
Bonaventura Tagliafierro – June 16, 2025

MULTIPHYSICS ENGINEERING PROBLEMS IN 
MARINE RENEWABLE ENERGY  

Challenges and Opportunities with SPH

btagliafierro@gmail.comThis project has received funding from the 
European Union’s Horizon 2020 research and 
innovation programme under the Marie 
Skłodowska-Curie grant agreement No: 
101109440.

IM     P   WER

19th SPHERIC World Conference

mailto:btagliafierro@gmail.com


Call: HORIZON-MSCA-2022-PF-01

preserving the structural features of onshore twins. To increase the installation depths, floating structures
must be used. These platforms are stabilized by moorings and anchors that flexibly connect them to fixed
points on the seabed, thus safely providing support in up to 300 meters of water depth. Floating wind
farms comprise wind turbines that are placed on platforms, and connected to an o!shore substation through
submarine cables to transmit the generated electricity (Figure 1). Such complexity reflects into its average
total cost per megawatt-hour over its lifetime (known as Levelised Cost of Energy – LCOE), which is still
high, even if compared with fixed-foundation o!shore wind: this is what has hampered its use at large scales
so far.

Transmission lines
carry electricity at high
voltage over long distances
from power plants to com-
munities.

Onshore substation
converts the electricity to
the voltage of the onshore
network.

O!shore substation
converts electricity to the
a higher voltage to reduce
transmission losses.

Wind turbines
wind’s kinetic energy is converted into elec-
tricity as the wind turns the rotor blades.

Power lines
link the turbines to one an-
other to the o!shore sub-
station.

Mooring lines
provide flexible connec-
tion from fairleads to the
anchoring points on the
seabed.

Figure 1: With this figure we want to illustrate a floating o!shore wind farm diagram: from o!shore power generation
to the grid transmission lines.

To reduce the LCOE and thus unlock the potential of o!shore wind, floating platforms under high-impact
low-probability (HILP) events need to be studied to allow more e"cient and accurate design procedures.
One of the investigative tools that can reliably inform on the structural response of FOWTs is numer-
ical modeling.6 A large body of research suggests that high-fidelity computational techniques, usually
known as Computational Fluid Dynamics (CFD) methods, are required to accurately simulate the fluid-
platform interaction under highly-energetic waves, thereby obtaining reliable model results.7,8 However, the
current software fleet does not provide a unified solution for adaptation to the special features of FOWTs,
and while robust and accurate, simulating a complete wind farm with CFD-based computer programs is
computationally cumbersome due to hardware limitations.

Beyond the state of the art and innovative aspects of the research program

The Action will set a cutting-edge CFD platform that portrays the first open-source software able to
precisely simulate FOWTs, with high accuracy and robustness. The software can be used by users out of
the box, without requiring modification of the source code. Furthermore, not only will the estimation of
the power output of floating wind farms constitute critical information for the optimization/design/update
of power grids and short-term storage facilities, but also provide guidelines for the e"cient allocation of the
farms themselves. The assessment of floating wind farm power output under storm conditions has never
been attempted before, and as of the writing of this document, there is no data publicly available regarding
FOWTs under sea storm conditions.

1.2 Soundness of the proposed methodology (including interdisciplinary approaches,

consideration of the gender dimension and other diversity aspects if relevant for the

research project, and the quality of open science practices)

6A. Otter et al. “A review of modelling techniques for floating o!shore wind turbines”. In: Wind Energy 25.5 (2022), pages 831–
857. doi: https://doi.org/10.1002/we.2701

7A. N. Robertson et al. “OC5 Project Phase II: Validation of Global Loads of the DeepCwind Floating Semisubmersible Wind
Turbine”. In: Energy Procedia 137 (2017). 14th Deep Sea O!shore Wind R&D Conference, EERA DeepWind’2017, pages 38–
57. doi: https://doi.org/10.1016/j.egypro.2017.10.333

8S. Draycott et al. “Capture and simulation of the ocean environment for o!shore renewable energy”. In: Renewable and
Sustainable Energy Reviews 104 (2019), pages 15–29. doi: https://doi.org/10.1016/j.rser.2019.01.011
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Outlook on Offshore Renewable Energy (ORE)
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Outlook on Offshore Renewable Energy (ORE)
ORE devices: 

• Tidal Current turbines  

• Floating Photovoltaic panels 

• Floating Offshore Wind Turbines (FOWTs) 

• Wave Energy Converters (WECs)

CorPower point absorber-type WEC 
https://corpowerocean.com/wave-energy/

• Abundant resource  

• Low variability 

• High predictability Mocean attenuator-type WEC 
https://www.mocean.energy/
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M ··x(t) = fhydro(t) + fPTO(t) + fmooring(t)

Modeling dilemma

Equation of motion for a rigid body

[M+Ma] ··x(t)+ ∫
t

0
K(t − τ) ·x(τ) dτ + R x(t) = fexc(t)+fPTO(t) + fmooring(t)

Cummins equation

Retardation function
Wave excitation

Added mass
Restoring

• Linear wave theory applies (small-amplitude waves)

• Fluid is inviscid, incompressible, and irrotational

• Small oscillations (linearized kinematics)

Cummins, W. E. (1962). The impulse response function and ship motions (DTMB Report 
No. 1661). David Taylor Model Basin, Department of the Navy, Washington, D.C.

Mathema!cal basis

Star!ng from Bernoulli’s equa!on,

ωv
ωt

+ v ·→v = ↑1
ε
→p,

by applying the Laplace equa!on,

ω!w
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2
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”/#$

Courtesy Dr. Bruno Paduano @ Polito (Italy)

Software that could be used, for example:
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M ··x(t) = fhydro(t) + fPTO(t) + fmooring(t)

• Captures viscous and nonlinear effects

• Solved in time

• High computational cost

Equation of motion for a rigid body

Dρ
Dt

+ ρ ∇ ⋅ u = 0

Du
Dt

= − 1
ρ

∇p + ∇ ⋅ τ + f{
Navier–Stokes equations in the Lagrangian formalism on a fluid domain Ω

Fluid simulation with SPH of a Wavestar WEC under regular wave.

Modeling dilemma



Operational vs. Extreme (Ultimate) conditions 

Low- and Mid-fidelity High-fidelity

Some uncertaintySome uncertainty

Basics on Semi-Probabilistic methods for structural design

Design dilemma



Operational vs. Extreme (Ultimate) conditions 

Low- and Mid-fidelity High-fidelity

More uncertaintyLess uncertainty Usually coped with 
bigger safety factors 

There are conditions where 
high-fidelity  may be the only 

way forward

Design dilemma

Basics on Semi-Probabilistic methods for structural design
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Global variable

I acknowledge EuroHPC JU for awarding the project ID EHPC-
REG-2024R02-084 (POW – Power from Offshore Wind) access to 

MareNostrum5 ACC hosted by the Barcelona Supercomputing Center 
(Spain)

The response amplitude operator RAO is computed as:

[78], which closely resembles the configuration adopted in [19].

TABLE 3: PLATFORM GEOMETRY

Property Value
Center column above SWL 10.0 m
Offset columns above SWL 12.0 m
Spacing between offset columns 50.0 m
Length of upper columns 26.0 m
Length of base columns 6.00 m
Top of base columns below SWL 14.0 m
Diameter of central column 6.50 m
Diameter of offset (upper) columns 12.0 m
Diameter of offset (lower) columns 24.0 m
Platform mass, including ballast 14.2→106 kg
CM location below SWL 13.5 m
Platform roll inertia about CM 1.157→1010 kg m2

Platform pitch inertia about CM 1.157→1010 kg m2

Platform yaw inertia about CM 1.420→1010 kg m2

TABLE 4: MOORING LINE PROPERTIES

Property Value
Number of mooring lines 3
Angle between adjacent lines 120↑

Depth to anchors below SWL 200 m
Depth to fairleads below SWL 14.0 m
Radius to anchors from platform 40.87 m
Unstretched mooring line length 835.5 m
Line diameter 76.6 mm
Mass density 113.35 kg/m
Line extensional stiffness 753.6 MN
Drag coefficient 1.10
Added-mass coefficient 1.0
Seabed drag coefficient 1.0
Structural damping of mooring lines 0.02

Similarly to the definitions provided in Section 3.2, a proper
wave tank is defined for wave generation and propagation to
test the DeepCwind platform under regular waves. Figure 5
provides an overview of the main structure of the numerical tank,
where the three pontoons and the central column that defined the
DeepCwind platform are visible. This first modeling part does
not consider any WEC attached to the structure, herein shown
for the sake of brevity. This figure depicts the distance between
the wave-generation system (now comprising ten wave-makers),

taken as 2.5 · L from the centerline of the platform, and 2 · L
of total tank length for proper wave absorption. This last
part is further divided into two, where the first half just let
the wave further propagate, and the second actively damps the
wave energy content. The tank width is almost 270 m. Three
catenary lines are also shown, which however go beyond the
simulated volume of fluid. In accordance with the procedure
used in the reference paper, these three chains are simulated as
if they were interacting with still water for the computation of
the fluid-induced drag. Lastly, to be consistent with the previous
Wavestar model validation, the resolution is kept to !p = 0.75 m
(roughly 3-5 particles wave height), which leads to having eight
particles within the pontoon plate thickness. For the sake of
completeness, in [50, 51], six particles were used.

The parametric definition of the setup in use for this
investigation makes each simulation somehow unique. On
average, each case comprises 25 million fluid particles, and runs
for around 500 s of physical time. By using our workstation with
a Nvidia GeForce RTX 4090, such average case take around 200
hours (a week) to conclude, including its post-processing.

2.5L

2L

Ten independent
wave-makers with active

absorption

Revolute
Joint and
Damping

Wavestar 1

x

z

DeepCwind
Platform

Wavestar 3

Wavestar 2

FIGURE 5: THE HYBRID PLATFORM

4.2 Code comparison
Figure 6 presents a code comparison of the moored platform

by contrasting the numerical response of the presented model
(“SPH” markers) against reference data (“REF”), across a range
of wave periods from 4.0 to 9.0 seconds. The response amplitude
operator, or RAO, H(!), has been determined following:

RAO(!) =
S↓∀ #(!)

S∀ ∀ (!)
, (13)

where S↓∀ #(!) is the complex conjugate of the cross-spectral
density between the wave elevation (∀ ) and the heave motion

7 Copyright © 2025 by ASME

complex conjugate of the cross-spectral density 
between the wave elevation and the heave motion

auto-spectral density of the wave elevation

All the simulations are run using “NVIDIA H100” hardware.

The same you’ll be using this afternoon
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Wavestar wave energy converter

DeepCwind OC4 platform

2. FOSWEC

1. Software stack

Floating Oscillating Surge WEC – a platform for 
wave energy.


3. Hybrid Wind–Wave platform

Validation - Hydrodynamics - Wave-induced motion



1. Software stack
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Wave energy
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Brito et al., 2020, Renewable Energy

Tagliafierro et al., 2022, OMAECarpintero Moreno et al., 2020, RENEW

The chart illustrates the extent of research where the SPH method 
is employed in simulating Wave Energy Converters WECs.

Overview on SPH
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Figure 5: Comparing the publication trends for mesh-based numerical wave tanks (CNWT) (red) and SPH-based numerical
wave tanks for WECs (blues).

Table 6 contains 51 entries which are chronologically ordered; per each item, it lists the prominent investigated376

device (column “Device” – some articles deal with more than one device), and the SPH implementation employed377

for solving its hydrodynamics (column “Solver”). Per each WEC, we have also reported the allowed number378

of DOFs for the floated motion and the simulation environment (column “DOF (Env.)”) and the presence, or379

lack thereof, of a proper PTO device (column “PTO”). The last two columns, respectively, report the source of380

reference data for validation or comparison (“Reference data” – Within indicates that the paper supplies original381

physical testing data), and a brief “Description”, which summarizes the research scope regarding the use of SPH382

and the WEC technology. To close this introductory part, as pointed out in Ref. [226], the first use of SPH for383

wave-energy related research was Ref. [227], where SPH was used to look at the behavior of a floating WEC384

point absorber under focused waves.385

The journal papers listed in Table 6 have been selected using keywords such as “wave energy converter” and386

“Smoothed Particle Hydrodynamics” on Scopus database and other major search engines. On Scopus only, this387

search produced, at the time of writing, 103 results that then have been manually selected according to their388

objective and scope. Additionally, some of the research outputs reported in Table 6 have been identified by the389

authors using personal knowledge, and this has helped us consider early contributions which, as it seems, suffer390

from deficiency of taxonomy relating them to wave energy. Lastly, we would like to underline that the first paper391

here considered in time is Ref. Omidvar et al. [1], which marks the only intersection between the sets considered392

in Ref. [101] and here.393

3.1. The SPH method and distributions394

The Smoothed Particle Hydrodynamics (SPH) method [104, 228] is a particle-based (meshless) technique395

that has attracted attention in a wide range of engineering fields [106, 229], including offshore engineering [120,396

230]. The SPH model has lent itself as an asset to simulate geometrically-complex fluid problems [106], where397

such complexity originates from the fluid interface configuration and solid bodies in relative interaction with398

the fluid. In the fully Lagrangian SPH, a fluid phase is discretized onto a set of moving computational nodes399

(hereon particles), where the Navier–Stokes equations are solved based on a smoothing kernel to approximate400

field variables based on neighboring particles [104]. By eliminating the need for special detection of the free401

surface, SPH offers key signature advantages over mesh-based methods for simulating free-surface flows [231].402

SPH can handle large deformations and easily simulate violent wave impacts on fixed or fluid-driven objects.403

12



Open-source SPH solver

• Mono-dispersed SPH implementation  
• Coupling to improve the physics 
• Single phase

Domínguez et al., 2022, CPM A breakwater under a solitary wave

A platform for wind energy under regular 
waves

- CPU/GPU Implementation (C++/Cuda) 

- Highly parallelized for GPU units (only one so far) 

- Pre- and Post-processing tools  

- Open source 

Features:

The DualSPHysics code

16



Anchoring system solver

This lumped mass mooring line model is able 
to account for: - Any sea-floor geometry - Wave loads (also from CFD fluid) - Solve interconnected floating bodies - Assign different depths for catenary-like 

connections.

Based upon the original implementation 
“MoorDyn” by Dr. Matthew Hall

17

MoorDynPlus

Development: Dr. Iván Martínez-Estévez


EPhysLab – Spain



DualSPHysics
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Open source multiphysics solver
Chrono library
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Multi-body support 
Smooth and non-smooth contacts 
Kinematic and dynamic restrictions

Martínez-Estévez, I. et al. (2023). Coupling of an SPH-
based solver with a multiphysics library. Computer 
Physics Communications, 283, 108581. https://doi.org/
10.1016/j.cpc.2022.108581 Courtesy of Salvatore Capasso

Supports general featured bodies

https://doi.org/10.1016/j.cpc.2022.108581
https://doi.org/10.1016/j.cpc.2022.108581


Usage

Open source multiphysics library
multi-body support 

 smooth and non-smooth contacts 
kinematic and dynamic restrictions

Tension 
legs

End-stoppers 
systems

TLP with 8 tendons Point-absorber WEC
19

Martínez-Estévez et al., 2023, CPC

FlexibilityRigid body



2. Wave energy converters

20

FOSWEC



Challenges

1. Non-linear wave representation  

2. Power Take-off systems 

3. Mooring systems  

4.Simulation of fairly large domains



22

Experimental setup

- Floating Oscillating Surge WEC 

- FOSWEC has two flaps attached to a submerged moored platform 

- Platform includes a Power Take-Off (PTO) box 

-

FOSWEC was engineered by Sandia National Labs 
as a tool to provide consistent and controlled data 
for software validation. It is represent a 
challenging device to simulate as it comprises a 
platform that hosts 2 flaps. Its multibody nature 
calls for the use of specific library for multibody 
dynamics. 

FOSWEC2

Forbush, D. D., Bacelli, G., Spencer, S. J., Coe, R. G., Bosma, B., & Lomonaco, P. (2022). Design and 
testing of a free floating dual flap wave energy converter. Energy, 240, 122485. https://doi.org/
10.1016/j.energy.2021.122485

https://doi.org/10.1016/j.energy.2021.122485
https://doi.org/10.1016/j.energy.2021.122485


conservative properties. Validations about buoyancy-driven mo-
tion are performed in [70] and [54].

2.3 Boundary Conditions
DualSPHysics implements the Dynamic Boundary Condi-

tion (DBC), proposed by [71], as a standard method for the
definition of the boundary conditions. The DBC treatment has
demonstrated to work properly when applied to cases of wave
propagation and wave run-up of armour block breakwaters with
complex geometries [72].

2.4 Coupling to Project Chrono
When mechanical constraints and virtual elements such

as springs and dampers are applied to a rigid body, DualS-
PHysics can exploit the coupling with the Project Chrono library
(https://projectchrono.org/ ) to evaluate the final position and ve-
locity of a fluid-driven object. This is the case for the aim of
this work, where in fact the focus goes on to the controller of the
PTO system that is numerically defined as a spring-damper sys-
tem attached to the floater. The same system is also used for the
implementation of closed-loop systems. A more complete de-
scription and validation of the coupling between DualSPHysics
and Chrono can be found in [73].

2.5 Coupling to MoorDyn+

Mooring lines are vital for offshore structures for their ca-
pability of providing connections spanning long distances with a
small usage of material; as such, correctly capturing the tendon
performance is critical to the understanding of anchored floating
structures. DualSPHysics allows performing multiphysics simu-
lations by leveraging coupling strategies between different pieces
of software to manage different differential systems of equations
within the SPH framework. This strategy creates a fully La-
grangian 3D world that contains the geometry for the whole sys-
tem. While the dynamics of rigid objects is solved by using the
theory proposed in the previous section, the effects of mooring
lines on floating structures is addressed by the MoorDyn+ library
[74]; the library solves the mooring dynamics using the lumped-
mass approach inherited from its parent version MoorDyn [35],
but it provides new functionalities, such as the ability to cope
with an arbitrary number of joined objects and to simulate moor-
ing failure. The two-way coupling presented in [54] is used for
the simulations in this work.

3 THE FOSWEC2 DEVICE
FOSWEC2 refers to an updated version of the original FOS-

WEC concept, presented in Ref. [46]. It is a dual-flap device
with a submerged central housing containing PTO and data com-
ponents. Figure 1 includes the dimensions and parts of the FOS-
WEC2 device. It is composed of a central platform (yellow in
figure) which hosts two flaps (red in figure). The two flaps are
hinged to pivot about shafts mounted to the hull and are con-
trolled by independent motors located in a dry box (data acqui-
sition box). Note that the box is submerged and located below

the hinges position in order to lower the position of the center
of gravity (CoG) – for stability purposes, mainly. FOSWEC2
gains buoyancy thanks to four surface-piercing foam-filled verti-
cal PVC spars on the corners of the device. The system is also set
so that the highest part of both flaps is placed 2.00 cm below the
free surface. In addition, the hull of the device is anchored to the
tank bottom by four mooring taut vertical lines of 0.34-m long.
The platform has 540 N of excess buoyancy when is submerged
as indicated in Fig. 1, and so the four legs develop an equilib-
rium tension of 135 N each. This particular configuration of the
mooring lines allows a certain surge in presence of the waves and
limits the heave movement. In this way, designers have boosted
the flap movement, and hence energy production.

AFT FLAP

BOW FLAP

TENDON

AFT HINGE

BOW HINGE

SPARS

FIGURE 1: FOSWEC2: PERSPECTIVE AND LATERAL
RENDER VIEWS SHOWING ITS MAIN DIMENSIONS.

The experimental tests were performed in the Directional
Wave Basin at the Oregon State University (OSU) O.H. Hinsdale
Wave Research Laboratory (HWRL) Directional Wave Basin
(DWB). DWB is 48.8-m long and 26.5-m wide, and has an ad-
justable depth (maximum water depth of 1.5 m). The short side

4 Copyright © 2022 by ASME
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FOSWEC2
Experimental setup
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Wave Research Laboratory (HWRL) Directional Wave Basin
(DWB). DWB is 48.8-m long and 26.5-m wide, and has an ad-
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Lateral view with reference dimensions.

Forbush, D. D., Bacelli, G., Spencer, S. J., Coe, R. G., Bosma, B., & Lomonaco, P. (2022). Design and 
testing of a free floating dual flap wave energy converter. Energy, 240, 122485. https://doi.org/
10.1016/j.energy.2021.122485

Three dimensional view of the device.

M ··x(t) = fhydro(t) + fPTO(t) + fmooring(t)

https://doi.org/10.1016/j.energy.2021.122485
https://doi.org/10.1016/j.energy.2021.122485
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FIGURE 2: SCHEMATIC OF THE WAVE TANK AND FOSWEC2.

position and velocity of the flaps:

Fa = (K j, j
p + iwK j, j

d )q(w) (11)

where j is the index of the flap (1 for bow, 2 for aft) and w the
angular wave frequency. The four controller parameters were
varied over prescribed ranges, and for each unique gain combina-
tion, time windows of 30 s under the same wave excitation were
used to evaluate control performance to ensure an adequate fre-
quency resolution [77]. For this validation procedure, the time
window that spans t 2 90� 120 s is considered; the values of
the control parameters for the defined batch are reported in Ta-
ble 3. Note that such a time window comprises 24 wave periods
(T = 1.56 s), of which 20 are regarded as well-developed and
meaningful for this validation procedure.

The hinge properties reported above are simulated by us-
ing the Project Chrono library; along with motion restriction,
an hinge function can model a velocity-proportional (viscous)
damping and rotational stiffness according to the following rela-

TABLE 3: STIFFNESS AND DAMPING COEFFICIENTS OF
THE PTO SYSTEM.

Location Parameter Symbol Quantity Unit

Bow flap Stiffness kp.b -3.561 N·m/rad
Bow flap Damping kd.b 1.762 N·m·s/rad
Aft flap Stiffness kp.a -2.800 N·m/rad
Aft flap Damping kd.a 0.465 N·m·s/rad

tionship:

T (t) = kd q̇ + kpq , (12)

where kd is the torsional viscous damping, kp the torsional stiff-
ness, and q̇ is the angular velocity. The parameters reported Ta-
ble 3 are used to assign the hinge function that restricts the mo-
tion of the bow and aft flaps.

4.3 Mooring systems
The lumped-mass approach consists in dividing the entire

unstretched length of a mooring line (L0) into equally spaced
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N + 1 nodes, connected by N equally long segments. The prop-
erties of each segment are inherited from the overall geometry of
the line, which is defined by the parameters: l = l0/N; volume-
equivalent area (A = p/4d2, being d the volume-equivalent di-
ameter), density(r), net mass mi = Al(r �rw), being rw the wa-
ter density). One of the main drawbacks of the lumped-mass ap-
proach is the introduction of higher modes of vibration along the
axis of the line, which may give rise to nonphysical node oscilla-
tion especially for tendons. This problem is worked around in the
formulation presented in [35] by introducing a viscous damping
term that can damp out vibration modes with frequencies close
to the critical one. The natural frequency is defined as:

fn =
1
pl

s
E
r
. (13)

where E is the elasticity modulus of the line. Equation (13)
shows that the natural frequency depends on the user defined
parameter N. The radicand only accounts for the material being
modeled that for the case of high-resistance steel (E ⇡ 190 GPa
and r ⇡ 7500 kg/m3) yields to fn ⇠= 10/l Hz. This segment vibra-
tion is hence damped out by introducing a line internal damping
that makes the system almost critically damped at fn.

TABLE 4: INPUT PARAMETERS USED FOR THE DEFINI-
TION OF THE MOORING LINE.

Element Symbol Quantity Unit

Cross sectional stiffness EAl 183 kN
Nominal diameter DN 3.50 mm

Segments N 10 -
Density in air (steel) rs 7500 kg/m3

Weight in fluid Wl 0.40 N
Natural frequency fn 20.0 MHz
Model time step dtM 5e-07 s

The initial (unstretched) length of the eight tendons is L0 =
0.340 m, as it can be seen in the geometrical setup in Fig. 2,
and the nominal diameter is DN = 3.50 mm. The reference pa-
per mentions that the four tendons were made of stainless steel;
to proceed to assign the parameters to model the mooring line
through the lumped-mass approach, the mechanical properties of
the tendons are used. Table 4 depicts the input values that are
used to set up the line into the MoorDyn+ solver. Note that the
Model time step (dtM) is defined according to the following rela-
tionship dtM = 10

fn .

5 VALIDATION
5.1 Wave generation, propagation, and absorption

The experimental resistive wave gauge (WG6 in [50]),
which was placed at the FOSWEC location, is used to verify

that the wave tank can generate and propagate the desired wave
before testing the device. The experimental free surface is com-
pared to the numerical one obtained from two simulations, con-
sidering the two resolutions SPH - L and SPH - H, and shown in
Fig. 3. It can be seen that the higher resolution leads to better
agreement with the experimental time series although the results
with d p = 0.02 m look accurate enough. Furthermore, Fig. 3
reports the 2nd Stokes’ theory solution for the wave condition
reported in Table 2.

For this configuration, the reflection coefficient, Kr, is eval-
uated in accordance with the Healy’s method[78]:

Kr =
Hmax �Hmin

Hmax +Hmin

where Hmax is taken at the wave crest, and Hmin at the wave
trough. The Kr obtained for the two simulations are below 2.5
%, which means that the proposed wave tank absorbing system
dissipates 97.5 % of the incident wave energy. Therefore, we can
conclude that there is no significant reflection in our tank config-
uration and the target waves are generated and propagated with
sufficient accuracy.

5.2 Inverted flap test
Ref. [50] contains a detailed report on an inverted flap test

that was conducted to test the complete FOSWEC2 drive train,
and to determine the flap natural frequency and its natural damp-
ing. For the decay test, the device is tested in its full configura-
tion (i.e., the drive train and DAQ (data acquisition) system are
exactly as tested in the wave tank). The test was performed by
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FIGURE 3: SURFACE ELEVATION COMPARISON BE-
TWEEN THE GENERATED WAVE AND THE THEORETI-
CAL SECOND-ORDER SOLUTION.
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conservative properties. Validations about buoyancy-driven mo-
tion are performed in [70] and [54].

2.3 Boundary Conditions
DualSPHysics implements the Dynamic Boundary Condi-

tion (DBC), proposed by [71], as a standard method for the
definition of the boundary conditions. The DBC treatment has
demonstrated to work properly when applied to cases of wave
propagation and wave run-up of armour block breakwaters with
complex geometries [72].

2.4 Coupling to Project Chrono
When mechanical constraints and virtual elements such

as springs and dampers are applied to a rigid body, DualS-
PHysics can exploit the coupling with the Project Chrono library
(https://projectchrono.org/ ) to evaluate the final position and ve-
locity of a fluid-driven object. This is the case for the aim of
this work, where in fact the focus goes on to the controller of the
PTO system that is numerically defined as a spring-damper sys-
tem attached to the floater. The same system is also used for the
implementation of closed-loop systems. A more complete de-
scription and validation of the coupling between DualSPHysics
and Chrono can be found in [73].

2.5 Coupling to MoorDyn+

Mooring lines are vital for offshore structures for their ca-
pability of providing connections spanning long distances with a
small usage of material; as such, correctly capturing the tendon
performance is critical to the understanding of anchored floating
structures. DualSPHysics allows performing multiphysics simu-
lations by leveraging coupling strategies between different pieces
of software to manage different differential systems of equations
within the SPH framework. This strategy creates a fully La-
grangian 3D world that contains the geometry for the whole sys-
tem. While the dynamics of rigid objects is solved by using the
theory proposed in the previous section, the effects of mooring
lines on floating structures is addressed by the MoorDyn+ library
[74]; the library solves the mooring dynamics using the lumped-
mass approach inherited from its parent version MoorDyn [35],
but it provides new functionalities, such as the ability to cope
with an arbitrary number of joined objects and to simulate moor-
ing failure. The two-way coupling presented in [54] is used for
the simulations in this work.

3 THE FOSWEC2 DEVICE
FOSWEC2 refers to an updated version of the original FOS-

WEC concept, presented in Ref. [46]. It is a dual-flap device
with a submerged central housing containing PTO and data com-
ponents. Figure 1 includes the dimensions and parts of the FOS-
WEC2 device. It is composed of a central platform (yellow in
figure) which hosts two flaps (red in figure). The two flaps are
hinged to pivot about shafts mounted to the hull and are con-
trolled by independent motors located in a dry box (data acqui-
sition box). Note that the box is submerged and located below

the hinges position in order to lower the position of the center
of gravity (CoG) – for stability purposes, mainly. FOSWEC2
gains buoyancy thanks to four surface-piercing foam-filled verti-
cal PVC spars on the corners of the device. The system is also set
so that the highest part of both flaps is placed 2.00 cm below the
free surface. In addition, the hull of the device is anchored to the
tank bottom by four mooring taut vertical lines of 0.34-m long.
The platform has 540 N of excess buoyancy when is submerged
as indicated in Fig. 1, and so the four legs develop an equilib-
rium tension of 135 N each. This particular configuration of the
mooring lines allows a certain surge in presence of the waves and
limits the heave movement. In this way, designers have boosted
the flap movement, and hence energy production.

AFT FLAP

BOW FLAP

TENDON

AFT HINGE

BOW HINGE

SPARS

FIGURE 1: FOSWEC2: PERSPECTIVE AND LATERAL
RENDER VIEWS SHOWING ITS MAIN DIMENSIONS.

The experimental tests were performed in the Directional
Wave Basin at the Oregon State University (OSU) O.H. Hinsdale
Wave Research Laboratory (HWRL) Directional Wave Basin
(DWB). DWB is 48.8-m long and 26.5-m wide, and has an ad-
justable depth (maximum water depth of 1.5 m). The short side
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Three dimensional view of the device.
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overturning the FOSWEC2, thus making the two flaps hang as
pendula; the output data for this test is reported in Test ID 114
[50]. The numerical configuration for this test is designed to ob-
tain the same dynamics arrangement mentioned before; this is
done by flipping the gravity vector, thus creating similar equilib-
rium conditions for the flaps. Since Ref. [50] states that pitch
mode is periodic of 1.37 s, the CoG for each flap is computed as:

CoGFlap =
gT 2

4p2 = 0.466 m (14)

and this distance considers the flap CoG position from the hinge,
as Fig. 1 indicates. The mass of the flap, which is assigned as
uniformly distribute on the flap outer surface, is 6.00 kg; even if
the mass is inessential for the decay test, it is important to assign
this parameter now to introduce the right torsional damping to
the system, tuned as 2.10 N·m·s/rad.

Fig. 4 compares the experimental and numerical pitch angle
time evolution for the decay test. The model fits well the target
data, considering that the predicted pitch period has a relative
error of -2.9% (1.41 s vs. 1.37 s).

5.3 Platform motion validation
Figure 5 shows the platform surge and pitch angles recorded

during the experiment, and the computed ones using DualS-
PHysics for the two resolutions. The model predictions are in
close agreement with the reference data, and moving from one
SPH - L to SPH - H provides more accurate estimations for both
charts. Specifically, for SPH - H, the surge motion retraces al-
most perfectly the reference experimental shape, partially im-
proving over SPH - L. A more marked improvement on the qual-
ity of the solution is appreciated for the pitching movement of
the platform, which however is relatively small compared to the
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FIGURE 4: TIME SERIES OF EXPERIMENTAL AND NU-
MERICAL PITCH MOTION FOR THE FLAP DECAY TEST.
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FIGURE 5: TIME SERIES OF EXPERIMENTAL AND NU-
MERICAL SURGE AND PITCH MOTION OF THE PLAT-
FORM

overall dynamics of the platform due to the fact that the tendons
are rigid and the excitation of the wave does not cause excessive
displacements which could result in loosening the line tension.
In fact, the stress level in the line is always greater than 100 N.
Note that the heave motion is not considered at this stage because
it is linearly correlated to both surge and pitch motion.

5.4 Flap pitch
Figure 6 shows the flap pitch response of the numerical

model for the two flaps against the experimental one. The com-
parison shows that the SPH simulation is in fair agreement for
two tested resolutions; it can be noted that the dynamics of the
bow flap is a bit overestimated, whereas a little underestimation
for the forward motion of the flap is shown. The slight misalign-
ment may be caused by some discrepancies that develop for the
platform surge motion. A small deviation in the platform posi-
tion, in fact, may change the wave phase of attack. However, the
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TABLE 1: INPUT PARAMETERS USED FOR THE DEFINI-
TION OF THE MOORING LINE.

Element Symbol Quantity Unit

Mass m 263 kg
Length LWEC 1.44 m
Beam WWEC 1.63 m
Draft DWEC ¡1.24 m

of the DWB is equipped with the wave-making system, which
comprises 29 pistons, and an anti-reflective beach on the oppo-
site side.

4 NUMERICAL MODELING
To perform a validation, the same conditions that were re-

produced during the experimental tests are considered. Specif-
ically, the testing campaign reported in [50], which aimed at
performing system identification tests and investigating closed-
loop control systems. The numerical modeling procedure for the
FOSWEC2 follows three main steps. The model building pro-
cess and the validation procedures are presented at model scale,
that is, by reproducing the geometry 1-to-1 and thus making di-
rect comparison to the experimental results. For this reason, it
is important to remember that the design of the device did not
have to go through any scaling procedures and, as such, the de-
vice does not represent any large-scale device. Two initial inter-
particle distances, d p, are used to investigate the model sensi-
tivity to resolution. They are set to provide a minimum number
of particles within the flap dimension, the dynamics of which
is driven by a pressure gradient that develops between the two
sides along the wave propagation direction. The reference di-
mension that is used for this setup is the mean flap width that is
0.05 m. Hence the definition of SPH - L and SPH - H, which have
d p = 0.020 and d p = 0.010 m, respectively. The length of each
simulation is set to 14 s, thus having 8 fully-developed waves, 6
of which are meaningful for comparison.

4.1 Wave tank
The device was located on the longitudinal centerline of the

basin (i.e., 18 m away from the piston), just before the toe of the
beach. Several wave gauges (resistive and acoustic) were used to
measure the water surface elevation, whereas an optical system
(PhaseSpace) was used for motion capture of the platform. Con-
versely, the flap motion was captured and stored by the hardware
that was used for motion control.

The testing campaign on the FOSWEC2 was performed
by using both regular and irregular waves. In fact, a preven-
tive system identification procedure was run before investigating
control-loop strategies. For validation purposes, non-breaking
regular waves are desirable and as such the case identified by
R5C is chosen. The wave characteristics for the test are reported

in Table 2 and it corresponds to Stokes’ second order waves.
The water depth for this case is set to 1.36 m, hence the wave
train travels in intermediate regime, meaning that the free sur-
face shape is affected by the bathymetry. Note that for the tests
reported in [50], the generated wave profiles were measured in
undisturbed wave conditions, that is, without device.

TABLE 2: SELECTED WAVE CONDITIONS FROM THE EX-
PERIMENTAL SETUP R5C

Parameter Symbol Quantity Unit

Wave period T 1.56 s
Wave height H 0.136 m
Water depth d 1.36 m
Wave length L 3.73 m

In order to comply with the physical characteristics de-
scribed above, a suitable numerical tank is designed upon the
experimental conditions, without strictly reproducing the geom-
etry. The wave tank is presented in Fig. 2, which proposes its
lateral and the top views, indicating the device’s location as well.
The tank is reduced in length and width, but the depth complies
with the experimental one to avoid modifications of the wave be-
ing propagated. A piston-type wavemaker is set to generate the
regular waves following the implementation proposed in [75].
Note that the parameter L, which indicates the wave length, ac-
counts for the wave condition; one wave length is common prac-
tice in modeling (either physical or numerical) to guarantee cor-
rect wave profile development and avoid local effect. Here, 1 ·L
before device’s position is used for correct wave generation and
propagation.

The width of the tank is shrunk to twice the apparent diam-
eter of the floater, and to prevent lateral reflection, a numerical
lateral damping zone (shaded area in top view Figure 2) that em-
ploys a quadratic decay function is applied in the y-direction [75].
Furthermore, to avoid any drag effects due to the presence of lat-
eral solid walls, periodic boundary conditions are applied [76].
Following the experimental setup, there is an 1:4 anti-reflective
beach downstream of the buoy, with an over-imposed damping
zone (shaded area).

4.2 PTO System
As mentioned, one of the objectives of the SANDIA report

was to provide a data repository for numerical model validations.
The test that is used in this work refers to the Test ID 194 [50], for
which a gain matrix was applied to include closed-loop control
systems as defined on the base of reduced order numerical model
of the FOSWEC2 dynamics. The model control parameters are
defined as the spring term kp and the damping term kp, which are
used to define the time dependent quantity Fa that depends on the
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TABLE 1: INPUT PARAMETERS USED FOR THE DEFINI-
TION OF THE MOORING LINE.

Element Symbol Quantity Unit

Mass m 263 kg
Length LWEC 1.44 m
Beam WWEC 1.63 m
Draft DWEC ¡1.24 m

of the DWB is equipped with the wave-making system, which
comprises 29 pistons, and an anti-reflective beach on the oppo-
site side.

4 NUMERICAL MODELING
To perform a validation, the same conditions that were re-

produced during the experimental tests are considered. Specif-
ically, the testing campaign reported in [50], which aimed at
performing system identification tests and investigating closed-
loop control systems. The numerical modeling procedure for the
FOSWEC2 follows three main steps. The model building pro-
cess and the validation procedures are presented at model scale,
that is, by reproducing the geometry 1-to-1 and thus making di-
rect comparison to the experimental results. For this reason, it
is important to remember that the design of the device did not
have to go through any scaling procedures and, as such, the de-
vice does not represent any large-scale device. Two initial inter-
particle distances, d p, are used to investigate the model sensi-
tivity to resolution. They are set to provide a minimum number
of particles within the flap dimension, the dynamics of which
is driven by a pressure gradient that develops between the two
sides along the wave propagation direction. The reference di-
mension that is used for this setup is the mean flap width that is
0.05 m. Hence the definition of SPH - L and SPH - H, which have
d p = 0.020 and d p = 0.010 m, respectively. The length of each
simulation is set to 14 s, thus having 8 fully-developed waves, 6
of which are meaningful for comparison.

4.1 Wave tank
The device was located on the longitudinal centerline of the

basin (i.e., 18 m away from the piston), just before the toe of the
beach. Several wave gauges (resistive and acoustic) were used to
measure the water surface elevation, whereas an optical system
(PhaseSpace) was used for motion capture of the platform. Con-
versely, the flap motion was captured and stored by the hardware
that was used for motion control.

The testing campaign on the FOSWEC2 was performed
by using both regular and irregular waves. In fact, a preven-
tive system identification procedure was run before investigating
control-loop strategies. For validation purposes, non-breaking
regular waves are desirable and as such the case identified by
R5C is chosen. The wave characteristics for the test are reported

in Table 2 and it corresponds to Stokes’ second order waves.
The water depth for this case is set to 1.36 m, hence the wave
train travels in intermediate regime, meaning that the free sur-
face shape is affected by the bathymetry. Note that for the tests
reported in [50], the generated wave profiles were measured in
undisturbed wave conditions, that is, without device.

TABLE 2: SELECTED WAVE CONDITIONS FROM THE EX-
PERIMENTAL SETUP R5C

Parameter Symbol Quantity Unit

Wave period T 1.56 s
Wave height H 0.136 m
Water depth d 1.36 m
Wave length L 3.73 m

In order to comply with the physical characteristics de-
scribed above, a suitable numerical tank is designed upon the
experimental conditions, without strictly reproducing the geom-
etry. The wave tank is presented in Fig. 2, which proposes its
lateral and the top views, indicating the device’s location as well.
The tank is reduced in length and width, but the depth complies
with the experimental one to avoid modifications of the wave be-
ing propagated. A piston-type wavemaker is set to generate the
regular waves following the implementation proposed in [75].
Note that the parameter L, which indicates the wave length, ac-
counts for the wave condition; one wave length is common prac-
tice in modeling (either physical or numerical) to guarantee cor-
rect wave profile development and avoid local effect. Here, 1 ·L
before device’s position is used for correct wave generation and
propagation.

The width of the tank is shrunk to twice the apparent diam-
eter of the floater, and to prevent lateral reflection, a numerical
lateral damping zone (shaded area in top view Figure 2) that em-
ploys a quadratic decay function is applied in the y-direction [75].
Furthermore, to avoid any drag effects due to the presence of lat-
eral solid walls, periodic boundary conditions are applied [76].
Following the experimental setup, there is an 1:4 anti-reflective
beach downstream of the buoy, with an over-imposed damping
zone (shaded area).

4.2 PTO System
As mentioned, one of the objectives of the SANDIA report

was to provide a data repository for numerical model validations.
The test that is used in this work refers to the Test ID 194 [50], for
which a gain matrix was applied to include closed-loop control
systems as defined on the base of reduced order numerical model
of the FOSWEC2 dynamics. The model control parameters are
defined as the spring term kp and the damping term kp, which are
used to define the time dependent quantity Fa that depends on the
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overturning the FOSWEC2, thus making the two flaps hang as
pendula; the output data for this test is reported in Test ID 114
[50]. The numerical configuration for this test is designed to ob-
tain the same dynamics arrangement mentioned before; this is
done by flipping the gravity vector, thus creating similar equilib-
rium conditions for the flaps. Since Ref. [50] states that pitch
mode is periodic of 1.37 s, the CoG for each flap is computed as:

CoGFlap =
gT 2

4p2 = 0.466 m (14)

and this distance considers the flap CoG position from the hinge,
as Fig. 1 indicates. The mass of the flap, which is assigned as
uniformly distribute on the flap outer surface, is 6.00 kg; even if
the mass is inessential for the decay test, it is important to assign
this parameter now to introduce the right torsional damping to
the system, tuned as 2.10 N·m·s/rad.

Fig. 4 compares the experimental and numerical pitch angle
time evolution for the decay test. The model fits well the target
data, considering that the predicted pitch period has a relative
error of -2.9% (1.41 s vs. 1.37 s).

5.3 Platform motion validation
Figure 5 shows the platform surge and pitch angles recorded

during the experiment, and the computed ones using DualS-
PHysics for the two resolutions. The model predictions are in
close agreement with the reference data, and moving from one
SPH - L to SPH - H provides more accurate estimations for both
charts. Specifically, for SPH - H, the surge motion retraces al-
most perfectly the reference experimental shape, partially im-
proving over SPH - L. A more marked improvement on the qual-
ity of the solution is appreciated for the pitching movement of
the platform, which however is relatively small compared to the
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FIGURE 4: TIME SERIES OF EXPERIMENTAL AND NU-
MERICAL PITCH MOTION FOR THE FLAP DECAY TEST.
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FIGURE 5: TIME SERIES OF EXPERIMENTAL AND NU-
MERICAL SURGE AND PITCH MOTION OF THE PLAT-
FORM

overall dynamics of the platform due to the fact that the tendons
are rigid and the excitation of the wave does not cause excessive
displacements which could result in loosening the line tension.
In fact, the stress level in the line is always greater than 100 N.
Note that the heave motion is not considered at this stage because
it is linearly correlated to both surge and pitch motion.

5.4 Flap pitch
Figure 6 shows the flap pitch response of the numerical

model for the two flaps against the experimental one. The com-
parison shows that the SPH simulation is in fair agreement for
two tested resolutions; it can be noted that the dynamics of the
bow flap is a bit overestimated, whereas a little underestimation
for the forward motion of the flap is shown. The slight misalign-
ment may be caused by some discrepancies that develop for the
platform surge motion. A small deviation in the platform posi-
tion, in fact, may change the wave phase of attack. However, the
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FIGURE 2: SCHEMATIC OF THE WAVE TANK AND FOSWEC2.

position and velocity of the flaps:

Fa = (K j, j
p + iwK j, j

d )q(w) (11)

where j is the index of the flap (1 for bow, 2 for aft) and w the
angular wave frequency. The four controller parameters were
varied over prescribed ranges, and for each unique gain combina-
tion, time windows of 30 s under the same wave excitation were
used to evaluate control performance to ensure an adequate fre-
quency resolution [77]. For this validation procedure, the time
window that spans t 2 90� 120 s is considered; the values of
the control parameters for the defined batch are reported in Ta-
ble 3. Note that such a time window comprises 24 wave periods
(T = 1.56 s), of which 20 are regarded as well-developed and
meaningful for this validation procedure.

The hinge properties reported above are simulated by us-
ing the Project Chrono library; along with motion restriction,
an hinge function can model a velocity-proportional (viscous)
damping and rotational stiffness according to the following rela-

TABLE 3: STIFFNESS AND DAMPING COEFFICIENTS OF
THE PTO SYSTEM.

Location Parameter Symbol Quantity Unit

Bow flap Stiffness kp.b -3.561 N·m/rad
Bow flap Damping kd.b 1.762 N·m·s/rad
Aft flap Stiffness kp.a -2.800 N·m/rad
Aft flap Damping kd.a 0.465 N·m·s/rad

tionship:

T (t) = kd q̇ + kpq , (12)

where kd is the torsional viscous damping, kp the torsional stiff-
ness, and q̇ is the angular velocity. The parameters reported Ta-
ble 3 are used to assign the hinge function that restricts the mo-
tion of the bow and aft flaps.

4.3 Mooring systems
The lumped-mass approach consists in dividing the entire

unstretched length of a mooring line (L0) into equally spaced
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FOSWEC2
TABLE 1: INPUT PARAMETERS USED FOR THE DEFINI-
TION OF THE MOORING LINE.

Element Symbol Quantity Unit

Mass m 263 kg
Length LWEC 1.44 m
Beam WWEC 1.63 m
Draft DWEC ¡1.24 m

of the DWB is equipped with the wave-making system, which
comprises 29 pistons, and an anti-reflective beach on the oppo-
site side.

4 NUMERICAL MODELING
To perform a validation, the same conditions that were re-

produced during the experimental tests are considered. Specif-
ically, the testing campaign reported in [50], which aimed at
performing system identification tests and investigating closed-
loop control systems. The numerical modeling procedure for the
FOSWEC2 follows three main steps. The model building pro-
cess and the validation procedures are presented at model scale,
that is, by reproducing the geometry 1-to-1 and thus making di-
rect comparison to the experimental results. For this reason, it
is important to remember that the design of the device did not
have to go through any scaling procedures and, as such, the de-
vice does not represent any large-scale device. Two initial inter-
particle distances, d p, are used to investigate the model sensi-
tivity to resolution. They are set to provide a minimum number
of particles within the flap dimension, the dynamics of which
is driven by a pressure gradient that develops between the two
sides along the wave propagation direction. The reference di-
mension that is used for this setup is the mean flap width that is
0.05 m. Hence the definition of SPH - L and SPH - H, which have
d p = 0.020 and d p = 0.010 m, respectively. The length of each
simulation is set to 14 s, thus having 8 fully-developed waves, 6
of which are meaningful for comparison.

4.1 Wave tank
The device was located on the longitudinal centerline of the

basin (i.e., 18 m away from the piston), just before the toe of the
beach. Several wave gauges (resistive and acoustic) were used to
measure the water surface elevation, whereas an optical system
(PhaseSpace) was used for motion capture of the platform. Con-
versely, the flap motion was captured and stored by the hardware
that was used for motion control.

The testing campaign on the FOSWEC2 was performed
by using both regular and irregular waves. In fact, a preven-
tive system identification procedure was run before investigating
control-loop strategies. For validation purposes, non-breaking
regular waves are desirable and as such the case identified by
R5C is chosen. The wave characteristics for the test are reported

in Table 2 and it corresponds to Stokes’ second order waves.
The water depth for this case is set to 1.36 m, hence the wave
train travels in intermediate regime, meaning that the free sur-
face shape is affected by the bathymetry. Note that for the tests
reported in [50], the generated wave profiles were measured in
undisturbed wave conditions, that is, without device.

TABLE 2: SELECTED WAVE CONDITIONS FROM THE EX-
PERIMENTAL SETUP R5C

Parameter Symbol Quantity Unit

Wave period T 1.56 s
Wave height H 0.136 m
Water depth d 1.36 m
Wave length L 3.73 m

In order to comply with the physical characteristics de-
scribed above, a suitable numerical tank is designed upon the
experimental conditions, without strictly reproducing the geom-
etry. The wave tank is presented in Fig. 2, which proposes its
lateral and the top views, indicating the device’s location as well.
The tank is reduced in length and width, but the depth complies
with the experimental one to avoid modifications of the wave be-
ing propagated. A piston-type wavemaker is set to generate the
regular waves following the implementation proposed in [75].
Note that the parameter L, which indicates the wave length, ac-
counts for the wave condition; one wave length is common prac-
tice in modeling (either physical or numerical) to guarantee cor-
rect wave profile development and avoid local effect. Here, 1 ·L
before device’s position is used for correct wave generation and
propagation.

The width of the tank is shrunk to twice the apparent diam-
eter of the floater, and to prevent lateral reflection, a numerical
lateral damping zone (shaded area in top view Figure 2) that em-
ploys a quadratic decay function is applied in the y-direction [75].
Furthermore, to avoid any drag effects due to the presence of lat-
eral solid walls, periodic boundary conditions are applied [76].
Following the experimental setup, there is an 1:4 anti-reflective
beach downstream of the buoy, with an over-imposed damping
zone (shaded area).

4.2 PTO System
As mentioned, one of the objectives of the SANDIA report

was to provide a data repository for numerical model validations.
The test that is used in this work refers to the Test ID 194 [50], for
which a gain matrix was applied to include closed-loop control
systems as defined on the base of reduced order numerical model
of the FOSWEC2 dynamics. The model control parameters are
defined as the spring term kp and the damping term kp, which are
used to define the time dependent quantity Fa that depends on the
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TABLE 1: INPUT PARAMETERS USED FOR THE DEFINI-
TION OF THE MOORING LINE.

Element Symbol Quantity Unit

Mass m 263 kg
Length LWEC 1.44 m
Beam WWEC 1.63 m
Draft DWEC ¡1.24 m
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train travels in intermediate regime, meaning that the free sur-
face shape is affected by the bathymetry. Note that for the tests
reported in [50], the generated wave profiles were measured in
undisturbed wave conditions, that is, without device.
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In order to comply with the physical characteristics de-
scribed above, a suitable numerical tank is designed upon the
experimental conditions, without strictly reproducing the geom-
etry. The wave tank is presented in Fig. 2, which proposes its
lateral and the top views, indicating the device’s location as well.
The tank is reduced in length and width, but the depth complies
with the experimental one to avoid modifications of the wave be-
ing propagated. A piston-type wavemaker is set to generate the
regular waves following the implementation proposed in [75].
Note that the parameter L, which indicates the wave length, ac-
counts for the wave condition; one wave length is common prac-
tice in modeling (either physical or numerical) to guarantee cor-
rect wave profile development and avoid local effect. Here, 1 ·L
before device’s position is used for correct wave generation and
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The width of the tank is shrunk to twice the apparent diam-
eter of the floater, and to prevent lateral reflection, a numerical
lateral damping zone (shaded area in top view Figure 2) that em-
ploys a quadratic decay function is applied in the y-direction [75].
Furthermore, to avoid any drag effects due to the presence of lat-
eral solid walls, periodic boundary conditions are applied [76].
Following the experimental setup, there is an 1:4 anti-reflective
beach downstream of the buoy, with an over-imposed damping
zone (shaded area).

4.2 PTO System
As mentioned, one of the objectives of the SANDIA report

was to provide a data repository for numerical model validations.
The test that is used in this work refers to the Test ID 194 [50], for
which a gain matrix was applied to include closed-loop control
systems as defined on the base of reduced order numerical model
of the FOSWEC2 dynamics. The model control parameters are
defined as the spring term kp and the damping term kp, which are
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FIGURE 2: SCHEMATIC OF THE WAVE TANK AND FOSWEC2.

position and velocity of the flaps:

Fa = (K j, j
p + iwK j, j

d )q(w) (11)

where j is the index of the flap (1 for bow, 2 for aft) and w the
angular wave frequency. The four controller parameters were
varied over prescribed ranges, and for each unique gain combina-
tion, time windows of 30 s under the same wave excitation were
used to evaluate control performance to ensure an adequate fre-
quency resolution [77]. For this validation procedure, the time
window that spans t 2 90� 120 s is considered; the values of
the control parameters for the defined batch are reported in Ta-
ble 3. Note that such a time window comprises 24 wave periods
(T = 1.56 s), of which 20 are regarded as well-developed and
meaningful for this validation procedure.

The hinge properties reported above are simulated by us-
ing the Project Chrono library; along with motion restriction,
an hinge function can model a velocity-proportional (viscous)
damping and rotational stiffness according to the following rela-

TABLE 3: STIFFNESS AND DAMPING COEFFICIENTS OF
THE PTO SYSTEM.

Location Parameter Symbol Quantity Unit

Bow flap Stiffness kp.b -3.561 N·m/rad
Bow flap Damping kd.b 1.762 N·m·s/rad
Aft flap Stiffness kp.a -2.800 N·m/rad
Aft flap Damping kd.a 0.465 N·m·s/rad

tionship:

T (t) = kd q̇ + kpq , (12)

where kd is the torsional viscous damping, kp the torsional stiff-
ness, and q̇ is the angular velocity. The parameters reported Ta-
ble 3 are used to assign the hinge function that restricts the mo-
tion of the bow and aft flaps.

4.3 Mooring systems
The lumped-mass approach consists in dividing the entire

unstretched length of a mooring line (L0) into equally spaced
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coordinates and t is time. The spatial velocity potential consists of the 
following components: the incident potential ϕI with unit wave height; 
the corresponding diffraction potential ϕD, which is generated by the 

Fig. 1. Conceptual diagram and a 1/40 experimental model of the WWHS.

Fig. 2. Hybrid WEC arrays and their buoys.

Table 1 
Key parameters of the wind-wave hybrid system (WWHS).

Parameter Value Unit

Platform Mass 7,166,000 kg
Draft 22.9 m

Column diameter 10.7 m
Distance between columns 56.4 m

Center of gravity (below water 
surface)

6.996 m

Kxx radius of gyration 34.6 m
Kyy radius of gyration 34.6 m
Kzz radius of gyration 31.96 m

WEC Floater diameter 8 m
Draft 4.429 m
Mass 164,500 kg

Arm length 12 m
Center of gravity (relative to hinge 

point)
(→9.891, 0, 
→6.815)

m

Wind 
turbine

Rated power 5 MW
Rated wind speed 11.4 m/s

Rotor height 90 m

Mooring Stiffness 950,000 kN
Equivalent diameter 0.286 m

Mass density 512 kg/ 
m

Unstretched length 474.5 m
Mooring radius 500 m

Fig. 3. Multibody fully coupled aero-hydro-servo-elastic-mooring simulation 
framework (OFPA).
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Rendered view of a wave–wind farm and a 1/40 experimental model of a wind–wave power system.

Wei, Z., Borthwick, A. G. L., Cao, F., Zhao, C., Han, M., Dai, M., & Shi, H. (2025). 
Power performance of an offshore floating hybrid wind and wave energy converter. 
Energy Conversion and Management, 341, 120023. https://doi.org/10.1016/
j.enconman.2025.120023

Wave energy combined to wind - Synergy for performance - Synergy for infrastructure - Benefits the power grid

Wei, Z., Cao, F., Cao, C., Han, Z., Shi, H., & Ji, T. (2025). 
Experimental study on the effects of an array of concentric wave 
energy converters on the dynamic of semi-submersible floating 
wind turbine. Renewable Energy, 242, 122495. https://doi.org/
10.1016/j.renene.2025.122495
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coordinates and t is time. The spatial velocity potential consists of the 
following components: the incident potential ϕI with unit wave height; 
the corresponding diffraction potential ϕD, which is generated by the 

Fig. 1. Conceptual diagram and a 1/40 experimental model of the WWHS.

Fig. 2. Hybrid WEC arrays and their buoys.
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Rotor height 90 m
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Mooring radius 500 m

Fig. 3. Multibody fully coupled aero-hydro-servo-elastic-mooring simulation 
framework (OFPA).
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Panel models of the multibody system, including diffracting panels and external LID panels.
Ghafari, H. R., Ghassemi, H., & Akbari Vakilabadi, K. (2025). Hydrodynamic performance 
and power absorption of the hybrid wind-wave energy systems with different platform 
geometr ies . Ocean Engineer ing , 332 , 121440. h t tps : / /do i .org /10 .1016/
j.oceaneng.2025.121440

et al. (2017) and Ding et al. (2018), respectively.
Mooring line system properties for six considered floating platforms 

are listed in Table 2.
Fig. 5 illustrates the Wavestar WEC mechanism for absorbed power 

and model dimensions. It is evident that when encountering sea waves, 
the heave motion of the Wavestar buoy transforms into oscillating 
angular motion around a hinged joint. To represent the PTO system, the 
rotational damping coefficients were employed.

In the hybrid wind-wave system, 12 Wavestar with a constant 
diameter of 5 m (N12D5) was employed to compare the performance of 
six hybrid systems. Table 3 provides the system properties of the 
Wavestar WEC model based on Windt et al. (2020) and N12D5 WEC in 
these six hybrid systems.

3. Numerical method

The hydrodynamic response of hybrid systems including a platform 
and 12 WS WECs connected to the platform was obtained using the 
boundary element method with potential flow theory. This method 
considers the hydrodynamic interaction between each floating body, 
which affects the added mass, radiation damping, and excited wave 
force. In the boundary element method (BEM) based on potential flow 
theory, the platform’s slow movements under the influence of sea waves 
result in pressure being the dominant force. The viscous effects are often 
assumed to be negligible because potential flow theory primarily ac-
counts for inviscid, irrotational flow. This assumption is particularly 
valid for large-scale offshore structures, where the Reynolds number is 

high, and viscous damping forces are relatively small compared to 
pressure forces (Faltinsen, 1993; Newman, 2018). Therefore, in simu-
lations involving real-scale dimensions, the effect of viscosity can be 
reasonably ignored. ANSYS/AQWA combines two methods to estimate 
wave force acting on a hull body: diffraction panels and Morison ele-
ments. Diffraction panels are used to model the large-volume compo-
nents of a floating hybrid system, such as the platform body and WECs 
buoy, while Morison elements are used to model small cross-section 
components, such as mooring lines, the WECs arm, and platform 
braces (Ansys, 2018).

Each floating body within the combined system experiences several 
wave-induced forces: wave excitation force (Fex), wave radiation force 
(Fr), hydrostatic restoring force (Fhs) and mooring line force Fm→t↑. 
Additionally, each WEC interacts with the floating platform through two 
internal forces: the connecting force (Fc) and the PTO force (FPTO). The 
dynamic equation motion of the floating body in the time domain can be 
expressed as: 

Mtot !X→t↑↓ Fex→t↑ ↔ Fr→t↑ ↔ Fhs→t↑ ↔ Fm→t↑ ↔ Fc→t↑ ↔ FPTO→t↑ (1) 

where Mtot is the total mass including added mass (M↔ A→∞↑) of the 
floating body and !X→t↑ is floating body acceleration.

Catenary mooring lines play a vital role in reducing platform motion. 
These lines are subjected to many forces, as described by the lumped- 
mass model. External hydrodynamic loads like drag, buoyancy, and 
added mass-related radiation load, along with internal forces such as 
shear, tension, and bending moments, influence the behavior and 

Table 3 
System properties of Wavestar WEC model and N12D5 in six hybrid systems.

Properties Model N12D5 Unit

Wavestar diameter 1 5 m
Wavestar number 1 12 –
Mass (Float and Arm) 220 27500 kg
Moment of inertia (Ixx) 95.2 297500 kg.m2

Moment of inertia (Iyy) 124 385000 kg.m2

Moment of inertia (Izz) 98 306250 kg.m2

Center of mass from hinged point (1.3954, 0,-1.3305) (6.95, 0, ↗6.65) m
Draft 0.4 2 m

Fig. 6. Panel models of the multibody system, including diffracting panels and external LID panels.

H.R. Ghafari et al.                                                                                                                                                                                                                              Ocean�Engineering�332��������121440�
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coordinates and t is time. The spatial velocity potential consists of the 
following components: the incident potential ϕI with unit wave height; 
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Distance between columns 56.4 m

Center of gravity (below water 
surface)
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Different types of floating platforms for hybrid wind-wave systems (Wavestar: N=12, D=5.00 m).
Ghafari, H. R., Ghassemi, H., & Akbari Vakilabadi, K. (2025). Hydrodynamic performance 
and power absorption of the hybrid wind-wave energy systems with different platform 
geometr ies . Ocean Engineer ing , 332 , 121440. h t tps : / /do i .org /10 .1016/
j.oceaneng.2025.121440

mooring system, including a multi-segment arrangement of catenary 
and taut mooring lines, buoys, and clump weights, have been proposed 
and investigated by Refs (Neisi et al. 2022, 2024) to reduce the dynamic 
motions of the platform.

Chen et al. (2016) proposed the HWWEs with three hemispherical 
WECs connected by arms to the three corners of a semi-submersible 
wind turbine platform. The key difference between this WEC and the 
Wavestar is that it uses three degrees of freedom of the floating buoy.

Gaspar et al. (2017) conducted a study on WS WECs with three 
different shapes: hemisphere, cone, and half cylinder. Their focus was on 
integrating these WECs into a combined system with FOWT platforms 
featuring a circular array of WECs. The researchers specifically exam-
ined how the distance of the WEC from the center of the platform 
affected the WEC capture width ratio. Their findings revealed that the 
cone-shaped buoy outperformed the other two geometries in terms of 
performance.

Gaspar et al. (2018) presented a new semi-submerged platform 
design for mounting circular arrays of Wavestar WEC. Examining the 
number of WECs showed that considering the stability criteria, only the 
platforms with 3 and 6 wave absorbers are sufficiently stable in survival 
conditions, but the platform with 12 WECs is very stable only in oper-
ational conditions and is almost unstable in survival conditions due to 
raising the WEC arms.

In continuation of previous studies, Hallak et al. (2018) conducted 
research on a new semi-submerged platform designed to support a 
floating wind turbine along with 12 cone-shaped WECs. The study aimed 
to explore the feasibility and performance of this integrated system. The 
semi-submerged platform was proposed as a solution to enhance the 
stability and efficiency of the combined wind-wave system. The re-
searchers likely investigated aspects such as power production, platform 
dynamics, and the overall performance of the system.

Kamarlouei et al. (2019) conducted a laboratory study of a WS WECs 
system and a semi-submerged platform with six columns. The WECs 
were cone-shaped and arranged in six pairs in a circular array. The re-
sults showed that the interaction between the WECs and the platform 

improved the platform’s heave, roll, and pitch behavior. The WECs also 
had a significant effect on the platform’s natural period, especially when 
the WEC damping coefficient was taken into account. Kamarlouei et al. 
(2020) conducted an experimental investigation on a small-scale 
concentric WEC array integrated with a FOWT platform. The research 
focused on analyzing the dynamics and performance of the prototype, 
both with and without twelve WECs. The results demonstrate that the 
interaction between the platform and the WECs has a positive impact on 
the heave and pitch response of the platform. However, the reduction in 
platform heave and pitch motions after installing the WEC array is 
significantly dependent on the damping characteristics of the power 
take-off (PTO) system.

Hallak et al. (2021) investigated the numerical analysis of the 
HWWEs comprising conical-shaped WECs with diameters of 5, 7.5, and 
10 m. Their results showed that increasing the absorber diameter led to 
an increase in system efficiency. The experimental study by Gaspar et al. 
(2021) demonstrated that the use of optimal PTO efficiency increased 
energy absorption up to six times. Ghafari et al. (2021a) used the 
DeepCwind OC4 platform to combine FOWT with different numbers of 
WECs (3, 6, 9, and 12 WECs) and constant radius. They also combined 
FOWTs with different WEC diameters and a constant number of WECs (3 
WECs). This was done to assess the performance of the HWWEs in terms 
of absorbed power, capture width ratio, and hydrodynamic response of 
the platform (Ghafari et al., 2022b). Si et al. (2021) presented a hybrid 
system consisting of a semi-submerged FOWT and 3 WS WEC arranged 
Centro-symmetrically in line with the side columns. Kamarlouei et al. 
(2022) demonstrated that activating the PTO damping of the WEC 
resulted in a 25 % reduction in the natural period and a 17 % increase in 
the damping ratio. It is important to note that a significant decrease in 
the specific period of heave may not always be accompanied by an in-
crease in the damping ratio. The integration of a WEC on the FOWT 
platform can have both positive and negative effects on the heave and 
pitch motions during operational and survival modes.

Bractless semi-submersible (BSS) FOWT is another platform for 
hybrid wind-wave energy systems proposed by authors (Ghafari et al., 

Fig. 3. Different types of floating platforms for hybrid wind-wave systems (WS: N → 12, D → 5m).
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A hybrid system consisting of a floating offshore wind 
turbine and wave energy converters (WECs) is promising 
for multiple extractions of ocean renewable energy.

Catenary lines

1. Revolute joints 
2. Dampers (energy harvesting) 

Semi-sub and Wavestar

Multi-piston wave generation 
with Active Absorption

Configuration

L = 110 m

Jin, P., Zheng, Z., Zhou, Z., Zhou, B., Wang, L., Yang, Y., & Liu, Y. (2023). Optimization and evaluation of a 
semi-submersible wind turbine and oscillating body wave energy converters hybrid system. Energy, 282, 
128889. https://doi.org/10.1016/j.energy.2023.128889

https://doi.org/10.1016/j.energy.2023.128889


Challenge

1. Coexistence of very dissimilar structures (WECs and FOWTs) 

2. Simulation of larger domains 

3. Long simulations
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Packing algorithm for particle positioning

Heave decay test with initial negative  
displacement

Particle 
size

Float 
Particles

Total 
Particles Runtime

Dp=T/5 1.25 cm 22 k 3.6 M 2.3 h

Simulation time: 15 seconds

DEEPCWIND USED IN OC6-PHASE IA 

Fluid

Braces are not 
modeled at this stage

Niosi, F., Dell'edera, O., Glorioso, M., Paduano, B., Giorgi, G., & Schreier, S. (2025). Experimental 
investigation and dataset release of a taut-leg mooring system for a semi-submersible floating offshore 
wind turbine. Ocean Engineering, 328, 121067. https://doi.org/10.1016/j.oceaneng.2025.121067

Phase I of the OC6 project is focused on examining why offshore wind 
design tools underpredict the response (loads/motion) of the OC5-
DeepCwind semisubmersible at its surge and pitch natural frequencies.

https://doi.org/10.1016/j.oceaneng.2025.121067


Decay test

Heave decay test with initial negative  
displacement

Particle size Float 
Particles

Total 
Particles Runtime

Dp=T/5 1.25 cm 22 k 3.2 M 1.9 h

Dp=T/10 0.62 cm 100 k 20 M 23 h

Simulation time: 15 seconds

43

Coloring represents magnitude velocity

Coloring represents magnitude velocity

Heave



Packing algorithm for particle positioning
Comparison Dp = T/5
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Orto Lattice

Main frequency (s) Damping ratio (     )    Error
Orto 1.65 3.5% 7%
Tetra 1.60 3.0% 4%

Reference 1.64 2.0% -

δ2

Better buoyancy
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Packing algorithm for particle positioning
Viscosity model

Triangular Lattice

Orto Lattice

Main frequency (s) Damping ratio (     )    Error
Orto 1.65 3.5% 7%
Tetra 1.60 3.0% 4%

Reference 1.64 2.0% -

δ2

Same runtime!



DEEPCWIND USED IN OC6-PHASE IB

Hydrodynamic load validation

Multi-piston wave 
generation with Active 
Absorption

Images courtesy of  Amy Robertson (NREL)
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Viccione, G., Gómez-Gesteira, M., & Crespo, A. J. C. (2023). Numerical validations and investigation of a semi-
submersible floating offshore wind turbine platform interacting with ocean waves using an SPH framework. Applied 
Ocean Research, 141, 103757. https://doi.org/10.1016/j.apor.2023.103757
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The platform is fixed, so these 
simulations do not include any 
external library.

Validation



Spectral response
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slight changes of density (less than 1%) as per:

p =
c2

s !0

∀

((
!
!0

)∀
→1

)
, (3)

where !0 = 1000 kg/m3 is the reference fluid density, ∀ is the
polytropic constant (∀ = 7 for water), and cs is the numerical
speed of sound.

This SPH discretization, namely “Weakly Compressible”,
allows for the implementation of techniques to reduce numerical
noise or instabilities. In the momentum equation (1), for
example, an artificial viscosity term (!ab) is added to stabilize
the SPH scheme [33]. Besides, the second term rightward in the
continuity equation (2) is implemented to improve the stability
of the scheme by smoothing the density field (the parameter #∀
is usually chosen as 0.1). The density diffusion term #ab, in fact,
as developed in [55], is inspired to the one proposed in [56], but
using the total density instead of the dynamic one: in this way,
the pressure gradient close to the boundaries results significantly
improved for gravity-driven flows. For more details, refer to [32].

2.2 Rigid body dynamics and SPH
Fluid-driven objects in DualSPHysics obey Newton’s

equations for rigid body dynamics, with the force contribution
being computed among the surrounding fluid particles according
to the designated kernel function and smoothing length. The
system of equations reads:

M
dV
dt

= ∃
k↑body

mkfk (4)

Id%%%
dt

= ∃
k↑body

mk(rk → r0)↓ fk, (5)

where M is the mass of the object, I is the inertia matrix, V is
the velocity, %%% the angular velocity, and r0 the center of mass.
The force per unit mass experienced by particle k belonging to
the rigid body is given by:

fk = g+ ∃
b↑ f luid

fkb, (6)

being computed over the surrounding fluid particles b depending
on the designated kernel function and smoothing length. Eqs. (4)
and (5) are integrated in time to predict the values of V and %%% at
the beginning of the next time step, conserving linear and angular
momentum [57]. Validations about buoyancy-driven motion are
performed in [58] and [39].

2.3 Boundary conditions
Modified Dynamic Boundary Conditions (mDBC) [59]

are utilized in this study. As an evolution of the Dynamic
Boundary Conditions (DBC) [60], effective and largely adopted
for complex geometries [61, 62], the mDBC improve the
performance of the former approach, especially when not-wet
boundary particles interact with fluid. Using the same particle
arrangement, an interacting boundary surface is located between
the outermost layer of particles of the body and the fluid domain.
Normal vectors are computed with respect to the latter boundary
surface for all the particles within a certain distance, usually
equal or slightly greater than the smoothing length. Eventually,
these properties are used to extrapolate the density values of
the boundary particles, homogenizing the boundary and fluid
pressure fields and solving the over dissipation of the former
approach. Further applications for various kinds of FSI can be
found in [63–66].

2.4 Coupling with external solvers
DualSPHysics is coupled to the multiphysics library Project

Chrono [36] to enhance its versatility. The coupling technique
and the main functionality made available by the code are
thoroughly described in [37]. In this work, Chrono is used to
simulate revolute joints that connect the platform and the three
Wavestar devices. In addition, DualSPHysics is coupled with
the mooring solver MoorDynPlus [38, 39] to simulate moored
fluid-driven objects. The mooring solver employs a lumped-mass
approach to address the problem, and it used in this work to solve
the catenary system that anchors the DeepCwind platform.

3 WAVESTAR
3.1 Numerical configuration

The Wavestar WEC configures a point absorber device
composed of a hemispherical shaped buoy, which then extends

x

z

2L

1L

Five independent
wave-makers with
active absorption

Frictionless
Revolute

Joint

Linear
spring–damper

Wavestar

FIGURE 1: WAVESTAR STAND-ALONE CONFIGURATION
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Wavestar
General overview

51

BC Initialization

D = 9.80 m

Windt et al. (2020). Validation of a CFD-based numerical wave tank model for the 
power production assessment of the wavestar ocean wave energy converter. Renewable 
Energy, 146, 2499-2516. https://doi.org/10.1016/j.renene.2019.08.059
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Wave Height Wave Period Wave Length

MS02 1.50 m 4.40 s 30.92 m
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in the Wavestar experiments. This paper extends [1,2] by consid-
ering cases in which the hydraulic PTO system is actively engaged.

In addition to the requirement of modelling the effect of the PTO
system on the WEC, including the controlled PTO also challenges
the CNWT model by introducing increased nonlinear hydrody-
namic effects compared to the free floating case [8,21]. Fig. 1 shows
the operational space of a WEC under uncontrolled (black line) and
controlled (red line) conditions. A drastic magnification of the
operational space is caused by the implementation of control,
implying increased nonlinear hydrodynamic effects. In this paper
the effects of the PTO are implemented using a representative,
spring-damper model. This acts as a stepping stone towards a high-
fidelity wave-to-wire simulation of the Wavestar device, using CFD
for the hydrodynamics and a high-fidelity model (considering the
hydraulics and electromagnetic generator) for the PTO system, as
demonstrated in Ref. [5].

1.4. Outline of paper

The remainder of the paper is organised as follows. Section 2
introduces the experimental setup and WEC characteristics from
the PWT test campaign. Section 3 describes the test cases consid-
ered in the validation study: wave-only simulation, wave diffrac-
tion and radiation tests, as well as wave-driven motion of the WEC
with PTO damping. Section 4 shows the details of the CNWT used
for the numerical simulations. Section 5 presents and discusses the
results, while conclusions are drawn in Section 6.

2. Physical wave tank

The experimental data in this study originates from PWT tests of
a 1:5 scale Wavestar model (see Fig. 2), conducted at the Ocean
Wave Basin at Plymouth University, detailed in Refs. [20,22]. A
schematic of the experimental test setup, including significant di-
mensions, is depicted in Fig. 3. System properties (mass, inertia,
etc.) are listed in Table 1. The experimental data comprises:

! WEC motion: measured via the piston displacement in the hy-
draulic PTO cylinder (see Fig. 3)

! PTO force: measured at the connection of the hydraulic PTO
with the arm, using a single degree of freedom (DoF) load cell.

! Pressure on the WEC: measured at 29 locations on the hull,
using pressure gauges (PGs) (see Fig. 4 for PG numbering).

! FSE: measured at 16 locations in the tank, using wave probes
(WPs) (see Fig. 5 for WP numbering).

3. Test cases

Several different types of tests, each considering different types
of waves, were conducted in the experimental PWT campaign.

Fig. 1. Operational space for a WEC with and without control applied (adapted from
Ref. [21]).

Fig. 2. The 1:5 scale physical model of the Wavestar WEC in Plymouth Ocean Wave
basin (adapted from Ref. [1]).

Fig. 3. Schematic of the experimental setup, including the main dimensions (in mm).
Schematic not to scale (adopted from Refs. [1,20]).

Table 1
Physical properties of the 1:5 scale Wavestar model.

Mass (Float & Arm) 220 kg

Inertia 124 kgm2

Centre of Mass (CoM) of the floating system in equilibrium relative to
the hinge position:
x 1.3954m
y 0.0m
z "1.3305m

Submergence (in equilibrium) 0.4m
Water depth d 3m

C. Windt et al. / Renewable Energy 146 (2020) 2499e2516 2501

Fx

P0

Windt et al. (2020). Validation of a CFD-based numerical wave tank model for the 
power production assessment of the wavestar ocean wave energy converter. Renewable 
Energy, 146, 2499-2516. https://doi.org/10.1016/j.renene.2019.08.059 20.0 25.0 30.0 35.0 40.0 45.0 50.0
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Damping Stiffness Initial Length

PTO 21 MNs/m 3.80 MN/m 11.30 m
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considering hydrodynamic interactions among floating bodies.
The novelty of this research lies in the exploration of these innova-

tive hybrid FOWT-WEC concepts and the comprehensive numerical 
analysis of their performance under different wave conditions. The 
findings of this study are expected to provide valuable insights into the 
design and optimization of hybrid offshore energy platforms for efficient 
utilization of both wind and wave resources.

In this work, the hydrodynamic response of moored floating bodies 
in wave conditions was obtained using potential theory. The velocity 
potential was calculated from Laplace’s equation, and the boundary 
conditions were taken into account. Subsequently, the pressure on the 
wetted surface was determined, allowing for the calculation of hydro-
dynamic forces, including diffraction, incident, and radiation forces.

2. The hybrid FOWT- WEC

In this study, the effect of platform geometry type in the HWWEs has 
been investigated to evaluate the power production and hydrodynamic 
response of the hybrid system. Six types of platform geometry were 
selected, including OC4-DeepCwind, BSS, and Spar, as well as 3C2HP, 
4C2HP, and 6C2HP. The hybrid systems utilized a WS WEC with 12 units 
and a diameter of 5m, as shown in Fig. 3.

Fig. 4 displays the top view of the hybrid system, revealing that 
certain absorbers exhibit symmetry in relation to the wave direction.

Table 1 lists the major properties of six FOWT platforms shown in 
Figs. 3 and 4. The OC4 properties are obtained from Hall and Goupee 
(2015), while the BSS and Spar details have been adopted from Luan 

Table 2 
Mooring line system properties.

Properties BSS OC4 Spar 3C2HP 4C2HP 6C2HP Unit

Number of mooring lines ​ 3 3 3 3 3 3 –
Angle between mooring line ​ 120 120 120 120 120 120 degree
Depth to anchors below SWL ​ 200 200 320 200 200 200 m
Depth to fairleads below SWL ​ 30 14 70 14 14 14 m
Radius to anchors ​ 603 837.6 853.87 837.6 837.6 837.6 m
Radius to fairleads ​ 45.95 40.87 5.2 40.87 40.87 40.87 m
Material of mooring line Upper Cable – ​ – – – –

Middle – Chain ​ Chain Chain Chain
Lower Chain – ​ – – –

Unstretched mooring line length Upper 240 – – – – – m
Middle – 835.5 902.2 835.5 835.5 835.5
Lower 367.55 – – – – –

Mooring line diameter Upper 0.195 – – – – – m
Middle – 0.1137 0.09 0.1137 0.1137 0.1137
Lower 0.269 – – – – –

Mooring line mass density Upper 235 – ​ – – – Kg/m
Middle – 116.6 77.71 116.6 116.6 116.6
Lower 446 – ​ – – –

Mooring line stiffness Upper 3080000 – – – – – kN/m
Middle – 753600 384000 753600 753600 753600
Lower 3080000 – – – – –

Young’s modulus of Elasticity Upper 2.1 → 108 – ​ – – – kN/m2

Middle – 5. 44 → 104 2.10 → 104 5. 44 →
104

5. 44 →
104

5. 44 →
104

Lower 2.1 → 108 – ​ – – –

Fig. 5. Wavestar WEC mechanism and model dimension.
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48 simulations have been run to produce a sufficiently
detailed power matrix, which simulated 25 wave periods of
physical time, and a time window of 15 wave periods was used
to compute the power output (i.e., !), for a given couple of T, Hi,
by means of:

P(T,Hi) =
dPTO(T )

!

∫ !

0
∀̇ 2(t)dt . (10)

These results have been compiled into the power matrix
shown in the first panel of Figure 4, where the power, expressed
in kW is represented considering iso-power curves. Similarly,
the second panel reports a capture with ration (CWR) matrix,
where each isoline marks values obtained from:

CWR =
P

D ·Pwave
(11)

where D is characteristic diameter of for the heave device
(corresponding to the float diameter) [71] and Pwave is defined
as [72]:

Pwave(#) =
1
8

∃gH2
(

1
2
+

kh
sinh(2kh)

)
#
k

(12)

where k = 2%/L (L being the wave length) is the wavenumber
and # = 2%/T the angular wave frequency.

The results reported in the first panel of Figure 4 can be
framed in a wider literature context. [73] presents a power unit
(which was defined as a WEC) equipped with 20 floats, each
having a 6-meter diameter, which were mounted on 12-meter
long arms hinged on the main body of a legged platform.
This device is rated at 600 kW, which is achieved at a wave
height of 2.50 m for waves longer than 4 seconds. In [74],
similarly, a bottom-fixed heave-buoy array comprised on 20
5-meter-in-diameter floats, all connected to a single structure,
which is capable of consistently delivering 400 kW from wave
height of 2.50 m. Finally, from the presented results, one
Wavestar with a hemi-spherical float of 10 meters in diameter
can guarantee about 100 kW starting from 2.00 m.

4 THE DEEPCWIND
4.1 Numerical modeling

For the numerical validation procedure that follows, the
1:50-scale DeepCwind semi-submersible is considered as a
reference structure [47], which was largely validated in [50]
against data for fixed [75] and moored [76] configurations.
Additionally, the targeted mooring configuration complies with
a three-cable catenary mooring system [77] (i.e., OC4).

First, the DeepCwind platform alone in OC4 configuration
is compared against numerical reference data provided in [19].
Table 3 and Table 4 respectively report the key parameters for
the definition of the platform hull, its total mass, and moments of
inertia, and the catenary line model parameters to be employed
in MoorDynPlus. Note that the turbine here is not explicitly
modeled, as the whole platform only possesses six degrees of
freedom, and thus responds as a rigid body. Nevertheless, the
overall mass and its inertia matrix are defined to account for
its general properties, following the representation presented in
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Optimal damping function for passive PTO control 
as defined in Jin et al. (2023).

Jin, P., Zheng, Z., Zhou, Z., Zhou, B., Wang, L., Yang, Y., & Liu, Y. (2023). 
Optimization and evaluation of a semi-submersible wind turbine and oscillating 
body wave energy converters hybrid system. Energy, 282, 128889. https://
doi.org/10.1016/j.energy.2023.128889
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FIGURE 7: NUMERICAL VERSUS EXPERIMENTAL MOTION VALIDATION FOR A DEEPCWIND WITH THREE WECS.
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FIGURE 8: AVERAGE POWER GENERATION FOR EACH
WAVESTAR

agreement between the two models, showing remarkable
different features between WEC 1 (the up-wave one) and WEC
2 and 3 (the down-wave ones). However, detailed examination
reveals that the SPH model predicts “better” power performance
for the three WECs for periods that cover the 4.5 to 6.0-s range,

where resonance for the Wavestar device is expected. Generally,
with DualSPHysics, each Wavestar exhibits more and higher
peaks in power production, the most important of which develops
at 5.5 seconds, which is barely captured by F2A. For long
periods, both models produces similar values for WEC 1, which
actually seems to benefit from the higher mobility of the platform
(ref. to Figure 7), whereas WEC 2 and WEC 3 suffer from
it, showing very low performance, even lower than an isolated
Wavestar.

Figure 9 presents the total power output for a hybrid
DeepCwind–Wavestar unit, under 2.00-meter waves. In addition,
the gray dashed line reports the power output for three Wavestars
when working alone. It is clear, the SPH model predicts higher
power performance for the investigated unit when no wind
energy is being captured. The addition of the red dashed line that
marks the 500-kW threshold makes it clear that this unit could
potentially be rated at more than 600 kW upon a much wider
frequency range. Compared to the power production of similarly
sized fixed Wavestars, much more power is generated, whereas
similar performance is obtained when waves become longer.
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6 CONCLUSIONS
With this work, we have presented a high-fidelity

modeling procedure for engineering simulations of hybrid
platforms for combined wave&wind energy units. The
DualSPHysics multi-physics simulator allows for CFD-based
simulation of multi-body systems and fluids, all solved within a
unitary framework that ensures computational performance and
accuracy. First, a standalone Wavestar device was validated
against experimental data with a passive power-take off system.
Similar code comparison is performed for a DeepCwind platform
under very short waves. Finally, the optimized Wavestar
layout presented in [19], along with its frequency-dependent
power take-off system, was simulated in DualSPHysics, yielding
similar platform and WEC responses.

The presented results confirm how hybridizing wave and
wind energy systems can elevate renewable energy system
competitiveness, with wave energy slowly emerging out of
its long-standing limitations and knowledge gaps. For the
considered system, having a more realistic power estimation
can induce a great deal of difference. A 15% power increase
could have a minor-to-significant impact on the performance of
power parks with tens of units. However, widening the range
of frequency by 70% can realistically provide a 90%-increase
on the power output when real sea states are taken into account.
Such contribution has been unearthed by using software that can
capture wave-to-structure interaction with high accuracy.

Yet, numerical frameworks that can anticipate most of the
physics of an engineering system without much prior knowledge,
such as the one presented here, can be instrumental to a number
of key advancements for wave energy. DualSPHysics flexibility
is ideal for framing a test-rig to optimize float arrangements,
study structural connectors and possible effects on other parts
of the system (e.g., the wind turbine). Next, using coordinated
control strategies may become a more realistic way to infer on

the type of devices and their arrangement [80]. Lastly, power
control strategy and park deployments may be affected by the
correct functioning of newly developed “power units”.

The limited scope of this work notwithstanding, our
observations continue to highlight how wave energy may still
be held back by a generalized lack of software assets that can
be easy to access and simple to use and deploy. This could
be greatly amplified by new visions on novel standard design
recommendations that could reward more, for certain special
systems, fewer but more realistic numerical representations for
the system to be engineered [81].
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[3] López, I., Andreu, J., Ceballos, S., Martı́nez de Alegrı́a, I., and
Kortabarria, I., 2013. “Review of wave energy technologies and
the necessary power-equipment”. Renewable and Sustainable
Energy Reviews, 27, pp. 413–434.
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Hybrid Platform (6 WECs)

Coloring represents transversal velocity
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Possible on-board flywheel for 10-15 seconds 
stabilized output.
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Extreme conditions (Free)

Coloring represents transversal velocity
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Only hydrodynamic elements are displayed
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Extreme conditions (Locked)

Coloring represents transversal velocity
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Only hydrodynamic elements are displayed
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Discussion
1. High-fidelity has found its niche for marine renewable energy 

2. SPH is catching up with (applicability is key) 

3. Combined validation are deemed reliable for most applications 

4. We can do engineering!
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