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Abstract: The increased interest in renewable wind energy has stimulated many offshore wind
turbine concepts. This paper presents a design optimization and a coupled dynamics analysis of a
platform with a single tether anchored to the seabed supported for a 5 MW baseline wind turbine.
The design is based on a concept named SWAY. We conduct a parametric optimization process that
accounts for important design considerations in the static and dynamic view, such as the stability,
natural frequency, performance requirements, and cost feasibility. Through these optimization
processes, we obtain and present the optimized model. We then establish the fully coupled aero-
hydro-servo-elastic model by the time-domain simulation tool FAST (Fatigue, Aerodynamics,
Structures, and Turbulence) with the hydrodynamic coefficients from an indoor program
HydroGen. We conduct extensive time-domain simulations with various wind and wave conditions
to explore the effects of wind speed and wave significant height on the dynamic performance of the
optimized SWAY model in various water depths. The swivel connection between the platform and
tether is the most special design for the SWAY model. Thus, we compare the performance of models
with different tether connection designs, based on the platform motions, nacelle velocity, nacelle
accelerations, resonant behaviors, and the damping of the coupled systems. The results of these
comparisons demonstrate the advantage of the optimized SWAY model with the swivel connection.
From these analyses, we prove that the optimized SWAY model is a good candidate for deep water
deployment.

Keywords: renewable energy; offshore wind turbine; design optimization; coupled dynamics
analysis

1. Introduction

Nonrenewable energy resources, such as coal, natural gas, and oil, are primary sources of energy.
However, these fossil fuels continue to be depleted, and are harmful to the environment. Therefore,
vast wind resources have received much attention because of their excellent potential for electricity
generation. Moreover, since wind energy is green and inexhaustible, it reduces the world’s
dependency on fossil fuels. Among the different kinds of wind turbines, oceanic floating offshore
wind turbines (FOWT) are an excellent solution to avoid interference with life on the land and achieve
higher energy efficiency due to the steadier and higher annual mean offshore wind velocity. There
have been many theoretical and conceptual studies on FOWT [1-3]. A typical FOWT is composed of
an upper structure containing the wind turbine rotor supported by a tower and the lower support
platform below the mean water level. Different types of upper wind turbine models have been
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proposed and used in many studies, such as the National Renewable Energy Laboratory (NREL) 10-
MW wind turbine[4-6] and NREL 5-MW wind turbine [7-10]. In the present study, we use the NREL
5 MW baseline wind turbine, a design derived from onshore wind turbines under the standards IEC
61400-3 [11]. Combining the mechanism of operating machines and theoretical designs, this
configuration is the realization of a three-bladed upwind floating wind turbine with a 5-MW power
capacity.

For the other part of the FOWT, the supported platform involves more complex hydrodynamics
and fluid-structure interactions. Researchers have proposed several types of floating supported
platforms throughout the years. One example is the Hywind FOWT, which contains a spar-buoy with
catenary mooring systems [12] to support the large-scale NREL 5 MW reference wind turbine.
Additionally, the 5 MW wind turbine tower and control system is modified to allow coupling and to
ensure positive aerodynamic damping during operation. Similar numerical and experimental studies
for FOWTs with the spar-type platforms have been proposed and carried out throughout the year
[13-15]. Another possible candidate for the FOWT support platform is the distributed-buoyancy
stabilization (barge) [16-18]. It achieves excellent stability with a high-water plane area, and its
mooring system is primarily for station keeping and not for supplying the system stiffness. The
tensioned leg platform (TLP-type) support platform is another favorite choice for the FOWT. This
concept is promising in intermediate water depths, because it has limited platform motion. Several
studies use coupled dynamics analysis to analyze the TLP dynamic performance and the
corresponding tension loads [19-22]. Numerical optimization for the design of TLP-type FOWT has
also been carried out in many studies [23-27]. Other types of support platforms, such as semi-
submersible platforms, are also employed for offshore wind turbine support. The main feature of the
semi-submersible concept is that its main structures are located deep below the water surface to
reduce wave load and global motion, which makes this structure ideal for supporting a large offshore
wind turbine. The designs, such as the WindFloat design [28], DeepCWind [29], and HiPR Wind [30],
are all examples of semi-submersible concepts. One of the latest concepts of the support platform is
SWAY® [31], an advanced realization for FOWTs. The patented SWAY system consists of a floating
tower that extends deep into the water, and a single pipe that is anchored to the seabed and connected
to the platform with a swivel connection at the fairlead (see Figure 5 of [31] ). With a floating ballast
pole at the lower end, the center of gravity (CG) of the tower is much lower than the center of
buoyancy (CB), which helps to achieve stability. The rotor is downwind orientated with three blades.
When the wind hits the structure, the entire tower rotates via the subsea swivel, reinforcing the
alignment of the tower with the wind. These properties improve energy efficiency and make it
possible to add wire bracing to the tower, to enhance stiffness for carrying larger turbines.

As the SWAY concept wind turbine is still a relatively new research area, there is no detailed
study on design optimization and coupled dynamics analysis. The optimal model must not only have
favorable aerodynamic and hydrodynamic performance, but also satisfy the financial requirements.
The aim of the present study is to conduct a detailed design optimization and numerical simulation
of a mono-column tethered at the seabed mounted with a 5 MW turbine, based on the SWAY concept.
We first introduce the numerical method used in the present study. We then present the design
criteria employed and the final optimal SWAY model. Using a coupled dynamics numerical analysis,
we investigate the dynamic performance of the optimal model. The detailed procedure to model a
tether with swivel connection in Fatigue, Aerodynamics, Structures, and Turbulence (FAST) can be
found in [32] and can be used in the present study. We also compare our optimization SWAY model
with a reference model with a hinged connection at the fairlead. All these comparisons have
demonstrated the SWAY model to be a good candidate for deepwater FOWT deployment.

2. Numerical Method

2.1. Aerodynamics Modeling

A wind turbine is a device that converts wind kinetic energy into useful output in the form of
electrical power. The change of the pressure and the angular momentum when the wind passes across
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the rotor blades produces a lift force (normal to the inflow air) and a drag force (parallel to the inflow
air), which generates the thrust and torque on the rotor and a pitch moment on the system. In the
present study, we use the AeroDyn subroutine package in FAST [7,12], to model and calculate the
turbine aerodynamics through the classic blade-element/momentum (BEM) theory. The BEM method
is the most commonly used tool to calculate the steady contribution of aerodynamic forces. We also
include dynamic-stall behavior to consider the unsteady effects, such as the stall phenomenon based
on previous models [33]. In FAST, the blades and tower flexibility are characterized by a linear model
representation, based on the small deflection assumption within each member. These elastic
characteristics are defined by inputting the distributed mass and stiffness factors for each member,
and by prescribing their mode shapes as equivalent polynomials. In FAST, the two flap-wise and one
edgewise mode of the blade and the two fore-aft and two side-to-side mode shapes of the tower are
allowed, as illustrated in Figure 1. The nacelle and hub are modeled in FAST as rigid bodies. The
tower is assumed to cantilever to the supported structure rigidly. Horizontal-axis wind turbines
(HAWT) are used in the present study. We list the general properties of the 5SMW wind turbine
adopted in the present study in Table 1.

The nacelle of the wind turbine is a structure housing the generator and drivetrain, mounted on
the tower top through yaw bearing with a certain yaw mechanism of spring and damping. For the
wind turbine used, the hub, at 90 m above the mean sea level (MSL), is located 5 m upwind of the
tower centerline when the system is undeflected. The vertical distance from the hub height to the
tower top is 2.4 m, such that the elevation of the yaw bearing point above MSL is 87.6 m.

In the nacelle, the drivetrain consists of a gearbox, which is assumed to be typical multiple-stage
with frictional losses, and the journal and thrust bearings, which support the shafts and minimize the
movement of the drivetrain. With the torque generated by the lift force, the gearbox is used to step
up the rotor output shaft to spin the electric generator. Then, the generator converts the mechanical
work input of the wind turbine into useful electrical output. The slip, difference between the
generator rotor frequency and rotating magnetic field determine the amount of power produced.

Since wind speed increases with height above ground, it is desirable to raise the wind turbine
nacelle and rotor to take advantage of this effect. However, the height of the tower is determined by
the rotor stiffness, which should be restricted such that there is no dynamic coupling between the
rotor and the tower. The present study adopts the tower of the 5 MW baseline wind turbine for the
Hywind-OC3 case [34]. The base of the tower coincides with the top of the platform at an elevation
of 10 m above the MSL, while the top of the tower is coincident with the yaw bearing at an elevation
of 87.6 m.
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Figure 1. Normalized mode shapes: (a) tower fore-aft; (b) tower side-to-side; (c) blades flapwise and
edgewise mode.
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Table 1. General properties of the National Renewable Energy Laboratory (NREL) 5 MW baseline

wind turbine.

Parameters Value
Rating 5 MW
Rotor orientation, configuration Upwind, three blades
Control Variable speed, collective pitch
Drivetrain High speed, multiple-stage gearbox
Rotor, hub diameter 126 m, 3 m
Hub height 90 m

Cut-in, rated, cut-out wind speed
Cut-in, rated rotor speed

3m/s, 11.4 m/s, 25 m/s
6.9 m/s, 12.1 rpm

Rated tip speed 80 m/s
Overhang, shaft tilt, precone 5m, 5°,2.5°
Rotor mass 110,000 kg
Nacelle mass 240,000 kg
Tower mass 249,718 kg
Center of moment (-0.2m, 0.0 m, 70.4 m)
Rating 5 MW

2.2. Hydrodynamics Modeling

We introduce a six-DOF rigid body with small rotational motions in Figure 2 for the support
platform kinematics. Modes 1-3 represent translational surge, sway, heave displacement, and modes
4-5 represent angular motions about the X, y, and z axes (roll, pitch, and yaw). This inertial coordinate
system of the platform is fixed to the mean location of the structure, with its z = 0 plane coinciding
with the Mean Water Level (MWL). The wind and wave directions are in the positive x-direction
throughout the static and dynamic analyses of the platform in the following paper.

Figure 2. Six degrees of freedom motions of the oceanic floating offshore wind turbines (FOWT).

For wind turbines in the offshore environment, the loads acting on the platform mainly include

hydrostatic

hydrostatics F;

, excitation forces from incident waves F*¢, and the restoring forces from

tether lines F!™S. The total force Fiplatf ™ can thus be expressed as:

t
Fiplatform = _(MU + Al])q] + Fiexc + FihydTOStauC + Filines - j KU (t - T)q](T)dT (1)
0

Here, g is the body displacement and M;; is the (i,j) component of the inertia mass matrix. K;; is the

retardation kernel and can be expressed as
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[0

K () = ;fo B;;(w) cos(wt) dw. )

where A;; and B;; are the added mass and damping coefficient, respectively. In the present study,
Ff*¢, A;; and B;; were obtained from [32] with an indoor program, HydroGen, which can generate
the same hydrodynamic outputs as WAMIT [34]. Equation (1), which includes coupled resorting
terms (e.g. shown in Tables 2 and 3), is a weakly nonlinear approach based on Cummins’ equation
[35]. The detailed expressions of the terms in Equation (1) will be further described in the following
sections.

2.2.1. Wave Excitation Force

The Froude-Krylov (F-K) and diffraction forces and moments are the compositions of the wave
excitation load Ff*¢ on the rigid body. The F-K force is due to the unsteady pressure field induced
by the corresponding undisturbed waves with amplitude A, frequency w and wavenumber k. The
undisturbed F-K pressure for water depth / is written as Equation (3),

09y coshk (z+ h)
Prx = =P gy = PO sk k h

where p is the water density and ¢ is the velocity potential for the incident wave. The undisturbed
pressure field would exist only if the body is “transparent” to the wave motion, which is physically

sin(wt — kx), (3)

impossible. Therefore, there must be a force, wave-scattering force, accounting for the additional
pressure distribution due to the body’s presence. The summation of the incident wave potential ¢,
and the scattered wave potential ¢ is defined as the diffraction potential ¢,. Then, the total wave
excitation force can be found in the Equation (4), with the first and second term being the F-K force
and the scattering wave force, respectively.

9¢p 09, 0¢s
Ffre = —f P n;ds = —J’ p—n-ds—f p——n;ds, 4
l se Ot " se 0t se Ot " @
where,
2 a
$o =1+ by Z=-0 5)
2.2.2 Hydrostatics Force

Hydrostatic loads include buoyancy force and hydrostatic restoring forces, which are written as:

Fihydrostatic — ng05i3 — Cij,H&Gq}" (6)

Here, pgV,0,; is the buoyancy force, and C; jnac is the (i,j) component of the linear hydrostatic-

restoring matrix. In the present study, the hydrostatic restoring coefficients are expressed by a linear
hydrostatic and gravitational restoring matrix, whose nonzero coefficients are given in Table 2.

Table 2. Hydrostatic and gravitational restoring coefficients.

Hydrostatic restoring coefficients Unit Expression
C33,H86 N/m pgh,
Css,n86 = Cs3,nac N -Pg .UAO xdA
Caansc Nm pg f y2dA + pgVoZcp — mgZcg
Ao
C55,H&(; Nm Py ff xsz + ngOZCB - ngCG
Ag
2.2.3 Tether Forces

For the present model, the tether system includes only one single taut tether. The structure
achieves stability with an additional buoyancy, which increases the pretension of the taut tether. The
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displacement caused by the external loading on the floater is resisted by the restoring force produced
by the tethers. As shown in Equation (7), we apply a quasi-static model to calculate the total load
given by tether on the support platform F/"¢s. C; jtether 15 the linearized restoring matrix and F, L-lmes‘o
represents the pretension at the fairleads.

lines __ plines,0
" =F = Cij tetherqj- (7)

By applying the small displacement approximation, the draft and the tether tension can be
considered as constant, and the stiffness Cj; .¢pnerprovided by the single tether is shown in Table 3,
where T, is the pretension provided by the excess buoyancy, L is the unstretched length of the single
tether, D is the draft of the submerged body, and EA is the extensional stiffness. As shown in Table
3, the coupling between the surge/heave is nonlinear, and determined by the length of the tethers.
These coupling effects also provide additional stability to the system through the restoring force
produced by the tethers.

Table 3. Restoring coefficient of the single tether.

Tether restoring coefficients Unit Expression

Ciatether = Caztether N/m To/L
C33 tether N/m EA/L
C44,tether = CSS,tether Nm TODZ/L
ClS,tether = CSl,tether N TOD/L
Coytether = Catether N ToD/L

2.3. Coupled Aero-Hydro-Dynamics Algorithm

The fully dynamic coupling between the supported platform’s motion and the wind turbine is
critical in establishing the equation of motion for the whole system. Equation (8) gives the general
form of the nonlinear time-domain equation of motion adopted in FAST for the coupled wind turbine
and support platform system used in the present study.

M;i(q,u, )4; = f;(q, 4, u, t). 8)

Here, M;; is the (i,j) component of the inertia mass matrix, q is the system degree of freedom
(DOFs), u is the control input, t is time, and f; is the forcing function of the system. Figure 3 shows
the numerical scheme for the coupled dynamics analysis in the present study. This flowchart
combines the steady-state frequency-domain solutions, the wave simulations, time-domain
hydrodynamic-loading calculations, and the nonlinear structural-dynamic-coupling module.
HydroGen, an indoor program, can generate the same hydrodynamic outputs as WAMIT [36], and
acts as the preprocessor for the coupled dynamics analysis of the interaction between surface waves
and the SWAY model.
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Figure 3. Flowchart of calculations for the total external loads on the support platform.

3. Optimization Criteria And Results

The following section first presents the optimization criteria, including the static, dynamics, and
cost criteria. Based on these criteria, we then obtain and present the optimized model. The wind
conditions and the corresponding thrust and moment used for optimization is based on the rated
wind conditions for the NREL 5 MW wind turbine [16]. These parameters, shown in Table 4, are
treated as constant throughout the optimization.

Table 4. Design constants for the optimization process.

Inputs
Wind turbine NREL 5 MW
Rated wind speed 11.4 m/s
Maximum thrust 800 kN
Turbine moment 72,000 kN-m
Freeboard 10 m

3.1. Static Criteria

The first criterion is to demonstrate the acceptable static performance in its installed state, which
is defined as the static design criteria. Equation (9) demonstrates the fully coupled governing time-
harmonic equation of motion, where all coefficient matrices are about the three system components:
wind turbine (consisting of the rotor, nacelle, tower), platform, and tether system.

Fexe ((U)elwt [Aadd (w) + M]q + [Brad (w) + Bexternal]q + [CH&G + Cexternal]q (9)

Here, the hydrodynamic coefficients include the added mass matrix, Ag44(w), the platform
radiation damping matrix, B,44(w), and the wave excitation force, F®*‘(w), which are all functions
of frequency. M is the total mass matrix of the system, including the wind turbine and the support
platform. Beyterna is the external damping from the wind turbine. Cpg is the linear hydrostatic and
gravitational matrix of the platform. Cyyernq is the external stiffness matrix provided by the wind
turbine and tether. g represents the response motion of the 6DOFs modes for the structure.

Velocities and accelerations are zero in static, and only static forces and moments exist. Under
these conditions, Equation (9) reduces to

Fotatic = [Cugc t+ Crether]q(w), (10)
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3.1.1. Pitch Restoring Coefficient

In the present study, a 10-degree pitch angle is defined as the static threshold. Beyond the angle
(i.e., gspim = 10°) in which the wind turbine will lose the substantial efficiency is used to
determine the minimum value of the pitch restoration. We choose the maximum turbine moment as
Ms =7200 kN-m, which corresponds to the static thrust Fyp,5¢ =800 kN at a wind speed of 11.4 m/s
acting on the turbine hub, at z,,;, =90 m. Equation (11) expresses limitation of Css as
M; _ FinrustZhup _ 800 x 90[kN - m]

Cec i =5 = . —— = 4126 x 108[N - m],
Bhm g G5 Lim 10°m/180 [ -] b

The pitch restoration coefficient Css for the present model can then be obtained from Equation
(12). Here, R is the cylinder radius, D is the platform draft, To is the tether pretension, p is the
seawater density, L is the total unstretched length of the tether, Z;z and Z;; are the center of bounce
and center of gravity, respectively, and V, is the displacement of the offshore wind turbine.

Css = Css e + Csstether > Css Lims (12)

3.1.2. Surge Restoring Coefficient

The tether tension for this system should not only fulfill the restoring requirements for the
restrained pitch angle, but also provide sufficient restoring force to limit the surge displacement
adequately. The criteria for surge displacement is that the angle 6 formed by the tether and the
vertical axis should be limited under five degrees, to prevent the system from experiencing a highly
nonlinear restoration and displacement. Similar to Equation (12), surge restoration from the tether is
related to pretension and tether length with the limit, as shown in Equation (13).

F,
Ci1 > Cuypim = q”— (13)

)
1,Lim

where Fyppyse =800 kN and gy 1 = 5'7/180° - L.
3.2. Dynamics Criteria

3.2.1. Natural Frequency

As the optimization process to the dynamic phase, the most crucial step is to find out the natural
frequencies of the coupled system in six modes of motion, which should not coincide with the peak
frequency of the dynamic loading. We express the natural frequency for the it motion modes as

Ci
w, = |—2 (14)
' \[Mii + Aji(w)

where the A;;(w) indicates the added mass, M;; is the total mass of the system, and C;; is the total
restoring stiffness, consisting of contributions from the wind turbine, the platform, and the tether.
The natural frequencies of the motions should be designed to avoid resonance by setting the natural
frequencies beyond the range of dominant wave frequencies (0.2-2.5 rad/s). Resonance effects due to
the time-varying loads from the wind turbine can also occur. To avoid this, the natural frequencies
of the coupled system should not coincide with rotor frequency (1P) and the tower flexibility
frequency or the blade passing frequency range (3P). For a NREL 5 MW baseline wind turbine at
rated wind speed, the rotor speed is 12.1 rpm, such that the corresponding rotor frequency 1P equals
1.256 rad/s, and the blade passing frequency 3P is 3.801 rad/s. To facilitate the control and
optimization of natural frequency, we conducted a parameter study to determine the effect of design
parameters on the system dynamic responses. We found that the main parameters that determine the
natural frequency of the systems, are the draft D, bottom diameter R, and tether stiffness, as shown
in Figure 4. Based on similar study for TLP type platform [37], we present the impact of the main
parameters on C;;, M;;, and A;; on the natural frequency w; in Table 5.
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Table 5. Parameters’ influences on the natural frequencies of SWAY model (1: increase; |: decrease;

- : negligible effect).
Parameters Cji M;; A;i w;
i 1 3 5 6 1 6 1 5 6 1 3
TR 1 - - - 1 1 1 1 1 1 - 7 ! l
1D 1 1 1 - 1 T 1 1 1 1 1 - 1 ! l
1Tether extensional
stiffness f ) ) ) ) ) ) ) ) ) ) ) 1 )

D,
D,

D

M, concrete H, concrete

Figure 4. Sketch of support platform for the SWAY model.

3.2.2. Dynamic Tether Tension

For the present model, which contains only one taut tether, it is particularly important to
consider the tether tension’s variation during operation, since the tether’s failure will directly lead to
the whole system capsizing. The dynamic tether tension should not exceed the breaking load of the
tether within a safety factor, but should also prevent failure via a buckling load. The expressions for
the tether tension constraint dynamics are given in Equations (15) and (16). Here, Tietner fairteaa and
Tiether.anchor are the dynamic tether tensions at the fairlead and anchor point, respectively; o
represents the standard deviation of the tether tension at the fairlead and anchor; and F.S. is the factor
of safety, which is usually chosen as 1.5-2.0, based on the previous study [4].

(Ttether,fairlead + O_tether,fairlead)F-S < Tmax' (15)

(Ttether,anchor - atether,anchor)F-S = 0' (16)

3.3. Cost Criteria

To ensure that the floating configurations are competitive with bottom-fixed configurations at
intermediate water depths, the steel mass must be less than 1000 metric tons. Based on the quotes
from several manufactures and previous studies [4], we estimate the cost of steel, concrete, and tether.
We set the cost of steel between $600 and $800 per metric ton. The concrete ballast that is located at
the bottom of the cylinder can also make a significant contribution to the cost, and the price is in a
range from $50 to $150 per metric ton. The tether system can account for a large part of the cost of the
whole system. The anchor cost per kilonewton tether tension is estimated to be between $15 and $25.
In the present study, the costs for steel, concrete, and tether tension are used to calculate and minimize
the entire building costs of the FOWT, while maintaining the static and dynamics criteria.
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3.4. Optimization Procedure

3.4.1. Step 1: Cost And Stability

The mass density of concrete is nearly 2.56 times higher than water density. It is thereby much
more efficient to use concrete ballast to satisfy the spar-buoy type platform’s stability requirements:
the center of gravity (CG) is far below the center of buoyancy (CB), and the total weight of the
platform is equal to the buoyancy force. Besides, it is important to make the hydrostatic coefficients
positive, to ensure its stability in case of the single tether system. Therefore, with the top mass and
platform draft being known, the main work of the first step is to determine the acceptable platform
diameter and the height of the concrete ballast for multiple cases with different platform steel wall
thickness (SWT). Here, we show results with SWT = 0.015 m, 0.0253 m, 0.045 m as an example.

The platform diameter is an important parameter determining the system buoyancy, steel mass,
variables that influence the CG, pretension, and cost directly. In Figure 5, we show the results of
platform diameters R in the range from 11 m to 13 m. Figure 5 shows that the minimum concrete
height Heoncrete can be found to keep both hydrostatic and gravitational restoring coefficients positive.
For all cases, this restoring coefficient will increase with a larger platform diameter and a higher
concrete ballast, which means better static stability at the same time. In Figure 5, the lower and upper
limits of the total cost are also shown for different diameters. By comparing the total cost between
these three cases, it is evident that the system costs much more with SWT = 0.045 m. On the other
hand, for the same SWT, the total cost increases with a larger diameter and decreases with the
increase of concrete ballast height. We can thus conclude that steel mass is the main cost driver in the
support platform design.

—Diam=13m_Cost ~ —— Diam=12m_Cost Diam=11m_Cost | ——Diam=13m_Cost ——Diam=12m_Cost Diam=11m_Cost
—e—Diam=13m_Cxzx —=—Diam=12m_Csz Diam=11m_Csx +—Diam=13m_Css = Diam=12m_Css Diam=11m_Ces
20 810 20 - - 8«0
18 18 -
4
16 4 6x10 _ 16 1 ex10t
B 32 o s
2 14 pot 48 F "
= 12 2 F 127 T 4x10*
Z 5 LA
% 10 2x104 % 10
Z 08 g os L 2:10°
= 5 2
06 = 06
04 0
b 2%10*
02 + 02
P,
00 i + -4410* 00 2:10
160 170 180 19.0 200 210 20 160 170 180 19.0 200 210 20
Hconcrete [m] Heonerete [m]
(@ (b)
—Diam=13m_Cost ——Diam=12m_Cost Diam=11m_Cost
—s—Diam=13m_Cec —a—Diam=12m_Css Diam=11m_Css |
25 T 8x10°
20 + 6x10°
g 13 4x10*
g 10 + 2x10°
0.5 0
0.0 2x10*
15.0 16.0 17.0 18.0 190 200 210

Hconcrete [m]

(0

Figure 5. Hydrostatic stiffness and total cost for three cases: (a) platform steel wall thickness (SWT) =
0.015 m; (b) SWT = 0.0253 m; (c¢) SWT = 0.045 m. The solid line without a marker represents the upper
and lower limits for the platform cost of the corresponding Heoncrete. The black dash line represents
when hydrostatic coefficient equals 0.
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Based on the cost and tension discussed in Section 3, the design can be close to cost-optimized
when it fulfills the design limits that steel mass/tether tension is in the range of approximately 0.02
to 0.04, while concrete mass/tether tension is in the range of 0.1 to 0.25. Figure 6 shows that the case
with SWT = 0.045 m has been significant out of the optimized economic range. Figure 6 also
demonstrates that the mass property ratio decreases with platform diameter, while it increases with
the concrete ballast. From these results, we obtain a range of concrete ballast heights, by considering
both basic stability requirements and cost drivers. We summarized the results of step 1 in Table 6.
The following steps 2 and 3 are also necessary to see whether these cost-optimized designs also satisfy
other considerations. When ensuring the design’s safety is necessary, the above iterative process
needs to be repeated, even to increase these optimized mass property ratios.
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Figure 6. Optimized mass property ratio for three cases with SWT = (a) 0.015 m; (b) 0.0253 m and (c)

0.045 m. The region between the black dash lines represents the optimized cost regions.

Table 6. Design result for concrete ballast height from step 1.
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Diameter (m) Case 1: SWT =0.015 m Case 2: SWT =0.0253 m
13 17.7-194 17.2-174
12 18.0-19.2 -
11 18.5-19.0 -

3.4.2. Step 2: Restoring Forces

As shown in Equation (10), the minimum pitch restoring coefficient, Css.Lim, equals 4.126 x 108
Nm, to ensure that the pitch angle is less than 10 degrees. As for the surge restoring coefficients, its
limit value is related to water depth. Here, we show examples with 200m water depth. The
unstretched length of the taut tether is 128 m in such a case. Based on Equation (13), the minimum
surge restoring coefficients, Ciizim, are 71710 N/m. Figure 7 presents the surge and pitch restoring
coefficients, from which the range of concrete ballast height can be further narrowed. Figure 7 shows
that both surge and pitch restoring coefficients increase with platform diameter. However, when the
concrete ballast height increases, the pitch restoring coefficients increase, while the surge restoring
coefficients decrease. We further narrow the concrete heights from step 1 results, as well as the value
corresponding to the intersection of surge and pitch restoring coefficients in Figure 7. We summarize
these results in Table 7.

[——Diam=13m_C11 —=Diam=12m_C11 Diam=11m_C11 | [—e—Diam=13m_C11 —=— Diam=12m_C11 Diam=11m_C11
——Diam=13m_C55 ——Diam=12m_C55 Diam=11m_C53 —+—Diam=13m_C55 ——Diam=12m_C55 Diam=11m_C55
0+10° 1-10° 1.6%10° T 1x10°
1.6-10 8-10° s 1 8x10°
12x10°
T 12410 6x10° T E 1 6-10° £
3 12410 £ $ , z
& v = 8.0x10° a
) i =t [
5 8.0410° 4x10* © v $ 4x10° -
40-10° 2x10° e + 2x10*
0 ' t : 0 0 + 0
160 170 180 19.0 200 210 20 16.0 17.0 180 19.0 200 210 20
Heoncrete [m] Heoncrete [m]
(a) (b)
—s—Diam=13m_CI11 —=—Diam=12m_CI11 Diam=11m_Cl11
——Diam=13m_C55 ——Diam=12m_C55 Diam=11m_C55
16x10° -+ 9x10°
14510 + 8=10°
{1
1210 T 710
— +6<10°  E
= 1010 z
z . 14 5<100
— 8.0+10 a
5 4x10°
6.0%10°
+ 3%10°
4.0=10 1 20t
2.0~10* + 1x10°
0 t t + + t 0
15.0 16.0 17.0 18.0 19.0 200 210

Hconcrete [m]
(0

Figure 7. Surge and pitch restoring stiffness for three cases with SWT = (a) 0.015 m, (b) 0.0253 m, (c)
0.045 m. The solid black line is the lower limit for Ci1, while the black dash line represents the lower

limit for Css.
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Table 7. Properties of the optimized design after Step 2.

13 of 26

Properties Casel Case 2
SWT =0.015 m SWT =0.0253 m
Diameter (m) 13 12 11 13
Hconcrete (m) 17.9 18.2 18.7 17.4

Hydrostatic coefficient 5321.1 3572.8 3312.4 4944.5
Total cost_lower (million) 0.82441 0.70121 0.5841 0.97024
Total cost_upper (million) 1.69536 1.4423 1.20546 1.86954
Pretension (kN) 18,324.5 14,085.7 9922.1 17,403.3

Surge restoring coefficient (kN/m) 143.16 110.04 77.52 135.96
Pitch restoring coefficient (kNm) 795,629.3 606,385.2 435,140.4 754,534.1
Surge natural frequency (rad/s) 0.09459 0.08904 0.08052 0.09192
Pitch natural frequency (rad/s) 0.13242 0.12397 0.11299 0.12908
Total mass (metric tons) 7065.38 6222.45 5472.75 7159.32
Total displacement (metric tons) 8933.99 7658.82 6484.54 8933.99

3.4.3. Step 3: Natural Frequencies

Based on Equation (14), we calculate the natural frequencies in surge and pitch modes. Figure 8

shows that the natural frequencies in surge and pitch are all below 0.14 rad/s, which is out of the
energy-concentrated region in wave spectrums (e.g., Figure 12).
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Figure 8. Surge and pitch natural frequencies for three cases with SWT = (a) 0.015 m, (b) 0.0253 m, (c)
0.045 m.

Based on the API 5L steel pipe dimension and weight information, as well as the steel hardness

of various types of tubes in the manufactory, we choose the steel tether with 603 mm diameter, 44
mm thickness, and the steel hardness type is API 5L X65, whose yield strength is 60200 psi (1 pound
in square inch). In this case, the line mass per unit length is 606.57 kg/m, the EA stiffness is 1.62 x 1010
Nm, and the maximum allowable tension is 3.48 x 107 N, much larger than the pretension. With the
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tether properties defined, we find the heave natural frequency among the platform geometry from
step 2. The natural frequencies in heave motion shown in Table 8 are much larger than 2.5 rad/s, the

upper boundary of the energy concentrated regions in the wave spectrum.

Table 8. Heave natural frequencies of optimized designs.

Steel wall thickness (m) Diameter (m) Heoncrete (m) wns (rad/sec)

I 17.7 4.19561

19.4 4.03792

18.0 4.46077

Case 1=0.015m 12 192 434475

" 18.5 4.74421

19.0 4.69420

17.2 4.16852

Case 2 =0.0253 m 13 17.4 4.14944

3.5. Optimized Model

In the present study, we find a model that satisfies all the design criteria discussed above
through an iterative optimization process. The optimization mainly focuses on the controllable
parameters during the design process: the diameter of the platform (optimization range: 11 m—12 m),
the height of the platform concrete base Hconerere (Optimization range: 17 m-21 m), and the steel wall
thickness (optimization range: 0.15 m-0.45 m). The range for the optimization is based on similar
previous studies (e.g., [4,16,19]). Using the trial and error algorithm, we obtain and select from more
than 100 potential models, to meet the static and dynamic criteria and minimize the building costs.
As shown in Table 9, we demonstrate the optimized model, which satisfies all the static, dynamic,
and economic requirements.

Table 9. Optimized SWAY model parameters (we define D, D1, D2 7, R, Heoncrete in Figure 4).

Specifications Unit Optimized model
D m 72
D1 m 4
D: m 8
r m 6.5
R m 13
Heoncrete m 18
Platform steel wall thickness (SWT) m 0.015
Total cost million dollars 0.82-1.69
Steel mass metric tons 411.376
System mass metric tons 7099.20
Center of gravity (System) m -50.1373
Total displacement metric tons 8934
Center of buoyancy m -39.0355
Platform roll/pitch inertia about mean water level kg-m? 2.5134 x 1010
Platform yaw inertia about the centerline kg-m? 1.4306 x 108
Pretension kN 17992.8
Surge restoring coefficient kN/m 140.57
Pitch restoring coefficient kN'm 800,118.7
Max. allowable tether tension kN 3.48 x 104
Line cross-area m? 0.0773
EA stiffness unit length Nm 1.62 x 1010
Line mass density kg/m 606.57
Surge/sway natural frequency rad/s 0.098
Heave natural frequency rad/s 4.166
Pitch/roll natural frequency rad/s 0.112

Yaw natural frequency rad/s 0.713
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4. Coupled Dynamics Analysis

The next step is to conduct the couple dynamics analysis to investigate the dynamic performance
of the present model. The swivel connection design between the turbine support platform and the
single tether is the most distinguishing property of the SWAY concept wind turbine. In the swivel
connection offshore wind turbine shown in Figure 9a, the floating wind turbine is hinged to the
seabed by a tensioned tether. This tether then connects to the turbine tower with a passive yaw swivel.
Such swivel connection allows the offshore wind turbine tower to yaw together with the turbine,
according to the wind directions. Such yaw mechanism is close to the weathervaning mechanism,
which is similar to the turret mooring system for the floating production storage and offloading vessel
(FPSO). When there are no wind conditions, the SWAY offshore wind turbine tower can still be
rotated by running the generator to produce the rotor blades’ pitching. To demonstrate the relative
advantage of this design, a reference hinged model, in which the tether and platform are hinged at
the connection, is also modeled and simulated, as shown in Figure 9b. We demonstrate the
comparison of the swivel and hinged connection in Figure 9a and 9b. Both swivel and hinged
connections allow the tower system to rotate freely in the yaw mode. However, the swivel connection
differs from the hinged connection for its additional restriction on the rotational motions. Thus, the
swivel connection increases the stability of the offshore wind turbine and reduces the wind turbine
structure’s damage rate. We will further demonstrate these features of the offshore wind turbine with
a swivel connection in the present section. To be consistent with the SWAY concept, we also modified
the 5MW wind turbine used in present study to downwind-orientation based on method in [32].

We generate both models using HydroGen and FAST, and conduct a fully coupled dynamic
analysis in the time domain. Figure 9c shows the numerical model of the platform hull. We model
the platform with 656 quadratic panels within a quarter of the body. This section presents the
simulation results of both the SWAY swivel and hinged models under the operational load cases
listed in Table 10. We use the Jonswap spectrum to generate the irregular incident wave in the x-
direction. The peak shape parameter y for all the cases is 1.75. The time step of the simulation is
selected as At = Tp/100. The total length of the simulation is To=1 h. The total amount of sample
needed to assess the quantities is therefore To/At. The time series analysis window is from 500s to the
end of the simulation after the transient and drift effects are damped out. The wave elevations for
each case are generated independently six times. The total six sets of simulation results are then
summarized to obtain the extreme values and standard deviations.

For all the numerical cases in Table 10, we find that the tether tension is mainly correlated to the
platform’s pitch motion and below the tension maximum. Additionally, the main loads are only
applied in the x-direction for the numerical model. As a result, we select the surge and pitch
displacements as the main parameters for analysis and comparison of the dynamic performance of
the FOWT. To evaluate wind turbine performance, we also analyze and compare the inline nacelle
velocity and acceleration.
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Figure 9. (a) Swivel connection model; (b) Hinged connection model; (c¢) numerical panel mesh for
the support platform of FOWT.

Table 10. Environmental conditions for coupled dynamics analysis.

Case number Wind speed (m/s) Hs(m) Ty (s)

1 9 6 10
2 11.4 6 10
3 13 6 10
4 15 6 10
5 18 6 10
6 25 6 10
7 11.4 2.44 8.1
8 11.4 3.66 9.7
9 11.4 8 12.5
10 11.4 10 14

4.1. Motion Comparison Between Sway Model And The Reference Hinged Model

We first show the dynamic performance of the SWAY swivel model and the reference hinged
model, under the second environment loading case defined in Table 10. Both wind and wave loads
are applied in the x-direction only. We show the time-domain results of the platform motions in
Figure 10. Figure 11 plots the spectra after the system is steady, such that the initial transient effect
has been damped out. The wave elevation time series and spectrum of case 2 are present in Figure
12. As shown in the time series and spectra, the SWAY swivel model is mainly oscillating at its natural
frequencies in 6DOFs. Compared to the reference hinged model, the resonant responses in the SWAY
swivel in surge mode due to dynamic interaction between the hull and the turbine, as well as the
wave frequency responses, are smaller.
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Figure 10. Platform responses time series of SWAY swivel and reference hinged model. (Solid blue:

swivel model; Dash green: reference hinged model): (a) Surge. (b) Pitch.

140 9 T
| : ] : : 2
: : ——» Pitch Resonant Response.:
120t : .....Surge Resonant Response ... .. .. . 8 ; I
I % 2
II ] ] 71
100 - I
6
= z || s
D] ] Wind Frequency Response
0 Wind Frequency Response i :
. s P I Wave Frequency Response |
P RN .}‘Ea\’e Frequency .R.gs.p.o_n.s.e i ' M|
0 ; H ‘uzJﬁﬁ{suai H i ; ; i X i L e
[n] 0.2 0.4 0B 08 1 b 1.4 16 1.8 04 1 12 14 16 18 2
wi [radfsec) w [rad/sec]
(a) (b)

Figure 11. Platform response spectra of SWAY swivel and reference hinged model Case 2. (Solid blue:
swivel model; Dash green: hinged model): (a) Surge. (b) Pitch.
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Figure 12. Environmental conditions for case 2: (a) Time series of wave elevation. (b) Wave
spectrum.

We show the velocity and acceleration of the nacelle in Figure 13. These results are essential

parameters to measure the performance of the wind turbines. As shown in Figure 13, the nacelle of
the tower experiences smaller fore-aft velocity and acceleration in the SWAY model. We find that the
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fore-aft resonant response of the nacelle is mainly located in the range of wave frequencies shown in
Figure 13. These results indicate that the SWAY swivel model has better dynamics and stability
performance than the reference hinged model.
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Figure 13. Tower top displacements of SWAY swivel model and reference model. (Solid blue: SWAY
model; Dash green: reference hinged model): (a) Nacelle velocity time series. (b) Nacelle velocity
spectrum. (c) Nacelle acceleration time series. (d) Nacelle acceleration spectrum.

4.2. Effect of Wind Speed

Figure 14a and Figure 14b present the surge and pitch displacements for both the SWAY swivel
model and the reference hinged model under a range of wind speeds. We find that the mean
displacement for both the surge and pitch motions are highly dependent on the thrust force. From
the comparison, we demonstrate that the surge displacements for both models are very similar, but
the mean and standard deviations in the pitch motion of the SWAY swivel model are much smaller
than the hinged model. This result again proved the ability of the SWAY swivel model to control the
pitch motion. As shown in Figure 14c and 14d, we find that the standard deviations of the nacelle
velocity and accelerations are close to constant for the range of operating wind speeds, except for a
small increase of the nacelle velocity in the SWAY swivel model with Uyeq, = 13 m/s, where the
oscillation of the whole system is quite large. From the comparison, the SWAY swivel model shows
an advantage in performance compared to the reference hinged model, as the standard deviations of
nacelle velocity and acceleration are much smaller.
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Figure 14. Wind effect on surge/pitch motions and turbine performance: (a) Surge motion. (b) Pitch
motion. (c) Nacelle Velocity. (d) Nacelle Acceleration. SD: standard deviation.

4.3. Effect of Sea States

Figure 15a and 15b present the platform’s surge and pitch displacements for different significant

wave heights. From the comparison, we demonstrate that the mean displacement values are constant
for different significant wave heights. However, we note that the standard deviation of the surge and

pitch displacements depend on the significant wave heights. The changing sea state had a smaller

effect on the SWAY swivel model than the reference hinged model. We also observe smaller standard
deviations in the SWAY swivel model than the hinged model in Figure 15. These results indicate the

superior performance of the SWAY swivel model.
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Figure 15. Wave effect on surge/pitch motions and turbine performance: (a) Surge motion. (b) Pitch
motion. (c) Nacelle Velocity. (d) Nacelle Acceleration. SD: standard deviation.

In the previous figures, we only showed mean values and standard deviations for both models.
To determine the integrity of the derived designs, it is also important to investigate the peak values
that occur during the operational load cases listed in Table 11. As expected, the maximum values of
the motions and nacelle velocities of the swivel model are close or smaller than those of the hinged
model. These results again indicate the advantages of the swivel model over the hinged model.

Table 11. Peak values of swivel and reference model.

Parameters Swivel model Hinged model
Operational Load Cases Case 3 Case 10 Case 3 Case 10
Max. Surge Displacement (m) 21.36 17.58 20.62 17.33
Max. Pitch Displacement (deg) 6.22 5.10 7.71 8.73
Max. Tower fore-aft Motion (m) 0.75 0.88 1.09 1.27
Max. Tower side-to-side Motion (m) -0.014 0.012 -0.009 0.036
Max. Nacelle Velocity (m/sec) 3.19 4.16 3.97 7.09
Max. Nacelle Acceleration (m/sec?) 1.66 2.79 2.84 4.28
Max. Tether Tension (kN) 219x10* 213 x10* 235x10* 237 x10*

4.4. Effect of Water Depth

Since the SWAY system is a FOWT for deepwater offshore locations in 100-400 m water depths,
we model and examine two more cases with 100 m and 300 m water depths, to explore the platform
response, as well as the wind turbine performance in different water depths. Figures 16 and 17
present the platform surge, pitch displacements, and the nacelle accelerations with 100 m and 300 m
water depths. For comparison, we also list the standard deviation results for 100 m, 200 m, and 300
m water depth in Table 12.

From the comparison, we find that the surge motion increased with increasing water depth,
while the pitch motion and the nacelle accelerations decreased in deeper water. We show that the
nacelle accelerations in 300 m water depth are below the 0.5 m/sec? with various significant wave
heights. In the cases with 100 m and 300 m water depth, the maximum allowable surge displacements
are 8.75 m and 26.25 m, respectively, which satisfy the requirements discussed in the previous
sections. We observe that the surge has not exceeded the maximum allowable surge motion in 300 m
water depth under all operational load cases. All these results prove that the optimized SWAY model
is a good candidate for deepwater development.
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Figure 16. Surge/pitch motions and turbine performance with 100m water depth: (a) Surge motion
V.S. Wind speed. (b) Surge motion V.S. Significant wave height. (c) Pitch motion V.S. Wind speed. (d)
Pitch motion V.S. Significant wave height. (e) Nacelle acceleration V.S. Wind speed. (f) Nacelle
acceleration V.S. Significant wave height. SD: standard deviation.
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Figure 17. Surge/pitch motions and turbine performance with 300m water depth: (a) Surge motion
V.S. Wind speed. (b) Surge motion V.S. Significant wave height. (¢) Pitch motion V.S. Wind speed. (d)
Pitch motion V.S. Significant wave height. (e) Nacelle acceleration V.S. Wind speed. (f) Nacelle
acceleration V.S. Significant wave height. SD: standard deviation.
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Table 12. Standard deviations of the SWAY model for various water depths (Umean = 11.4 m/s).

Wave condition Surge (m) Pitch (deg) Nacelle acceleration (m/sec?)
Hs(m)  Tp(s) 100m 200m 300m 100m 200m 300m  100m 200m 300m
24 8.1 1.1 24 3.3 0.7 0.7 0.6 0.3 0.3 0.2
3.7 9.7 12 24 3.3 0.7 0.7 0.6 0.5 0.4 0.3
6 10 1.3 2.2 3.3 0.8 0.7 0.6 0.8 0.5 0.4
8 12.5 19 2.3 3.4 1.1 0.7 0.7 0.9 0.6 0.4
10 14 2.3 2.6 3.5 1.5 0.8 0.7 0.9 0.6 0.5

4.5. Fatigue States Of The Sway Model

In practice, the fatigue and ultimate limit states are also important for the offshore wind turbine
design [38,39]. The wind and wave effects on the wind turbine will generate damage to the structure.
As a result, it would be important to check the fatigue life of the wind turbine due to different wind
and wave conditions. Here, we further examine the fatigue state of the SWAY offshore turbine. We
calculate the fatigue rate of the wind turbine tower for different wind and wave conditions, using the
S-N method to evaluate the damage rate. By meeting the local minima with local maxima, we
decompose the time series of the external loads into several cycles. The method assumes that the
damage is accumulated linearly with each cycle i according to the Miner’s rule. The damage rate is
expressed as

n;
e Z nam " a7)
_F ult __ |LMF| .
N(Li") = (2 W) (18)

where n; is the damage cycle, LEF is the load range, LMF is the mean of theload, L*! is the ultimate
load, which is selected to be 680,000 KNm for the tower base bending moment. The selection of m is
based on DNV design standard and previous studies [38,40]. Based on Equation (17) and (18), we
calculate and present the fatigue damage rate of the tower base fore-aft bending moment for different
cases in Figure 18. We compared the different fatigues rate of the wind turbine tower for swivel and
hinged connections. From the comparison, we observed that the fatigue rates of swivel connections
are much lower than those of hinged connections, due to the large acceleration and velocity of the
nacelle shown in Section 4.1-4.3. As a result, we conclude that the use of the swivel connection can
enhance the dynamics performance and the fatigue life of the offshore wind turbine. To investigate
the fatigue damage rate’s dependence on the environmental conditions, we compare the fatigue rate
of the wind turbine tower for various significant wave heights Hs in Table 13. As expected, we found
that significant wave heights have a negative effect on the fatigue rate.
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Figure 18. Fatigue damage rate (Hz) for different cases.

Table 13. Sensitivity of tower fatigue damage rater to significant wave height (H).

Hs (m) 3.66 8 10
Hinged connection DR (Hz) 6.6 x107 6.4x10° 9.7 x107
Swivel connection DR (Hz) 2.4x107 15x10% 24x10%

5. Conclusions

The present study focuses on the design and dynamic analysis of the SWAY-concept FOWT. We
first focus on the design optimization of the SWAY-concept FOWT. We present and analyze the most
critical optimization criteria, including static, dynamics, and cost criteria. Through the iterative
design process based on the above criteria, we obtain the optimal SWAY-concept FOWT. These
procedures and the optimized model are of scientific and practical importance for the research and
design optimization of the SWAY-concept or similar types of FOWTs.

We then demonstrate the dynamic performances of the optimal SWAY-concept FOWT. The
SWAY model is established and simulated under different sea conditions by a fully coupled time-
domain aero-hydro-servo-elastic model in FAST. An indoor program, HydroGen, calculates the
hydrodynamics coefficients and forces on the supported platform. We focus on the swivel design at
the subsea connection of the SWAY-concept FOWT, which is a unique feature of the SWAY model.
To achieve this goal, we compare the dynamic performance between the optimized SWAY model
and a reference model, with a hinged connection at the subsea connection between the platform and
tether. Both swivel and hinged connections allow the tower system to rotate freely in the yaw mode.
However, the swivel connection differs from the hinged connection for its additional restriction on
the rotational motions. Thus, the swivel connection increases the stability of the offshore wind turbine
and reduces the wind turbine structure’s damage rate. The peak values and standard deviation of
structure displacements, nacelle velocity, and nacelle acceleration under different environmental
conditions are calculated and compared. We also compared the fatigue life of the offshore wind
turbine towers with swivel and hinged connections. From the comparisons, we find that the SWAY
swivel model has better dynamics and stability performance when compared with the reference
hinged model. The most significant discrepancy quantities between the dynamics performance of the
swivel and hinged connection are the nacelle velocity and acceleration. For large wave conditions,
the velocity and acceleration of the swivel connection cases are nearly twice as small as those of the
hinged connection. Similarly, the fatigue damage rates of the turbine tower with swivel connection
are lower than those of hinged connection for different load conditions. We also find that the tether
of the present SWAY model did not undergo a loss of tension or exceed the maximum allowable
tension under extreme conditions. We thus prove that the present SWAY-concept FOWT design with
the swivel connection is an excellent choice for deepwater deployment.
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