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Abstract: We developed a synergistic ocean renewable system where an array of Wave Energy
Converters (WEC) with adaptive resonance was collocated with a Floating Offshore Wind Turbine
(FOWT) such that the WECs, capturing wave energy through the resonance adapting to varying
irregular waves, consequently reduced FOWFT loads and turbine motions. Combining Surface-
Riding WECs (SR-WEC) individually designed to feasibly relocate their natural frequency at the
peak of the wave excitation spectrum for each sea state, and to obtain the highest capture width
ratio at one of the frequent sea states for annual average power in a tens of kilowatts scale with a
15 MW FOWT based on a semi-submersible, Bayesian Optimization is implemented to determine the
arrangement of WECs that minimize the annual representation of FOWT’s wave excitation spectra.
The time-domain simulation of the system in the optimized arrangement is performed, including
two sets of interactions: one set is the wind turbine dynamics, mooring lines, and floating body
dynamics for FOWT, and the other set is the nonlinear power-take-off dynamics, linear mooring, and
individual WECs’ floating body dynamics. Those two sets of interactions are further coupled through
the hydrodynamics of diffraction and radiation. For sea states comprising Annual Energy Production,
we investigate the capture width ratio of WECs, wave excitation on FOWT, and nacelle acceleration
of the turbine compared to their single unit operations. We find that the optimally arranged SR-WECs
reduce the wave excitation spectral area of FOWT by up to 60% and lower the turbine’s peak nacelle
acceleration by nearly 44% in highly occurring sea states, while multiple WECs often produce more
than the single operation, achieving adaptive resonance with a larger wave excitation spectra for
those sea states. The synergistic system improves the total Annual Energy Production (AEP) by
1440 MWh, and we address which costs of Levelized Cost Of Energy (LCOE) can be reduced by
the collocation.

Keywords: Bayesian optimization; coupled multibody dynamics; wave energy converter; floating
offshore wind turbines; synergies; collocated array

1. Introduction

Floating Offshore Wind Turbines (FOWTs), designed to harness higher wind speeds
farther from the shore in water depths up to 1000 m, have excessively large floating
platform loads and motions compared to the fixed wind turbines on land [1]. Meanwhile,
extracting high energy from ocean waves is complex due to the constantly varying sea
states and multiple conversions required to obtain electrical power from irregular waves.
The reported satisfactory performance by Wave Energy Converters (WECs) tends to entail
infeasible Levelized Cost Of Energy (LCOE) values as many devices emulate the principle
of a hydro-dam, which takes kinetic energy with respect to a fixed or strong boundary,
leading to excessive costs [2].

Collocated systems, the integration of FOWTs with WECs in the same geographical
area, have initially been examined to increase energy capture and reduce the variability in
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absorbed power [3–5]. Within such a system, the complementary requirements for efficient
energy absorption by the FOWT and WECs would entail that the energy absorbed by the
WECs from the waves subsequently minimizes the loads and platform motions of the
FOWT. These excessive loads and platform motions negatively affect turbine performance,
fatigue loading, costs, and also pose an enhanced risk of shutdown [3–5]. The research
on synergistic collocated systems has mostly been limited to wave height reduction due
to WEC energy absorption, which extends the FOWT maintenance window, limiting
downtime and operational costs [6–8]. In recent studies, collocation has also been shown to
improve the capacity factor and reduce the variability in electrical power transmitted to
the grid [9,10]. The impact of collocation on mooring line fatigue loads is evaluated using
modified wave heights due to a single WEC without taking into account the hydrodynamic
coupling in radiation and diffraction between FOWT and the WEC [11]. Limited work has
been carried out on exploring the role of WECs in mitigating the motions and loads of the
FOWT platform, considering the hydrodynamic interaction between the FOWT and WEC.
A coupled theoretical model detailing the interactions between the FOWT and WECs in
the frequency domain is assessed, which may not be valid when components such as the
power-take-off (PTO) operate nonlinearly [12]. A few more studies have investigated this
effect in the context of seabed-fixed offshore wind turbines, which are not concerned with
motions and loads acting on the platform [13,14].

The goal of the present study is to minimize the loads and motions acting on the FOWT
using the identification of an optimal arrangement of multiple WECs, which adaptively
change their natural frequency in varying sea states, including the interactions of wind
turbine dynamics, mooring lines, and the nonlinear PTO loads for the WECs, which has
not been addressed comprehensively in the present literature.

In this paper, we integrate the Surface-Riding Wave Energy Converter (SR-WEC) [15]
and the 15-MW reference FOWT [16], focusing on coupled hydrodynamics in radiation
and diffraction between them in a collocated array. We employ Bayesian optimization
to efficiently identify the optimal spatial arrangement of the SR-WECs, which minimizes
the annual representative wave excitation spectra acting on the FOWT using Boundary
Element Method (BEM) [17]. The performance of the optimized array is evaluated in
different sea states in the time domain, including the effect of aerodynamic loads, mooring
line loads, and nonlinear PTO loads of the SR-WEC using WEC-Sim and MOST (MATLAB
for Offshore Simulation Tool, v1.0.0, Department of Mechanical and Aerospace Engineering,
Politecnico di Torino, 10129, Torino, Italy) [18,19]. The hydrodynamic loads and motions of
the FOWT platform and power performance of the SR-WECs in the collocated array are
compared to their respective stand-alone devices. The Levelized Cost of Energy (LCOE) of
the collocated system with cost reduction synergies is calculated with guidelines developed
by the National Renewable Energy Laboratory (NREL) System Advisor Model (SAM,
2023.12.17, National Renewable Energy Laboratory, Golden, CO, USA) [20].

2. Synergistic Integration of Floating Offshore Wind Turbines with SR-WECs

The recently developed Surface-Riding Wave Energy Converter (SR-WEC), in Figure 1a
has a cylindrical floating body to minimize yaw disturbance in ocean waves. The SR-WEC’s
rotation in pitch linearly moves a permanent magnet translator relative to the fixed stator
on top of the floating body, generating electrical power. Its performance is maximized by
the three-dimensional relocation of the mass units, adaptively changing its pitch natural
frequency in varying sea states [15].

The SR-WEC is integrated with a 15-MW Reference Wind Turbine attached to the float-
ing semi-submersible platform VolturnUS, which consists of three columns arranged in the
shape of a Y around a fourth column atop which the tower is located, as in Figure 1b [16,21].
With 120 m long turbine blades fixed to a hub located 150 m from the mean water level
(MWL), the FOWT’s mooring system consists of three 850 m long lines connected to the
outer columns and anchored to the seabed.
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where Mqq and Aqq(ω) are the mass and added inertia matrix, Bqq(ω) and Kqq are the
radiation-damping and hydrostatic-restoring matrix, and Fq(ω) is the excitation vector on
the right-hand side of Equation (1) for the qth body, whose motion is described by vector Xq.
The coupled terms Apq(ω) and Bpq(ω) are the added inertia and the radiation damping
acting on the pth body due to the qth body.

With the excitation vector of the FOWT F1(ω) being frequency dependent, the repre-
sentative load for the jth degree of freedom (DOF) is the spectral area in irregular waves,
which is given as follows:

Lmn
j,1 =

ωmax∫
ωmin

Fmn
Exc,j,1(ω)dω, where Fmn

Exc,j,1(ω) = Fj,1(ω)2Smn(ω), (2)

where the wave spectrum Smn(ω) is characterized by a significant wave height Hm
s and

peak period Tn
p , and Fj,1(ω) is the FOWT hydrodynamic excitation for the jth DOF.

The wave climate at a deployment site presents the annual occurrence of various sea
states with a resource characteristic bin whose product with Lmn

j,1 at each sea state is added

to obtain ΛMB
j,1 for the collocated FOWT, which represents the annual hydrodynamic loads

in the jth degree of freedom at the site, which is normalized by ΛSB
j,1 , similarly calculated for

the stand-alone FOWT to obtain a ratio given as follows:

Λj,1 =
ΛMB

j,1

ΛSB
j,1

, where Λj,1 =
NH

∑
m=1

NT

∑
n=1

Lmn
j,1 Occ(Smn(ω)), (3)
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where Occ(Smn(ω)) is the sea state occurrence in the resource characteristic bin of dimen-
sions (NH × NT). The hydrodynamic excitation represents the energy first transferred to a
floating structure(s) from waves. For each individual SR-WEC, this transfer from irregular
waves would further be converted into mechanical energy and then to electrical energy
to be maximized by adaptive resonance, as explained in the following section. For the
collocated FOWT, it represents the loads resulting from the hydrodynamic interactions
with the SR-WEC array. While the WECs maximize the annual energy production, taking
the most energy of the waves from the excitation to electricity, it would be desirable to
subsequently minimize the wave excitation on the collocated FOWT on an annual basis,
quantified by the objective function Λj,1 in Equation (3).

The resource characteristic bins of two deployment sites off the coast of North Carolina,
Site A, located near National Data Buoy Center (NDBC) buoy 44056 at the USACE Field
Research Facility (FRF), and Site B, located near NDBC buoy 41002, are shown in Figure 2
for the selected sea states [15,22].

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 4 of 21 
 

 

The wave climate at a deployment site presents the annual occurrence of various sea 
states with a resource characteristic bin whose product with ℒ௝,ଵ௠௡ at each sea state is added 
to obtain 𝛬௝,ଵெ஻ for the collocated FOWT, which represents the annual hydrodynamic loads 
in the 𝑗௧௛ degree of freedom at the site, which is normalized by Λ௝,ଵௌ஻, similarly calculated 
for the stand-alone FOWT to obtain a ratio given as follows: 

( )( ), where
H TMB N N

j ,1 mn
j ,1 j ,1 j ,1 mnSB

m 1 n 1j ,1

Occ S ,
Λ

Λ Λ ω
Λ = =

= =  (3)

where 𝑂𝑐𝑐൫𝑆௠௡ሺ𝜔ሻ൯ is the sea state occurrence in the resource characteristic bin of dimen-
sions (𝑁ு × 𝑁்). The hydrodynamic excitation represents the energy first transferred to a 
floating structure(s) from waves. For each individual SR-WEC, this transfer from irregular 
waves would further be converted into mechanical energy and then to electrical energy 
to be maximized by adaptive resonance, as explained in the following section. For the 
collocated FOWT, it represents the loads resulting from the hydrodynamic interactions 
with the SR-WEC array. While the WECs maximize the annual energy production, taking 
the most energy of the waves from the excitation to electricity, it would be desirable to 
subsequently minimize the wave excitation on the collocated FOWT on an annual basis, 
quantified by the objective function 𝛬̅௝,ଵ in Equation (3). 

The resource characteristic bins of two deployment sites off the coast of North Caro-
lina, Site A, located near National Data Buoy Center (NDBC) buoy 44056 at the USACE 
Field Research Facility (FRF), and Site B, located near NDBC buoy 41002, are shown in 
Figure 2 for the selected sea states [15,22].  

. 

Figure 2. Wave resource characteristic bin for selected sea states at (a) Test Site A (located near 
NDBC Buoy 44056, 36.11 N, 75.44 W) and (b) Test Site B (located near NDBC Buoy 41002, 31.88 N, 
74.92 W). 

The optimal spatial arrangement of the collocated array minimizes Λഥ௝,ଵ, known as the 
objective function, whose value is evaluated using a resource-intensive BEM simulation 
with 𝓃 input parameters 𝐚 = [𝑎ଵ, 𝑎ଶ … 𝑎𝓃], which are located in a domain 𝒳 known as the 
search space. Bayesian optimization efficiently minimizes the objective function within a 
limited number of simulations. The optimization process begins by evaluating 𝛬̅௝,ଵሺ𝐚𝟎ሻ for 
a randomly selected set of input parameters 𝐚𝟎 from 𝒳.  

Using these, a model of 𝛬̅௝,ଵ, known as Gaussian Process (𝒢𝒫), is constructed in 𝒳. It 
is a probability distribution where the previously evaluated 𝛬̅௝,ଵሺ𝐚𝟎ሻ form a joint normal 
distribution with 𝛬̅௝,ଵሺ𝐚ሻ evaluated at a new input 𝐚. 𝒢𝒫 models can fit a variety of under-
lying function distributions and are robust to any noise in the underlying observations. 
They are characterized by mean 𝜇ሺ𝐚ሻ and variance 𝜎ଶሺ𝐚ሻ, which can predict 𝛬̅௝,ଵሺ𝐚ሻ and 
quantify the uncertainty in prediction at any input point in 𝒳. 
The mean and variance of the 𝒢𝒫 are updated at the mth iteration with a new output, 𝛬̅௝,ଵሺ𝐚𝐦ሻ.  The efficiency of the Bayesian optimization is achieved by the intelligent 

Figure 2. Wave resource characteristic bin for selected sea states at (a) Test Site A (located near NDBC
Buoy 44056, 36.11 N, 75.44 W) and (b) Test Site B (located near NDBC Buoy 41002, 31.88 N, 74.92 W).

The optimal spatial arrangement of the collocated array minimizes Λj,1, known as the
objective function, whose value is evaluated using a resource-intensive BEM simulation
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limited number of simulations. The optimization process begins by evaluating Λj,1(a0) for
a randomly selected set of input parameters a0 from X .

Using these, a model of Λj,1, known as Gaussian Process (GP), is constructed in X . It
is a probability distribution where the previously evaluated Λj,1(a0) form a joint normal
distribution with Λj,1(a) evaluated at a new input a. GP models can fit a variety of under-
lying function distributions and are robust to any noise in the underlying observations.
They are characterized by mean µ(a) and variance σ2(a), which can predict Λj,1(a) and
quantify the uncertainty in prediction at any input point in X .

The mean and variance of the GP are updated at the mth iteration with a new output,
Λj,1(am). The efficiency of the Bayesian optimization is achieved by the intelligent selection
of the next point am+1 to evaluate Λj,1(am+1). The selection is made using a function known
as the acquisition function α, which finds the am+1 statistically anticipated to maximize
the improvement from the currently predicted minima Λj,1(amin). The new points selected
by α balances between finding new points around the current minima and finding new
points in unexplored areas of X with a tunable parameter known as the exploration ratio.
A detailed description of the Bayesian optimization process can be found in [23].

2.2. Time-Domain Simulation Coupled with Aerodynamic, Mooring, and Power Take-Off Loads

The optimal spatial arrangement identified in Section 2.1 is analyzed in the time do-
main using WEC-Sim coupled with MOST, including the effects of aerodynamic, mooring,
nonlinear PTO, and hydrodynamic loads.
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The aerodynamic loads acting on the FOWT are solved using blade element momen-
tum theory, where forces and torque acting on the turbine blades are solved by combining
a localized method that discretizes rotor blades into 2D airfoils to calculate the loads and a
global approach known as momentum theory which considers total aerodynamic loads in
the disk traced by the rotor [24]. The combination of these approaches results in a closed
system of equations given as follows:

a
1−a =

σλr
4sin2 φ

(CLαcosφ + CDαsinφ),
a′

1−a =
σλr

4λrsin2 φ
(CLαsinφ − CDαcosφ),

(4)

in which a and a’ are described as axial and angular induction factors, representing the
reduction in wind speeds and induced angular velocity behind the turbine, respectively,
while λr and σλr are the local speed ratio and solidity ratio, respectively. φ is the relative
angle deviation, and CL, CD, and α are the coefficient of lift, drag, and angle of attack,
respectively. In MOST, the aerodynamic loads are accessed from pre-calculated lookup
tables which speed up the simulation, validated with the benchmark OpenFAST [19].

WEC-Sim uses a simplified spring-damper mooring force to model bodies with soft
mooring lines. For cases where the lines strongly affect the dynamics of the floating body,
WEC-Sim can be coupled with dynamic solver MoorDyn, which models mooring lines
as lumped masses connected by the spring/damper or static solver Mooring Analysis
Program (MAP++, v1.2) (Marco Masciola, Jason Jonkman, and Amy Robertson National
Renewable Energy Laboratory, Boulder CO, USA), which rapidly calculates the mooring
loads from a lookup table [25].

The SR-WEC extracts energy using a linear PTO nonlinearly coupled with the floating
body due to the variable hydrostatic and hydrodynamic coefficients caused by the translator
motion. The floating body and the translator constitute a serial multibody system connected
to each other by joints, with the translator’s sliding motion relative to the floating body,
known as a prismatic joint, and defined by a generalized coordinate vector [q(1)]1×1 = ξm
with one DOF. In the head sea condition, the floating body can move in three DOFs—surge,
heave, and pitch—represented by the vector [q(2)]3×1 = [xc, zc, θc]. The equation of motion
of the acceleration of the generalized coordinates

..
q is given as follows:

M
..
q = Γ − C, (5)

where M is the coupled mass matrix, and the forces are divided into the external forces
Γ and the Coriolis forces C at the joint, respectively, which can be solved using recursive
methods like Composite Rigid Body Method (CRBM) [26]. Expanding the right-hand-side
of Equation (5) using Simscape Multibody has Γ − C comprised of translational loads FT

and rotational loads τT from the Cummins’ equation and gravity acting on the floating
body and translator with subscripts f and m, respectively.

The linear PTO applies a reactive force FPTO on the translator to extract power [27].
The floating body’s mass and moment of inertia about the y-axis are M f and I f

yy, while
the corresponding terms for the translator are Mm and Im

yy, respectively. The equation of
motion of the translator along the stator, including this force, is given as follows:

Mm
..
ξm = Mm

(
ξmω2

c +
..
xccos(θc) +

..
zcsin(θc)−

..
θczPTO

)
− FPTO + FT

mxcos(θc) + FT
mzsin(θc). (6)
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For the 3 DOF joint, the matrix equation of motion is given as follows:
M f + Mmsin2(θc) −Mmsin(θc)cos(θc)

M f zCGcos(θc)+
Mmξmsin(θc)

−Mmsin(θc)cos(θc) M f + Mmcos2(θc)
M f zCGsin(θc)−

Mmξmcos(θc)

M f zCGcos(θc)+
Mmξmsin(θc)

M f zCGsin(θc)−
Mmξmcos(θc)

I f
yy + Im

yy+

M f z2
CG + Mmξ2

m




..
xc..
zc..
θc

 =

Fx1
Fz1
Γy1

, (7)

where

Fx1
Fz1
Γy1

 =



FT
f x +

[
FT

mxsin(θc)− FT
mzcos(θc)

]
sin(θc)− FPTOcos(θc)+(

M f zCG − MmzPTO

)
ω2

c sin(θc) + Mm

(
2ωc

.
ξm

)
sin(θc)

FT
f z +

[
FT

mzcos(θc)− FT
mxsin(θc)

]
cos(θc)− FPTOsin(θc)+

−
(

M f zCG − MmzPTO

)
ω2

c cos(θc) + Mm

(
2ωc

.
ξm

)
cos(θc)

FPTO(zPTO) + ξm
(

FT
mxsin(θc)− FT

mzcos(θc)
)
−

(
τT

f y + τT
my

)
+

zCG

(
FT

f xcos(θc) + FT
f zsin(θc)

)
− Mm2

.
ξmωc − MmzPTOω2

c


. (8)

The terms zCG and zPTO in Equations (6)–(8) are the perpendicular distances from the
MWL to the floating body’s initial position’s vertical center of gravity and the center of the
stator, respectively.

The techno-economic performance of the collocated array is measured using the
Levelized Cost of Energy (LCOE), which is the minimum unit cost of energy in USD/kWh
that recovers all input costs and provides returns to the investors. The annual performance
of a wind turbine is evaluated as a function of wind speed using an empirically derived
ideal power curve, with the losses accounted for, while the AEP of a WEC is the product
of its power matrix, which is the average power absorbed at each sea state and the wave
resource characteristic bin, such as in Figure 2 [28–30].

A flowchart describing the methodology of the synergistic integration between the
FOWT and the SR-WEC array is shown in Figure 3.
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3. Synergistic Integration of FOWT with SR-WEC
3.1. Optimal Spatial Arrangement Using Bayesian Optimization

The FOWT is located at the origin of the global coordinate system (XYZ), with ten
SR-WECs labeled from 1 to 10 making up the WEC assembly in Figure 4. The SR-WEC
with the cylindrical submerged volume in this study has the dimensions of radius R = 6 m
and draft D = 7.5 m, with a smoothed edge, Redge = 1 m along the base of the volume to
reduce the effect of viscous damping.
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Figure 4. (a) Plan view of array with FOWT, SR-WECs (labeled 1–10) (not to scale) (b) FOWT Mooring
Line Parameters [16].

With the FOWT positioned symmetrically about the X-axis, the SR-WECs, located
within the highlighted region in Figure 4 with an area of 9900 m2, are arranged in a straight
line to encounter waves in the head sea condition, with wave heading β = 0◦. The panel
models of the FOWT in Figure 5a,b have only a small number of panels to speed up the
BEM simulation. However, they are still sufficiently fine, as the wave excitation coefficients
Fj,q(ω) for surge, heave, and pitch are well matched with a reference and a finer mesh in
Figure 5c,d, respectively [16].
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wave excitation loads in surge, heave, and pitch for (c) FOWT (d) SR-WEC.

The spatial arrangement of the SR-WECs is parametrized by two variables: the distance
xdis along the X-axis of the SR-WEC line from the origin and the equal intra-SR-WEC spacing
ydis in Figure 4. As the simulation is evaluated in a head sea condition, the SR-WECs are
arranged in a straight line with a constant xdis for all bodies to maximize the reduction in
hydrodynamic loads. Bayesian optimization is applied separately at both sites in Figure 2
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to minimize the objective function presented along with the other parameters of Bayesian
optimization in Figure 6c.
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Figure 6. Objective function 1
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(c) optimization parameters.

The objective function evaluated at 100 iterations as a function of xdis and ydis is
shown in Figure 6a,b.

The objective function at both Site A and B was minimized at the lower limit of the
intra-SR-WEC spacing ydis at 13 m, with the optimal xdis value in the two cases obtained at
83.17 and 83.43 m, respectively. The minimum objective function achieved using Bayesian
optimization is 0.6037 and 0.6405 at Sites A and B, which denote an almost 40% and
36% reduction in the annual hydrodynamic loads of the collocated FOWT in three DOFs
compared to the stand-alone, respectively.

In Figure 7, we observe that the minimum objective function value efficiently reaches
its global minima within 10% of the iterations. Observing the density distribution of
different xdis and ydis evaluated during Bayesian optimization, the majority of the points
were close to the optimal values due to the small exploration ratio, which leans toward
higher exploitation, but the 2D search space was well explored, as seen Figure 6a,b.
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To test additional array placements apart from a straight line, Bayesian optimization
is applied at Site B, where each SR-WEC’s xdis along the X-axis is independent, while ydis
and the other optimization parameters are unchanged. However, the optimal arrangement
obtains the minimum objective function of 0.6814, 6.22% larger than the arrangement in
Figure 6b, indicating that a straight-line arrangement is better applicable in the head sea
condition. As the optimal parameters at Sites A and B are very close to each other, the
optimal arrangement at Site B was selected for further analysis in this study.



J. Mar. Sci. Eng. 2024, 12, 1455 9 of 18

The excitation loads and spectra of the FOWT in the optimally arranged collocated
array are compared with the values for a stand-alone FOWT. Observing Figure 8a–c, there
is limited variation between the two at ω < 0.7 rad/s, as the wavelengths in this range are
much larger than xdis. Contrasting with that, there is a strong reduction in the excitation
loads at ω > 0.7 rad/s for all degrees of freedom, where the wavelength and xdis are in the
same order of magnitude. The excitation spectra are shown for two Tp cases—at 6.38 s and
at 8.7 s—in Figure 8d–f, which have the collocated FOWT excitation spectral area at 40%
and 60% of the stand-alone case averaged across the three DOFs, respectively.
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Figure 8. Excitation loads in (a) surge, (b) heave, and (c) pitch. Excitation spectra in (d) surge,
(e) heave, and (f) pitch at Hs = 1.25 m, Tp = 6.38 s, 8.7 s of collocated FOWT compared with stand-
alone FOWT.

To verify the computation of the excitation loads and spectra of the collocated FOWT
in Figure 8, we compared them with the results obtained using Capytaine, an open-source
BEM program developed based on NEMOH [31,32]. The results presented in Figure 9 are
well matched.
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Figure 9. Excitation loads in (a) surge, (b) heave, and (c) pitch of collocated FOWT compared between
WAMIT and Capytaine.

3.2. Motion Response and Power Performance in Time-Domain Simulation

WEC-Sim coupled with MOST is used to evaluate the responses and loads acting
on the components of the optimally arranged collocated array, including aerodynamic,
mooring, and nonlinear PTO coupling loads. The dynamics of the collocated array are
evaluated in thirty-five sea states represented by a JONSWAP spectrum, accounting for
around 67% and 80% of all waves at Sites A and B, respectively, with Hs ranging from
0.75 m to 3.75 m and Tp from 4.06 s to 8.7 s. At each sea state, the simulation length is 3900 s,
with an initial ramping time of 300 s.

The stator length is set to 12 m, and an end-stop force with stiffness and damping
coefficients of 100 MN/m and 100 MN/(m/s) acts on the translator. Furthermore, each
SR-WEC has linear viscous damping coefficients set to 3% of critical damping in the main
degrees of freedom in the head sea condition and a simplified mooring force in the surge
direction with a stiffness coefficient of 1800 N/m. The SR-WEC has optimized PTO and
adaptive resonance coefficients to maximize power capture at each sea state for the single
unit in Figure 10.
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Figure 10. Optimal (a) PTO stiffness coefficient KPTO and (b) PTO damping coefficient CPTO for
SR-WEC at individual sea states.

The FOWT mass, moment of inertia, and quadratic damping coefficients are set to
reference values with the mooring loads evaluated using MAP++ (v1.2, Marco Masciola,
Jason Jonkman, and Amy Robertson National Renewable Energy Laboratory, Boulder, CO,
USA) for the lines defined in Figure 4 [16]. At each sea state, the wind speed U10 at a height
of 10 m above the MWL is evaluated as a function of the wave fetch X, set at 100 km and Hs
for the JONSWAP spectrum Smn(ω), which is used to evaluate the wind speed at the hub,
following the Hellmann exponential law [33,34]. The constant wind speed U150 is given
as follows:

U150 = (15)0.1 × U10 = 6.025(Hs)
1.1. (9)

The total hydrodynamic loads acting on the collocated FOWT are evaluated at Hs = 1.25 m
and three Tp values of 4.06, 5.22, and 8.7 s shown in Figure 11. The force amplitude of the
collocated FOWT in all three DOFs is smaller than the corresponding stand-alone value at
4.06 s and increases with higher Tp values.
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Figure 11. Total hydrodynamic load in surge, heave, and pitch for collocated FOWT compared to
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This is compared to Figure 8a–c, which shows that the collocation has higher synergy
at ω > 1 rad/s contributing to the reduction observed at the lower Tp values. The time
history of the FOWT motion at the same sea states is shown in Figure 12.

The platform motions of the FOWT at all Tp values are dominated by low-frequency
components due to the aerodynamic and mooring loads, which results in marginal impact
due to the reduction in hydrodynamic loads. The small overlap between the wave spectrum
and the excitation at lower Tp further reduces the contribution of hydrodynamic loads to
the platform’s motion.

The acceleration of the FOWT nacelle is evaluated for a set of sea states at Hs = 1.25 m
in Figure 13, with collocation positively impacting both the RMS and peak value of the na-
celle acceleration, which reduces by up to 58% and 67% compared to the stand-alone FOWT.

The effect of collocation on the SR-WEC performance is evaluated using a power ratio
rP = 100Pi/Pmax, where Pi is the power absorbed by the ith SR-WEC in the array while
Pmax is the optimal power for an individual WEC at the given sea state. The power limit of
a unit SR-WEC in this study is set to 80 kW.
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(b) time history at Tp = 8.7 s.

The SR-WEC performance is symmetrically spatially distributed about Y = 0, as shown
in Figure 14a, where the highest rP obtained at the penultimate SR-WECs for all Tp > 4.06 s,
with values up to 108.2% observed. However, at 4.06 s, the third SR-WEC from either end
has the highest performance. The total energy captured by the SR-WECs ranges from 72%
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to 99% of the individual performance, with Tp changing from 4.06 to 8.7 s. Varying Hs at
the same Tp of 8.7 s in Figure 14b changes the spatial distribution of rP marginally, with
slightly improved performance at low Hs values. The FOWT spectral area as a % of the
stand-alone is directly proportional to the SR-WECs’ power as a % of the single unit in
Figure 14c.
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The performance of SR-WEC 2 from Figure 4. is compared to a stand-alone SR-WEC
in Figure 15. in terms of pitch, sliding motion, and active power at three Tp values of 4.06,
5.22, and 8.7 s, respectively. While the collocated SR-WEC has smaller pitch and sliding
motion amplitudes at 4.06 s and 5.22 s, the amplitudes at the most commonly occurring sea
state at 8.7 s are higher in the collocated system.

Observing Figure 16, the spectral peaks of the pitch and sliding power spectral density
of SR-WEC 2 in the collocated case are coincident with the wave excitation spectral peak
at each Tp value, indicating that the optimum stand-alone operational parameters cause
the collocated SR-WEC to resonate in pitch and sliding motion with the wave excitation
spectral peak. The larger pitch and sliding power spectral density at 8.7 s observed in
Figure 16c,f are due to the increased wave excitation spectral area in the collocated system
in Figure 16i.
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mized linear generator based on the design in [27], the SR-WEC costs are computed for a 
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ployment sites in Figure 2, we use the representative offshore wind data for eastern Vir-
ginia, located north of Site B [20]. The FOWT’s AEP is 56.36 GWh at a capacity factor of 
42.9%, with total losses of 17.76%. The FOWT costs, calculated in USD/kW, are presented 
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Figure 15. Performance of SR-WEC 2 in floating body pitch, translator sliding motion, and active
power compared to stand-alone SR-WEC at (a–c) Hs = 1.25 m, Tp = 4.06 s, (d–f) Hs = 1.25 m, Tp = 5.22 s,
and (g–i) Hs = 1.25 m, Tp = 8.7 s.

The AEP of the ten SR-WECs is evaluated at Site B, obtaining 1.44 GWh at a capacity
factor of 21% with an average annual power of 171.6 kW. Considering a limitedly optimized
linear generator based on the design in [27], the SR-WEC costs are computed for a 1 MWh
energy storage system (ESS). As there is no wind speed data specific to the deployment
sites in Figure 2, we use the representative offshore wind data for eastern Virginia, located
north of Site B [20]. The FOWT’s AEP is 56.36 GWh at a capacity factor of 42.9%, with total
losses of 17.76%. The FOWT costs, calculated in USD/kW, are presented in Table 1 [28].

Within the collocated array, the SR-WECs’ power can be transmitted to the grid
through shared electrical infrastructure compared to the ESS, which is designed to power
offshore infrastructure. The array’s Balance of System (BoS) costs are updated with an
intra-array cable system at USD 353/m [35]. The OpEx costs of the array can be lowered,
as a larger maintenance window is available due to the shadow effect, and a combined
maintenance schedule can share the costs of offshore supply vessels (OSV) and labor.
Furthermore, the SR-WEC’s small OpEx is afforded by unique design advantages presented
as all the moving parts are fully sealed, and soft mooring can be subsumed into the FOWT
OpEx, with the collocated OpEx set to 88% of the stand-alone FOWT’s value [36]. While
incorporating the reduced wave loads and motions acting on the FOWT platform and
tower will lead to safer operations and a more cost-effective structural assembly, it has not
been considered in this study.

Based on the individual AEPs in Table 1, the combined array increases AEP by 2.55%,
with the contribution of WECs reaching closer to 4% on a monthly basis due to seasonal
variation in FOWT power production. The LCOE of a collocated array is USD 0.123/kWh,
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which is only 10% of the stand-alone WEC values, indicating the strong synergy between
the two.
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Figure 16. Power spectral density of SR-WEC 2 pitch motion at Hs = 1.25 m (a) Tp = 4.06 s,
(b) Tp = 5.22 s, and (c) Tp = 8.7 s. Power spectral density of SR-WEC 2 translator sliding motion
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spectra at Hs = 1.25 m (g) Tp = 4.06 s, (h) Tp = 5.22 s, and (i) Tp = 8.7 s.
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Table 1. Costs, LCOE of stand-alone SR-WEC array, and FOWT compared to a collocated array.

Index Parameter Stand-Alone
SR-WEC Array

Stand-Alone
FOWT

Co-Located
SR-WEC-FOWT

C1 Device Cost ($) $14,713,630 $19,515,000 $34,228,630
C2 Balance of System Cost ($) $750,000 $48,510,000 $48,913,320
C3 Financial Cost($) $154,236 $12,240,000 $12,394,236
C4 Total Capital Cost ($) (C1 + C2 + C3) $15,617,866 $80,265,000 $95,536,186
C5 Annual OpEx (FOC) ($) $42,680 $1,770,000 $1,557,600
C6 Fixed Charge Rate (%) 10.80% 5.82% 5.82%
C7 AEP (kWh) 1,443,128 56,362,308 57,805,438
C8 LCOE ($/kWh) ((C6 × C4 + C5)/C7) $1.198 $0.114 $0.123

4. Conclusions

A synergistic offshore floating renewable energy system comprising an array of WECs
with adaptive resonance is collocated with a FOWT, with the energy absorbed by the WECs
in different sea states with adaptively varying resonance moderating the hydrodynamic
loads and platform motions of the FOWT. The kilowatt-scale SR-WEC, which can change
its pitch natural frequency to coincide with the incoming irregular waves and entails the
highest Capture Width Ratio (CWR) at commonly occurring sea states, is used to construct
a 10 WEC array collocated with the 15-MW reference turbine positioned on the VolturnUS
semi-submersible floating platform. With the objective function selected as the annual
representative wave excitation spectra in three degrees of freedom of the FOWT at a given
deployment site, Bayesian optimization is used to identify the spatial arrangement of the
multiple floating SR-WECs, which minimizes the objective function.

The arrangement obtained from Bayesian optimization is evaluated in the time domain
using WEC-Sim coupled with MOST, which includes the effects of the aerodynamic and
wind turbine loads and mooring lines for the FOWT and the nonlinear PTO loads acting on
each WEC. The FOWT and WECs are coupled to each other through the hydrodynamics of
diffraction and radiation evaluated in WAMIT. At sea states comprising more than two-
thirds of annual occurrence, the hydrodynamic loads of the FOWT, the power performance
of the WECs, and the nacelle acceleration of the turbine in the collocated system are
compared to their stand-alone counterparts. The optimal spatial arrangement of the SR-
WECs was evaluated separately at two sites off the coast of North Carolina. The FOWT in
the collocated system has a wave excitation spectral area between 16% at Tp of 4.06 s and
60% of the corresponding stand-alone case. In the time domain simulation of the optimal
collocated system, the RMS and peak values of the turbine nacelle acceleration are reduced
by nearly 58% and 67%, respectively, from the single-unit operation due to the smaller
hydrodynamic loads. Using the stand-alone device’s optimal operational parameters, the
SR-WECs’ pitch and sliding motion in the collocated system adaptively resonate with the
wave excitation spectra at different Tp cases. Their power performance is symmetrically
spatially distributed about the X-axis, with collocation improving the production of 40% of
the array compared to single unit operation at highly occurring sea states. The collocated
system increases its annual energy production by 1.44 GWh, with a competitive LCOE at
USD 0.123/kWh, considering a basic cost-reduction framework, around 10% of the value
for a stand-alone SR-WEC array.

The synergistic ocean renewable system can reduce the hydrodynamic loads and
platform motions of the FOWT along with increasing the performance of SR-WECs with
the collocated array, while achieving a competitive LCOE.

The present work is focused on identifying the optimal arrangement of the SR-WEC
array with adaptive resonance to reduce the annual wave excitation acting on the FOWT
and consequent evaluation of FOWT global performance and SR-WEC power absorption
through a coupled time domain simulation in irregular waves. Subsequent studies could
form a multi-objective optimization to identify the optimal arrangement of the SR-WECs
with variable xdis and ydis that minimize the omnidirectional wave loads and optimal pa-
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rameters that maximize the power output of the collocated FOWT. The LCOE components,
such as shared electrical infrastructure, influenced by collocation are identified in this study.
However, the effects of reduced wave loads and platform motions in the context of the
design of the FOWT hull, turbine, tower, and mooring system are not considered. As the
multi-component LCOE optimization is a complex process, the next study can revise these
designs, driving down both CapEx and OpEx towards a lower LCOE.
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