower capital cost is a key aspect of the USFLOWT project. The overall system design optimization is a

new contribution to the FOWT literature, especially given the highly exible nature of the SpiderFLOAT.



Figure 1.2 A diagram of the baseline SpiderFLOAT substructure. Note that in this rendering the cans are
shown as solid cylinders, though in reality they are made up of seven pressure vessels each.

The SpiderFLOAT legs and stem are constructed of reinforced concrete. The legs were initially solid in
the baseline design but have since been replaced with hollow, ooded cylinders, while the stem is hollow
and ballasted with a combination of permanent bentonite ballast and adjustable water ballast. The stay
cables used to support the legs and the mooring lines are of steel construction. The buoyancy cans are
comprised of bundles of seven glass- ber reinforced plastic pressure vessels. By default, these cans do not
contain any ballast [6]. All member attachments are modeled as moment-free connections. This exible
structural arrangement can reduce the e ects of hydrodynamic loading on the RNA as opposed to a classic
rigid substructure response, while maintaining a low substructure mass [6]. For reference, the OC4
DeepCwind semi-submersible investigated at NREL has a mass of 13,573t, including ballast mass, and is
sized for a 5-MW turbine [14]. The current design of the SpiderFLOAT, referred to as Con guration E in
Chapter 4 (see Table 4.1), has a platform mass of only 4,232t, and supports a 10-MW turbine. Therefore,
SpiderFLOAT represents a substantial reduction in FOWT substructure mass, and by extension, capital
cost.

While the baseline SpiderFLOAT design has many advantages over currently deployed FOWT designs,
there are still engineering challenges to overcome. In particular, the lightweight and exible nature of the

baseline design may lead to hydrodynamic instabilities and excessive loading if not properly controlled with



appropriate design measures.
1.3 Overview of Contributions

The goal of this thesis is to address some of the mentioned engineering challenges of the SpiderFLOAT
design, in particular the loading of substructure components and the hydrodynamic and aerodynamic load
induced motion of the structure. Two methods are considered, implementation of substructure actuation
(see Chapter 3), and alterations to the substructure design (see Chapter 4).

As will be further described in Chapter 3, platform actuation entails the adjustment of stay cable
tensions, mooring line tensions, and water ballast levels in the buoyancy cans. Active can ballasting and
stay-cable actuation has also been investigated by other members of the USFLOWT team. Elenya Grant of
Colorado School of Mines found that using can ballasting to tilt USFLOWT upwind, thus creating a mean
upwind pitch at rated conditions for the USFLOWT turbine (see Chapter 2 for a full description of
environmental conditions) results in increased average generator power, while applying a downwind tilt
reduces pitch standard deviation, thereby improving platform stability and reducing fatigue loads [15].
David Stockhouse of University of Colorado Boulder found that by using a low-bandwidth can ballast
controller, operating on the order of several minutes, in combination with turbine pitch and generator
speed controller de-tuning, peak and standard deviation tower-base fore-aft bending moment could be
reduced [16].

Structural design parameters considered for alteration in Chapter 4 include buoyancy can length, leg
and stem cross-sectional area, the number of legs, stem draft, and stay-cable leg attachment position.
These investigations support the USFLOWT goal of reducing LCOE by keeping the component loads and
system motions of SpiderFLOAT within acceptable bounds while keeping system mass and capital cost low.

By investigating structural alterations to and actuation mechanisms for the base SpiderFLOAT concept
[6], | was able to improve system stability by reducing mean and maximum pitch of the platform, and
reduce loads on the legs and tower base. These studies, alongside work from other members of the
USFLOWT team, have resulted in changes to the design of SpiderFLOAT, with the team now using the E
Con guration discussed in Chapter 4. This con guration has addressed several of the challenges faced with
the initial SpiderFLOAT concept, such as stability in storm conditions, excessive loads, and interference

between the buoyancy cans and the stay-cables.
1.4 Organization of Thesis

This thesis is organized as follows. Chapter 2 describes USFLOWT and SpiderFLOAT in further detail

and provides details on the simulation tools and methodologies used in this thesis. Chapter 3 investigates



substructure actuation mechanisms for the SpiderFLOAT. Chapter 4 investigates alterations to the
SpiderFLOAT baseline design with the goal of improving stability and reducing component loads. Lastly,

Chapter 5 summarizes the ndings of this thesis, and discusses potential future work.



CHAPTER 2
SYSTEM DESCRIPTION, SIMULATION TOOLS, AND METHODOLOGY

2.1 Description of USFLOWT and Environmental Conditions

As introduced in Chapter 1, the USFLOWT team has designed a FOWT system with the goal of
achieving a low LCOE that will improve the competitiveness of FOWTs when compared to other means of
energy production. The target LCOE for the project is 0.075$%/kWh. USFLOWT consists of the
SpiderFLOAT substructure, a tower, and the DTU 10-MW reference wind turbine [17]. The turbine blade
pitch and generator torque controller used for this thesis is derived from the Reference Open Source
Controller [18], with signi cant tuning by various members of the USFLOWT team. This controller is held
constant for all results presented in this thesis. We note that the results using a tuned controller for each
con guration could di er from these results, but this is outside the scope of this thesis. The water depth
used in this analysis is 150 m, based on the North Atlantic site selected for USFLOWT.

A rendering of the SpiderFLOAT with object labels and coordinate systems is shown in Figure 2.1 on
the next page. These labels are used throughout this thesis. A top-view diagram of the stem local
coordinate system is shown in Figure 2.2 on the next page. Tower-base results are also reported in this
coordinate frame. Pitch is a system rotation about the stemy-axis, yaw a rotation about the stem z-axis,
and roll a rotation about the stem x-axis. Fore-aft, or surge motion, is a translation along the stemx-axis:
side-side, or sway motion, is analogously a translation along the sterg-axis; and heave motion is a
translation along the stem z axis. Note that the directions for pitch and yaw used in this thesis are
reported in the local reference frame of the tower base, as oriented at the beginning of the simulation, and
are not aligned with the global coordinates. That is due to the setup of the numerical simulation. This
results in pitch and yaw having reversed signs compared to standard convention.

Leg results are similarly reported in the leg local coordinate system. A diagram of the leg, viewed
looking at the leg tip, is shown in Figure 2.3 on page 9.

Can rotational displacements are also reported in the local can coordinate system, a diagram of which

is shown in Figure 2.4 on page 9.

2Source: https://www.nrel.gov/news/program/2021/2021-top-wind-accomplishments.html



Figure 2.1 Rendering of SpiderFLOAT [6] with labeled objects and global coordinates. [Image Credit: J.
Bauer, NREL?]

Figure 2.2 Top-view diagram of the stem with local coordinate system. The global coordinate system is
indicated in green. This coordinate system is the same for the top of the stem and the base of the tower.
Legs are not to scale.



Figure 2.3 Diagram of a leg with local coordinate system. The global coordinate system is indicated in
green. This view is looking at the leg tip, towards the stem.

Figure 2.4 Diagram of a buoyancy can with local coordinates. Global coordinates are indicated in green.
This view is looking down on the top of the can.



This thesis is primarily concerned with loading on the SpiderFLOAT substructure, and motion of the
overall system. Two sets of environmental conditions are considered for analysis of these loads: rated and
parked. Rated conditions are a subset of Design Load Case (DLC) 1.1 from the IEC standard 61400-3-1
[19], where average wind speed is equal to the rated wind speed of the DTU 10-MW turbine [17]. Wind is
modeled using the Normal Turbulence Model (NTM) as de ned in IEC Standard 61400 [20], with a mean
wind speed of 11.4m3? corresponding to the rated wind speed of the DTU 10-MW turbine [17]. A
representative time history of the wind velocity in the global X direction at the turbine hub-height is

shown in Figure 2.5.

Figure 2.5 Representative time history of wind velocity in the global X direction at rated conditions at the
turbine hub-height.

Waves are modeled as Normal Sea State (NSS) as de ned by IEC standard 61400-3-1 [19], using a
JONSWAP wave spectrum [21] with a signi cant wave height of 1.13m, a peak spectral period of 7.2 s, and
a peak enhancement value of 1.5. A representative time history of the sea elevation from the mean still
water level at the simulation origin is shown in Figure 2.6 on the next page. The JONSWAP spectrum is
utilized due to its enhanced ability to model non-linear wave e ects compared to the modi ed
Pierson-Moskowitz spectrum, with a greater concentration of energy in the mid-band frequencies based on

the peak enhancement factor [21].
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Figure 2.6 Representative time history of sea elevation from the mean still water level for rated conditions.

The parked conditions | considered are de ned by IEC standard 61400-3-1, DLC 6.1 [19]. For parked,
the wind is modeled using the Extreme Wind Model (EWM) with a mean wind speed of 35ms?, which is
representative of an extreme wind speed with a recurrence period of 50 years [20] at the USFLOWT's
North Atlantic site [13]. A representative time history of the wind velocity in the global X direction at

hub-height is shown in Figure 2.7.

Figure 2.7 Representative time history of wind velocity in the global X direction at parked conditions at
the turbine hub-height.

Waves are modeled as an Extreme Sea State (ESS) [19], using a JONSWAP [21] wave spectrum with a

signi cant wave height of 9.8 m, a peak spectral period of 14.2 s, and a peak enhancement value of 2.75. A
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representative time history of the sea elevation from the mean still water level at the simulation origin (the

origin of the global axes as shown in Figure 2.1) is shown in Figure 2.8.

Figure 2.8 Representative time history of sea elevation from the mean still water level for parked conditions.

These two environmental conditions, rated and parked, are focused on in this thesis as they are likely to
be the design-driving conditions for the USFLOWT system. Rated conditions tend to produce the highest
turbine thrust near the rated wind speed of the DTU 10-MW turbine. Rated wind speed is the lowest wind
speed at which the turbine produces the rated generator power. At wind speeds above rated, the rotor
blades pitch and the rotor thrust is reduced. Graphs of the power and thrust curves for the DTU 10-MW
turbine are provided in Figure 2.9 on the next page. Region 2 is between the cut-in wind speed and the
transition wind speed, and features steadily increasing thrust. The turbine blades do not pitch in this
region. Region 2.5 is a transition between regions 2 and 3, where the control goal switches from maximum
power extraction to regulating speed or power. Turbine thrust peaks in this region. Region 3 is completely
above rated wind speed, and in this region the blades pitch to ensure the turbine does not exceed rated
power, reducing thrust. Turbine thrust is one of the three major external loads on the USFLOWT system
(alongside aerodynamic drag on the above water components, and hydrodynamic loading on the submerged
components), so the condition which maximizes it was selected for investigation in this thesis. Parked
conditions are predicted to have the largest hydrodynamic loading for USFLOWT, due to featuring the
largest signi cant wave height, and therefore was the second environmental condition selected for

investigation in this thesis.
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Figure 2.9 Charts of the power and thrust curve for the DTU 10-MW reference wind turbine [17].

2.2 Description of OrcaFlex Simulation Software and Model

For the results presented in this thesis, the USFLOWT system was modeled in OrcaFlex, a 3D nite
element simulation package specializing in marine environments with six degrees of freedom at all element
nodes, and fully integrated wind turbine simulation capabilities. OrcaFlex is capable of full 3D nonlinear
analysis with large displacements, and fully coupled bending, torsional, and tensile loads [22]. All
simulations presented in this thesis were conducted in the time domain, though OrcaFlex is also capable of
frequency domain analysis [22].

For the results presented in this thesis, the wave elevation time history is produced via a JONSWAP
wave spectrum, though other options are available in OrcaFlex [22]. To generate the JONSWAP spectrum,
the signi cant height, peak enhancement factor, peak spectral period, and wave direction are input. Then
a seed is used to generate a random wave eld [23]. Hydrostatic and hydrodynamic loading is calculated on
all submerged components. Wave kinematic stretching, which is a process for extending linear airy wave
theory above the mean water level, allows for accurate calculation of water velocity and acceleration in
large waves [23]. For the models presented in this thesis, a vertical stretching model was used. This model
sets wave kinematics above the mean water level to be identical to those at the mean water level [23].
Loads induced from objects piercing the sea surface are also accounted for.

The wind elds used throughout this thesis are generated externally to OrcaFlex using the NREL
TurbSim package. TurbSim generates three-component wind vector time histories on a rectangular grid

[24]. The resultant data le is read by OrcaFlex to calculate aerodynamic loading on all model objects,
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using Taylor's frozen turbulence hypothesis [23]. An overall wind direction may also be de ned to set
which direction the bulk wind ow occurs along [23]. For points within the rectangular grid of the TurbSim
le, wind vectors are interpolated barycentricly, both spatially and temporally, while for points beyond the
grid, wind vectors are clipped to the edge of the grid along each primary axis [23].

Aerodynamic and hydrodynamic loads are calculated on each model object at each time step based on
the generated wind and wave elds. These calculations are based on the instantaneous position of each
object. These external loads, combined with structural loading, are used to calculate the full loading of
each model object [23].

For further details on the OrcaFlex software and its capabilities, see the OrcaFlex technical
speci cation [22].

The USFLOWT model in OrcaFlex primarily consists of line elements. These line elements model the
stem, legs, tower, and mooring lines, and rotor blades. Line elements have fully coupled bending, torsional,
and axial sti ness, with bulk material properties appropriate to the material they will be constructed of
(reinforced concrete for the stem and legs, steel cable for the mooring lines, and steel for the tower). Lines
in OrcaFlex are represented by a lumped mass model, where a series of nodes are joined by massless
spring-dampers called segments. Each segment represents a piece of the line whose properties are lumped,
for modeling purposes, at the nodes at either of its ends [22]. Data, such as load values, can only be

extracted from lines at node locations. An image of the Leg 1 line element is shown in Figure 2.10.

Figure 2.10 Image of Leg 1 line element in OrcaFlex. Each ring represents a node on the line.

The buoyancy cans in each bundle are 6D spar buoys, which are rigid bodies with a de ned volume,
mass, and hydrodynamic drag and added mass coe cients. The stay-cables are modeled using winches,
massless wires with de ned elastic sti ness and set to a de ned unstretched length to achieve the desired
tension. The turbine nacelle is modeled as a lumped 6D buoy with a de ned mass, volume, and mass
moments of inertia to replicate the properties of the DTU 10-MW nacelle [17]. The turbine generator,
rotor, and blades are modeled using a turbine object available in OrcaFlex and are set with properties to

match the DTU 10-MW [17].
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The connections between the nacelle and the tower, and the tower and the stem, are modeled in
OrcaFlex as line-end connections with in nite bending and twisting sti ness. The connections between the
legs and mooring lines are also line-end connections, but with zero sti ness. The connections between the
stem and the legs, as well as the legs and the buoyancy cans, are modeled using constraints. These
constraints are set up to allow no relative translation between the objects connected, as well as to prevent
the legs and cans from rotating about their respectivez axes, as shown in Figure 2.3 for the legs and
Figure 2.4 for the cans. The constraints do allow rotation about the axes perpendicular to the leg and can
axes. The anchor ends of the mooring lines are modeled as xed to the seabed, with no freedom of
translation or rotation.

The DTU 10-MW turbine is modeled in OrcaFlex using a \turbine object", which include the rotor,
blades, and generator [22]. Aerodynamic loading on the turbine blades are calculated using a Blade
Element Momentum (BEM) model [23] adapted from the NREL AeroDyn package [25]. The model
includes Rayleigh structural damping and Prandtl tip and hub losses [23]. The blades are exible, and
OrcaFlex can capture aeroelastic e ects. Blade pitch angle is controlled via an external Python function,
and in the case of this turbine the blades are pitched collectively. Generator torque is also controlled
externally. The blade pitch and generator torque control are the USFLOWT baseline control as described
by Stockhouse, Phadnis et al. [16].

Simulation results presented in this thesis use a simulation time step of 0.01 s, a maximum of 200
iterations, and an iterative convergence tolerance of 25e-6. This tolerance is a non-dimensional value that
controls the accuracy of the solution, controlling the acceptable di erence in solutions between iterations
on each time step [22]. The data is logged with double precision and at a sample interval of 0.1 s. Dynamic
simulations use an implicit time domain integration scheme, which calculates forces and moments due to
weight, buoyancy, hydrodynamic and aerodynamic drag, hydrodynamic added mass e ects using Morison's
equation, tension and shear, bending and torque, seabed reaction and friction, contact forces between
objects, and forces applied by links and winches [22]. Simulations for the rated condition have a duration
of 600 s and parked condition simulations have a duration of 3600 s. Both rated and parked simulations
have a build-up phase of 100 s preceding the main simulation, where the mean wind speed and wave
signi cant height are ramped up to their nominal values. This build-up phase, which is not included in the
analyzed data, is to remove transient e ects from the analyzed data. The ramping factor used by OrcaFlex
is chosen to increase monotonically from O to 1, and is used as a multiplier on the ramped parameters [22].

Once the simulation is complete, OrcaFlex generates a data le containing load and motion data for
each object, as well as environmental data. For post-processing, key data, such as loads on key objects and

environmental data, were extracted to a plain text le via an external Python script using the OrcaFlex
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