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Wave Energy Converters (WECs) typically exhibit natural oscillation frequencies that are significantly higher
than the dominant frequencies of ocean waves, limiting their energy capture efficiency. Unlike conventional
designs that rely on complex active control systems to address this mismatch, this study investigates a passive
alternative based on inverted cone-shaped submerged structures that entrap seawater during upward motion,
thereby increasing the effective added mass, lowering the natural frequency, and enabling resonance tuning
of a roll-based WEC. Building on previous numerical validation, we present results from tests on a 1:40-scale
model in regular and irregular waves. Five configurations with varying cone size and suspension distance
were evaluated under regular wave excitation. The configuration achieving the highest performance reached
a maximum Capture Width Ratio (CWR) of 52%, exceeding the 20%—-40% range typical of conventional
WECs. To assess robustness under realistic conditions, that configuration was further tested in irregular wave
spectra representative of swell-dominated seas. Even under random excitation, the tuned device maintained
efficiencies above 20%, demonstrating robustness against spectral variability. The experimental results show
close agreement with predictions from a linear analytical model and confirm that passive tuning via cone-
shaped structures effectively broadens the resonance bandwidth of roll-harvesting WECs. By combining high
efficiency, robustness, and structural simplicity, this low-cost, scalable approach addresses a long-standing
limitation of WECs and provides a viable pathway toward full-scale deployment with integrated power take-off
damping and adaptation to diverse wave climates.

1. Introduction converter (WEC) concepts have reached the pre-commercial stage [5].

However, commercialization remains hindered by the high Levelized

Ocean energy is increasingly recognized as a critical component of
the global transition toward a post-fossil fuel era [1,2]. Only a fraction
of its theoretical potential, estimated at more than 900,000 TWh/year,
would suffice to meet the current global electricity consumption [3].
Among ocean energy sources, wave energy stands out for its high
power density and predictability [4]. Despite thousands of patented
harvesting mechanisms and decades of research, few wave energy

Cost of Energy (LCOE), survivability concerns in harsh sea conditions,
and variability of efficiency in variable wave climates.

Among the WECs successfully deployed as demonstrators, oscillat-
ing WECs, which convert the wave-induced motion of floating bodies
into electrical energy, have shown particular promise [6-8]. Com-
pared to oscillating water columns (OWC) [9-11] and overtopping
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devices [12,13], oscillating bodies typically offer greater energy ab-
sorption capability. However, their development remains an iterative
multidisciplinary process requiring both hydrodynamic optimization
and techno-economic evaluation [14,15]. A key challenge in this pro-
cess is to ensure that WECs operate near resonance with the dominant
wave frequencies to maximize energy capture [16]. Yet, as emphasized
by Falnes [17], operating in perfect resonance is not always desirable:
in irregular seas, devices often operate off-resonance, and deliberate
detuning can reduce structural loads and maintenance costs, though at
the risk of undermining techno-economic viability. Within this context,
point absorbers and other buoyancy-dominated floaters generally have
natural frequencies that are too high to resonate with long-period ocean
swells, particularly in tropical and subtropical regions. Alternatively,
floaters can be sized to better match incoming wave periods, and hybrid
WEC concepts can combine multiple degrees of freedom to broaden
their bandwidth and increase efficiency [18].

Various tuning strategies have been proposed to address this mis-
match. These strategies include additional structural masses [19], par-
tially flooding compartments [20], moving masses [21], negative stiff-
ness phase control [22], latch mechanisms [23], and PTO-based phase
control strategies [24]. However, these approaches often introduce
significant penalties in terms of system complexity, cost, and reliability.
Structural mass increases buoyancy demands and fabrication costs,
while active control systems may become impractical in highly variable
or stochastic sea states. However, these approaches still require me-
chanically intensive subsystems and precision-engineered PTOs, which
limits scalability for small or modular systems. These limitations are
particularly critical in swell-dominated tropical regions, where long-
period waves are consistent and extreme events are rare, creating
opportunities for simpler and more robust WEC designs [25].

To overcome these barriers, passive tuning strategies have emerged
as promising alternatives. These approaches adjust dynamic properties,
such as stiffness or inertia, without relying on active control systems or
substantial additional mass. Several point-absorber WEC concepts have
demonstrated promising performance, when including tuning devices,
based on model scale testing. Tuned inerters can change within a
limited range the natural frequency of a Point Absorber (PA) and
increase its performance by approximately 40% [26—28]. Likewise, Cai
et al. concluded that it is possible to use double-mass pendulums to
achieve ultra-low frequencies like those of swells [29]. In addition, yo-
yo-like energy harvesters with variable moment of inertia can be used
to vary the natural frequency of a WEC in about 11% [30]. This inertia
can also be increased for rotary PTOs [31]. Finally, submerged bodies
can also be attached to the main floater to increase the efficiency of
energy capture [32]. However, these efforts have mainly targeted heave
motion, such as the “Wavebob” device, which uses relative acceleration
between both bodies to compute inertial forces and then mechanical
power [33]. Apart from WEC concepts described above, applications to
exploit other degrees of freedom, such as roll or surge, are more limited.

Surge-based converters, such as Oscillating Wave Surge Converters
(OWSCs), can theoretically double the maximum capture width due
to their asymmetric far-field radiation patterns [34]. Building on this
advantage, Mi et al. [35] recently enhanced a surge-tuned OWSC by
employing an above-water PTO with a belt arc speed-amplification
mechanism, which simplifies the mechanical design while underscoring
the efficiency gains attainable through passive or semi-passive surge
resonance. However, existing designs have yet to fully exploit roll and
pitch resonance, leaving substantial untapped potential in these modes.

More broadly, roll- and pitch-based WEC concepts have been largely
overlooked, despite their strong excitation under beam and oblique sea
states. Alkhabbaz et al. designed a novel hybrid concept that combines
the pitch motions of a flap and a raft [18]. The WEC has Capture Width
Ratios (CWR) of 29 and 9% for regular and irregular waves respec-
tively. In addition, the Inertial Sea Wave Energy Converter (ISWEC),
a commercial-scale WEC that harnesses pitch motion using internal
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gyroscopic PTOs and control algorithms to maintain resonance [36—
39]. It employs two large internal flywheels and can generate up to
260 kW under Mediterranean wave conditions. However, adapting
ISWEC to swell-dominated regions, such as those in the tropics, would
require even larger and faster flywheels, substantially increasing sys-
tem cost and the resulting LCOE. This underlines the need for novel
WEC concepts with innovative passive tuning principles that are low-
cost, scalable, and efficient in swell conditions, while demonstrating
technical feasibility and economic viability early in development [15].

Recently, Guachamin-Acero et al. [40] proposed an innovative pas-
sive tuning method that can be applied to different WEC concepts.
Their approach uses lightweight open-subsea structures that entrap
seawater to modify the natural period of the system instead of rely-
ing on structural mass. In their full-scale ANSYS-AQWA simulations,
viscous damping was added explicitly, and drag plates with torsional
springs were introduced to approximate the expected dual-drag behav-
ior of the cones. This tuning method successfully reduced the natural
frequency of both a medium-sized roll-harvesting barge and a small
heaving floater, with estimated average mechanical power outputs of
178 kW and 73 kW, respectively. Preliminary techno-economic as-
sessments [41] further indicated a long-term LCOE of 260 USD/MWh
under Galdpagos swell conditions, outperforming local diesel-based
generation. Although early numerical and small-scale tests suggested ef-
fective resonance tuning and damping enhancement [42], these results
remained limited to simulations, and no comprehensive experimental
validation has yet been performed to confirm the feasibility of the
concept under realistic conditions. This lack of evidence represents a
critical gap in the development of passively tuned roll-harvesting WECs.

The present work extends our previous numerical study [40] by
providing the first experimental validation of passive resonance tuning
using inverted cone-shaped submerged structures. A 1:40 scale model
was tested in regular and irregular waves at the Davidson Labora-
tory following ITTC and MARINET protocols [43,44]. The experiments
confirm the predicted mechanism, entrainment of seawater by the sus-
pended cones increases added mass, shifts the roll resonance frequency,
and enhances energy capture. By bridging the gap between numer-
ical feasibility and experimental verification, this study establishes
the foundation for practical implementation of scalable roll-harvesting
WEGCs in swell-dominated regions.

2. System description and modeling assumptions

In this study, we examine a passively tuned roll-based WEC as a
proof of concept through scale-model experiments and simplified mod-
eling assumptions under controlled laboratory conditions. Guided by a
multi-scale concurrent design perspective [45], this section outlines the
intended full-scale system architecture, describes the emulated power
take-off (PTO) concept at model scale, and clarifies the assumptions
used to reduce the inherently multi-body dynamics to a single degree of
freedom. This organization situates the experimental campaign within
the broader pathway toward practical deployment.

2.1. Full-scale device architecture

The Adaptive Wave Energy Converter (ADWEC) captures ocean
wave energy through the roll motion of a passively tuned floating barge
and converts it into electrical power for coastal or island applications.
As illustrated in Fig. 1, the system comprises two subsystems connected
by pulleys and cables: (i) a floating barge with an onboard power take-
off (PTO) and electricity generation system, and (ii) a pair of suspended
hollow cones, one on each side of the barge, whose differential tension
drives the PTO. As wave crests approach from the side, the cones move
vertically with the barge’s roll motion, producing asymmetric cable
tensions that actuate the PTO and, ultimately, generate electricity.

Passive tuning is achieved by entrapping seawater in the submerged
cones, which increases the effective roll inertia and virtual mass of



R.J. Paredes et al.

Znchoy Mooring

line

Energy Conversion and Management: X 30 (2026) 101575

Subsea
structure

Fig. 1. Conceptual full-scale representation of the Adaptive Wave Energy Converter with Passive Tuning (ADWEC), illustrating its main components and

operational context, including electricity conversion and export pathways.

the system. This shifts the natural roll period of the WEC closer to
that of swell-dominated seas without requiring additional structural
ballast. The conical geometry also reduces downward drag, maintaining
cable tautness and enabling a lightweight, structurally simple design.
These effects enhance resonance tuning, but the tuners also introduce
nonlinear damping that may reduce response amplitude at resonance.

For deployment, the device operates under beam seas, where roll
excitation is maximized. A mooring system would maintain heading
control by restraining surge, sway, and yaw, while allowing roll motion
to dominate. Some misalignment with the incoming wave direction
is inevitable, but energy capture is expected to persist as long as
the heading offset remains moderate. This orientation requirement is
comparable to other WEC concepts that rely on directional resonance.

Despite its simplicity, the design has several limitations. Structural
loads at the suspension points may lead to fatigue, while scaling cone
size relative to the barge involves trade-offs between efficiency and
structural demands. Performance robustness is also influenced by sea-
state variability, motivating further work on adaptive geometries and
integrated PTO damping. Deployment strategy further shapes applica-
bility: nearshore installations could export electricity directly to the
grid, whereas offshore applications may favor conversion to energy
carriers such as hydrogen or integration with floating battery storage.

In this work, the experimental model was mounted on a towing
carriage that constrained all rigid-body motions except roll. This config-
uration was intentionally adopted to isolate the roll degree of freedom
and provide a proof-of-concept validation of the passive tuning mech-
anism. While coupling between roll, heave, and pitch will certainly
influence the full-scale response, the same model and setup can be
extended in future work to investigate these effects and quantify their
impact on energy harvesting performance.

2.2. Power Take-Off (PTO) options and idealized emulator

At full scale, energy conversion in the ADWEC system involves
three sequential stages: (i) mechanical extraction from wave-induced
roll motion, (ii) mechanical-to-electrical conversion, and (iii) electrical
conditioning [4]. In the first stage, the barge’s roll response, am-
plified by the inertial reaction of the submerged cones, generates a
differential tension in the suspension cables. This tension difference
drives a mechanical transmission system that converts cable motion

into rotational motion. The oscillatory shaft rotation is then stepped up
to over 500 rpm through a bidirectional gearbox, which in turn drives a
rotary generator to produce alternating current. Finally, the generated
electricity is rectified, inverted, and regulated for grid connection [46],
battery storage, or conversion to hydrogen or fresh water.

Several full-scale PTO architectures can be driven by differential
cable tension, each offering specific advantages and trade-offs [47].
Hydraulic PTOs [48] convert relative cone-barge motion into high-
pressure fluid to power a hydraulic motor-generator set. They can
accommodate large loads and provide controllable damping, but intro-
duce additional weight, operational complexity, and conversion losses.
Linear direct-drive systems, based on mechanical linkages such as ball
screws or rack-and-pinion arrangements [49,50], or on electromagnetic
actuators [51,52], minimize moving parts but require large stroke
lengths and are generally heavy and costly for roll-based applications.
Flywheel-based rotary systems with clutches [53] can smooth oscil-
latory input but add rotational inertia and raise durability concerns.
Among these options, a cable-driven winch configuration (winch-
gearbox-generator), which employs a compliant or “soft” connection
as proposed by [54,55], aligns naturally with roll excitation, avoids
stroke limitations, and relies on mature rotary machinery. This config-
uration therefore serves as the reference full-scale PTO architecture for
ADWEC. A conceptual schematic of this envisioned energy-conversion
pathway is shown in Fig. 2, highlighting the transfer of energy from
differential cable tension to electrical power.

Implementing any of these PTO architectures at a 1:40 scale is
impractical, as miniaturized gearboxes, generators, or hydraulic mod-
ules would introduce disproportionate friction, inertia, and conversion
losses [56]. As is common in proof-of-concept hydrodynamic testing, a
non-intrusive PTO emulator was therefore adopted. Mechanical power
was indirectly estimated from the measured cable tensions and roll
velocities, which represent the same physical quantities that will ulti-
mately actuate the PTO at full scale. This approach provides a reliable
upper-bound estimate of the available mechanical power while preserv-
ing the undisturbed hydrodynamic behavior of the model. Future work
will focus on developing and testing a scaled physical PTO emulator.

In this formulation, the instantaneous harvested mechanical power
is expressed as

P(t) = [T(0) = Ty(0)] ry, $0), @
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Fig. 2. Conceptual schematic of the envisioned ADWEC power take-off system, illustrating the winch-gearbox—generator energy conversion pathway.

where T (1) and T,(¢) are the tensions in the port and starboard cables,
respectively, r, is the effective lever arm from the roll axis to the cable
attachment point, and ¢(¢) is the barge’s roll angular velocity.

The emulator assumes ideal, lossless conversion and neglects cable
elasticity, hysteresis, and generator or gearbox inefficiencies. It also
omits relative cone-barge motion and the dynamic feedback associated
with PTO-induced damping. These effects are revisited in Section 3.4.3
when discussing harvested power and energy efficiency. Accordingly,
the results reported here represent optimistic upper bounds on mechan-
ical energy extraction. More detailed coupled analyses and physical
PTO prototypes are planned to quantify these interactions and evaluate
realistic power performance.

2.3. Modeling framework and assumptions

The Adaptive Wave Energy Converter (ADWEC) is, in principle, a
multibody system comprising the floating barge, two submerged cones,
and the suspension slings that connect them. A complete representation
would require coupled equations of motion with six degrees of free-
dom for each body, including nonlinear hydrodynamic and coupling
terms. For this proof-of-concept study, the problem is reduced to a
single degree-of-freedom (1-DOF) roll model. This choice is justified
by the beam-sea configuration described above, where roll dominates
the response and cone motions are follow through taut cables. The
hydrodynamic influence of the cones is incorporated indirectly via
effective added mass, damping, and restoring moment coefficients in
the barge’s roll equation. This provides a tractable framework while
retaining the essential physics of resonance tuning.

This reduction relies on several simplifying assumptions. Roll am-
plitudes are considered small enough to permit linearization about
equilibrium. The cones are assumed identical and symmetrically ar-
ranged, although their conical geometry produces asymmetric drag,
smaller during the downstroke than the upstroke, an effect lumped into
the effective damping term. The suspension slings are assumed taut at
all times, preventing slack-snap events and ensuring direct coupling of
cone heave to barge roll. Coupling to other rigid-body modes (sway,
surge, heave, pitch, yaw) is neglected. At full scale, a mooring system
would restrain horizontal and yaw motions; in the experiments, the
towing carriage imposed similar constraints, leaving roll as the primary
degree of freedom.

Several limitations of this idealization must be acknowledged. Sling
elasticity and hysteresis are not included, and nonlinear hydrostatics
from time-varying wetted surfaces are also neglected. Such effects
can alter the roll restoring moment and reduce the accuracy of lin-
ear predictions at larger amplitudes. Pendulum-like lateral motions of
the cones are likewise excluded, even though side-to-side oscillations
(“falling leaf” motion) may develop in irregular seas or during large roll
responses. Prior studies [57] indicate that asymmetric geometries may
reduce, but not fully eliminate, the risk of snap loading in compliant
connections. These neglected effects, together with explicit multibody
dynamics, will be incorporated in future nonlinear models.
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Fig. 3. Simplified 1-DOF model of the Adaptive Wave Energy Converter
(ADWEC), where conical-shaped passive tuning devices enable resonance with
long-period swells and facilitate roll energy harvesting [40].

In summary, the 1-DOF roll framework provides a simplified yet
physically grounded basis for interpreting the experimental results. It
clarifies the assumptions and boundaries adopted in this study while
establishing a reference point for more comprehensive multibody for-
mulations in future work.

3. Methodology

The following sections describe the linear analytical basis, experi-
mental setup, procedures, and analysis methods used to evaluate the
dynamic behavior and energy harvesting performance of the passively
tuned roll-based WEC.

3.1. Analytical model of the passively-tuned roll-based WEC

As illustrated in Fig. 3, the roll-based WEC is idealized as a rigid
body connected to a pair of submerged conical tuners through taut
cables. The entrapped water within the cones provides passive tun-
ing by increasing the roll inertia and virtual mass of the system.
This representation reduces the inherently multi-body dynamics into
a single-degree-of-freedom roll model, which forms the basis of the
analytical formulation.

The uncoupled roll motion of the ADWEC system is then mod-
eled as a linear oscillator under small-amplitude wave excitation. The
governing equation is written as:

I pc @+ By ¢+ Cuy ¢ = Fry, 2
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Here, I I’A’, BC is the effective mass moment of inertia of the entire system,

defined as I}/ ree T, 1 s including contributions from the barge and the
tuning devices, respectively. The barge term comprises the dry mass
moment of inertia (1) and the hydrodynamic added mass moment of
inertia (Azzrge), calculated at its natural frequency. The term By, is the
linear roll damping coefficient, and C,, is the coefficient of the hydro-
static restoring moment, estimated as pgVGM; for small angles. The
angular displacement of the barge is ¢. Furthermore, p is the density
of seawater, g is the gravitational acceleration, V is the displacement
volume of the barge hull and G M is the transverse metacentric height.
The excitation moment Fgy, represents the wave-induced torque that
excites the roll motion.

The roll natural frequency w, of the WEC system is given by:

Cyy
a)" = I// + I// (3)

barge tuner

The inertial contributions of the barge and the tuning devices are
expanded using geometric and hydrodynamic estimates and following
Bhattacharyya [58], as follows:

VGM.
o, = pPg T )

2 barge 2
k44pV + A44 +nrg, (Mg + ayy, + Qo)

where ky, = 0.35B [59] is the dry radius of gyration of the roll.

For each of the tuning devices, mg, is their structural mass, a,,,
is the heave added mass evaluated at the roll natural frequency, q,,,,
is the entrapped seawater mass calculated from the volume of the
internal cone, r, is the lateral distance from the barge centerline
to the suspension point, and » is the number of tuning structures.
The calibrated analytical prediction, based on experimentally derived
parameters, is obtained by numerically integrating Eq. (2) using a
fourth-order Runge-Kutta method with a fixed time step of 1 x 1073
s. The numerical integration is initialized with parameters measured
from the physical model, including I}, .. and other hydrodynamic
properties.

Following [60], the theoretical Response Amplitude Operator (RAO)
is calculated assuming that the wave excitation moment is harmonic
and proportional to the incident wave amplitude ¢, and the effective
wave slope, expressed as k, &, r(@):

Fpx, = AGMy k&, r(®) ®)

where k is the wavenumber and r(w) is a frequency-dependent correc-
tion factor. The RAO is defined as the ratio of the roll amplitude 6 to
the wave amplitude:

) Ak r(w) GMy

g._ (6)

S |-w?1l] .+ AGM; +iw By,

Because this analytical formulation operates in the frequency do-
main, it predicts response amplitude operators rather than time-domain
signals; hence, no direct time-series comparisons were generated.
Model validation was instead carried out using RAO curves and free-
decay responses, which provide a consistent frequency-based calibra-
tion framework. The excitation term follows the IMO wave-slope for-
mulation, assuming harmonic forcing proportional to the incident wave
slope and neglecting higher-order nonlinear effects such as quadratic
Froude-Krylov and diffraction components. This simplification is ade-
quate for proof-of-concept tests in regular waves but may underestimate
excitation at large amplitudes, partly explaining the residual discrep-
ancies between analytical and experimental results. Nonlinear, time-
domain simulations incorporating these effects are planned for future
work.

Energy Conversion and Management: X 30 (2026) 101575
3.2. Experimental setup

This section briefly describes the experimental setup of the scaled
prototype, including the main characteristics of the device, instru-
mentation, and the wave tank facility. The experimental campaign
was carried out in the wave tank of the Davidson Laboratory at the
Stevens Institute of Technology. The effect of the submerged cones,
designed to passively shift the natural frequency, on the hydrodynamic
performance of the system was evaluated.

3.2.1. The 1:40 WEC physical model

For this experimental proof of concept, a physical model was manu-
factured following the conceptual WEC design described by
Guachamin-Acero et al. [40]. The full-scale system consists of a 1200-
ton flat-bottom barge and a passive tuning system using cone-type
submerged structures connected with flexible cables. Given the tank
dimensions, the WEC model was constructed on a scale of 1 = 1/40
based on Froude similarity.

The hull of the model, shown in Fig. 4, was made of high-density
foam. The central volume of the hull was left empty to accommodate a
pitch-roll pivot box and ballast weights. The vertical position of the
center of gravity (VCG) was experimentally estimated. Six spacers
were added under the pivot box to align the roll center of rotation
with the estimated V' CG. The pivot system was used to measure the
corresponding roll angle. Each side of the barge featured an L-shaped
beam, made of 8020 aluminum extrusions, mounted mid-length to
support the suspended tuning devices. The two support structures were
connected with transverse beams at deck level to increase structural
rigidity.

Fig. 5 shows a schematic of the three-section tuning devices used
in this work. Two cone geometries of different sizes were tested, as
summarized in Table 1. Each device was 3D printed with PLA filament
and had a wall thickness of 4 mm. A long bolt with nuts and a
cap served as the latching mechanism, connecting each cone to the
support beams via flexible strings. The total dry weight of the small
and large tuning devices was 0.75 kg and 1.08 kg, respectively. The
internal volume was designed to entrap 0.86 kg and 3.64 kg of water,
respectively. These weights include ballast added to ensure that the
flexible string remained taut throughout the tests. The tuning devices
were submerged 50 cm to avoid interaction with the free surface.

The physical properties of the WEC model are summarized in
Table 1. The roll moment of inertia and the vertical position of the
center of gravity (CoG) were experimentally determined by a swing
test, following MARINET procedures [61]. For completeness, the corre-
sponding full-scale values from diffraction analysis with ANSYS AQWA,
as reported by Guachamin-Acero et al. [40], are also provided. These
include the roll added inertia of the barge, A4, and the heave added
inertia of the tuning devices, denoted here as g4,,,. Based on their AQWA
simulations of full-scale cones, we adopted a representative relationship
of a . =0.54a,,,, where a,,, corresponds to the entrained water mass
calculated from the inner volume of the cone. For the barge, A,, was
also independently approximated using the semi-analytical formulation
proposed by Vugts [62].

Ay = KpAp B’ L @

where Ay is the transverse area of the submerged barge section. The
coefficient K was taken as 0.093 for the prototype and 0.056 for the
model.

The cone dimensions were preliminarily defined using Eq. (4) for
the natural roll frequency, together with the hydrodynamic coefficients
described above. The small and large cones were then suspended at
different transverse spacings constrained by the available arm length.
The smaller cones could be placed further outboard, while the larger
cones were limited by cable clearance from the barge side. This design
strategy allowed exploration of a range of target natural periods ap-
proaching the long-period swells typical of the Galapagos, while also
capturing the trade-offs between cone size, suspension distance, and
structural feasibility.
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Fig. 5. Schematic showing a schematic of the cone-type tuning device.
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Fig. 4. Experimental model of WEC with passive tuning at 1:40 scale installed in the towing tank.

Table 1
Geometrical and inertial properties of the full-scale prototype and 1:40 model. Units in parentheses are given as (prototype/
model).
Barge
Parameter Symbol Prototype [40] 1:40 Experimental model
Length (m/cm) L 30 80
Beam (m/cm) B 14 35
Draft (m/cm) T 2.6 7.7
Mass (tons/kg) M 1200 18.27
Vertical position of CoG (m/cm) VCG 3.5 10.3
Metacentric height (m/cm) GM; 3.5 8.4
Roll restoring coefficient (N m/rad) Cy 4.1 x 107 15.04
Roll radius of gyration (m/cm) kyy 4.90 9.3
Roll moment of inertia (kg m?) Iy 2.8 x 107 0.1570
Added mass moment of inertia (kg m?) Ay 2.04 x 107 0.1389
Roll natural period of barge (s) T, arse 6.9 0.881
Tuning devices (refer to Fig. 5)
Parameter Symbol Prototype [40] Small cone Large cone
Diameters (m/cm) (D,, D) 9, 0) 12, 1) (20, 1)
Heights (m/cm) (H,, H,, Hy) (3,8,0) (4, 10, 2) (6, 16, 2)
Submerged mass (kg) my, 2.2 x 10° 0.75 1.08
Entrapped water mass (kg) Aoty 3.1 x 10° 0.86 3.64
Heave added mass Ay 1.7 x 10° 0.466 1.971
Maximum Lever arm (m/cm) Por 10.0 36.87 27.66
Roll natural period of WEC (s) 13.2 1.54 1.90

nw EC

3.2.2. Experimental facility

The experiments were carried out in the wave tank of the Davidson
Laboratory at Stevens Institute of Technology, shown in
Fig. 6. This towing basin measures 95.4 m in length, 4.98 m in width,
and 1.97 m in depth. Wave generation and absorption are provided by
six “finger-type” paddles, each driven by a Baldor servomotor through
a toothed-belt mechanism. The paddles are 1.44 m deep and spaced at
0.83 m intervals, and they can function as both a wave generator and
a wave absorber. The wavemaker system can generate regular waves
with a frequency range of 0.28 to 2 Hz, wavelengths between 0.5 and
20.0 m, and heights up to 0.60 m. The wavemaker can also generate
model sea spectra of any distribution. The average beach absorption
efficiency is approximately 94%.

3.2.3. Instrumentation and sensors

The instrumentation consisted of two submersible miniature S-Beam
load cells (one per tuning device), model LSB210 with 100 Ib capacity,
installed between the L-beam structure and the suspension cable to
measure dynamic tension; an acoustic wave probe (Senix TS-30S1-IV
model) positioned 1.4 m upstream of the model to record the incident
wave elevation; and a pitch-roll pivot box instrumented to track the
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Fig. 6. Davidson laboratory wave tank (95.4 m long) with six-paddle wavemaker, underwater viewing window, and 10.97 m beach.

Table 2
Test matrix.
Parameter Symbol Configurations
Barge WEC-C1 WEC-C2 WEC-C3 WEC-C4
Number of tuning devices n 0 2 2 2 2
Tuning device type - smallCone smallCone largeCone largeCone
Lever arm (cm) r - 27.66 36.87 22.58 27.66

roll motion. The roll angle was measured using a mechanical-electrical
configuration that included a two-gear system that transmitted the
relative rotation to an externally mounted rotary encoder. All signals
were acquired at a sampling frequency of 1000 Hz using a synchronized
data acquisition system.

The model was attached to the heave post mounted on the tow car-
riage. Although this setup allows analysis of coupled roll-heave—pitch
motion, in this study the model was only allowed to roll freely, while
heave, pitch, sway, surge, and yaw were mechanically constrained.

3.3. Experimental procedures

A series of tests were performed to characterize the static stability,
natural period, damping, and dynamic roll response of the system.
The experiments included inclining tests, free decay tests, and forced
oscillations in regular and irregular waves. Each test is described in
detail in the following subsections.

3.3.1. Test matrix and WEC configurations

Different configurations of the passively tuned WEC were tested, as
shown in Fig. 7 and summarized in Table 2. The baseline configuration
was the barge without tuning devices. Configurations WEC-C1 and
WEC-C2 employed the small cones, suspended at 27.66 cm (0.79B)
and 36.87 cm (1.05B), respectively, corresponding to the maximum
available horizontal arm length (8 in from the barge side). These
spacings were chosen to shift the natural roll period of the system into
the range of 8-10 s at full scale. Since the dominant swell period in
the Galapagos is closer to 13 s, larger cones were introduced. WEC-C4
used the large cones at the same spacing as WEC-C1 (0.79B), targeting
a natural period closer to 13 s within the limits of the wave generator.
To complement this, WEC-C3 placed the large cones 2 in closer to
the barge side (0.65B), yielding a natural period intermediate between
those of WEC-C2 and WEC-C4. This spacing was the minimum feasible
distance, as further reduction would have caused cable interference
with the barge.

3.3.2. Inclining and free decay tests

For each configuration, inclining tests were performed to estimate
the vertical center of gravity (VCG) and the corresponding transverse
metacentric height (GMy), following IMO procedures [63]. The value
of GM; provides a direct measure of roll stability: when GM, is
positive, the body develops a restoring moment that brings it back
upright after a small heel, much like a pendulum swinging back toward
equilibrium. If GM; were negative, the body would be unstable and
continue to roll over.

Free decay tests were conducted to estimate the roll natural period,
virtual inertia, and linear damping ratio. The barge was manually in-
clined in roll and released, and the resulting roll motion time series was
recorded. Each test was repeated three times per side, using initial roll
angles between 6 and 10 degrees, to ensure motion remained within
the linear regime. A typical decay curve for the barge configuration is
shown in Fig. 8.

3.3.3. Regular waves tests

Regular wave tests were conducted for all configurations to charac-
terize the system response across a range of wave frequencies. Waves
were generated over a frequency range between 0.4 and 1.4 Hz with
small wave slopes, as shown in Table 3, to avoid nonlinear behavior.
The wave slope was gradually increased with frequency to prevent
the generation of ripple-like waves as the wavelength decreased. From
the Froude similarity law, the full-scale wave environment corresponds
to amplitudes between 20 and 60 cm and periods between 4.5 and
15 s. Furthermore, the tuning strategy was designed to achieve reso-
nance at periods exceeding 1.25 s (8 s at full scale), consistent with
swell-dominated tropical regions.

The roll RAO provides a direct comparison of the experimental
response and the analytical predictions computed using Eq. (6), cali-
brated using virtual inertia and damping coefficients estimated from
free decay tests. The procedure for extracting roll amplitudes and
associated uncertainties from the experimental time series is described
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(b) WEC-C1: Barge and small tuning device(c) WEC-C2: Barge and small tuning device
hanging at 27.66 cm hanging at 36.87 cm

(d) WEC-C3: Barge and large tuning device(e) WEC-C4: Barge and large tuning device
hanging at 22.58 cm hanging at 27.66 cm

Fig. 7. Pictures of different experimental setup configurations.

Table 3
Regular wave characteristics used in the present experimental campaign.
Wave frequency Wave period Wave amplitude Wave length Wave slope Energy flux
2

7, THZ] T, Is] ¢ Tem] L, [em] % P, [Wm]

0.4 2.50 1.50 975.82 0.010 2.145

0.5 2.00 1.00 624.52 0.010 0.763

0.6 1.67 1.40 433.70 0.020 1.246

0.7 1.43 1.00 318.63 0.020 0.545

0.8 1.27 1.20 251.82 0.030 0.686

0.9 1.11 0.90 192.75 0.029 0.343

1.0 1.00 0.80 156.13 0.032 0.244

1.1 0.91 0.60 129.03 0.029 0.125

1.2 0.83 0.50 108.42 0.029 0.079

1.3 0.77 0.60 92.39 0.041 0.106

1.4 0.71 0.80 79.66 0.063 0.174
in Section 3.4. The experimental roll RAO was computed using the 3.3.4. Irregular waves tests
following: To evaluate the performance of the WEC under realistic random
RAO, = 9, @) wave conditions, irregular wave tests were conducted. These tests

TG were aimed at validating the roll response and line tension behavior

where 0, represents the peak amplitude of roll motion and ¢, the wave under spectral excitation. Long-crested irregular waves were generated
amplitude. using the ITTC-recommended spectrum [64], which defines the spectral
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Fig. 8. Typical roll decay curve of the barge-only configuration (Fig. 7(a)).

energy density S(f), as a function of the significant wave height, H;
and the peak period, T,:

S(f) = A exp <—%> (C)]

where f is the wave frequency, A = 0.0081g%/K*, B = 4A/H?2. The
constant K is defined by the peak period and the significant wave
height as K = (T,/2.492)+/g/ H.

Each test was recorded for about 400 s. The first 50 wave cycles
(65 s) were discarded to remove startup transients, and the subsequent
210 cycles ( 270 s) were retained for analysis under steady-state
conditions. Time series of roll motion and cable tensions were collected
for post-processing and comparison with regular wave performance.
Following [35], the wave power per unit length of the crest (wave flux)
is estimated as:

2
P = 21T 10)

2
irregular _ P& 2

wave 6dr S8

(1)

where T, is the wave energy period and H, is the significant wave
height for irregular waves.

In the present wave tank (2 = 1.97 m), the resonant operating
conditions yield ki > 2.5. The maximum difference between the deep-
water and finite-depth formulations of wave power flux, as given in
Newman [65], is 5.8%, observed for the WEC-C4 configuration. For
the other resonant conditions, the discrepancy is below 3% and thus
negligible. Therefore, we report results using the deep-water formula-
tion for consistency across regular and irregular tests, noting that this
choice slightly underestimates wave power and marginally increases
the reported CWR values. This effect is well within the experimental
uncertainty and does not affect the overall findings.

3.4. Data processing and analysis

This section describes the procedures used to process the experimen-
tal data and extract the hydrodynamic and performance characteristics
of the WEC system. Time series of roll motion and cable tension were
analyzed to determine damping, virtual inertia, roll RAOs, and me-
chanical power output. Post-processing was performed using MATLAB,
including signal smoothing, differentiation, and energy estimation.

3.4.1. Data processing for experiments in waves

Time series of the roll angle were recorded for all wave condi-
tions in each configuration. Fig. 9 shows an example of processed
roll angle data for the barge configuration in regular waves (1.14 Hz,
0.60 cm amplitude). Roll amplitudes were obtained by detecting local
peaks of the steady-state signal (blue line). From these peaks, both
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Fig. 9. Experimental results of roll angle time variation for barge configura-
tion during a regular wave test with T = 0.88 s, and a = 6 mm.

the mean amplitude and the corresponding standard deviation were
computed, providing a measure of experimental repeatability. An iden-
tical procedure was applied to the incident wave elevation and to the
tension-difference forces. The wave elevation (black line) is also shown
to illustrate the quality of wave generation.

Using the time-dependent angular displacement, the angular veloc-
ity was estimated using the central difference scheme. However, this
numerical differentiation introduces high-frequency noise. To reduce
this, a moving average filter with a window size of 40 samples is
applied, which effectively smoothed the signal while preserving the
main dynamic trends and dominant frequency components.

3.4.2. Estimation of hydrodynamic coefficients

Free decay tests were conducted to characterize the fundamental
roll dynamics of the system, since they provide a direct means to
estimate natural frequencies, damping ratios, and added inertia for
floating bodies [66]. Measurements from these tests were analyzed to
quantify the hydrodynamic effects of added inertia and damping. The
equivalent linear damping ratio, ¢, was estimated using the logarithmic
decrement method [67,68], based on two successive amplitude peaks
of the roll, positive or negative:

InX (4 /b)
./ 12
¢ 472 + In2(dpan/by) 12)

Following [69], the roll response of the system is modeled as a
damped harmonic oscillator with zero external excitation (Fgy, = 0
and ¢(r = 0) = ¢) given by:

Le_g‘”"'sin(a)dt +a) (13)
Vi-e
where w,, is the undamped natural frequency and w; = V1 - 2w, is
the damped frequency.

The virtual mass moment of inertia of the WEC system, denoted
as I includes the contributions of both the barge and the tuning

wECe TR
devices and is given by:

o0 =

Iy e = kiupV + Ay 14

Given the known values of the damping ratio ¢, natural frequency
w,, and metacentric height G M7, the effective inertia of the system was
calculated from the restoring moment using:

AGM;

"
I P
n

WEC = as)

The added mass moment of inertia of the WEC system, denoted
Ay, accounts for the hydrodynamic contributions of the barge and the
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tuning devices, and is estimated as
1-— 2

Ay = (pgVGM7) — Iy (16)

g
where I, = kai , is the dry mass moment of inertia of the barge. Then,

the linear roll damping coefficient is estimated as:

By =20 (Iyy + Ay) o, an

These experimentally derived coefficients were then used to inter-
pret RAO responses and support the validation of the passive tuning
strategy.

3.4.3. Estimation of harvested mechanical power

Although no PTO system was installed on the barge during the
experiments, the differential tension between the cables connected to
the submerged tuning devices serves as a proxy for the mechanical
input available to an idealized PTO. An idealized PTO system would
transform this tension difference into shaft torque through a bidi-
rectional gearbox. The instantaneous harvested mechanical power is
therefore evaluated using the formulation introduced in Section 2.2
(Eq. (1)).

The mechanical harvested power at each wave frequency was char-
acterized by the root-mean-square (RMS) of the instantaneous power:

1 Trest 5
=17 / (Pwec®) dt.
test JO

where T, is the duration of the steady-state window. To quantify
variability, the instantaneous power signal was segmented into roll
oscillation cycles. For each cycle, the RMS power was calculated, and
the standard deviation across all cycles was taken as a measure of
experimental repeatability. Reported harvested power values therefore
correspond to the global RMS of the power signal, accompanied by the
cycle-wise standard deviation.

Device performance is also expressed in nondimensional form
through the Capture Width (CW) and Capture Width Ratio (CWR) [34].
The capture width is defined as the absorbed power normalized by
the incident wave power per unit crest length, CW = Py c/P,,
Normalizing by the overall length of the barge L, yields:

Ccw
LOA Pwave LOA

PRMS

WEC (18)

ave*

_ Pyec

CWR= , (19)

which represents the fraction of the incident wave crest effectively
absorbed by the device and it can be interpreted as a nondimensional
hydrodynamic efficiency.

To estimate full-scale performance, the Froude scaling laws are
applied. Since the angular velocity scales as A% and the tension as A3,
the mechanical power, being the product of force and velocity, scales
as:

Prall-scale = /13'5PWEC~ (20)

All power and CWR estimates reported in this study neglect PTO
damping. At model scale, the damping ratios of the WEC system, barge,
and tuning devices are typically higher due to dominant viscous effects,
potentially leading to conservative (underestimated) power predictions.
In contrast, omitting PTO-induced damping at full scale may result
in overestimated power output. Future work should incorporate both
PTO-induced damping and scale-corrected viscous effects to improve
the accuracy of full-scale performance estimates.

4. Results and discussion
4.1. Inclining test

The inclining tests were performed to estimate the transverse meta-
centric height (GM7) for each configuration. After each weight shift,

10
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the system was allowed to settle and the average roll angle was cal-
culated from 30 s of recorded data. To maintain consistent total dis-
placement across configurations, two adjustments were made. First, a
part of the fixed ballast was removed in the WEC configurations to
compensate for the added wet weight of the suspended tuning devices.
This slightly increased the V' CG and led to a modest reduction in G M.
Second, different heeling weights were selected for the tests: 2.0-pound
weights for the barge configuration, and lighter weights, 1.2 pounds
for small-cone cases and 1.0 pounds for large-cone cases, for the WEC
configurations. These adjustments ensured hydrostatically equivalent
conditions in all tests. Fig. 10 shows representative results for the
barge and WEC-C2 configurations. A linear relationship was observed
between the heeling moment and the roll response. The slope of the
regression corresponds to the GMy, and the high values R? confirm
the consistency of the measurements. Similar behavior was observed
in all configurations.

For the barge and WEC configurations, GM; was calculated from
hydrostatic geometry and VCG obtained from inclining tests. The value
of KM was 18.6 cm and remained constant across all cases. Variations
in VCG due to cone suspension arms were small (a few millimeters) and
had negligible effect on overall stability. In particular, increasing the
suspension lever arm from WEC-C1 to WEC-C2 led to a small increase
in VCG for the small-cone configurations. In contrast, the large-cone
cases (WEC-C3 and WEC-C4) exhibited a slight decrease in VCG, likely
due to improved vertical mass distribution. These variations remained
within a few millimeters and had negligible impact on overall stability.
This trend is consistent with expectations. Although the wet weight
of the tuning devices is transmitted through the elevated suspension
arms, hydrostatic stability is governed by the system’s actual mass
distribution and waterplane geometry. Since GM; depends only on
the vertical center of gravity and the buoyancy characteristics, it re-
mains unaffected by the height at which loads are transmitted through
structural members.

All configurations remained statically stable, with positive values
of GM,. The barge exhibited the highest GM, (8.5 cm), followed
by a gradual decrease as tuning devices were incorporated. These
observations confirm that the integration of the tuning structures did
not compromise the hydrostatic stability of the platform (see Table 4).

4.2. Free decay test

The hydrodynamic characteristics of the WEC, including its interac-
tion with passive tuning devices, were evaluated through free decay
tests. For the Barge, WEC-C1, and WEC-C2, an initial roll angle of
approximately 8 degrees was applied, while for WEC-C3 and WEC-C4
the angle was increased to 10 degrees to compensate for the stronger
damping introduced by the larger cones. Both values remain within
the linear roll regime, ensuring consistency across configurations. Figs.
11 and 12 show the filtered roll response for barge and WEC config-
urations with small and large cones, respectively. Although the initial
amplitudes were comparable, a significant difference in the number of
oscillation cycles was evident. This reflects the increased damping and
added inertia introduced by the tuning devices.

The inclusion of tuning devices led to a significant increase in the
natural period and damping ratio, while the transverse metacentric
height remained nearly constant. Within the time window of 4-20 s, the
experimental decay curves closely followed the theoretical exponential
envelope predicted by Eq. (13), especially for amplitudes larger than
1 degree. This agreement partially supports the validity of the linear
model under small-amplitude motion. However, some discrepancies
were observed. The calibrated analytical model underestimated the
roll amplitudes, and a phase shift was more noticeable in configura-
tions with longer suspension arms. These deviations suggest that linear
damping may be insufficient and that a nonlinear damping term could
improve the accuracy of the model. Additionally, dynamic coupling
effects, such as time-varying tension forces, may contribute to the



R.J. Paredes et al.

Intact Stability: Barge

Energy Conversion and Management: X 30 (2026) 101575

Intact Stability: WEC-C2

O  data points O  data points
— Fit:y = 0.2976 x +0.0370 — Fit:y = 0.3099 x +-0.1440
2 R? =0.9993 2 R? =0.9920
GMy =3.36 [in] GMy =3.23 [in]
P i
S0 B
<, o
2
] s 4 2 o 2 s s 8 10 s 8 10
Moment [Ib * in] Moment [Ib * in]
Fig. 10. Inclining test data for barge and WEC-C2 configuration.
Table 4
Summary of metacentric height for all configurations.
Parameter Symbol Configurations
Barge WEC-C1 WEC-C2 WEC-C3 WEC-C4
Metacentric height (cm) GM, 8.5 8.4 8.2 8.0 8.3
Determination Coeff. R? 0.9993 0.9962 0.9920 0.9956 0.9991
Vertical position of CoG (cm) VCG 10.3 10.4 10.7 10.8 10.6
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Fig. 11. Time history of measured roll motion for barge and WEC with small cones configurations (Exp) and selected maximum values (Peaks). The envelope
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Fig. 13. Boxplot of damped period and damping ratio for each configuration. The box in the boxplot spans the range of values from the first quartile to the third
quartile of the data points. The crossbar inside each box indicates its median. The whiskers extend from each end of the box for a range equal to 1.5 times the
interquartile range. Points shows outlier that lie outside the range of the whiskers.

observed behavior and should be integrated into the restoration term
in future modeling efforts.

Fig. 13 presents a boxplot where each data point corresponds to a
pair of consecutive peaks (positive or negative) from the six free decay
tests conducted for each configuration. The damped natural period in-
creased from 0.88 s (barge) to 1.28 and 1.51 s for WEC-C1 and WEC-C2,
and further to 1.64 and 1.92 s for WEC-C3 and WEC-C4. The damping
ratio increased accordingly from 0.039 (barge) to approximately 0.062
and 0.079 for the small cones and up to 0.071 and 0.079 for the
large cones. These trends reflect the combined effects of the entrapped
water and the added mass introduced by the tuning devices. Large-
cone configurations achieved longer periods and higher damping ratios,
suggesting that future improvements in cone hydrodynamics, such as
reducing form drag, may further enhance performance. The wider
interquartile ranges in the WEC cases highlight increased variability,
reflecting complex nonlinear dynamics introduced by the suspended
structures. These variations are attributed to entrapped water mass,
added inertia, and the suspension lever arm, all of which amplify the
variation of the dynamic response.

Table 5 summarizes the effect of the tuning devices on key dynamic
parameters. The virtual moment of inertia and the damping coefficient
increased substantially in all WEC configurations. Specifically, damping
was roughly doubled with small cones and tripled with large cones.
These changes are attributed to two main factors: (1) the larger hori-
zontal projected area of the cones increases viscous drag and generates
higher roll-resisting moments; and (2) a longer suspension lever arm
increases the moment arm through which hydrodynamic forces act. The
virtual radius of gyration also increased with the tuning devices, con-
firming that the added structures alter the effective mass distribution
of the system and the resistance to angular acceleration. This added
mass also induces tension in the cables, which directly drives the PTO
system. These findings show that large-cone configurations were the
most effective in modifying roll characteristics.

The analytical model underestimated the natural period by less
than 3% in all cases, indicating that the linear formulation offers a
useful first-order approximation. However, it does not fully capture
the nonlinear behavior introduced by the tuning devices. As noted by
Rusch et al. [57], conical and asymmetric heave-plate structures can
exhibit phase-dependent variations in added inertia and damping due
to vortex shedding and differences between upstroke and downstroke
motion. Within a linear framework, these effects are collapsed into a
single effective added inertia coefficient, but future refinements should
incorporate their phase dependence to improve predictive fidelity.

4.3. Roll response in regular waves
The RAO was calculated to evaluate the dynamic performance

of the different WEC configurations under a wide range of regular
wave conditions, providing a direct comparison between experimental
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results and analytical predictions from the calibrated linear model.
At resonance, the tuned WECs exhibited noticeably larger angular
displacements compared to the barge, consistent with the frequency-
shifting effect of the cones. In the WEC-C1 case, the barge showed the
most pronounced roll motion, while the suspended cones introduced
slight lateral movements not captured by the analytical model, which
is limited to pure roll dynamics. These secondary motions are expected
to have negligible influence on the PTO-relevant forces but highlight
nonlinear effects introduced by the tuning devices.

The RAO curves, expressed in degrees per centimeter, are plotted
against wave frequency in Figs. 14 and 15 for the small- and large-cone
configurations, respectively. The results show that the addition of tun-
ing devices shifts the resonant frequency to lower values, corresponding
to longer wave periods. This shift is accompanied by a reduction in
peak amplitude, consistent with increased damping. The effect is more
pronounced in the large-cone configurations, as shown in Fig. 15. The
experimental uncertainty is generally small, with narrow +3¢ bands
around the mean curves.

For the barge and small-cone cases (WEC-C1 and WEC-C2), the
linear roll model calibrated from free-decay tests reproduces the res-
onance frequencies well (1.10, 0.78, 0.65 Hz) and captures the overall
RAO trends. However, it consistently overpredicts roll amplitudes.
This discrepancy arises from two main sources: (i) nonlinear damping
mechanisms such as vortex shedding and viscous drag, which are not
considered in the linear calibration, and (ii) the simplified excitation
formulation. The incident wave moment is modeled following the IMO
approach, as harmonic and proportional to the incident wave slope
(Eq. (5)), neglecting diffraction and radiation effects. In this case, the
barge shows comparatively larger variability near resonance, reflected
in more visible uncertainty bands.

For the large-cone configurations (WEC-C3 and WEC-C4), the model
again predicts the resonance frequencies but underestimates overall
energy dissipation. The larger cones increase added mass while also in-
troducing stronger nonlinear damping from flow separation and vortex
shedding, which are not represented in the current linear framework. In
addition, the restoring moment is linearized, neglecting the amplitude-
dependent effects that reduce stiffness at larger roll angles. Together,
these unmodeled effects explain the systematic differences between the
semi-analytical predictions and the experimental measurements. As in
small-cone cases, the associated uncertainty remains low, and the +3¢
bands are barely visible.

Fig. 16 shows the RAO of the difference in dynamic tension between
the cables, defined as the mean peak force normalized by the mean
wave amplitude, plotted against the wave frequency, with shaded
bands representing +3¢ from the distribution of peak values. These
curves offer insight into the mechanical energy available for PTO
extraction. For the small cone configurations (Fig. 16(a)), the tension
RAO closely mirrors the roll RAO, with each setup exhibiting a primary
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Table 5
Summary of damped natural period, damping coefficient for all configurations.
Parameter Symbol Configurations
Barge WEC-C1 WEC-C2 WEC-C3 WEC-C4
Virtual moment of inertia (kg m?) Iy 0.297 0.623 0.845 0.977 1.388
Virtual gyroradius ratio ky,/B 0.364 0.528 0.614 0.661 0.787
Virtual added moment of inertia (kg m?) Al 0.140 0.466 0.688 0.820 1.231
Linear damping coefficient (N ms) By, 0.1675 0.3771 0.5538 0.5298 0.7140
Restoring moment (kg m/rad) Cyy 1.553 1.535 1.498 1.462 1.517
Damped Natural frequency (rad/s) on 7.156 4.905 4.156 3.820 3.262
Natural period (s)
Theory (Eq. (4)) 0.882 1.280 1.544 1.656 1.899
Experiments 0.877 1.279 1.507 1.641 1.920
T-E Difference (%) (E-T)/E —0.58 —0.05 -2.43 -0.91 1.07
Damping coefficient
Number of points Noeaks 70 58 51 63 56
Average Loxp 0.0394 0.0616 0.0786 0.0708 0.0786
Variation coeff. (%) 6/Eexp 12.9 9.6 8.7 13.6 13.9
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Fig. 14. Roll RAO comparison for barge and WEC with small cones configurations. Shaded regions indicate +3¢ uncertainty around the experimental mean
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Fig. 16. Dynamic tension difference RAO for the WEC configurations. Shaded regions indicate +3¢ uncertainty around the experimental mean values.

resonance peak. In particular, the peak tension for WEC-C1 is approx-
imately 95% greater than that of WEC-C2. Both configurations also
exhibit a secondary peak around 1.1 Hz, which may be related to the
vibration modes inherent to the cones. The large-cone configurations
(Fig. 16(b)) display a similar pattern, although the secondary peaks are
broader. This broadening may result from enhanced hydrodynamic cou-
pling or the excitation of multiple cone vibration modes, a phenomenon
that warrants further investigation. The associated uncertainty bands
are more visible than in the roll RAO plots, highlighting the greater
variability of force measurements compared to roll angles.

These results confirm that dynamic tension forces are strongly fre-
quency dependent. As demonstrated by Ruch et al. [57], the drag and
added mass coefficients of asymmetric submerged bodies vary with the
Keulegan—Carpenter (KC) number, which depends on wave frequency,
body size, and amplitude. In our WEC configurations, these varia-
tions influence both damping and inertia, contributing to the observed
shifts and broadening of tension peaks, particularly in the large-cone
cases. Future work should aim to capture these nonlinear, frequency-
dependent hydrodynamic effects to enhance PTO force predictions and
optimize energy extraction under realistic sea conditions.

4.4. Harvested power in regular waves

Figs. 17 and 18 show the time histories of roll angle, angular
velocity, and dynamic tension difference for the four WEC configu-
rations under resonant conditions. The roll angle (gray line) exhibits
a stable, nearly sinusoidal behavior, indicating periodic motion. The
angular velocity (dashed red line) is also sinusoidal and approximately
90 degrees out of phase with the roll angle, as expected from basic
kinematics. Meanwhile, the dynamic tension difference (blue line) is
roughly 180 degrees out of phase with the roll angle, highlighting its
role as a restoring force. Among all configurations, WEC-C1 exhibits the
highest amplitudes in both the angular velocity and tension difference.
In contrast, WEC-C2 and WEC-C4 show noticeable deviations from
sinusoidal profiles, particularly near peak values, suggesting reduced
energy transfer efficiency in these cases.

The corresponding time series of the harvested power are shown
in Fig. 19. Because the instantaneous power is defined as the product
of roll angular velocity and tension difference, it oscillates between
positive and negative values depending on their phase relationship.
Negative values occur when the two are out of phase, reflecting the
alternating torque direction as the restoring cone switches between port
and starboard each half-cycle. A practical PTO must therefore operate
bidirectionally (e.g., through a bidirectional gearbox). Reported values
correspond to the RMS power, which remains positive and quantifies
the net extractable energy. Among small-cone configurations, WEC-C1
achieves the highest RMS output (0.2846 W), more than double that
of WEC-C2 (0.1379 W). This corresponds to hydrodynamic efficiencies
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relative to the available wave power, expressed as CWR, of 52.2% and
14.1%, respectively, as summarized in Table 6. The large-cone config-
urations exhibit lower performance. WEC-C3 reaches an RMS power of
0.1189 W, while WEC-C4 achieves only 0.0317 W, approximately one-
tenth of the value of WEC-C1. The non-sinusoidal, sawtooth-like profile
of WEC-C4 indicates increased nonlinear losses or inefficient energy
transmission from the roll motion to the tension cables.

Table 6 summarizes the RMS values of angular velocity, tension
difference, harvested power, and estimated wave power. The results re-
veal a stronger correlation between efficiency and angular velocity than
between tension and efficiency, consistent with the velocity-dependent
nature of damping-based PTO systems, in which maximum power is
extracted as the structure crosses through its equilibrium position [70].
The reported uncertainties in harvested power are relatively small
compared to the mean values, reinforcing the reliability of the observed
performance trends across configurations. In addition to the experimen-
tal model-scale values, deterministic full-scale power estimates were
derived using Froude scaling (Eq. (20)). These predictions, shown in the
last column of Table 6, are provided without uncertainty to facilitate
comparison with other WEC studies at sea scale.

4.5. Harvested power in irregular waves

To assess the broadband performance of the most efficient con-
figuration (WEC-C1 at 0.78 Hz), tests were carried out in irregular
waves. Two sea states were considered, with significant wave heights
of 2.5 and 4.0 cm, corresponding to full-scale Sea States 3 and 4,
representative of typical swells in tropical environments. Fig. 20 shows
the time histories of wave elevation, roll angle, and mechanical power
output for WEC-C1 under Sea State 3. The roll motion appears smoother
than the incident wave elevation, illustrating the low-pass filtering
effect of the system. Short intervals of zero power output occur when
the wave excitation falls below a threshold, likely due to backlash in
the mechanical transmission. This behavior is similar to that observed
in OSWEC-type WECs [35].

Table 7 summarizes the performance metrics for WEC-C1 in both sea
states. Although the wave power nearly triples from SS3 to SS4, the en-
ergy conversion efficiency remains stable at approximately 21%-22%.
This indicates that the passive-tuning approach maintains performance
under increased excitation amplitudes and more nonlinear sea states,
without the need for active control. To explore the full-scale potential of
the proposed WEC in tropical regions, we considered wave conditions
with peak periods around 8 s and significant wave heights between 1.0
and 1.6 m, scaled equivalents of the irregular sea states tested. These
conditions are also characteristic of moderate swell climates observed
in regions such as western France, Portugal, central California, the
Galépagos Islands, and the central coast of Chile [71]. Based on the
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Fig. 19. Time history of harvested mechanical pow

er for small-cone and large-cone configurations.

Table 6
RMS values of dynamic performance metrics for each configuration under resonant wave
conditions.
Config. Angular Tension Harvested Wave CWR Full-scale
velocity difference power power Eff. power
(rad/s) N) w) w) (%) kW)
WEC-C1 0.473 3.070 0.2846+0.0018 0.546 522 115.20
WEC-C2 0.281 1.944 0.1379 +0.0021 0.977 14.1 55.82
WEC-C3 0.249 3.172 0.1189 +0.0027 0.994 12.0 48.13
WEC-C4 0.104 1.679 0.0317 +£0.0019 0.935 34 12.83

harvested power measured for the WEC-C1 configuration (Table 7),
deterministic full-scale predictions yield mechanical power outputs
between 23.8 and 64.4 kW. These values are sufficient to meet basic
electricity demands in remote coastal communities or support small-
scale applications within the blue economy. Although promising, these
projections do not account for scale-induced viscous damping or the
dynamic response of a full PTO system. Future work will refine these
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estimates and investigate strategies to approach the higher efficiencies
observed under regular wave conditions.

5. Conclusions
This study presents the first experimental validation of a passively

tuned roll-based wave energy converter (WEC) using suspended cone-
shaped submerged devices to shift the natural roll period of the system
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Table 7
Performance metrics for WEC-C1 configuration in irregular waves.

Energy Conversion and Management: X 30 (2026) 101575

Sea state Sig. wave height (cm) Energy period (s) Wave power (W) Harvested power (W) CWR (%) Full-scale power (kW)

SS3 2.49 1.144 0.272 0.0589 21.6 23.8

SS4 4.11 1.147 0.741 0.1592 21.5 64.4
4 + Analytical model performance: The calibrated linear model
_3 captured general trends but overestimated damping and underes-
52 timated peak responses, highlighting the influence of non-linear
81 drag and coupling effects. The present linear model also neglects
30 I ' nonlinear coupling effects such as time-varying wetted surfaces,

§-‘ which may become significant at larger amplitudes.
=2 » Design optimization potential: Current results are based on
= . . | | | | | | . . | baseline cone geometries and passive damping. Future work will
‘450 160 170 180 190 200Tl m§1[(slec] 220 230 240 250 260 270 focus on optimizing cone shape, suspension length, and PTO
damping to enhance performance.
(a) Wave elevation

L Beyond these specific findings, the results demonstrate that passive
- : tuning through suspended cones offers a practical pathway to extend
§, 4 the applicability of roll-based WECs to swell-dominated regions such as
3 2| | the Galapagos, where long-period waves prevail and traditional WECs
%_g are poorly matched. The ability to achieve efficiencies above 50% in
%-4 5 regular waves, with consistently low experimental uncertainties, and
T -6 to maintain performance robustness under irregular seas, highlights the
{g | | | | | | | | | | | potential of this concept to deliver reliable energy at scales relevant for
10160 10 80 190 200, 210 520 BN & 2% x0 2 island and coastal communities. Unlike active control strategies, this

(b) Roll angle

200 210 220 230 240 250 260
Time [sec]

160 170 180 190 270

(c) Power harvesting

Fig. 20. Time history of wave elevation (top), roll angle (middle), and power
(bottom) for WEC-C1 configurations in Sea State 3, H, = 2.5 cm and Tp = 1.28
s.

and improve energy harvesting. A 1:40 scale model was tested under
controlled laboratory conditions to assess static stability, roll dynam-
ics, and energy conversion performance in both regular and irregular
waves.

Key conclusions are summarized in the following:

Resonance tuning: Passive tuning devices increased the natural
roll period of the WEC by up to 2.2 times, allowing resonance
with long period swells. The effect scales with the cone geometry,
mass, and suspension length.

Hydrodynamic damping: The submerged devices introduced
significant damping, up to 2.2 times the bare barge, through
increased drag moment and added inertia, without compromising
stability.

Energy harvesting in regular waves: The optimal configura-
tion (WEC-C1) achieved 0.285 W at 52% efficiency, exceeding
the 20%-40% range typical of conventional WECs. Larger cones
traded efficiency for broader frequency adaptability.
Performance in irregular waves: In two swell sea states, WEC-
C1 maintained approximately 21.5% efficiency, demonstrating
robustness against spectral variability.
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passive tuning method provides a structurally simple, low-maintenance
solution that reduces operational complexity and costs. These attributes
make the approach well-suited for deployment in remote locations with
limited infrastructure, where resilience and simplicity are critical.

This study establishes a foundation for the development of scal-
able, passively tuned roll-harvesting WECs. A key challenge moving
forward is to replicate the high efficiencies observed with WEC-C1
across multiple configurations, while still maintaining adaptability to
site-specific wave climates. Future research will therefore focus on (i)
refining predictive models to include nonlinear hydrodynamics, tension
dynamics, and pitch-heave coupling, (ii) exploring optimized cone
shapes and suspension layouts to balance efficiency and bandwidth,
and (iii) validating energy capture with a realistic PTO system under
moored conditions. Together, these steps will advance the technology
toward practical offshore deployment and integration into renewable
energy systems for coastal and island communities.
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Appendix A. Nomenclature

Roman symbols
Symbol Description Unit
GMy Transverse metacentric height m
vce Vertical center of gravity m
B Beam (breadth of barge) m
L Length of barge m
Loa Length overall m
\Y Displacement volume m?
¢(1) Roll angle rad
0] Roll angular velocity rad/s
o Initial roll amplitude rad
Pmax Peak roll amplitude rad
Iy Mass moment of inertia (barge) kg m?
e Virtual inertia of WEC system kg m?
1, Ay Added mass moment of inertia kg m?
By, Linear damping coefficient Nms
Cy Restoring moment coefficient N m/rad
My Excitation moment N m
Fstr Suspension lever arm m
H, Significant wave height m
T, Peak period s
T, Wave period (regular waves) s
T, Energy period s
fs Wave frequency Hz
® Angular frequency rad/s
k Wavenumber rad/m
ag Incident wave amplitude m
h Water depth m
S(w) Spectral energy density m?/Hz
P(1) Instantaneous harvested power w
Py Mean harvested power w
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P RMS harvested power W

P, Wave power per crest length (regular) W/m

Py Wave power per crest length (irregular) W/m

P, Incident wave power per crest length W/m

P Full-scale harvested power kw

T Test duration s
Greek symbols

Symbol Description Unit

¢ Damping ratio -

w, Natural frequency rad/s

Wy Damped natural frequency rad/s

0 Phase angle rad

a,y Pierson-Moskowitz spectrum constants -

B(kh) Finite-depth correction factor -

A Geometric scale factor -
Subscripts and superscripts

Symbol Meaning

D, S Port and starboard

b Barge

t Tuning device

a Added or apparent

rms Root-mean-square

fs Full scale

n nth cycle

Appendix B. Abbreviations

Acronym Definition

ADWEC Adaptive Wave Energy Converter

CoG Center of Gravity

cw Capture Width

CWR Capture Width Ratio

DOF Degree of Freedom

GM Metacentric Height

IMO International Maritime
Organization

ISWEC Inertial Sea Wave Energy
Converter

ITTC International Towing Tank
Conference

KC Keulegan—Carpenter number

LCOE Levelized Cost of Energy

LOA Length Overall

MARINET Marine Renewables
Infrastructure Network for
Emerging Energy Technologies

OSWEC Oscillating Surge Wave Energy
Converter

(0)Y¢ Oscillating Water Column

OWSC Oscillating Wave Surge Converter

PLA Polylactic Acid (3D printing
filament)

PTO Power Take-Off

RAO Response Amplitude Operator

RMS Root Mean Square

SS Sea State

VCG Vertical Center of Gravity

WEC Wave Energy Converter
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