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The floating oscillating surge wave energy converter (FOSWEC) is a wave energy converter that was designed,
built, and tested to develop an open-access data set for the purpose of numerical model validation. This
paper details the experimental testing of the 1:33-scale FOSWEC in a directional wave basin, and compares
experimental data to numerical simulations using the wave energy converter simulator (WEC-Sim) open-source
code. The FOSWEC consists of a floating platform moving in heave, pitch, and surge, and two pitching flaps.

Power is extracted through relative motion between each of the flaps and the platform. The device was designed
to constrain different degrees of freedom so that it could be configured into a variety of operating conditions
with varying dynamics. The FOSWEC was tested in a range of different conditions including: static offset, free
decay, forced oscillation, wave excitation, and dynamic response to regular waves. In this paper, results from
the range of experimental tests are presented and compared to numerical simulations using the WEC-Sim code.

1. Introduction

Wave energy converters (WECs) are devices designed to generate
power by extracting energy from ocean waves. These devices have
been conceptualized, researched, and tested for decades. However,
most WECs are considered to be at low- to mid-range technology
readiness levels (TRLs), and have yet to reach utility-scale commer-
cialization (Weber, 2012). Unlike the wind industry that has largely
converged on the three-bladed horizontal-axis wind turbine, the wave
energy industry is still evaluating a wide range of design archetypes
with fundamentally different operating principles. WECs are often cat-
egorized into the follow device types: point absorbers, attenuators,
oscillating wave surge devices, oscillating water columns, overtopping
devices, and pressure differential devices. However, due to the large
range of existing design archetypes, researchers often differ on their cat-
egorization of WECs (Cruz, 2008; Lopez et al., 2013). This wide range
of design archetypes has made numerical modeling and simulation of
WEGCs a challenging research topic because the numerical requirements
between WEC designs vary substantially.

Historically, WECs have been modeled using numerical methods
developed for naval architecture, offshore oil and gas applications, or
custom-built models for specific devices. More recently, commercial
and open-source codes have been developed specifically for modeling
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WECs. Numerical models of WECs must resolve complex hydrody-
namics associated with wave-device interaction, body-to-body interac-
tions, moorings, and electro-mechanical dynamics at the power take-off
(PTO) to predict device performance and response. A common numeri-
cal approach for simulating WECs is to use the time domain Cummins’
impulse response formulation (Cummins, 1962). The Cummins’ formu-
lation requires hydrodynamic coefficients for added mass, radiation
damping, and wave excitation, details of which are provided in the
following section. Using this formulation, the radiation and excitation
forces are converted from the frequency domain into their time domain
equivalents in the form of impulse response functions through an
inverse Fourier transform. Typically, these hydrodynamic coefficients
are determined from a frequency domain boundary element method
(BEM) solution based on linear potential flow theory. Linear potential
flow assumes inviscid fluid, irrotational flow, and small amplitude
motion. While this approach is common practice, WEC dynamics in
real ocean waves violate these assumptions. The advantage of the
Cummins’ formulation is that by moving from the frequency domain
to the time domain, nonlinearities can be included. This allows for
the inclusion of nonlinear effects, such as drag proportional to velocity
squared, realistic implementation of nonlinear PTO and control, and
modeling of complex mooring systems. The example applications of this
numerical approach are numerous, ranging from modeling the SEAREV
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Fig. 1. A 1:33-scale FOSWEC (top) in action during experimental testing with origin at still water line and (bottom) mechanical design rendering with instrumentation. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

device, to the Center for Ocean Energy Research modeling competi-
tion, to WaveBob- and Powerbuoy-inspired point absorbers, to name a
few (Josset et al., 2007; Garcia-Rosa et al., 2015; Beatty et al., 2015).
It is worth nothing that while the Cummins’ formulation is a common
numerical approach, there are many other relevant approaches for
modeling WECs. For a detailed review of these methods, refer to Folley
(2016).

Model verification and validation are essential for numerical method
development, which is commonly used to evaluate the confidence and
accuracy of the model. Often, in lieu of validation through comparison
to experimental data, numerical models go through verification via

comparison to other numerical models (i.e., a code-to-code compar-
ison (Combourieu et al., 2015; Wendt et al.,, 2017)). On the other
hand, to ensure the numerical model accurately represents the physical
system, a validation study is often carried out by comparing the
numerical solutions to measurements from experimental tests. Due to
the wide variations in device archetypes, differences in the dominant
physics and intended application, it is preferable to validate these
models against WEC-specific experimental data (Lawson et al., 2015;
Ruehl et al.,, 2014). However, the wave energy industry is still in
the early stages of development, and developers want to maintain a
competitive advantage and preserve their intellectual property. This
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Table 1 Table 2
FOSWEC 1:33-scale mass properties. Available degrees of freedom by test configuration.
Property Flap 1 Flap 2 Platform Configuration Flap in pitch Platform
Mass (kg) 23.14 23.19 176.04 Configl Front flap only None
X (m) -0.65 0.65 0.0 Config2 Both flaps None
Y, (m) 0.0 0.0 0.0 Config3 Both flaps Heave only
Z,, (m) -0.29 -0.29 —-0.063 Config4 Both flaps Surge, heave, pitch
I, (kg m2) 1.42 1.58 37.88
I,, (kg m?) 1.19 1.62 29.63
I, (kg m?) 1.99 1.25 53.61 Table 3

means many experimental data sets are not made public, and availabil-
ity of nonproprietary, open-access data sets for validation is limited.
In the last few years, this paradigm has begun to shift, and there is
now more focus on development open-access data sets and open-source
codes. For example, the U.S. Department of Energy (DOE) now requires
data from all projects funded by the Water Power Technologies Office
(WPTO) to be posted to the Marine and Hydrokinetic Data Repository
(MHKDR) (MHKDR, 2019). In addition to data available from DOE
WPTO, similar efforts to share and disseminate data are being made
domestically and internationally (OPERA, 2019).

In this study, experimental wave tank tests and numerical simula-
tions of a 1:33-scale floating oscillating surge wave energy converter
(FOSWEC) are compared. The FOSWEC was tested in a range of dif-
ferent conditions including: static offset, free decay, forced oscillation,
wave excitation, and dynamic response to regular waves in four dif-
ferent device configurations. The numerical simulations are performed
using the open-source WEC-Sim code, and the simulation performance
is evaluated in an a priori sense (i.e., unadvised by experimental data)
and a posteriori, in which the simulation has been tuned based upon
experimental cases. The FOSWEC experimental data is available open-
access on the MHKDR, and FOSWEC data processing scripts are avail-
able on a public GitHub repository (Sandia National Laboratories,
2019a,b).

2. FOSWEC

The device tested in this validation study is the 1:33-scale FOSWEC,
shown in Fig. 1. The FOSWEC consists of a floating platform (orange)
with two pitching flaps (yellow). Each flap hinges about a horizontal
shaft and generates power through the relative pitch motion between
the flap and platform. The flaps each have a PTO system consisting of a
gearbox, electric motor, and torque transducer housed in a waterproof
PTO box. They are also instrumented with a 6-degree of freedom (DOF)
load cell at the connection of the flap to the shaft, and a rotary encoder.
A rendering of the FOSWEC with the sensors labeled is shown in Fig. 1.

The x-axis is defined along the incident wave direction at the still
water line (SWL), as labeled at the top of Fig. 1. The geometric and
mass properties of the FOSWEC were determined from dry tests and are
summarized in Table 1 and Fig. 2. All moments of inertia are relative to
the center of gravity, c,. For details on how these tests were performed,
refer to Bosma et al. (2016) and Sandia National Laboratories (2019a).

A motion constraint system was designed and built to selectively
restrict the FOSWEC’s motion, in order to vary the FOSWEC’s config-
uration to isolate individual degrees of freedom. A rendering of the
motion constraint arm is shown in Fig. 3. For more information about
its design refer to Sandia National Laboratories (2019a). The base of
the constraint system is affixed rigidly to the basin floor, and acts as a
mooring system for the device. In this way, coupling between modes of
motion could be isolated to allow for independent characterization. The
available DOF for each of the four configurations is listed in Table 2.
For example, in Config 3, both flaps are free to move in pitch, and the
platform is allowed to move in heave (implying that the pitch and surge
constraints are engaged). A load cell and position sensors were installed

Motion constraint mass properties.

Property Heave constraint Pitch constraint Surge constraint
Mass (kg) 27.35 4.47 23.66

X, (m) 0 0 0

Y, (m) 0 0 0

Z,, (m) -0.782 —-0.366 -0.366

1., (kg m?) 2.2 0.29 1.44

I,, (kg m?) 2.15 0.02 2.21

I,, (kg m?) 0.28 0.30 3.58

on the arm to measure 6-DOF loads and motion in heave, pitch, and
surge.

The motion constraint consists of three components: (1) a surge
guiderail constraint, (2) pitch constraint, and (3) heave constraint fixed
to the basin floor. The mass and inertia properties for the moving
components of the motion constraint are defined in Table 3. The mass
and inertia of each moving component need to be included in numerical
simulations, depending on the motion constraint configuration, details
of which will be provided in the following section.

3. WEC-Sim

WEC-Sim is an open-source code developed in MATLAB/Simulink
as a library and accompanying scripts that utilize Simscape Multibody
to solve for a WEC’s rigid body dynamics in the time domain. The
code allows users to model complex WEC designs consisting of multiple
bodies, PTO systems, mooring systems, and controls for a variety of
wave conditions (WEC-Sim, 2019).

WEC-Sim is based on linear wave theory, in which the waves are as-
sumed to be a linear superposition of incident, radiated, and diffracted
wave components with added external forcing terms (e.g., PTO and
mooring forces) and empirical viscous damping terms. WEC-Sim solves
the following time domain equation of motion due to wave forcing for
each rigid body around its center of gravity:

(m+A DX = Fop ()= Fopy() — Fpy() — Fi () + Foo()+ F () + F, (1) (1)

where m is the mass and inertia matrix, A, is the added mass matrix at
infinite wave frequency, X is the body’s displacement in 6 DOF, and a
dot implies a time derivative. F,,.(7) is the wave excitation force vector
and F,,,(?) is the radiation damping force vector, defined as:

t
F ) = / k.t —7)X(r)dt 2
0

calculated by convolving the radiation impulse response function, k,, in
each DOF, with the 6-element velocity vector, X. The radiation impulse
response function, k,, is the inverse Fourier transform of radiation
damping, defined as:

k.(t) = %/000 B(w) cos(wt)dw 3

where B(w) is radiation damping and w is wave frequency in rad/s. The
hydrostatic restoring force, Fj (), is defined as:

F (1) = Kp X 4

where K, is a 6-by-6 matrix of constant hydrostatic stiffness coeffi-
cients with units of N/m in translation and Nm/rad in rotation, and X
is a 6-element displacement vector. The viscous force, F,; (), is defined
as:
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Fig. 2. FOSWEC mechanical design dimensions.

CypA;
2
= C,X +Cp|X|X

F,, () = C,X + |X|X

(5)

where C, is the linear viscous damping coefficient, and the quadratic
drag, Cp, is a function of the drag coefficient, C,;, water density, p,
and the cross sectional area, A,. F,,(7) is the force applied on the WEC
from the PTO, F,,(¢) is the mooring force, and F,,, () is the external force
from joints at the interface between component bodies. The latter force
is calculated by the multi-body dynamics solver within Simulink based
upon user-defined device geometry, joint parameters, and relative body
motions. Further description of each of these forces will be provided in
the following sections.

WEC-Sim utilizes hydrodynamic coefficients in the frequency do-
main, and determines their time domain equivalent in the form of exci-
tation and radiation impulse response functions, and infinite frequency
added mass using the Cummins’ formulation. These hydrodynamic
coefficients are typically determined from BEM solutions, but can also
be determined experimentally. For the WEC-Sim solutions presented
in this study, the hydrodynamic coefficients were solved for using the
BEM code WAMIT (Lee and Newman, 2017). Two WAMIT solutions
for the FOSWEC were run with 458 evenly-spaced frequencies from
0.05 to 22.8 rad/s, one for all three bodies, and another for the flap
only. The flap only WAMIT solution was run with the origin at the
hinge location so that its results could be used for direct comparison to
the experimentally determined wave excitation, radiation damping, and
added mass. The three-body WAMIT solution was run so solve for body-
to-body interactions, and was used for all of the WEC-Sim simulations
(e.g., free decay and wave cases). The WAMIT solutions exclude the
presence of the motion constraint, which was assumed to have minimal
effect on the hydrodynamic parameters of the FOSWEC itself.

The FOSWEC device was simulated in WEC-Sim using the measured
mass and inertia properties defined in Tables 1 and 3, and using the
hydrodynamic parameters determined from WAMIT, in addition to

platform
freeboard
0.24[m flap
o freeboard
' 0.12[m]
flap
\ draft
\\ platform 0.46[m
\ draft
\0.52[ml
Pitch
Constraint
Surge
Guiderail
Constraint
6-DOF
Load Cell

4

Heave
Telescoping
Constraint

Fig. 3. Rendering of motion constraint.

experimentally determined parameters. Because the determination of
some device parameters required limiting available DOF, constrained
WEC-Sim models were used in the simulations to be representative of
experimental conditions, denoted as Config 1-Config 4. All WEC-Sim
simulations were run using the parameters listed in Table 4. An image
of the WEC-Sim Simulink model is shown in Fig. 4. The platform (gray)
and flaps (yellow) are modeled as hydrodynamic bodies, the motion
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Table 4 Table 5
WEC-Sim simulation parameters. Summary of experimental test campaign.
Description Value Experiment Objective
Wave height (m) H Static offset Hydrostatic restoring stiffness, K,
Wave period (s) T Free decay Natural frequency, w,, and total damping, C,,(w,)
Simulink solver ode45 Wave excitation Wave excitation force coefficient, f,,.(®)
Maximum time step (s) T/200 Forced oscillation Added mass, A(w), total damping, C,, (w),
Wave ramp time (s) 5T and quadratic drag, C),
Convolution integral time (s) 25 Wave response Response amplitude operator, RAO
Simulation end time (s) 20T

[®]PTO1 [@]PTO2
constraint(1) + constraint(2)
¢
M. body(2)
1
Rectangle Frame constraint(3)
body(4)
Y Surge Guiderail moor -
| constraint(4) ing(1)
Squares
body(5) []Pitch
constraint(5)
Heaving Cylinder Heave Telescoping
body(6) constraint(6)
constraint(7)
Fixed Cylinder
body(7)y
c
c
Q
O

Fig. 4. WEC-Sim model of the FOSWEC and motion constraint implementation in
Simulink. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

constraint is modeled as four nonhydrodynamic bodies (red and blue),
and each of the joints are modeled as constraints (white). Details of the
validation effort are described in the following sections.

4. Experiments

The FOSWEC was evaluated in a series of experimental wave tank
tests for comparison to the frequency domain WAMIT hydrodynamic
coefficients and the time domain WEC-Sim simulations with the ex-
perimentally observed device response. The experimental tests were
performed in the Directional Wave Basin at the Hinsdale Wave Re-
search Laboratory located at Oregon State University (Hinsdale, 2019).
The test objectives were to determine the mass/inertia, the hydrody-
namic properties of the FOSWEC components as defined in Eq. (1), and
the response of the device when subject to incident waves in different
configurations (Table 2). A summary of the experimental wave tank
tests performed and their corresponding test objectives is provided in
Table 5. This section will provide an explanation of the tests performed
and the experimental derivation of the terms defined in Eq. (1). For
more information about the tests performed and for a more detailed
description of the test facility refer to Bosma et al. (2016) and Ruehl
et al. (2016). Unless otherwise noted, device data (e.g., loads, positions)

were collected at 100 Hz, and wave sensor data was collected at 50 Hz.

4.1. Static offset

The objective of the static offset test is to determine the hydrostatic
restoring coefficient, K, in each DOF, namely the flap in pitch and the
platform in heave, pitch, and surge. During each test, all DOFs, aside
from those being evaluated, were locked. The hydrostatic restoring
force, F,,, referenced in Eq. (1), is the force exerted on a submerged
body by the static fluid. As defined in Eq. (4), X is a six-element
displacement vector, and K, is a 6-by-6 matrix of constant hydrostatic
stiffness coefficients with units of N/m in translation and Nm/rad in
rotation. For translation in heave, the hydrostatic stiffness coefficient,
k3, is defined as:

ki3 = PgAwp (6)

where p is the density of water, g is the acceleration due to gravity, and
A,, is the cut water-plane area. For rotation in pitch, the hydrostatic
stiffness coefficient kg5 is defined as:

kss = pgl, + pgV z, — mgz, @)

where [, is the second moment of area of the cut water-plane area,
V is the submerged volume, z, is the z-coordinate of the center of
gravity, m is the body mass, and z, is the z-coordinate of the center of
buoyancy. It should be noted that while both k53 and k55 are modeled in
WEC-Sim as constant linear spring terms, they are in fact nonlinear. For
example, for motion in heave, the cut water plane area, 4,,,, changes,
and for motion in pitch the submerged volume, V, is not constant.
It is also worth noting that there is no hydrostatic stiffness in surge
(i.e., k;; = 0). To restore the FOSWEC in surge, a series of rubber
bungee cords were installed on both sides of the motion constraint
perpendicular to the surge guiderail, and attached to the FOSWEC such
that they did not interfere with flap motion. This restoring force is
described as surge mooring stiffness, k,,. The hydrostatic and mooring
stiffness were determined from a series of static offset tests that will be
detailed in the following sections.

4.2. Free decay

The free decay test objectives are to determine the natural fre-
quency, w,, and estimate the total linear damping, C,,,, for each body
in its relevant DOF. Free decay estimates of damping are also used
to validate the Cj, estimate of flap-pitch forced oscillation tests. Free
decay tests were performed for the flap in pitch, and the platform in
heave, pitch, and surge. During each test, all DOFs, aside from those
being evaluated, were locked. Data processing for each of the decay
tests was completed in a similar manner; however, for the sake of
brevity, only the analysis of the flap’s free decay will be described in
this section. With noted exceptions, the same methodology was applied
to the platform’s free decay tests in heave, pitch, and surge. For these
free decay tests, the PTO drivetrain was disconnected. Because the PTO
was disconnected, it can be assumed that the flap’s free decay response
is purely a hydrodynamic response with small frictional forces.

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



K. Ruehl et al.

The flap was initially displaced with no incident waves to a pre-
scribed angle and released. The flap motion was then recorded until
it returned to steady state at its equilibrium position. Under these test
conditions, Eq. (1) simplifies to:

U,y + As$)f = —C,,0 — Cp|0]0 — k556 (8)

where I, is the moment of inertia in pitch, As5(w,) is the added mass
in pitch at the damped natural frequency, C,,(w,;) = Bss(w,) + C,(w,)
is the total damping due to radiation damping and viscous damping at
the damped natural frequency, and 0 is the flap angular displacement
(equivalent to X5) (Bosma et al., 2016). Flap angular displacement was
low-pass filtered with a first order back-to-back finite-impulse-response
filter to remove instrument noise without introducing a phase shift. It
should be noted that while Bss(w) and C,(w) are frequency-dependent
damping values, because free decay occurs at the damped natural
frequency, only the damping values at the damped natural frequency,
Bss(w,) and C,(w,), are relevant. Similarly, the total damping, C,,
and C are generally frequency-dependent, but only the C,,(w,) and
Cpl(wy) can be determined from free decay tests.

For decay tests, the damping ratio, ¢, can be determined from
time domain data following the logarithmic decrement method using
the initial adjacent peaks (Inman, 2008). Based on the experimentally
derived ¢, linear damping is defined as:

Ciin(wy) =2{(,, + Ass)w, (©)]

where o, is the natural frequency calculated from the observed damped
natural frequency by:
o = Y12 10)
@y

For flap pitch decay, in order to validate the quadratic damping co-
efficient estimations from the forced oscillation experiments, free-decay
damping is temporarily assumed to have solely linear components, ex-
pressed as Cy;,,. For different initial displacements, the mass-normalized
linear and quadratic components of damping can be estimated at w, via
linear regression, as suggested by Inman (2008):

Fvis _ Cline _ Ctm‘ + SCDw|0|/(3”)€

= = an
I, +Ass I, +Ass I, + Ass

where mass-normalized damping coefficients are then multiplied by
(I,,+Ass), and Ass is estimated from forced oscillation tests at a nearby
frequency, then compared to C,, and Cj, estimates calculated in an
analogous way from forced oscillation tests.

Because forced oscillation tests were not performed for the platform
in heave, surge, or pitch, C;, cannot be validated for the platform
by this methodology. Therefore, it is assumed that C;;, = C,,, as
calculated via Eq. (9) using BEM estimate of added mass and Cj, is
used as a simulation tuning parameter.

4.3. Wave excitation

The objective of the wave excitation test is to determine the wave
excitation force coefficient, f,,. (). For this study only excitation
torque on the flap in pitch was considered for direct comparison to
the BEM solution from WAMIT. In order to isolate the forces on the
flap to those exclusively due to wave excitation, the device was locked
in all degrees of freedom during the test. As a result, the left-hand side
of Eq. (1) goes to zero. Additionally, because the flap and platform are
fixed, the radiation force, F,,;, hydrostatic force, F, viscous force,
F,;, PTO force, F,,, F,,, and mooring force, F,, are also zero. Thus,
the forces measured at the flap load cell will be equal to F,,. for this
set of experiments.

Wave calibration tests were carried out in the wave tank prior to
installation of the FOSWEC. A wave gauge was placed at the future
location of the FOSWEC to measure the wave surface elevation at the
center of the FOSWEC prior to its installation, and to ensure that the

Ocean Engineering xxx (xxxx) xxx

desired wave cases were repeatable. This means that the wave field
measured at the device location by this wave gauge includes only the
undisturbed incident wave elevation. Additionally, the wave basin was
instrumented with an array of wave gauges, both subsea and overhead,
that provided other spatially and temporally resolved measurements of
the wave field. The parameter space is summarized in Table 6, where
T is the wave period in s, and H is the wave height in m at 1:33-
scale. Wave generation was found to be highly repeatable for each
of the wave cases marked with an x; wave cases that were not found
repeatable were not considered. Because it is not possible to measure
purely excitation waves at the device location with the FOSWEC device
installed and the wave-device interactions will generate additional
waves, wave data for the proceeding analysis comes from the wave
calibration study for the appropriate wave case.

The wave excitation force is most commonly calculated in the fre-
quency domain, where it is a complex value, having both a magnitude
|F, . (®)| and a phase 2F, . (w) relative to the amplitude and phase of
the wave field. In this way, the wave excitation force can be represented
as:

Foo(@) = foxc(@In(w) 12)

where f,. .(w) is the complex excitation force/torque coefficient as a
function of frequency, and n(w) is the frequency domain representation
of the measured wave surface elevation time series 7().

For analysis of the regular wave excitation, #(r) was restricted to
20 crest-to-crest wave cycles for which the first crest was at a mini-
mum of 75% of the maximum recorded wave height for the run. This
criteria ensured that the wave field considered was fully developed
and excluded initial transients related to start-up of the wave maker.
Further, limiting the sampling duration ensures the actual wave field is
well approximated by #(7) (as determined by the wave calibration study
for which the FOSWEC was absent) and that device-generated waves do
not have sufficient time to reflect off of basin boundaries and affect the
measured forces after propagating back to the device. The measured
forces over this time interval were considered. Each time series was
low-pass filtered via a first-order back-to-back finite impulse-response
filter to remove instrument noise without introducing a phase shift. The
amplitudes of the (nominally) sinusoidal time series’ were calculated
for force and wave height for each cycle, and the median ratio for each
cycle was taken as an estimate of the average excitation coefficient
magnitude. A 95% confidence interval was calculated by examining the
standard deviation of the f,,.(w) calculated for each of the included 20
cycles.

By using multiple regular wave runs at various amplitudes and
periods, an estimate of f,..(w) was determined, and its nonlinear
dependence on wave amplitude was assessed.

4.4. Forced oscillation

The forced oscillation test objectives are to experimentally deter-
mine the added mass, A(w), total damping, C,,(w), and quadratic drag,
Cp. This test was run in still water by controlling the PTO to force the
flap to oscillate at different combinations of periods and amplitudes
with the platform constrained in all degrees of freedom, and measuring
the corresponding force. The radiation damping force refers to the
forces exerted on an oscillating body by the wave radiated as a result of
the body’s oscillation. The radiation force in the time domain is defined
by the convolution integral, Eq. (2). Under this operating condition, the
dynamic equation for the flap in pitch simplifies to:

Fouo(®) = Kp0 = (I, + Ass)8 + C,,,0 + Cp|0]0 (13)

where F(t) is the driving PTO force, C,,(w) = Bss(w) + C,(w) is the
total linear damping at the oscillation frequency consisting of radiation
damping, Bss(w), and the linear viscous damping coefficient, C,(w), and

Cp(w) is the quadratic drag term.
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Table 6
Regular wave cases at 1:33-scale marked with x (3x indicates repeated run).
H; =0.136 X X X X X X
H (m) H, =0.045 X 3x X 3x X 3x X
H, =0.015 X X X X X X
T, =0.87 T, =122 T; = 1.57 T, =191 Ts =226 T =2.61 T, =331

T(s)

As shown in Eq. (13), by subtracting the hydrostatic contribution
from the measured PTO force, the added mass, As5(w), total damping,
C,(®), and quadratic drag, Cp(w), can be extracted by considering
different points in the forced oscillation. Forced sinusoidally, a point
of maximum velocity has an acceleration of zero, and vice versa.
Ideally, this allows for the damping forces proportional to velocity
to be separated from the inertia forces proportional to acceleration
by analyzing velocity maxima and acceleration maxima separately, as
in Beatty et al. (2015). However, in practice, velocity maxima did not
occur simultaneously at zeros of acceleration, and vice versa, likely due
to a small ‘dead band’ observed in the flap position sensor near x = 0
and drive-train slack. As such, this method was not perfectly applicable
for the FOSWEC data set.

Further, work by Brown et al. (2017) has highlighted the frequency
independence of C, over small ranges of the Keulegan—-Carpenter
(KC) number, which can be calculated for the prescribed sinusoidal
oscillations:

|61

KC=— (14
where |0| is the amplitude of the angular velocity oscillation, T is
the period of oscillation, and L is the amplitude of oscillation in rad.
Traditionally, KC is derived in terms of linear distances and trans-
lational velocities. The KC number was found to be nearly constant
across prescribed tested conditions for forced oscillation, and therefore
Cp was presumed constant over the range of w tested. The range of
KC numbers is calculated from observed test conditions to validate
this assumption. Additionally, simulation results were found to be
insensitive to adjustments to Cj, within an order of magnitude, so any
modeling errors introduced due to this approximation are minor.

The considered time series was restricted to symmetric oscillations
at the prescribed amplitude, and filtered using the same method as
in the wave excitation studies. This served to exclude any transients
related to start-up, and to reduce the impact of any position-varying
parameters. For some test cases, this combination of conditions severely
limited or entirely eliminated the available data—these cases have been
flagged in the data set. Beginning at a velocity peak, the data were
then windowed to one half of an oscillation period, ensuring both
large accelerations and velocities would be included in the window.
Because #|6| is highly correlated with || it is not possible to solve
simultaneously for Cp, and C) in a least squares sense, so a two-
step procedure was adopted. Firstly, hydrostatic contributions were
subtracted from each window and Eq. (13) was solved in a least-
squares sense for damping and added mass, assuming all damping
(drag, viscous, and radiation), Cj;,, is proportional to pitch velocity:

- C,
Fpto - Khse = [0 0] [ lin ] (15)
Then, using different amplitudes of |0| at a given frequency, the lin-
earization proposed by Inman (2008) and utilized by van Riij et al.
(2017) was adopted to calculate a C;, estimate for each oscillation
frequency via linear regression:

Fuix = Cline. = (Cmr + SCleel/(3”))0 (16)

such that the y-intercept of the fitted line is the linear damping term
C,,, (the combination of radiation and viscous damping) and the slope
proportional to 8w|0|/(3x) is the quadratic coefficient, C,. By earlier

arguments, Cp, is assumed to be constant over tested conditions, and
as such, the estimates for C, for each frequency of oscillation were
averaged for a more robust estimate.

With the estimate for Cj, the contribution of quadratic drag was
removed along with hydrostatic contributions from the measured force
and the added mass and linear damping parameters were recalculated
for each test case by:

L R .. C
Fpp— Ky0 = Cpl0l6 =6 4] [ tot ] a7

I, + Ass

where C,,(w) is the frequency-dependent contribution of the linear
damping. Details of the resulting comparisons between experimen-
tal data and numerical simulations will be detailed in the following
sections.

4.5. Regular wave

The objective of the regular wave test is to characterize the FOS-
WEC’s response to regular waves with various device configurations,
corresponding to Config 1- Config 4. In the first configuration, Config
1, only the front flap’s motion in pitch is free to move. Config 2 allows
both flaps to pitch, and thus includes the motion of two interacting
flaps. Config 3 allows both flaps to pitch and the platform to move
in heave. The final configuration, Config 4, allows both flaps to pitch,
and the platform to move in heave, pitch, and surge. For wave response
tests, the wave basin generated several sets of regular wave fields (see
Table 6).

Measurement of the FOSWEC motion was achieved via encoders
mounted on each flap to measure pitch response, and sensors mounted
on the platform to measure response in heave, pitch, and surge, refer
to Fig. 1. Additionally, 6-DOF load cells were mounted on each shaft
to measure the loads on the flaps, and a 6-DOF load cell was mounted
on the arm’s connections to the platform to measure its loads.

Results from regular wave response tests are presented as response
amplitude operators (RAOs) for each of the four FOSWEC configura-
tions, where the RAO is defined as the ratio between the magnitude of
response to the incident wave height:

| X

RAOW@) = —= (18)
where | X| is the peak-to-peak motion response magnitude, and H is the
wave height, as determined from a corresponding wave calibration run.
For translational motion response, the RAO has units of m/m, and, for
rotation motion response, the RAO has units of deg/m. Similar to the
data analysis of the wave excitation tests, analysis of the regular wave
response X was filtered and restricted to ensure that the wave field
considered was fully developed and excluded initial transients related
to start-up of the wave basin. RAOs were then calculated using 20
crest-to-crest wave cycles of fully developed response.

5. Results
5.1. Static offset

Static offset tests were performed for the flap in pitch and the
platform in heave, pitch, and surge—corresponding to each of the
FOSWEC’s degrees of freedom. These tests were performed by offsetting
the body in each degree of freedom, holding it statically at varying
displacements, and measuring the resulting force/torque. For more
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Table 7
Hydrostatic stiffness from static offset tests with the correlation coefficient compared
to WAMIT solution.

Static offset K, WAMIT Experimental R?

Flap pitch kss (Nm/deg) 0.63 1.2 0.972
Platform heave ky3 (N/m) 5,610 7,150 0.999
Platform pitch kss , (Nm/deg) 21.2 39.8 0.996
Platform surge k,, (N/m) N/A 963 0.961

information about the hydrostatic test setup, refer to Bosma et al.
(2016) and Sandia National Laboratories (2019a).

When running WEC-Sim with linear hydrostatics, the hydrostatic
restoring force is modeled as a function of the body’s displacement
multiplied by a constant hydrostatic stiffness coefficient, K, as defined
in Eq. (4). When hydrostatic stiffness is modeled as a constant coeffi-
cient, a linear regression was fit between measured force/torque and
displacement, and the correlation coefficient, R?, of the fit was calcu-
lated. Any nonlinearity will reduce R%. An overview of the resulting K,
and R? values for each DOF is presented in Table 7, and a discussion
of the results is given in the following sections. The experimentally
derived K, is always larger than the hydrostatic stiffness determined
by the WAMIT solution. This is because, in the as-built system, there
are stiffness terms in addition to hydrostatic stiffness, caused by the
physics of joints, constraints, PTOs, and the surge-restoring bungees.

5.1.1. Flap pitch

The relationship between hydrostatic torque measured at the hinge
and angular displacement of the FOSWEC flap is shown in Fig. 5 (top
left). As expected from the flap’s geometry, the hydrostatic torque
increases with flap angular displacement, because the perpendicular
distance to the flap center of mass at which the buoyancy force acts
increases with the displacement angle, refer to Eq. (7). In addition,
since the flap is a wedge shape which is above the water surface at
equilibrium, the relationship between water displacement and flap dis-
placement in pitch is expected to be nonlinear. This results in a slightly
higher correlation coefficient for a quadratic fit (R*> = 0.988) when
compared to the linear regression. The results of this test demonstrate
that while k55 may be slightly nonlinear, a linear hydrostatic stiffness
for the flap in pitch is still an appropriate assumption. However, the
effect of this nonlinearity is most pronounced at small and large angles
of displacement, and the resulting linear fit predicts zero force at zero
displacement. Inspection of the experimental data (and the polynomial
fit) indicates a nonzero torque value at zero displacement, indicating
the presence of static friction. Significant static friction is unsurprising,
given the large drivetrain gear ratio, and highlights a shortcoming of
the linear fit. The experimentally determined hydrostatic stiffness is
nearly double the WAMIT estimate. The flap pitch static offset test was
performed with the flap PTO connected and there is additional stiffness
in the system caused by the physics of the PTO drivetrain not modeled
by WAMIT.

5.1.2. Platform heave

The relationship between hydrostatic force measured from the over-
head crane and displacement of the FOSWEC platform in heave is
shown in Fig. 5 (top right). For translation in heave, the FOSWEC has a
strongly linear relationship between measured force and displacement,
with a hydrostatic stiffness of k33 = 7150 (N/m) and correlation coef-
ficient of R? = 0.9998. A linear relationship for k55 is expected in this
range because, while there are changes in the cut waterplane area of
the platform in heave for very large displacements (z,,;, = —0.06 m
and z,, = 0.37 m) when the platform is fully submerged or out
of the water, the static offset test was performed for displacements
with small changes in the cut waterplane area. The results of this
test demonstrate that a linear hydrostatic stiffness for the platform
in heave is appropriate. However, comparison of the experimentally
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derived stiffness to the hydrostatic stiffness determined by WAMIT,
ks = 5610 N/m, demonstrates that the motion constraint in heave
provides an additional stiffness that is not fully captured by hydrostatics
alone, as shown in Table 7.

5.1.3. Platform pitch

The relationship between hydrostatic torque and rotation of the
FOSWEC platform in pitch is shown in Fig. 5 (bottom left). Similar
to the results for heave, for rotation in pitch the FOSWEC also has
a strongly linear relationship between measured torque and displace-
ment, with a hydrostatic stiffness of ks5, = 39.8 Nm/deg and a
correlation coefficient of R?> = 0.996. The strongly linear relationship
for kss , is expected because while there are changes in the submerged
volume of the platform in pitch, the FOSWEC platform’s pitch range
of motion is small (less than 10°), so the resulting change in displaced
volume is relatively small. Again, a comparison of the experimentally
derived stiffness to the hydrostatic stiffness determined by WAMIT,
kss, = 212 Nm/deg, indicates nonhydrostatic sources of stiffness
(Table 7). Note that in both experimental and WAMIT evaluations, the
platform pitch and heave hydrostatic responses are evaluated with the
flaps attached, as there were no considered device configurations in
which the flaps were not present.

5.1.4. Platform surge

As mentioned in the previous section, there is no hydrostatic restor-
ing force in surge. Bungee cords were installed on the FOSWEC’s motion
constraint arm in lieu of a traditional mooring system to restore the
FOSWEC’s displacement in surge; therefore, no restoring force from
WAMIT. The surge static offset test was used to characterize the bungee
force as a function of surge displacement. The relationship between
hydrostatic force measured from the overhead crane used to laterally
displace the device and translation of the FOSWEC platform in surge
is shown in Fig. 5 (bottom right). Of the static offset tests performed,
the surge test had the poorest linear fit between measured force and
displacement, with a surge mooring stiffness of k,, = 963 N/m and a
correlation coefficient of R2 = 0.961 (see Table 7). However, while the
other linear fits had higher correlation coefficients, the linear regression
for surge force still appears to capture the overall trend of the data.
Particularly, the nonzero intercept predicted by the linear fit indicates
the presence of significant static friction in the surge guiderails, and
deviations from the linear trend suggest nonlinear behavior in the
bungees.

5.2. Free decay

Free-decay tests were performed by offsetting the body to various
initial displacements in each degree of freedom, releasing the body
from its initial displacement, and measuring the resulting motion re-
sponse to steady-state equilibrium. The purpose of the free decay test
was to determine the natural period, T,, of the FOSWEC in each DOF,
and estimate the corresponding total damping, C,,, as described in
Table 5. Additionally, the flap free decay test was used to validate
estimates of C,,, and Cj, calculated separately from forced oscillation
testing.

An overview of the results from the free decay tests is shown in
Table 8, and details of each test will be described in the following
sections. Recall that Cj, for flap pitch (indicated by an asterisk in Ta-
ble 8) was calculated from Eq. (11) using an added mass estimate from
forced oscillation testing, while other C;, values were selected by tuning
parameters. Further, the added mass estimate used to normalize flap
pitch damping coefficients was from forced oscillation experimental
data, while other degrees of freedom were estimated using BEM added
mass predictions.
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Fig. 5. Measured hydrostatic loads as a function of displacement for flap pitch (top left), platform heave (top right), platform pitch (bottom left), and platform surge (bottom
right). Solid lines represent linear fits to the data, and, for the flap, the dashed line illustrates the polynomial fit.

Table 8
Free decay mean damped natural period (experimental and simulation), viscous
damping, and drag at the damped natural period for each DOF.

Free Decay Td,exp Ty sim C, Cp

Flap pitch 437s 4445 4.84 (Nms/rad) 7.45* (Nms> /rad®)
Platform heave 1.54s 1.36s 502.4 (Ns/m) 300 (Ns? /m2)
Platform pitch 1.67s 1.64s 14 (Nms/rad) 25.2 (Nms? /rad?)
Platform surge N/A N/A 347 (Ns/m) 7808 (Ns?/m?)

5.2.1. Flap pitch

The flap decay for each initial displacement is shown in Fig. 6 (top
left) with 95% confidence intervals indicated at the minimums and
maximums utilized by the logarithm decrement method. The damping
ratio for each initial displacement was calculated, and the mean total
damping, C,,,, was determined. The total damping was then subtracted
by the radiation damping to determine the mean viscous damping,
C, = 4.68 Nms/rad, which was applied in the WEC-Sim simulation on
the flap in pitch. Similarly, a drag of C;, = 7.45Nm/rad?/s’, the product
of the slope of Eq. (11) and (1, + Ass), the added mass estimate from
the tested forced oscillation frequency @ = 1.90 rad/s, the closest to
w, was used in simulation. The comparison between these parameters
and those derived from forced oscillation testing is discussed in the
forthcoming section.

The experimentally observed natural period is relatively constant
for each initial displacement, with a damped natural period of 4.43 s,
4.35s, and 4.33 s for the 10°, 15°, and 20° initial offsets, respectively.
The corresponding simulated flap pitch decay damped natural periods,
estimated as the time from release to the first local maximum, are 4.37s,

4.35s, and 4.32s. A comparison of the experiment to simulation results
shows that WEC-Sim accurately estimates the damped natural period,
and that the pitch decay rate accurately approximates the experimental
rate until the oscillations become <10% of the initial displacement.
It should be noted that although the results of the flap static offset
include the PTO drivetrain, the flap free decay tests were performed
with the PTO drivetrain disconnected to approximately isolate the
hydrodynamic effects. However, the more abrupt decay in experiment
suggests that the static bearing friction, not modeled in simulation,
likely becomes significant for small flap oscillations.

5.2.2. Platform heave

The platform heave decay results for each initial displacement are
shown in Fig. 6 (top right) with 95% confidence intervals indicated
at the minimums and maximums. The mean viscous damping was
determined to be C, = 502.4 Ns/m, which was then applied in the
WEC-Sim simulations for the platform decay in heave. Because forced
oscillation tests were not completed for the platform, drag was used as
a tuning parameter, and a drag of C;, = 300 Ns?/m? was selected to
provide the best fit.

As shown in Fig. 6 (top right), the experimental natural period
for each heave decay initial displacement remains relatively constant,
slightly increasing with larger initial displacement. The experimental
heave decay damped natural periods are 1.52s, 1.54s, and 1.56s for the
7 cm, 10 cm, and 15 cm initial offsets, respectively. The corresponding
simulated platform heave decay damped natural periods are 1.35 s,
1.36 s, and 1.38 s. While there is a discrepancy between the exper-
imental and simulated natural periods, it can be observed that the
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Fig. 6. Free decay tests for flap pitch (top left), platform heave (top right), platform pitch (bottom left), and platform surge (bottom right). Minimums and maximums are shown
with 95% confidence intervals. Dotted lines correspond to WEC-Sim simulations. Results have been normalized by initial displacements.

WEC-Sim simulations are within the 95% confidence intervals at the
first negative peak (¢t = 0.72s), capturing both the period and magnitude
of oscillation. The difference between simulated and observed heave
decay occurs at small relative displacements (z/z, < 0.2) and is likely
due to unmodeled static friction in the heave telescoping constraint.
This effect is exemplified through the experimental results for the
smallest initial displacement of z, = 7cm when compared to the larger
initial displacements, wherein the first negative peak has the largest
relative displacement, but the smallest relative displacement at the first
positive peak (t = 1.51 s). This experimental observation is typical of a
system dominated by friction. An overview of these experimental and
simulated results is shown in Table 8.

5.2.3. Platform pitch

The platform pitch decay for each initial displacement is shown
as Fig. 6 (bottom left) with 95% confidence intervals indicated at
the minimums and maximums. The mean viscous damping, C, =
14 Nms/rad, was applied in the WEC-Sim simulation on the platform
in pitch. Because forced oscillation tests were not completed for the
platform, drag was used as a tuning parameter, and a drag of C, =
25.2 Nm/rad’/s* was selected to provide the best fit. The natural period
is relatively constant for each initial displacement, with a damped
natural period of 1.665s, 1.68s, and 1.68 s for the 5°, 7°, and 8.4° initial
offsets, respectively. The corresponding simulated platform pitch decay
damped natural periods are 1.63s, 1.64s, and 1.66 s. Like the flap pitch
decay test, the pitch decay rate is slightly overdamped in the experi-
mental data compared to the simulations. This is demonstrated by the
fact that the simulation results are within the 95% confidence intervals

for the regions of larger relative displacement (6/6, > 0.3). This again
suggests that unmodeled static friction may become significant at small
displacements.

5.2.4. Platform surge

The platform surge decay for each initial displacement is shown as
Fig. 6 (bottom right) with 95% confidence intervals indicated. Because
this oscillation is an overdamped system, the logarithmic decrement
method is inappropriate for damping ratio determination. The damping
ratio and natural frequency for each initial displacement was instead
calculated using an iterative least-squares fit of the canonical equation
of a normalized damped harmonic oscillator:

(1) =1 —exp(—Cw,t) cos(w,tV1 —¢2) + ¢V (1 = ) sin(w, V1 = ¢2) (19)

using MATLAB’s fminsearch function. From the fitted damping ratio
and natural frequency, the mean total damping, C,,,, was determined
using the same method as for previous free decay tests. The total
damping was then subtracted by the radiation damping to determine
the mean viscous damping, C, = 347 Ns/m, and was applied in the
WEC-Sim simulation on the platform in surge. Because forced oscil-
lation tests were not completed for the platform, drag was used as a
tuning parameter, and a drag of C;, = 7808 Ns?>/m? was selected to
provide the best fit. Based on the results from the static offset test in
surge, a mooring stiffness of k,, = 963 N/m was applied in surge to
model the effect of the bungees. The surge decay experimental and
numerical comparison shows that the results decay at a similar rate,
but the WEC-Sim results have substantial overshoot in comparison to
the experimental data. This is likely because the bungees are nonlinear
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in nature and the presence of unmodeled static friction along the surge
guide rail. Nonetheless, the numerical and experimental comparison is
acceptable considering the underlying dynamics for surge decay are
not modeled by hydrodynamics; the driving force in this case is the
restoring bungee force. It should also be noted that the large drag is
expected because the surge decay test was performed with both flaps
locked in the vertical position, so any movement in surge would have
to overcome a large drag force caused by the surface area of the flaps,
refer to Eq. (5).

5.3. Wave excitation

The purpose of the wave excitation test is to determine the wave ex-
citation force coefficient, f,,., on flap 1, as described in Table 5. Wave
excitation tests were performed by locking the flap motion in pitch,
and measuring the resulting wave loading at the load cell mounted
on the hinge. This experiment was performed for a range of incident
wave conditions, corresponding to the regular waves with different
combinations of wave period and wave height, as listed in Table 6.
Results from the wave excitation experiments were then compared to
the flap’s BEM solution in WAMIT, which were calculated with the
origin at the hinge location to restrict all wave excitation to the pitch
DOF. This allows for direct comparison to the experimental results.

A comparison between wave excitation force coefficients, f,,., for
flap 1 measured from regular wave experiments with 95% confidence
intervals, and the corresponding BEM solution from WAMIT is shown in
Fig. 7. The experimentally determined wave excitation force coefficient
was measured from the load cell mounted on the flap’s shaft, thus
the relevant DOF is flap rotation in pitch. Because WEC-Sim solves
for a WEC’s motion about each body’s c,, the BEM solution used by
WEC-Sim must be solved at the c,. However, for these comparisons,
the WAMIT solution was solved with the origin at the hinge location
to allow for direct comparison between the measured wave excitation
force coefficient from the experiments to that from WAMIT. Analysis of
the experimentally determined wave excitation from regular wave tests
does not show a strong dependence on wave height. This is demon-
strated by the fact that over most of the explored wave frequencies,
the measured wave excitation force coefficients fall within the 95%
confidence intervals of the other wave heights. This confirms the linear
assumption for wave excitation on the flap, meaning that the wave
excitation coefficient for the flap can be assumed to be frequency-
dependent, but not also amplitude-dependent. It should be noted that
at w = 4 rad/s, the largest wave height exhibited overtopping, reducing
the excitation force coefficient significantly over the smaller wave
heights.

Fig. 7 shows that the measured wave excitation force coefficients
follow a similar curve shape as the WAMIT solution; however, WAMIT
consistently underpredicts the excitation force coefficient for wave fre-
quencies w < 4rad/s, corresponding to T > 1.57 s. The underprediction
of the wave excitation coefficient from the WAMIT solution for T >
1.57s is expected because WAMIT only solves for the excitation force on
the wetted surface of the body in still water. However, substantial wave
runup and overtopping were observed during the wave excitation tests,
especially for the longer wave periods. The runup and overtopping
were partially caused by the fact that the FOSWEC platform was fixed
in order to measure the wave excitation force, thus the FOSWEC was
unable to heave along with the free surface, as would typically be the
case for floating bodies. Additionally, the FOSWEC flaps are surface
piercing with a freeboard of 0.12 m, and wave excitation tests were
performed for wave heights of H = 0.015 m, 0.045 m, and 0.136 m.
As a result, the experimentally derived wave excitation coefficient is
expected to have a larger magnitude because the true wetted surface of
the flap and resulting torque are larger than those solved for by WAMIT.

A notable departure from the experimental trend occurs for o =
5.2 rad/s, for which experimental estimates of wave excitation exhibit
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Fig. 7. Comparison between experimentally determined wave excitation coefficient and
the WAMIT solution for flap rotation in pitch about the hinge.

Table 9

Summary of Keulegan—Carpenter numbers observed during forced oscillation testing.
Min Mean Max Std. Dev
0.465 0.850 1.330 0.250

substantially increased uncertainty (i.e. large standard deviations) and
reduced mean values. Both flaps were locked vertically during the
excitation tests. This resulted in standing waves, reflections from down-
stream flap contained by the buoyancy floats. At this frequency, these
reflections were significant and out of phase with the upstream flap, as
evidenced by an atypically large excitation coefficient for flap 2 at this
frequency (not shown). This interference decreased the observed load
on flap 1 and reduced the excitation coefficient. Further, the phase vari-
ation between the excited wave and the radiated wave from the second
flap would contribute to the higher cycle-to-cycle variation observed
in the excitation coefficient. Since this WAMIT was run using only a
single flap (excluding the downstream flap and buoyancy floats), this
body-to-body interaction was not present in BEM parameter estimates.
The BEM estimate would have likely been more representative if the
downstream flap was locked in a horizontal position such that wave
reflections were reduced.

5.4. Forced oscillation

The purpose of the forced oscillation tests was to determine the
added mass, Ass(w), and radiation damping, Bss(w), components of the
radiation force on flap 1, as described in Table 5. Forced oscillation
tests were performed in still water by controlling the PTO to force
flap 1 to oscillate at different combinations of periods and amplitudes.
The force required to drive the flap in oscillation was measured,
corresponding to the radiation force. By subtracting the hydrostatic
and quadratic damping contributions to measured force according to
Eq. (13), an experimental estimation of viscous damping and added
mass were made, assuming a constant C, over the relatively constant
K C number. The observed K C numbers calculated using Eq. (14) show
small variation, as shown in Table 9.

At high frequencies of forced oscillation, particularly at high am-
plitudes, wave overtopping was prevalent. As a result, Eq. (16) does
not have a positive slope at these frequencies, yielding a nonphysical
negative estimate for Cj,. Further, asymmetric oscillations were more
prevalent under high-frequency test conditions, decreasing the number
of valid tests and, as a result, the number of points in the linear
regression Eq. (16), diminishing confidence in this estimate.
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Fig. 8. Forced oscillation tests and the BEM solution from WAMIT: (left) estimates of
linear damping and (right) added mass.

Finally, Brown et al. (2017) derives the KC number independence
of C, using Morison’s equation, which is appropriate for slender bodies
for which wave diffraction effects can be neglected. At higher tested
frequencies this is a poor assumption for the FOSWEC device because
the wavelength implied at these frequencies approximates flap length.
For these reasons, estimations of C, were excluded from the average for
cases > 5 rad/s. This resulted in a Cj, estimate of 14.22 Nm/rad” /s,

Comparisons of the experimentally determined added mass, Ass5(w),
and radiation damping, Bss(w), to the BEM solution from WAMIT are
shown in Fig. 8. In Fig. 8, experimentally determined C, () and Ass(w)
are plotted with colored squares for each oscillation amplitude, and
results from the BEM solution in WAMIT are plotted with a solid
black line. Bars indicate the 95% confidence interval of least-squares
parameter estimation for each calculation window. Small bars indicate
little cycle-to-cycle variation.

As expected, the experimentally determined total damping, C, (@),
is much larger than the WAMIT solution of Bss(w), shown on the left-
hand side of Fig. 8. This is unsurprising, as the BEM solution is based
on a potential-flow solution method, and thus excludes the contribution
due to viscosity, C,(w). In order to determine the contribution due to
viscosity, C,(w), was applied in all WEC-Sim simulations, and the dif-
ference between C,,(w) and Bss(w) was used. Similarly, a comparison
between the experimentally determined added mass and the WAMIT
solution is shown on the right-hand side of Fig. 8. BEM added mass
underpredicts experimental results at low frequencies, corresponding
to w < 3rad/s, and overpredicts for 3 < @ < 6 rad/s. Note that
the resulting estimate of C,,, at the highest frequency is less than the
BEM-estimated damping, implying C, < 0, refer to Eq. (17).

In addition to the comparison of the WAMIT solution to the ex-
periments it is worth noting the effect of oscillation amplitude on
experimentally determined coefficients. Each of the forced oscillation
tests was performed for the range of oscillation periods defined in
Table 6, and for three different magnitudes corresponding to 460 =
5°, 10°, and 20°, where 46 is the difference between the maximum
displacement and steady-state equilibrium. The experimentally deter-
mined C,,(w) only demonstrates significant dependence on oscillation
magnitude for the largest wave frequency, where a larger oscillation
magnitude corresponds to smaller total damping. At midrange fre-
quencies (w ~ 4 rad/s, ® ~ 3 rad/s), there is a smaller dependence
on magnitude, and the trend is reversed: larger oscillations exhibit
increased damping. The experimentally determined Ass(w) only demon-
strates amplitude dependence for w = 3.3 rad/s, where the numerical
result agrees closely with the experimental results.
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Using the w = 1.9 rad/s forced oscillation case, the average of
the added mass values (as there is little amplitude dependence) was
multiplied with the free-decay mass-normalized estimates of damping
coefficients, refer to Eq. (11) and Table 8, for comparison with forced
oscillation-derived damping estimates. The discrepancy between forced
oscillation and free-decay damping estimates is small, unlikely to affect
simulation accuracy, and is explainable.

First, the trend in added mass suggests that the added mass at
w, likely was larger than at @ = 1.9 rad/s; therefore, the decay-test
damping estimates were likely underestimated by this method. Second,
Cp can only be presumed constant for a constant KC number. While
that was shown to be approximately true for forced oscillation testing,
it is untrue for free-decay tests, which oscillate at a fixed period T},
but through diminishing velocity amplitude. A free-decay test would
have covered a range of KC numbers, and some discrepancy in C
estimate might thus be expected. Meanwhile, the C, estimate from
free decay appears to be smaller than the forced oscillation estimate,
perhaps again suggesting an underestimated added mass. The exper-
imentally derived C,(w) and Cp terms from forced-oscillation testing
were applied to all regular wave simulations based on their observed
frequency and amplitude dependence.

5.5. Wave response

The purpose of the wave response test was to characterize the FOS-
WEC’s response to regular waves with various device configurations,
corresponding to Config 1-Config 4, as described in Table 5. Wave
response tests were performed for four different configurations of the
FOSWEC, each with different degrees of freedom and resulting dynam-
ics. Config 1 corresponds to flap 1 pitch motion, Config 2 corresponds
to flap 1 and flap 2 pitch motion, Config 3 corresponds to the addition
of platform heave motion, and Config 4 allows both flaps to pitch and
the platform to move in heave, pitch, and surge. The Directional Wave
Basin at the Hinsdale Wave Research Laboratory generated regular
wave fields, which is summarized in Table 6 at 1:33-scale. These wave
cases were selected because they were found to be highly repeatable
during the wave calibration runs. Each of the wave cases listed in
Table 6 were run once for Config 1, and all of the wave cases except
H, =0.015m were run for Config 2-Config 4. To simplify comparisons
between configurations, H, results are omitted from Config 1 plots.
For all configurations wave cases of H, = 0.045m and T = 1.22, 1.91
and 2.61 s were repeated three times to demonstrate the repeatability
of the measured RAO response. In the following sections, comparison
of the experimentally measured response of the FOSWEC is compared
to the numerical simulations for the same conditions. The results are
presented as RAOs for each of the four FOSWEC configurations, where
the RAO is defined by Eq. (18).

5.5.1. Config 1

Comparison of the experimentally determined RAO for Config 1
to WEC-Sim simulations is shown in Fig. 9. Experimentally measured
RAOs are plotted with colored squares for each wave height, and RAO
results from WEC-Sim simulations are plotted with dotted lines and
square markers. Standard deviation bars refer to the standard deviation
of the parameter estimation for each cycle. Small standard deviation
bars indicate little cycle-to-cycle variation.

For the WEC-Sim RAOs, the simulations were run with linear hydro-
dynamics, which explains why the resulting simulations have similar
trends for different wave heights. WEC-Sim closely estimates the RAO
for all wave frequencies except the lowest frequency. This is expected
because the flap is near resonance at the lowest wave frequency, and
potential flow-based codes are known to be inaccurate near resonance.
This is exemplified through the comparison between the experimentally
derived radiation terms shown in Fig. 8. For all of the WEC-Sim
simulations, the radiation damping and drag coefficients were modified
based on the results of the forced oscillation tests in the form of C,
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and Cp; however, the added mass was not adjusted. The experimentally
determined added mass Ass(w) is much larger than the BEM solution for
< 3rad/s, which explains why the WEC-Sim simulation overpredicts
the flap’s pitch motion response for low frequencies. Additionally,
the presence of static friction (as suggested during hydrostatic and
decay tests) would likely reduce the experimentally observed RAO
magnitude for cases of lower wave excitation forces, which inspection
of Fig. 7 suggests will occur at the lowest tested wave frequency. If
the simulation had been adjusted to account for the experimentally
derived added mass, and modeled the static friction, the simulated
RAO near the resonance would likely have better agreement with the
measurements. This is an area of future investigation. Nonetheless, the
simulated RAO has good agreement with the experimental values for
most wave periods.

5.5.2. Config 2

Comparison of the experimentally determined RAOs for Config 2 to
WEC-Sim simulations are shown in Fig. 10. Similar to the results from
Config 1, WEC-Sim does a good job estimating the RAOs for both flaps
at all wave frequencies except the lowest frequency. The explanation
for this discrepancy is also similar, since for Config 2 each of the flaps’
added mass at low frequencies was significantly underestimated by the
WAMIT solution. However, for wave frequencies greater than the flap’s
resonance o > 2rad/s, the RAO response is within reasonable error.

5.5.3. Config 3

Comparison of the experimentally determined RAOs for Config 3
to WEC-Sim simulations are shown in Fig. 11. Similar to Config 1
and Config 2, WEC-Sim simulations for Config 3 were run with linear
hydrodynamics. The simulated and experimental RAO response for
flaps 1 and 2 are similar to those from Config 2, and demonstrate the
same divergence near resonance and agreement for > 2.5rad/s. Config
3 is the first configuration to include the motion response from the
platform, where the platform is free to move in heave.

Unlike the characterization of the flap through forced oscillation
tests, the platform did not undergo tests to experimentally determine
C,p (@), Cp(w), and A(w). As a result, the hydrodynamic coefficients for
the platform are based on the results from the WAMIT solution, C, from
free decay testing, and Cj, used as a tuning parameter. Nonetheless, the
numerical simulations from WEC-Sim for the platform’s heave motion
response agree well versus the experimental RAOs at all wave frequen-
cies. The WEC-Sim results systemically overpredict the platform’s heave
response, but they are within reasonable error and predict the overall
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shape of the RAO curve well. WEC-Sim overprediction of the heave
response is likely because the physics of motion constraint are not fully
captured in the simulation, particularly any influence of static friction,
the presence of which was suggested by the hydrostatic and free-decay
tests for this degree of freedom. As discussed in previous sections, the
motion constraint provided a mechanism through which the FOSWEC
could be easily configured to operate in different degrees of freedom.

5.5.4. Config 4

Comparison of the experimentally determined RAOs for Config 4 to
WEC-Sim simulations are shown in Fig. 12. The simulated and experi-
mental RAO response for flap 1, flap 2, and platform heave are similar
to those from Config 3, albeit with a notable reduction in experimental
platform heave RAO amplitude for @ >= 3.29 rad/s, indicating that
the availability of surge and platform pitch degrees of freedom reduces
heave response at these frequencies. In addition platform heave and
both pitching flaps, Config 4 also includes platform motion in surge
and pitch. As with platform heave, forced oscillation tests were not
performed on the platform, hydrodynamic coefficients for the platform
were determined in the same way as Config 3. Additionally, for the
surge DOF, a mooring stiffness, k,, was applied based on the surge
static offset test. Particularly at low frequencies, experimental surge
RAO magnitudes show a strong dependence on wave height, while
the simulated RAO shows significantly less sensitivity. This could be
explained by the influence of unmodeled static friction: small waves
could not overcome this force, resulting in an RAO near-zero, while
large waves could. Significantly larger surge RAOs were observed in
the experiment than predicted by simulation, suggesting BEM estimates
of hydrodynamic parameters may be poor at these frequencies. For
platform motion in pitch, the WEC-Sim RAO estimates the RAO curve
shape, but the pitch RAO magnitude is systematically overpredicted for
all but the largest wave frequencies. Particularly, simulation predicts a
peak at @ = 5.2 rad/s that is not observed in the experimental data.

It is also worth observing the difference in RAOs for the differ-
ent experimental configurations due to coupling between degrees of
freedom. For ease of direct comparison, the RAO for each DOF is
plotted on the same axis scale for Config 1-Config 4. Looking at the
experimental RAOs for flap 1 across all configurations, it is clear that
the experimental RAOs for Config 1 have the largest overall magnitude,
with RAO > 200 deg/m for w < 4rad/s for H,. In this configuration, only
flap 1 is allowed to move, thus there is no coupling between degrees of
freedom. Once flap 2 is free to move in Config 2, the range of RAO >
200 deg/m for flap 1 is reduced for @ = 2.8 rad/s and w = 3.3 rad/s,
corresponding to 7 = 226 s and T = 1.91 s respectively. Similarly,
the inclusion of the platform motion in heave for Config3 reduces the
instances of flap 1 RAO > 200 deg/m to a single wave frequency,
® = 3.3 rad/s, corresponding to T = 1.91 s. And once the platform
is free it move in heave, pitch, and surge, there are zero instances
of flap 1 RAO > 200 deg/m. Similar observations can be made about
the effects coupling between degrees of freedom have on other RAOs.
Further, it is notable that the observed experimental reduction in RAO
of flap 1 is not always reflected by the simulated estimate. This suggests
a potential limit of the linear simulation, as, for reasons highlighted
above, this reduction is due principally to nonlinear effects. Gaining a
better understanding of the influence of coupling between degrees of
freedom and body-to-body interactions was the primary motivation for
selecting a device like the FOSWEC, which can be configured to include
different operating dynamics.

5.6. Time series comparison

In addition to comparing RAOs, it is desirable that a simulation can
accurately predict time-resolved WEC behavior when provided with
experimentally or numerical estimates of hydrodynamic parameters.
To this end, the time series representations of two Config 1 RAOs are
presented as Fig. 13. The results provided are for a common wave
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period of Ty = 2.61 (s), but for two different wave heights, H, = 0.045 m
and H; =0.136 m.

As noted in the previous discussions, the error in the H; = 0.136 m
case is attributed to nonlinear (position-dependent) response to wave
excitation. Larger waves tended to oscillate the flaps more asymmetri-
cally in the experiment. As mean flap angle departs from zero, only
a component of the wave excitation force will impart flap motion,
resulting (generally) in simulation overpredicting the RAO for larger

wave heights. The relative asymmetry of the experimental data and the
reduced amplitude of oscillation align with this reasoning.

For the common frequency of oscillation, it is unlikely that unmod-
eled static friction drives error in the second case. The larger error
occurs for the larger H; = 0.136 m wave, for which there would be
larger forces than the well-modeled H, = 0.045 m wave case, further
reducing the impact of static friction (which already appears to be
negligible for the smaller wave case). This suggests that the asymmetric
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flap oscillation may increase simulation error for high amplitude oscil-
lations, while unmodeled static friction increases simulation error for
lower amplitude, lower force operating conditions for which friction
dominates.

6. Conclusion

In this study, experimental wave tank tests and numerical simula-
tions of a 1:33-scale floating oscillating surge wave energy converter
(FOSWEC) are compared in regular waves. In order to develop an open-
access validation data set, the FOSWEC was designed, built, and tested.

The device was tested for a range of different conditions including:
static offset, free decay, forced oscillation, wave excitation, and re-
sponse to regular waves. Furthermore, the FOSWEC was tested in four
different device configurations (Config 1-Config 4). The details of the
experimental setup and data analysis for each of the FOSWEC tests
are described in this paper, and the experimental data, simulations,
and processing for the FOSWEC are available on public repositories
in an open-access format. Data from the experimental test were then
compared to numerical simulations using the open-source WEC-Sim
code, informed by the BEM solution, calculated using WAMIT. The
WAMIT solution was evaluated a priori (i.e., unadvised by experimental
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data), and the WEC-Sim results were evaluated a posteriori, wherein the
simulations were tuned based on experimental findings. This compari-
son between numerical simulations and experiments uses RAOs in each
of the degrees of freedom (DOF) to compare the simulated and observed
motion response. The results detailed in this paper demonstrate that,
with some limitations, WEC-Sim is able to accurately simulate the re-
sponse of the FOSWEC in each of the four different configurations when
subject to regular waves. Based on the limitations determined through
this study, the following future work items have been identified.

As exemplified through the comparison of the BEM solution from
WAMIT to the experimentally derived coefficients for the flap, a large
discrepancy between low-frequency added mass estimates contributed
to systematic overprediction of flap pitch response at these frequencies.
The authors of this paper believe that the inclusion of additional added
mass for the flap at low wave frequencies would reduce the pitch RAOs
substantially and bring the simulations into agreement with experi-
ments. However, the WEC-Sim code does not currently allow users to
directly import experimentally derived coefficients such as added mass,
particularly when these parameters are derived in a distinct coordinate
system from that used in simulation. Users are able to augment existing
BEM radiation damping and added mass data, but there is no way
to directly import frequency- and amplitude-dependent experimentally
derived coefficients. Notably, while much attention in the literature
has been given to determination of viscous damping and drag, these
results suggest that equal attention should be paid to improving the
accuracy of added mass estimates. Further, the discrepancy between
BEM and experimentally derived estimates for the flap suggest that
similar differences are likely for the platform, highlighting the potential
importance of forced oscillation testing in each degree of freedom for
which accurate added mass estimates are essential to useful simulation
results.

Substantial modeling errors were observed for degrees of free-
dom subjected to small excitation loads and displacements due to
the presence of unmodeled static friction. While modeling accuracy
could be enhanced through the inclusion of a static friction model,
it is noted that static friction is undesirable in a power-producing
WEC and accurate modeling for low excitation conditions is of less
interest than accuracy near power-producing conditions (where static
friction is, ideally, insignificant). A static friction model is therefore
a lower-priority improvement than allowing for direct definition of
experimentally determined added mass. In addition to work identified
as a result of the regular wave simulation and data analysis, future
work beyond the scope of this publication includes expanding the nu-
merical and experimental FOSWEC comparison to irregular waves and
loads characterization. Incorporating nonlinear hydrodynamics, includ-
ing Froude-Krylov forces, to the WEC-Sim simulation will provide an

additional point of comparison, potentially improve simulation perfor-
mance, and further specify sources of discrepancy between experiment
and simulation.
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