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A B S T R A C T   

To design a Wave Energy Converter mooring system that ensures maintainability, resistance, and low costs, 
without affecting productivity, it is necessary to foster reliable numerical models. In the present paper, the 
validation of Orcaflex© simulations against the experiment results of the Pendulum Wave Energy Converter 
(PEWEC) 1:25 scale model, conducted at the University of Naples Federico II, is presented. The experiments 
consist of free-decay and static pull-out tests to assess the inertial properties of the model and mooring system; 
tests in operative and extreme regular and irregular waves to fully characterize the mooring system and the 
device dynamics. The same wave records measured in the towing tank have been used in numerical simulations. 
PEWEC motion results from numerical simulations and experiments are given in terms of Response Amplitude 
Operators (RAOs) for regular waves, as statistical values in tabular form, and in Taylor’s diagrams for irregular 
waves. The most probable fairleads tensions for the load dimensioning have been obtained from the Generalized 
Extreme Value (GEV) distribution of experimental and numerical data. The obtained differences show that the 
numerical model accurately predicts the experimental data and correctly estimates the dimensioning load of the 
mooring lines.   

1. Introduction 

The climate crisis characterizing the last few decades and the diffi-
culty in finding energy sources, due to delicate geopolitical situations, 
make renewable energies an essential source for the near future. Among 
these, wave energy plays a fundamental part in the energy scenario and 
there are more than one thousand Wave Energy Converters (WECs) 
prototypes nowadays, as reported in Xu and Wang (2019).. A very 
detailed overview of the research projects in the world, touching upon 
development history, working principles, main dimensions and sea sites, 
and possible mooring systems can be found in Clemente et al. (2021), 
Qiao et al. (2019), Fenu et al. (2020) and Golbaza et al. (2022). A 
comprehensive review of the WEC research using Computational Fluid 
Dynamics (CFD) over the past two decades is reported in Windt et al. 
(2020), clearly indicating the importance of acquiring reliable numeri-
cal tools for WEC research and development, as it gives the possibility to 
simulate various environmental and physical conditions without sig-
nificant restrictions compared to experiments. 

In the design of a Wave Energy Converter, the first step is the analysis 

of the wave resource relating to the installation site, which must be 
carefully chosen. For the given installation site, the device must be 
designed to maximize its production. And finally, the mooring system 
must be designed to withstand and ensure the safety of the device during 
a storm. 

To date, the world standard perspective lacks a clear description of 
the criteria and standards that the WEC must comply with to be defined 
as adequate. A set of recommendations targeting WEC mooring guide-
lines and standards has been published as a deliverable of EU project 
OPERA (Khalid et al., 2019). A review and suggestions for suitable 
mooring design, according to the WEC dimensions and working princi-
ples, are given in Xu and Wang. (2019). The authors highlighted that the 
elastic synthetic rope has great potential in the application of WEC 
mooring system and that the hybrid mooring system could be a good 
solution for the WEC station-keeping problem. Barrera et al. (2019) 
conducted an experimental study to examine the dynamic characteris-
tics of mooring lines and evaluated how the damping effect varied under 
different motion conditions. The authors pointed out the importance of 
proper upscaling to correctly withdraw the results from experiments. 

* Corresponding author. 
E-mail address: francesco.niosi@polito.it (F. Niosi).  

Contents lists available at ScienceDirect 

Ocean Engineering 

journal homepage: www.elsevier.com/locate/oceaneng 

https://doi.org/10.1016/j.oceaneng.2023.114963 
Received 22 March 2023; Received in revised form 25 May 2023; Accepted 27 May 2023   

mailto:francesco.niosi@polito.it
www.sciencedirect.com/science/journal/00298018
https://www.elsevier.com/locate/oceaneng
https://doi.org/10.1016/j.oceaneng.2023.114963
https://doi.org/10.1016/j.oceaneng.2023.114963
https://doi.org/10.1016/j.oceaneng.2023.114963
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oceaneng.2023.114963&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Ocean Engineering 281 (2023) 114963

2

The importance of the pre-tension and the choice of both mooring 
material and geometry in determining the stiffness characteristics of a 
mooring system for a floating WEC was studied by Johanning et al. 
(2006). They concluded that a good understanding of the related stiff-
ness and motion characteristics is essential to develop suitable design 
guidance that would address not only the issue of line failure but also 
satisfy the requirement for high-energy conversion efficiency. 

Cerveira et al. (2013) conducted a numerical assessment of the 
impact of the mooring system on the effectiveness of the WEC, specif-
ically in terms of surge and heave motions and absorbed power. The 
authors highlighted that the actual mooring catenary chain lines have a 
minimal effect on the dynamics of floating wave energy converters and 
the amount of captured wave energy. 

Gubesch et al. (2022) performed a systematic experimental investi-
gation into the effects of different mooring configurations on the hy-
drodynamic performance of a 1:36 scaled Oscillating Water Column 
(OWC) Wave Energy Converter model. Enhanafi et al. (2017) investi-
gated the intact and damaged survivability of a floating–moored OWC 
device using physical model experiments and CFD simulations. Different 
extreme wave conditions have been tested using irregular and regular 
waves and authors highlighted the importance of investigating survival 
conditions with a damaged mooring system instead of simply using the 
same conditions derived for the intact mooring system. Paduano et al. 
(2020) tested and compared three models: an in-house QS solver, a 
commercial industry-standard software (OrcaFlex©), and an 
open-source software (MoorDyn). Validation of the models has been 
done by experimental data and was found that the Quasi-Static model 
and OrcaFlex© show good agreement. 

The mooring systems used for WECs must satisfy two counteracting 
objectives: ensuring resistance during extreme events and minimizing 
their impact on the WEC’s productivity. This creates a trade-off because 
to avoid influencing the hull dynamics, it is preferable to use light and 
thin mooring lines rather than thick and heavy ones that can guarantee 
resistance. Consequently, designing the mooring system for a WEC be-
comes a critical and intricate phase, both in terms of cost and safety. 
Achieving an efficient and cost-effective mooring system requires mul-
tiple iterations using reliable numerical models that can evaluate the 
mooring characteristics within reasonable time frames. 

The present research focuses on the validation of the numerical 
simulations performed by Orcaflex© through experimental tests carried 
out at the towing tank of the University of Naples Federico II. The ex-
periments on the 1:25 model scale of the PEWEC prototype and its 
specifically designed mooring layout have been performed in operative 
and extreme regular and irregular waves to fully characterize the 
mooring system and the PEWEC dynamics. 

A detailed description of the device and its mooring system is given 
in Section 3. The numerical modeling is explained in Section 4 and the 
experiment is described in Section 5. For all tested conditions, results are 
reported and compared for surge, pitch, and roll motions and tensions in 
mooring lines. For operative waves, a GEV distribution has been created 
to determine the most probable maxima for load dimensioning. 

2. The PEWEC technology 

The PEWEC concept was born from the collaboration between Ente 
per le Nuove tecnologie, l’Energia e l’Ambiente (ENEA), and the Poli-
tecnico di Torino within the “MISE-ENEA Program Agreement” funding 
aimed at the development of a renewable and clean technology that can 
be used for the sustenance of small energy communities disconnected 
from the national electricity grid, such as small islands. At present, the 
technology stands at a Technology Readiness Level (TRL) between 4 and 
5. In 2015, a series of experiments were carried out on a 1:12 scale 
prototype at the CNR INSEAN towing tank in Rome with the aim to 
validate the numerical model of the working principle of the pendulum 
for predicting the power generated by the device as depicted in Pozzi 
et al. (2018a) and Pozzi et al. (2018b). Concerning the device power 

production, PEWEC can be considered as a floating mass exposed to 
wave excitations. As shown in Fig. 1 and deepened in Bonfanti and 
Giorgi (2022) and Bonfanti and Sirigu (2023), the hull is linked to a 
pendulum by means of a power take-off (PTO), used to extract power 
from the sea waves, which is the system’s main purpose. 

The power extraction performance is directly linked to the pitch 
motion of the floater (Sirigu et al., 2018), and therefore PEWEC mooring 
system design should not affect the pitching motion in operational 
conditions. The numerical models relating to the hull, pendulum, and 
power take-off optimized subsystems were validated (Pozzi et al. 2017a, 
Pozzi et al. 2017b). Each of the three subsystems was optimized through 
a genetic algorithm as detailed in Sirigu et al. (2020). To achieve a TRL 
6–7, open sea trial, it is necessary to guarantee the safety of the device at 
sea. Therefore, within the project “MISE-ENEA PROGRAM AGREEMENT 
2019–2021′′ the feasibility of a full-scale system was evaluated consid-
ering the island of Pantelleria as a case study. The project focused on the 
design of the mooring system, a critical component in terms of system 
survival and costs. The mooring system for WECs must meet the 
following basic requirements:  

• Ensure proper seaworthiness of the vessel.  
• Guarantee the survival of the system in extreme events in accordance 

with the current legislation. 
• Have a low impact on the dynamics and therefore on the perfor-

mance of electricity production in operational wave conditions.  
• Have a low cost. 

The characteristics of the PEWEC device are reported in Table 1, a 
render of the hull device is shown in Fig. 2, and a render of the Pendulum 
and the Power Take Off system of the device is presented in Fig. 3. 

The mooring system considered in this work is shown in Fig. 3. It 
consists of 4 lines of catenaries, 4 drag anchors, 4 jumpers, and 9 clump 
weights lying on the seabed for each mooring line. The description of the 
mooring system is further detailed in Section 3.1. 

Prior to the design of a full-scale prototype, it is necessary to validate 
the numerical models adopted for the design and simulation of the 
mooring system. In the presented work, the numerical simulations by 

Fig. 1. Scheme of PEWEC device.  
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OrcaFlex© have been validated against a series of experiments carried 
out on a 1:25 scale model of the PEWEC device in the towing tank of the 
University of Naples Federico II. 

3. Model description 

The Pendulum Wave Energy Converter (PEWEC) CAD design and the 
built model are shown in Fig. 4. The scale of 1:25 has been chosen as the 
compromise between the mooring system configuration, the wave 
maker working range and the towing tank dimensions. By using the 
Froude number to scale the model, it becomes possible to replicate the 
potential flow theory forces and the main actions exerted by the mooring 
on the device. The internal design allows an easy modification of the 
longitudinal and vertical positions of the ballast weights, to achieve the 
scaled inertia and mass characteristics. The ballasts consist of steel 
blocks of different sizes, equipped with slots that allow them to be 
screwed onto the Rexroth bars. 

The final values of the PEWEC inertial properties were measured by 
an inertial balance shown in Fig. 5. The accelerometer positioned in the 
center of upper arm measures at the sampling frequency of 1000 Hz. The 
PEWEC model is connected by bands to the aluminum structure, free to 
swing around the roll and pitch axes. The first step is the measurement of 
the vertical coordinate of the center of gravity, using a procedure similar 
to the standard ship inclining test. The second phase is the measurement 
of the periods of roll and pitch oscillations to determine the radii of 
gyration. These tests were repeated three times and around 100 oscil-
lations have been analyzed to calculate the mean period of the roll and 
pitch motions. 

Table 2 presents and compares the scaled and measured values. The 
1.1% difference in weight can be attributed to the measurement 
instrumentation, installed on board of the model, and therefore was 
considered acceptable. All other measured values consequently have 
been upscaled and used in the numerical model Orcaflex© for the vali-
dation of the numerical simulations. 

3.1. Mooring system 

The coupling between the mooring system and the vessel plays a 
fundamental role in the energy production obtained from the pendulum 

motion. The design of the mooring system is based on two main ideas:  

• Extreme Event Resistance: the design of each component (chain, 
polyester lines, swivels, buoys, etc.) is obtained by considering 
extreme event conditions according to the installation site as detailed 
in Det Norske Veritas. (2014).  

• No impact during operative conditions: the mooring system for a 
WEC should also be designed to avoid pitch losses during the oper-
ative condition when sea states are not harsh. 

Due to the challenges of meeting all the previous requirements 
simultaneously, an iterative approach has been adopted for the mooring 
design. The mooring system undergoes numerical simulations to verify 
its ability to withstand extreme events. Then an analysis of its impact on 
energy production can be conducted, as outlined in Niosi et al. (2021). If 
the results are unsatisfactory, it is necessary to modify the system design. 
The mooring system used for the experimental and numerical testing, 
shown in Fig. 6, is the final design that satisfies the previously indicated 
requirements. 

The sea depth h = 1.28m, shown in Fig. 6, is calculated by scaling the 
depth of the site of installation. Scaling operations are fundamental for 
the mooring characterization. The main components of the mooring 
system are shown in Fig. 6 and their characteristics are reported in 
Table 3 for both the prototype and the scaled model tested in the towing 
tank. All the mooring properties have been determined from the full- 
scale values following the Froude scaling procedure. It is worth 
noticing that since the selected mooring system is a catenary mooring 
system, the mass properties of the lines have been scaled down. A spring 
was added to scale down the mooring stiffness: considering the chain 
and spring as springs in series, the chain stiffness can be neglected 
because it is three orders of magnitude larger. To design the 1:25 model, 
the full-scale prototype was scaled down using the Froude scaling pro-
cedure detailed by Barltrop (1998). As the mooring system is a catenary 

Table 1 
PEWEC main characteristics.  

Parameter Symbol Full-scale Value SI Unit 

Length L 14.8 (m) 
Width B 22.5 (m) 
Height D 7.4 (m) 
Draft T 4.81 (m) 
Vertical position of CG (from deck) VCG − 3.622 (m) 
Mass M 1118000 (kg) 
Moment of inertia around x-axis I44 55354173 (kgm2) 
Moment of inertia around y-axis I55 29978075 (kgm2) 
Moment of inertia around z axis I66 72150648 (kgm2)  

Fig. 2. Render of the PEWEC hull, the Pendulum and the PTO.  

Fig. 3. PEWEC Mooring system 1:25 scaled model.  
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type, its most important feature is the mass term. Therefore, the linear 
mass properties were scaled down according to the scale factors reported 
in Table 3. Additionally, a spring was included where numerical simu-
lations suggested that the chain may become taut (snap events), as the 
mass term scales with the square of the scaling factor and the EA of the 
chains with the cube. The spring chosen had a different diameter, as it 
was selected from catalog to have the stiffness characteristics of the 
full-scale chain but scaled down for the smaller model. The spring 
characteristics have been calculated following equation (1). 

1
Kspring

=
1

Kscaled
−

1
Kchain

=
Lfullscale

(EA)fullscale
λ2 −

4
(
Lfullscale − Lspring

)

Echainπ(dchain)
2 ≅

Lfullscale

(EA)fullscale
λ2

−
Lchain

(EA)chain

(1)  

In equation (1), (Kscaled) is the total stiffness of the system, (Kchain) the 
chain stiffness, and (Kspring) the stiffness of the spring. The equation can 
be approximated by using the full-scale stiffness of the mooring line 
(Lfullscale), divided by the EA (Young’s modulus multiplied by cross- 
sectional area) of the full-scale line ignoring the effect of the chain’s 

diameter. The simplified equation becomes Lfullscale
(EA)fullscale

λ2, where lambda is 

the scaling factor, and (Lchain) is the length of the chain. 
In equation (1) the chain axial stiffness is calculated according to the 

semi-empirical formulation suggested in equation (2): 

(EA)chain = 0.854 • 108d2 (kN) studless chain (2) 

It is important to note that the spring was exclusively included in the 
reduced-scale model to ensure that not only the mass of the mooring but 
also the stiffness of the line was proportionately scaled. 

Table 3 shows the values of the variables in the full-scale system and 

Fig. 5. PEWEC on inertial balance.  

Table 2 
Design Vs experimental values.  

Parameter SI Unit Scaled Value Exp. Measure Difference (%) 

M (kg) 71.552 72.360 1.1 
T (m) 0.192 0.196 2.0 
VCG (m) − 0.145 − 0.139 4.1 
I44 (kgm2) 5.668 5.827 2.8 
I55 (kgm2) 3.070 3.334 8.6 
I66 (kgm2) 7.388 7.388 0  

Fig. 4. Cad and prototype of the PEWEC device.  
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their corresponding scaled values according to the Froude scaling (λ =

25). Table 4 lists the characteristics of the additional components in the 
scale model, i.e. the spring that scales the stiffness of the individual 
catenary line and the load cell at the fairlead. 

4. Device modeling via Orcaflex© 

The PEWEC device was modeled numerically using Orcaflex© to 
compare the simulations against the experimental data and to improve 
the design, especially for what concerns the mooring system. Orcaflex© 
computes the device dynamics in waves by numerically solving the time 
domain equation of motions accounting for both first-order and second- 
order effects. In this study, OrcaWave© was utilized to calculate the 
hydrodynamic coefficients, including added mass and damping co-
efficients, excitation forces, and second-order forces which were then 
incorporated into the time domain simulations using Orcaflex© (Orcina, 
2020). Second-order hydrodynamic forces have been computed by using 
Newman’s approximation instead of solving the full QTF problem 
(Newman, 2017). A mesh sensitivity analysis was performed to set the 
element size to obtain accurate hydrodynamic results in Orcawave as 
detailed in Niosi et al. (2022). 

The frequency domain equation of motion of the device can be 
written as follow: 
[
− i ω2([M] + [A(ω)]) + iω([Brad(ω)] + [Bvislin])+ [K]

]
{η}={Fw(1st)(ω)}

+
{

Fw(2nd)
(
ω2)}+ {Fmoor}

(3)  

in which:  

• ω is the wave frequency.  
• [M] is the mass matrix of the device and [A(ω)] is its frequency- 

dependent added mass matrix computed through OrcaWave BEM 
software. 

• [Brad(ω)] is the device frequency-dependent radiation damping ma-
trix computed through OrcaWave.  

• [Bvlin] is the 6 × 6 linearized viscous damping matrix and in the 
following analyses only the terms in positions (4,4)-Roll and (5,5)- 
Pitch are non-zeros.  

• [K] is the hydrostatic stiffness matrix of the device.  
• {Fw(1st)(ω)}, {Fw(2nd)(ω2)}, {Fmoor} are the external force vectors. 

Respectevely first order wave load, second order wave loads and 
mooring forces acting on the device. 

The equation of motion is transformed from frequency to time 
domain following Cummins (1962): 

(m+m∞) η̈(t)+
∫ t

− ∞
hr(τ)η̇(t − τ)dτ+ hkη(t) = fe(t) (4) 

While the hydrostatic term hk can be easily determined based on the 
submerged geometry, the remaining coefficients must be calculated by 
directly integrating the potential flow. Ogilvie (1964) found a simpler 
way to overcome this issue by defining the Fourier-domain equivalents 
of these terms as: 

Ar(ω)=m∞ −
1
ω

∫

R+
hr(τ)sin(ωt)dτ (5)  

Br(ω)= 1
ω

∫

R+
hr(τ)cos(ωt)dτ (6)  

where {Ar, Br} are the frequency-dependent added mass and radiation 
damping, respectively. These equations, known as Ogilvie’s relation, 
show that: 

lim
ωi→∞

Ar(ωi)=m∞ (7)  

where m∞ is the infinite frequency added mass. The equation’s param-
eters are computed using the boundary element method (BEM-Orca-
wave) software, which solves the boundary problem numerically. Note 
that equation (7) implies the stability of the convolution term which is 
solved numerically by Orcaflex© during time-domain computation. 

Concerning the mooring system, Orcaflex© solves the analytic 
catenary equation which accounts for simple properties of a line, such as 
weight, buoyancy, and axial stiffness. The top, side, frontal and iso-
metric view setup are reported in Fig. 7 and further explanation of the 
model setup can be found in Niosi et al. (2021). 

In equation (4), fe(t) accounts for the contribution of the mooring 
action applied to the body. OrcaFlex© imports the hydrodynamical 
properties of the device, as evaluated by a BEM, and resolves Cummins 
equation by computing the impulse response function of the radiation 
force. Although OrcaFlex© can be used for frequency-domain analysis, 

Fig. 6. Mooring layout.  

Table 3 
Mooring system description: model-scale and full-scale properties.  

Chain Description Model-scale Full-scale SI Unit Scale Factor 

Mass per unit length 0.651 406.9 (kg/m) λ2 

Outer diameter 0.0057 0.193 (m) λ 
EA (Axial Stiffness) N/D 43.34e6 (kN) λ3 

Jumper Description 
Mass 0.512 8000 (kg) λ3 

Volume 0.0016 25 (m3) λ3 

Height 0.184 4.6 (m) λ 
Clump Weights 
Mass 0.672 10500 (kg) λ3 

Volume 1.1e-04 1.75 (m3) λ3 

Height 0.02 0.5 (m) λ  

Table 4 
Model scale spring and load cells characteristics.  

Load Cell Description 

Mass per unit length 0.173 (kg/m) 
Outer diameter 0.0015 (m) 
EA (Axial Stiffness) N/D (kN) 
Spring Description 
Mass per unit length 1.32 (kg/m) 
Outer diameter 0.0075 (m) 
Stiffness (N/mm) 25.33 (kN/m) 
Length 0.1 (m)  

F. Niosi et al.                                                                                                                                                                                                                                    
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its primary purpose is for nonlinear mooring dynamics, so it is not 
considered here. The mooring system in the case of wave energy is well- 
represented by a dynamic solver, which OrcaFlex© accomplishes 
through a lumped-mass approach. The dynamic equation for the k-th 
node in a lumped-mass approach is given by: 

(m̂k + âk) ⋅ r̂ ..k = f̂ EA,k− + f̂ EA,k+ + f̂ C,k− + f̂ C,k+ + f̂ B,k + f̂ Dn,k + f̂ Da,k + f̂ ext,k

(8)  

where {mk, ak} are the mass and added mass of the k-th node, respec-
tively, and rk is the position of the k-th node relative to a global fixed 
frame of reference Ox1x2x3 located on the waterline; {fEA, fC} are the axial 
stiffness and damping force, respectively, due to the line section prop-
erties. The forces caused by the interaction between the nodes k and k+1 
and k and k− 1 are expressed by subscripts k+ and k− , respectively. The 
node net buoyancy force is expressed by ̂f B,k, and {f̂ Dn,k, f̂ Da,k} represent 
the drag normal and axial force, respectively, caused by the velocity of 
the k-th node in the fluid. f̂ ext,k represents the external actions such as 
the interaction of the node with the seabed or the forces applied to the 
node by line attachments (e.g., buoy or clump-weights), among others. 

The use of a BEM is typically required to evaluate the response of a 
body in water, but Morison equation (Morison et al., 1950) can be used 
for a slender body, enabling the use of the added mass and drag co-
efficients instead of a BEM. By solving equation (8), it is possible to 
determine the total load on the last node, which is directly connected to 
the vessel. Additionally, applying a roto translational matrix to the rigid 
body of the vessel makes, the total net mooring force on the body’s 
center of gravity can be defined. 

It should be noted that the mooring model presented here involves 
some approximations, as the equations only refer to translational de-
grees of freedom. OrcaFlex© can also include other features such as bend 
and torsional moments. For a comprehensive investigation of the soft-
ware features, please refer to Orcina (2020). 

In the presented model each mooring line is divided into a series of 
segments, chosen to be 61 after a sensitivity analysis, and it is modeled 
accounting only for its axial and torsional properties. Together with the 
sensitivity analyses of the number of segments, also the time step sen-
sibility was examined and finally the simulation time step was set to 
0.01 s. The objective of the sensitivity analysis is to determine an ac-
curate numerical setup while minimizing computational time. The pa-
rameters monitored during the sensitivity study are the device pitch 
response and the mooring line tensions. For this purpose, numerical 
simulations were conducted for the extreme regular wave, described in 
Table 8, as follows:  

• Firstly, a reasonable number of mooring line segments was defined, 
in this case seventy, and each simulation with this mooring line 
discretization was performed with a different time step. 10 simula-
tions were performed with time steps ranging from a minimum of 
0.005s–0.1s with a step of 0.005s. The pitch motion and the mooring 
line force amplitude were computed for each simulation. The time 
step was chosen when the amplitude of the i-th simulation was up to 
99% of the value related to the simulation with the minimum time 
step.  

• Once the time step was selected, the same procedure was applied to 
the mooring line discretization, where the segments’ length ranged 
between a minimum of 0.5m and a maximum of 5m with a step of 
0.1m. The number of segments was then obtained by dividing the 
mooring line length by the length of each segment. 

Orcaflex© allows multiple ways of wave generation: a wave spec-
trum can be defined, or time histories can be implemented. In this paper, 
the upscaled and reconstructed time histories acquisition from experi-
mental tests have been implemented in the software. For each irregular 
wave the time history was reconstructed through a harmonic decom-
position which led to N harmonics whose superposition in time gives 
exactly the required time history but allows to drastically reduce the 
computational cost. 

5. Experimental setup 

The towing tank is 135 m long, 9 m wide and 4.2 m deep, with a wave 
maker able to generate regular and irregular waves with a period range 
of 0.8–4 s and wave amplitude range of 0.08–0.20 m. For the experi-
mental setup, to scale the environmental conditions in terms of water 
depth, a shoal draft artificial seabed has been built and positioned in the 
towing tank at a depth of 1.28 m corresponding to 32 m at full scale. As 
shown in Fig. 8, the 1:25 model is placed at 65m far from the wave 
maker. 

Two measurement campaigns have been carried out:  

• Wavemaker calibration without the model: the carriage is positioned 
to have the gauges around the chosen position of PEWEC. This 
configuration aims to verify the wave repeatability and to calculate 
the wave height and period of the real wave impacting on the device. 
All the calculations made for regular and irregular waves are relative 
to the elaboration of the time series of wave probe 5, as in Fig. 8. The 
scope of the other wave probes is to verify that the wave is planar and 
to understand the influence of the PEWEC device in the wave field 
(Niosi et al., 2021) 

Fig. 7. Orcaflex© numerical model, top view, side view, front view and isometric view.  
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• Operating and extreme conditions: PEWEC is moored at its position 
on the artificial seabed and the towing carriage is positioned between 
the wavemaker and the model (with a 3 m distance between the back 
of the carriage and the bow of the prototype), as shown in Fig. 8. 

5.1. Artificial seabed 

The shoal draft artificial seabed, shown in Fig. 9, is 18m long and 
8.50 m wide. It has been divided into 20 fiberglass panels connected by 
steel junctions: each of them is 1.8 m long, 4.25 m wide, and 0.25 m 
thick, and has an X structure on the lower side to stiffen the panel. The 
panels have been set in two columns filling the whole tank width and are 
laid in the longitudinal direction in 10 rows to achieve the designed 18 
m length. The seabed is fixed to the tank sides through 50 brackets. Each 
bracket has a sliding part that can be moved vertically to achieve the 
desired depth. 

The artificial seabed has been stiffened and fixed in the desired po-
sition throughout the following fittings:  

• A transversal structure, between each row of panels, to increase the 
flexural stiffness of the rows.  

• Steel wires, fixed from the center or middle of the panels to each side 
of the tank, aimed at avoiding transversal motions and increasing the 
vertical stiffness too.  

• Steel wires, set longitudinally along each side of the tank, from each 
of the four angles of the whole seabed, to avoid translational motions 
through their own ten sile strength.  

• All the panels have been connected by C-shaped fittings bolted to the 
brackets so that the seabed can be considered as a whole body.  

• Steel chains, set longitudinally from each of the four angles of the 
whole seabed along each side of the tank, further contribute to 
keeping the panels together, avoiding movements between each of 
them. 

All reinforcing structures are positioned to avoid interference with 
the prototype motions when tested in waves. After positioning and 
stiffening the artificial seabed, the whole structure has been tested to 
measure the deformation response in the z direction along the longitu-
dinal centreline of the structure. The deformation was increasing with 
high wavelengths, while negligible changes occurred with increasing the 
wave height. The greatest measured deformation reached about 1 cm for 
long waves (frequency less than 0.4Hz), while for shorter waves the 
deformations were negligible. 

5.2. Experimental configuration of the mooring system 

The model was tested in regular and irregular waves for three 
headings of incident waves: 0◦ (head sea), 45◦ (bow quartering), and 90◦

(beam sea). All three mooring arrangements have been set up on the 
artificial seabed, but only the results concerning head sea conditions are 
reported in this work, the other wave headings can be found in Fenu 
et al. (2022). The considered head sea configuration is represented in 
Fig. 10, where the x and y coordinates of the anchors position are given 
with reference to the center of the model. The other wave direction will 
be detailed in future works. 

Fig. 8. Experimental setup.  

Fig. 9. Qualisys cameras position and shoal artificial seabed.  
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5.3. Wave generation and calibration 

Seven Akamina© wave probes have been placed on the towing car-
riage with relative distances as shown in Fig. 8. Gauges 1, 2, 3, 4, 5 and 7 
have been placed on the same y coordinate to analyse the wave height 
variations on the artificial seabed, while gauge 6 has been set at the same 
longitudinal position as gauge 5 with symmetrical y coordinate with 
respect to the x axis. During the calibration tests, the carriage was 
positioned to have the redundant gauges, 5 and 6, in the chosen position 
of the device. The complete set of tested regular and irregular waves are 
summarised in Tables 4–6. Operative regular waves have been chosen 
with wave periods in the range of 4–7.5 s, with step of 0.5 s, in full scale, 
which are the most probable waves in the Mediterranean Sea. Around 
the PEWEC resonance frequency, tests were performed with increment 
0.2s to properly describe the device behaviour. Wave heights have been 
determined to have waves with steepness of 1:50, as in Table 4, and 
1:30, as in Table 5. 

Operative irregular waves have been chosen from the scatter tables 
obtained from the 50 years statistics of Rete Ondametrica Nazionale 
(RON) data post-processing, for Pantelleria site. Four peak periods were 
chosen (between 5 and 8 s) as the most probable according to the scatter 
shown in Fig. 11. The green and red line refer respectively to wave with 
iso-steepness equal to 1:50 and 1:30. The JONSWAP spectrum has been 
chosen as representative of the Mediterranean Sea in the experimental 
set up. 

To define the extreme waves, it is necessary to determine the envi-
ronmental contour (EC) related to a return period of 100 years. The EC 
reported in Fig. 12 determined following the DNV-RP-C205 (2014) 
standard, allowed to select of the extreme wave to simulate. Due to the 
experimental setup limitations, the severe irregular wave reported in 
Table 8 was chosen. For what concerns the extreme condition, the reg-
ular wave with wave height H = 1.9⋅Hs and wave period T = Tp should 
have been tested, but for experimental setup limitations, the one indi-
cated in Table 8 has been used in experiments. 

The experimental data shown in Table 5, Table 6, Table 7 and Table 8 
are calculated by post-processing the time domain signal acquired by the 
wave gauge 5 through the Fast Fourier Transformation for regular 
waves, and through the reconstruction of the time history of wave 
elevation for extreme irregular wave. 

6. Acquisition system 

Two acquisition systems have been used to measure the 6 DOF device 
motions: Qualysis© optical motion tracking system and IMU (Inertial 
Motion Unit) onboard system. 

For the optical motion tracking, 3 cameras have been placed on the 

carriage back facing the device, as represented in the top view of Figs. 8 
and 9 and detailed in Fig. 13. 

Five Qualisys© markers have been placed on PEWEC deck to assure 
an accurate definition of the 3D rigid body and measurements. The 
Qualisys acquisition system captures both rotational and translational 
motions of the device by setting the position Xo (0,0,0) as the starting 
position of the PEWEC in its moored static position. 

The onboard acquisition system consists of a National Instruments© 
compact RIO (cRIO) controller and analogic and digital I/O modules, 
powered by batteries and equipped with a Wi-Fi router for real-time 
transmission of the acquired sensor data. The cRIO controller has been 
programmed in the LabVIEW© environment to acquire data from the 
transducers with a frequency of 20 Hz. A simplified scheme of its ar-
chitecture is shown in Fig. 14 and the complete list of components is 
presented in Table 9. 

The cRIO module acquires the data coming from an Xsens MTI-30 
(IMU), positioned inside the hull to measure rotational motions, data 
from the four load cells and data from the 27 pressure sensors. 

During the tests, the two acquisition systems were synchronized 
through a digital trigger signal generated by the cRIO controller. 

To read the data in physical units of measure, load cells and pressure 
sensors were calibrated to obtain loads and pressures from electric sig-
nals. All the gain and offset values of the sensors installed on the hull are 
reported in Table 10. A single characteristic was used for the 27 pressure 
transducers, containing the average of the gain and offset values of each 
transducer while each load cell had different gain and offset. 

To validate the pressures in extreme events through CFD simulations, 
27 pressure sensors were applied by piercing the hull and gluing them in 
place with two-component glue, which ensured the hull’s watertight 
integrity. In this paper, results related to pressures are not reported. 

The load cells were connected to the carabiners with eyebolts at the 
four corners of the hull and linked directly to the mooring lines. The cells 
were numbered as the corresponding mooring line to which they were 
connected. Fig. 15 shows the top view of the positions and numbers of 
the sensor. 

7. Numerical model validation 

The numerical simulations performed in Orcaflex© have been vali-
dated with experimental tests by the following procedure: linearized 
viscous damping coefficients (obtained from experimental decay tests) 
have been inserted in the simulations; simulated and experimental 
mooring static characteristics have been compared; the validation of the 
numerical model has been performed in operative and extreme regular 
and irregular waves. 

Fig. 10. Mooring configuration for head sea waves.  
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7.1. Roll and pitch free decay tests 

To set accurate simulations in Orcaflex© environment, the damping 
coefficients of the vessel calculated through the potential flow theory, 
should be corrected taking into account the viscous terms determined 
experimentally or by CFD simulations. In this case, a set of experimental 
tests of roll and pitch free decays have been performed, analyzed, and 
post-processed with the aim to assess the linearized extinction coeffi-
cient of the free decay curve to implement in the numerical model. In 
Fig. 16 and in Fig. 17 the measured decay curves for pitch and roll are 
shown. It can be observed that free decay oscillations are not filtered out 
by averaging, and the initial static values of pitch and roll are not zero 
due to the slight asymmetry of the model. The static value of roll motion 
is around 2◦ due to the arrangement of internal components in the 
model. This offset is reduced by the weight of the chains on the proto-
type when the device is moored and does not affect the device motions in 
head waves since the pitch and roll motions are uncoupled. Further-
more, a static offset of the pitch and roll angles does not influence the 
calculated damping values. 

Once the free decay time histories for pitch and roll motion are 
available, adopting the procedure detailed in Mancini et al. (2018) and 
Fontana et al. (2020), the damped period TD, the linear term and the 
quadratic extinction coefficients are calculated through a linear 
regression and reported in Table 11. 

These coefficients are used to calculate the viscous damping linear 
and quadratic terms, as reported in equations (9) and (10) and set as 
input in the numerical model. It’s worth to underline that these damping 
values refer to the natural frequency of the device, but they are 
considered constant values in the Orcaflex© model. 

Bvlin = 2α⋅(Iii +Aii(ωr)) (9)  

Bvquad = β⋅(Iii +Aii(ωr)) (10)  

where Iii is the mass matrix term referred to the i DOF, Aii(ωr) is the 
added mass term calculated by BEM software of the i DOF at the reso-
nant frequency. 

Table 5 
Regular waves in full scale and measured in experiments with steepness 1:50.  

Test ID H T HMOD-TARGET TMOD-TARGET HMOD-EXP TMOD-EXP H_Diff T_Diff 

(m) (s) (cm) (s) (cm) (s) (%) (%) 

RW01 1.04 4.5 4.17 0.9 4.54 0.90 8.7 0.1 
RW02 1.29 5 5.15 1 5.11 1.00 0.8 0.0 
RW03 1.56 5.5 6.24 1.1 6.03 1.10 3.3 0.1 
RW04 1.85 6 7.42 1.2 7.38 1.20 0.5 0.0 
RW05 2.04 6.3 8.17 1.26 7.85 1.26 3.9 0.1 
RW06 2.18 6.5 8.71 1.3 8.61 1.30 1.1 0.0 
RW07 2.31 6.7 9.24 1.34 9.43 1.34 1.9 0.0 
RW08 2.52 7 10.10 1.4 9.91 1.40 1.8 0.0 
RW09 2.90 7.5 11.58 1.5 11.29 1.50 2.5 0.0  

Table 6 
Regular waves in full scale and measured in experiments with steepness 1:30.  

Test ID H T HMOD-TARGET TMOD-TARGET HMOD-EXP TMOD-EXP H_Diff T_Diff 

(m) (s) (cm) (s) (cm) (s) (%) (%) 

RW10 0.50 4 2.00 0.8 2.13 0.80 6.7 0.0 
RW11 0.63 4.5 2.53 0.9 2.32 0.90 8.4 0.0 
RW12 0.78 5 3.12 1 3.11 1.00 0.4 0.0 
RW13 0.95 5.5 3.80 1.1 3.91 1.10 2.9 0.0 
RW14 1.12 6 4.48 1.2 4.73 1.20 5.6 0.0 
RW15 1.24 6.3 4.95 1.26 4.99 1.26 0.8 0.0 
RW16 1.32 6.5 5.28 1.3 5.51 1.30 4.3 0.0 
RW17 1.40 6.7 5.60 1.34 5.97 1.34 6.6 0.0 
RW18 1.53 7 6.12 1.4 6.01 1.40 1.8 0.0 
RW19 1.75 7.5 7.02 1.5 6.78 1.50 3.3 0.0  

Fig. 11. Wave Scatter used for experimental waves definition.  
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7.2. Static pull-out test 

A key part when designing a WEC is the influence of the mooring on 
the device. Fig. 18 shows the trend of the forces of the lines under ten-
sion as a function of the device longitudinal position during the static 
pull-out tests. The tests have been carried out by tying ropes to the 
PEWEC ogives and pulling them up to the maximum excursion given by 
the extension of the mooring lines. While the PEWEC was pulled, the 
forces measured by load cells have been acquired. The static pull-out 
tests have been performed using the synchronized acquisitions of the 
Qualisys© for the surge displacement and the cRIO acquisition system 
for the load cell measurements. The same process was simulated in 
Orcaflex© and the comparison of numerical against experimental results 
is given in Fig. 18. The static characteristics of the mooring are perfectly 
replicated by the software as shown in Figs. 18 and 19. The aim of the 
pull-out test is to assess the static stiffness of the mooring and ensure that 
the scaling has been executed accurately. 

7.3. Operative regular waves 

The PEWEC responses in regular operative wave conditions were 
performed in full-scale environment, as reported in Tables 5 and 6. Two 
steepness have been tested: 1:50 and 1:30 (11 waves for 1:50 and 9 for 
1:30). The steepness is defined as st = 2⋅Aw

λ where, 2⋅Aw is the wave 
height and λ is the wavelength. 

Response Amplitude Operators (RAOs) have been calculated for 
surge, heave, and pitch motions as follows: 

RAOSurge =
η1

Aw
(11)  

RAOHeave =
η3

Aw
(12)  

RAOPitch =
η5

k⋅Aw
(13)  

where Aw is the wave amplitude, n1, η3, η5 are respectively the surge, 
heave and pitch amplitudes and k = 2⋅π/λw is the wave number. The 
comparison between numerical and experimental results of the three 
motions is given for both wave steepness, as reported in Fig. 20, Fig. 21, 
and Fig. 22. The figures show the DOF RAO on the left y-axis and the 
relative error, plotted with vertical bars, between experimental and 
numerical values on the right y-axis. The surge motion is characterized 
by multiple frequency components (wave frequency and low mooring 
frequencies). Pitch and heave motions are mainly excited by the wave 
frequency. Roll, yaw, and sway motions have negligible influence in 
head sea waves. Numerical simulation results are in good agreement 
with experimental ones, especially for pitch motion which mainly in-
fluences the device productivity. As the wave steepness increases, the 

Fig. 12. Environmental contour (EC) for the Pantelleria site in Mediterranean Sea.  

Table 7 
Irregular waves in full scale and measured in experiments.  

Test ID Hs Tp HMOD-TARGET TMOD-TARGET HMOD-EXP TMOD-EXP H_Diff T_Diff 

(m) (s) (cm) (s) (cm) (s) (%) (%) 

IRR01 1.29 5 5.16 1 5.11 0.99 0.98 0.4 
IRR02 1.86 6 7.44 1.2 7.24 1.17 2.64 2.1 
IRR03 2.53 7 10.12 1.4 9.75 1.40 3.61 0.2 
IRR04 3.3 8 13.2 1.6 12.65 1.60 4.20 0.2 
IRR05 0.78 5 3.12 1 3.19 1.02 2.24 2.1 
IRR06 1.12 6 4.48 1.2 4.42 1.15 1.23 3.8 
IRR07 1.53 7 6.12 1.4 5.86 1.35 4.20 3.7 
IRR08 2.00 8 8.00 1.6 8.10 1.60 1.21 0.2  

Table 8 
Extreme waves in full scale and measured in experiments.  

Test 
ID 

Hs Tp H/Hs 

MOD- 

TARGET 

T/Tp 

MOD- 

TARGET 

H/Hs 

MOD- 

EXP 

T/Tp 

MOD- 

EXP 

H_Diff T_Diff 

(m) (s) (cm) (s) (cm) (s) (%) (%) 

RWEX 4.50 6 18.00 1.2 17.62 1.2 2.1 0.0 
IRREX 4.19 6 16.78 1.37 16.20 1.2 3.4 14.7  
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numerical model slightly overestimates the pitch motion. The numerical 
error increases for waves with high steepness and with a period close to 
the device resonance which is in accordance with the linear theory. 

Mooring tensions at the hull attachment points (where the load cells 
are located) are represented in Fig. 23 for both the experimental and the 

numerical model. The values refer to the main amplitude of the fairlead 
tension time history of each regular wave tested and are reported only 
for the most stressed Load Cells 3 and 4, since they are placed at the bow 
as shown in Fig. 15. The relative error between experimental and nu-
merical values is reported in the error bars in the y-axis on the right. The 
results are in good agreement with the numerical model. 

Fig. 13. Qualisys© setup scheme.  

Fig. 14. System acquisition block scheme.  

Table 9 
Acquisition system on board of PEWEC.  

Component Producer Model Quantity 

Controller NI cRIO 9034 1 
Digital Modules NI NI9401 1 
Analogic module for 

pressures 
NI NI9205 1 

Analogic module for loads NI NI9201 1 
Lithium batteries LaserElectronic 12V 25AH 25000Ma 2 
Router Wi-Fi TPlink EAP225 1 
Load cell (100 lbs) Futek lsb210 – 100 lb 4 
Load cell conditioner Futek IAA100 4 
Pressure transducer NXP MPVZ5010GW7U 27 
IMU Xsens MTI-30 1  

Table 10 
Transformation ratios of on-board sensors.  

Components Features Gain Offset 

Load Cell 1 Load [Kg] = Gain * Tension [V] + Offset 3.9808 0.0323 
Load Cell 2 Load [Kg] = Gain * Tension [V] + Offset 3.9307 0.1511 
Load Cell 3 Load [Kg] = Gain * Tension [V] + Offset 4.0049 0.1368 
Load Cell 4 Load [Kg] = Gain * Tension [V] + Offset 4.0003 − 0.0444 
Pressure 

Sensors 
Pressure [KPa] = Gain * Tension [mV] +
Offset 

0.0023 − 0.5444  
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Fig. 15. Top view of acquisition system sub-modules disposition inside the prototype.  

Fig. 16. Pitch free decay test.  

Fig. 17. Roll free decay test.  
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7.4. Operative irregular waves 

All the tests shown in Table 7 were carried out to characterize the 
response of the device to irregular waves and, as mentioned previously, 
the acquired time history of wave elevation was implemented in the 
numerical Orcaflex© model. The validation of the device kinematics and 
of the loads on the lines were carried out through statistical and fre-
quency analyses. Fig. 24, Figs. 25 and 26 show the average heave, pitch, 
and surge RAOs respectively, calculated using the experimental and 
numerical data. The average RAO has been calculated by the following 
methodology:  

• Pitch and wave height signals are read over time for each irregular 
wave tested.  

• The Fourier transformation is applied to both signals, purified from 
the mean value, to pass from time to frequency domain.  

• The ratio between the respective absolute values of the Fourier 
transforms is calculated.  

• The ratio of the two signals for all the eight irregular waves are 
averaged at each frequency. 

The steps listed above can be written in Equations (14) and (15): 

RAOwavei =
fft(x5i(t))

fft(ηwavei(t))
,with i= 1 : 8 (14)  

RAOmean(ω)=

∑Nwaves

i=1
RAOwavei(ω)

Nwaves
,with Nwaves = 8 (15) 

The numerical model correctly estimates pitch and heave motions 
while it is less accurate for the surge motion. This can be partially 
attributed to the uncertainties of the experimental setup such as the 
topological distribution of the clump weights on the artificial seabed at 
the start of each test and the estimation of the drag coefficients of the 
chains or the actual level of the seabed. As discussed in Wright et al. 
(2022), predictions of slow drift motions still did not reach a satisfactory 
level with literature on the topic, showing a gap in the current state of 

Table 11 
Comparison of damped period and extinction coefficients results by experi-
mental free-decays.  

Free Decay TD-MODEL (s) TD (s) α (1/s) β (− ) 

Pitch 1.25 6.25 0.154 0.031 
Roll 1.13 5.58 0.042 0.914  

Fig. 18. Fairlead Tension during pull-out test.  

Fig. 19. Zoom of the fairlead tension during pull-out test in the operative range highlighted in Fig. 18.  
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the art. Possible reasons behind the errors are the calculation of 
second-order forces by potential flow theory and the need for a correc-
tion to match those calculated in experimental wave basin testing, 
having viscous drag coefficients that are amplitude and frequency 

dependant, and accounting for the wave–current effect on both excita-
tion and damping forces. 

Figs. 27 and 28 show the comparison between the synchronized time 
histories of pitch motion related to the experimental acquisition and the 

Fig. 20. Experimental and numerical Surge RAO in 1:50 and 1:30 steep regular waves (left y-axis), Relative error between Experimental and numerical values (right 
y-axis). 

Fig. 21. Experimental and numerical Heave RAO in 1:50 and 1:30 steep regular waves (left y-axis), Relative error between Experimental and numerical values (right 
y-axis). 

Fig. 22. Experimental and numerical Pitch RAO in 1:50 and 1:30 steep regular waves (left y-axis), Relative error between Experimental and numerical values (right 
y-axis). 
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numerical simulations for irregular waves 02 and 06 (Table 5), whose 
periods are close to the device resonance. It can be noted that the vali-
dation in terms of statistical values (STD, standard deviation value of the 
signal) is consistent, and the superposition of the signals in the time 
domain (obtained for the reasons mentioned above by slipping one of 
the two signals in post-processing) provides excellent results. 

Taylor diagrams obtained from the two pitch time histories are 
shown in Fig. 29. In each diagram the standard deviations (STD), the 
Centered Root Mean Square Error (RMSD) and the correlation coeffi-
cient (CC) of the two signals are reported. These three parameters are 
respectively calculated with Equations (16)–(18) and reported in 
Table 12: 

Fig. 23. Experimental and numerical Load Cell Amplitudes of starboard mooring lines in 1:50 and 1:30 steep regular waves (left y-axis), Relative error between 
Experimental and numerical values (right y-axis). 

Fig. 24. Average heave RAO using the experimental acquisition and the Orcaflex© numerical model.  

Fig. 25. Average pitch RAO using the experimental acquisition and the Orcaflex© numerical model.  
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Fig. 26. Average surge RAO calculated using the experimental acquisition and the Orcaflex© numerical model.  

Fig. 27. Time histories of pitch motion comparison for irregular wave Irr. 02: experimental vs numerical.  

Fig. 28. Time histories of pitch motion comparison for irregular wave Irr. 06: experimental vs numerical.  
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STD(C⋁Cr)=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

[(C⋁Cr) − mean((C⋁Cr))]
2

N

√

(16)  

RMSD=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

[{[C − mean(C)] − [Cr − mean(Cr)]}2̂]
N

√

(17)  

CC =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑
[[C − mean(C)]⋅[Cr − mean(Cr)]]

N⋅STD(C)⋅STD(Cr)

√

(18)  

In Table 12, the second column of each motion, called STDerr(%), is 
calculated as the relative error between the numerical model STD and 
the experimental one. It can be noticed that the errors are in average 
higher for the surge motion than for heave and pitch. For heave and 
pitch motions both values in terms of relative error on STD and CC are 
within 5% and 90%. It must be underlined that the time histories syn-
chronization was done starting from the wave elevation signals in post- 
processing. 

7.4.1. Design load estimation 
The aim is to validate the distributions obtained for each experi-

mentally tested wave to assess the design load with the numerical 
model. For the validation of mooring line loads, a statistical approach 
was adopted as suggested by Niosi et al. (2021). 

A great number of simulations should be performed to determine the 
design load and for each of them, a statistical distribution of loads acting 
on the mooring line should be identified. The design load can be found 
by combining all the obtained distributions (one for each realization). 

The data used to fit the distribution are obtained by post-processing 
the time history signal related to the fairlead load for both experimental 
acquisition and numerical model. 

The basis for the extreme values statistics is the maximum response 
between two successive crossings of the mean (Peak Over Threshold) 
and is defined as an overall maximum (see Fig. 30). 

Global maxima are assumed to be independent stochastic variables, 
often modeled by a “Generalized Extreme Value” distribution. 

A Generalized Extreme Value distribution was used to fit both 
experimental and numerical data. The fit was performed through the 
Matlab© distribution application and the data to be fitted are all the 
values indicated in Fig. 30 as POT. The same approach was used to 
model extreme conditions fairlead tensions. 

The two distributions, for each wave, can be obtained by fitting the 
POT points of numerical and experimental time histories. The distribu-
tions reported in Fig. 31 are related to irregular wave 02 as a demon-
strative example. 

7.5. Extreme regular waves 

For regular extreme waves, the same quantities, namely motions and 
tensions, and the same procedure of post-processing as for the operating 
waves are considered. As seen in Fig. 32, the numerical model over-
estimates the pitch response of the device because it does not consider 
viscous or non-linear effects due to the variation of the wet surface and 
sharp edges. The estimate of the device surge in the numerical model 
includes a low-frequency response which does not appear in experi-
mental tests. In fact, referring to the surge motion reported in Fig. 32, the 
discrepancy between the experiment and the numerical simulation can 

Fig. 29. Taylor diagrams related to pitch motion for wave irr. 02 (on the left) and irr. 06 (on the right).  

Table 12 
Root Mean Square Deviation, Standard Deviation error and Correlation Coefficient for surge heave and pitch motion: experimental VS numerical.  

DOF Surge Heave Pitch 

RMSD STDErr (%) CC RMSD STDErr (%) CC RMSD STDErr (%) CC 

IRR01 1.8 22.0 0.86 0.15 2.1 0.83 1.9 2.5 0.93 
IRR02 2.4 13.7 0.74 0.24 0.4 0.81 3.9 6.8 0.92 
IRR03 1.8 3.2 0.84 0.17 1.4 0.96 3.0 6.2 0.96 
IRR04 2.7 4.8 0.6 0.32 1.9 0.91 4.1 3.3 0.92 
IRR05 2.1 7.7 0.57 0.15 1.3 0.95 2.1 4.8 0.96 
IRR06 1.9 5.2 0.58 0.14 4.1 0.87 2.6 5.2 0.95 
IRR07 1.7 7.4 0.52 0.21 2.4 0.84 2.6 4.7 0.94 
IRR08 1.8 15.7 0.52 0.15 1.5 0.95 2.2 4.5 0.95  
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be attributed to the viscous surge damping not included in the numerical 
model. The same procedure performed for pitch and roll viscous 
damping identification should have been performed also for surge. But, 
while for roll and pitch motion is easy to discern hull-related viscous 
damping from mooring-related viscous damping because of the presence 
of a hydrostatic stiffness matrix, for surge motion a more complicated 
analysis is required, such as CFD simulations or different kinds of 
experimental tests with constant speed. Since the objective of the paper 
is to ascertain the device pitch response and the mooring line tensions 
distributions, only the drag coefficients and added mass coefficients for 
the mooring lines were included in the numerical model while the 
linearized hull-related viscous damping was neglected. For the same 
reason, to smaller extent, loads on mooring lines are overestimated by 
the numerical simulations due to the increased motions of the device. 

7.6. Extreme irregular waves 

The numerical simulations, for extreme irregular waves (Table 8), 
were carried out by implementing three realizations of wave elevation 
time history. Results obtained by carrying out the Power Spectral Den-
sity (PSD) of the experimental acquisition and the numerical model are 
discussed. Each PSD comparison, reported in the following figures is 
intended as an average PSD among the three realizations of the extreme 
wave reported in Table 8. In extreme conditions, the assumptions of 
linear theory are less applicable, and a greater error is expected in the 
estimation of motions and loads by the numerical model which uses 
linear hydrodynamics to solve the motion equation of the device in the 
time domain. Even if extreme waves are far from the hypotheses of 
linear theory, the model manages to predict the device motions quite 
accurately as can be seen from Fig. 33, Fig. 34, Fig. 35. This occurs 
mainly for two reasons: the first can be associated with the device ge-
ometry since the hydrostatic stiffness and wetted surface do not vary 

Fig. 30. Peak Over Threshold (POT) DNV procedure: example of a partial time history.  

Fig. 31. Numerical and experimental distributions based on DNV procedure: Experimental vs numerical fitted GEV for irregular wave 02.  
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Fig. 32. Extreme regular wave validation: Pitch motion, Surge motion and fairleads tension at bow mooring lines.  

Fig. 33. Surge PSD: Numerical vs Experimental.  

Fig. 34. Heave PSD: Numerical vs Experimental.  
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much even for large pitching oscillations the hydrodynamic coefficients 
and the excitation forces imposed by the wave have small variations. 
The second reason can be attributed to the linearized viscous damping 
parameters, added in the model, which consider the viscous effects not 
modeled in the potential theory used in the classical panel methods. 

Figs. 33, Figure 34, and Fig. 35 presenting the PSDs, refer to the 
validation in the frequency domain, while Table 13 shows summary of 
statistical data similar to those commented for the irregular operational 
waves reported in section 7.4. 

The results reported in Table 13 are obtained by comparing the 
experimental and numerical time histories of the device motions. An 
example of time histories related to pitch motion is reported in Fig. 36. 
The time history related to the surge motion and the load at the fairlead 
of bow mooring line 4 are reported in Fig. 37. It is worthful noticing how 
the peak of the surge motion corresponds to the peak of the mooring line 
tension at least for the experimental acquisitions. In the numerical 
model the same behaviour can be observed for the maximum value of 
the fairlead tension at different time instants. 

To validate statistically the prediction of the loads for the mooring 
lines dimensioning, the environmental contours relating to the instal-
lation site and the combination of wave height and periods for the ex-
tremes have been identified. Each wave has been repeated with ten 
different seeds and for each simulation, through the POT procedure 
detailed for operative waves, a GEV distribution has been created 
considering the 95th percentile. From the obtained distribution, the 
Most Probable Maxima (MPM) has been selected for the load dimen-
sioning. If the numerical model predicts well the experimental data fit, 
the dimensioning load of the mooring lines is also accurately predicted. 
Fig. 38 adds practical validation to a strong statistical basis during the 
design of the mooring lines. In fact, this methodology, compliant with all 
current regulations, can be considered a key procedure when dimen-
sioning a mooring system for wave energy converters of this type. 

8. Conclusions 

In this paper, the validation of numerical models against experi-
mental tests was carried out. It was seen that under operating condi-
tions, where linearity assumptions are more likely to be true, the 

numerical model effectively estimates wave-frequency device motions 
such as heave and pitch. For the surge motion, characterized by low 
frequencies, the numerical model is less accurate. This may be due to 
two causes: the first is the experimental uncertainty about the static 
position of the device at the beginning of the tests, and the second is the 
estimation of drag coefficients related to the hull, chains, and jumpers. 
After generating a wave train, the device settles into a static equilibrium 
position different from its initial position, thus changing the mooring 
stiffness. Due to the weight of the chains and the position of the device, it 
was not possible to reconfigure the device into its original position, but 
this was done only at the end of the day when the hull was taken out of 
the water. In the Orcaflex© environment, on the other hand, the test 
always began with the hull in its initial static position. In addition, in the 
numerical model, the drag coefficients of the chains and the jumper 
were associated with their nominal dimensions, the diameter for the 
chains, and the radius for the jumper and calculated through the con-
ventional treatment and thus considered constant and not scaled with 
the Reynolds number. The surge viscous damping was not included in 
the numerical model therefore the accuracy of the numerical model 
reliability for surge motion is limited. 

In any case, low-frequency surge motion is more difficult to model 
than others, and in future studies, the higher-fidelity CFD models will be 
used to determine viscous parameters to include in the PEWEC linear 
numerical model. The presented validation focuses on the frequency 
response of the complete system; thus, it can be referred to any sea state 
with a spectrum defined in the frequency range identified during the 
experiments. This peculiarity allows to apply the design methodology to 
other installation sites by simply changing the environmental conditions 
of the numerical models: i.e., generating different operational and 
extreme waves and adjusting the mooring system on the installation site 
depth. One of the main objectives of the experiments was to validate 
mooring stresses in extreme events. It was shown, in accordance with 
the methodologies proposed by DNV (Det Norske Veritas, 2014), that 
the numerical models predict well the design load even if some 
low-frequency effects are neglected, and thus can be used to certify the 
mooring system for future evaluations. Once the linear numerical model 
has been validated, the great advantage is to be able to perform opti-
mization analysis and all simulations necessary at a low computational 

Fig. 35. Pitch PSD: Numerical vs Experimental.  

Table 13 
Root Mean Square Deviation, Standard Deviation error and Correlation Coefficient for surge heave and pitch motion: experimental VS numerical.  

DOF Surge Heave Pitch 

RMSD STDErr (%) CC RMSD STDErr (%) CC RMSD STDErr (%) CC 

IRREX_seed1 4.7 2.4 0.62 0.71 4.9 0.75 5.2 10.2 0.8 
IRREX_seed2 4.2 1.4 0.63 0.74 0.21 0.76 7.1 9.1 0.82 
IRREX_seed3 4.5 1.8 0.63 0.72 2.1 0.77 6.1 9.5 0.85  
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cost. For the development of the PEWEC technology, the validation of 
the mooring system tested in an operative environment is crucial for TRL 
improvement. 
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