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Performance enhancement of pitching WECs
via oscillating water columns technology

Fontana M., Sirigu S.A. and Basile D.

Abstract—This paper describes the coupling of an oscil-
lating U-shaped water tank, a U-tank, with a pitching float-
ing Wave Energy Converter (WEC) to expand the response
bandwidth. The performance of these energy converters
strongly depends on their frequency response, and their
resonance period is generally fixed once the geometric and
inertial parameters of the system have been defined. The
integration and appropriate control of dynamic inertial sys-
tems based on water ballast tanks enable slow tuning of the
system’s resonance with the incoming wave, maximizing
energy extraction. The dynamic coupling of the hull with
the water tank is then analyzed, and a passive control
system is developed that acts on the air contained in the
reservoirs of the U-tank by partitioning the volume within.
Air expansion is then controlled by discretely adjusting
the available, properly partitioned volume allowing the
variation of the frequency response of the sloshing water
tank and device. The resolution of the dynamics involves
linear models based on the Boundary-ElementMethod as
far as hull hydrodynamics are concerned; a solution of
the Euler equation describes the oscillating tank. Finally,
the expansion and compression of the air contained in
the reservoirs of the U-tank are assumed to be governed
by a generic polytropic transformation law, and such a
condition is linearized around the operating condition.
A large oscillating floating inertia-based body device is
adopted as a case study, and its energy harvesting working
principle is based on the gyroscope technology. The results
aim to confirm the ability to perform slow tuning of the
device frequency response via regulation of the air volume
of the sloshing water tanks.

Index Terms—Passive control, Resonance, Sloshing tanks,
Slow Tuning, Wave energy

I. INTRODUCTION

HE growing demand for clean and sustainable en-

ergy sources has increased interest in harnessing
energy from ocean and sea waves. By leveraging wave
power, we can significantly r educe r eliance o n fossil
fuels and their associated CO2 emissions, mitigating
traditional energy generation’s environmental impacts.
Moreover, wave energy exhibits great potential and,
according to the most significant c onservative esti-
mates, assumes that the wave component accounts for
around 2 TW of global power demand [1], equal to
approximately 18,000 TWh annually or about 80% of
our yearly electrical needs. Also, an almost enclosed
sea like the Mediterranean Sea has good potential in
harnessing wave energy [2]. In this context, increasing
innovations on wave energy conversion systems find
fertile ground, and ongoing research holds promise for
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improving energy extraction efficiency and expanding
the overall potential of wave energy as a viable re-
newable resource. Given the circumstances and expla-
nations, wave energy converter (WEC) research and
technologies are relatively new in the industrial scope,
since there lacks a perfectly defined technological con-
vergence. Therefore, there are different types of wec
that exploit marine phenomena in different ways.

Considering the many technologies available, the
Point-Absorber [3] devices can extract energy through
the relative motion between a fixed body and a floating
buoy. The point-absorber technologies are compact and
versatile; con, the main issue lies in the small dimen-
sions compared to the incoming wave. An example
of oscillating body, and specifically, a heaving-point-
absorber (HPA) WEC is the WaveStar [4], [5], [6]. The
Oscillating Water Columns (OWCs) harness energy
from the oscillation of the seawater inside a chamber,
converting the induced airflow into electrical energy
through turbines [7], [8]. Other technical solutions are
based on attenuating the wave motion responding to
the wave curvature as the Pelamis device [9]. The last
mentioned WEC technologies are based on the inertial
phenomena of large floating bodies. Some examples
are represented by the Inertial Sea Wave Energy Con-
verter (ISWEC) [10], [11], [12] and the Pendulum Wave
Energy Converter (PeWEC) [13], [14], both composed
of a sealed hull and developed by the Politecnico di
Torino and differentiated by the PTO system which is a
gyroscope in the first mentioned case and a pendulum
in the PeWEC device.

The wave energy converter system considered in this
work is an oscillating WEC based on inertial properties
and designed to harness the energy from ocean waves
converting it into electricity through a power take-
off system based on a gyroscope through the angular
momentum conservation.

The principal physical phenomenon underlying
WECs, especially those inertia-based, is the resonance
of the conversion system with the incoming wave.
While resonance can enhance energy conversion ef-
ficiency by facilitating effective energy transfer, im-
proper resonance matching can lead to suboptimal
performance and potential structural damage. When
the natural frequency of a WEC’s components coin-
cides with the frequency of incident waves, resonance
occurs, resulting in efficient energy absorption and
amplified motion. This favourable “"resonant response”
maximizes power capture. However, off-resonance or
anti-resonance conditions arise when the WEC’s nat-
ural frequency fails to align with the incoming wave
frequency. In such cases, the energy transfer becomes
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inefficient, causing diminished power conversion.

This work aims to enhance the resonant matching
between the WEC and the incoming wave introducing
a U-shaped sloshing tank to tune the floater’s response.
The so-called U-tank can adjust the device, shifting
its resonance condition and thus harnessing energy
from longer period waves. The modelling follows a
performance evaluation approach regarding the RAO
and response spectra of the system stressed by Jonswap
spectra derived from actual wave (scatter) diagrams.
The U-tank device is controlled in a slow-tuning man-
ner modifying its resonance period acting on discrete
volumes in which the air within can be expanded and
compressed, thus modulating its stiffness.

The paper is structured as follows: Section II presents
the mathematical formulation encompassing the wave
spectra, the ISWEC test case, and the U-tank system.
Subsequently, the chapter delves into the coupling of
the devices by parameterizing the U-tank system while
considering the feasibility constraint of the hull. Section
IV expounds on the passive control strategy for slow-
tuning employed by the U-tank. Finally, the simu-
lations conducted in regular (sec.V-A) and irregular
(sec.V-B) waves are detailed, and the corresponding
outcomes are presented.

II. MATHEMATICAL MODELLING - WAVE AND
DEVICES

In this section, the wave formulation is described in
terms of Jonswap Spectrum, the both the WEC and the
U-tank are described and their mathematical models
are presented.

A. Wave Spectra

The ocean and sea waves have several components
that depend on time and location. A heuristic and
general description of the waves can be conducted
with a statistical approach defining the energy den-
sity distribution over the wave period. In this work,
the directionality of the waves is neglected in that
the floating device bases its principle of operation on
pitching motion and thus can be oriented through its
mooring system to receive the wave by realizing a
definite direction with it. This assumption also requires
considering a highly directional marine site. The WEC
device of this work is conceived to be installed in the
Strait of Sicily in the Mediterranean Sea, a fetch-limited
sea in which a more proper spectrum modelling is
the JONSWAP spectrum, with respect to the Table A.4
of [15]. The JONSWAP model was derived consider-
ing that the more commonly used Pierson-Moskowitz
spectrum does not fit properly a non-fully developed
sea, so the latter can be enhanced by multiplying it
with an extra peak enhancement factor ~:

(Himo/4)* N -N
S((}J) = Ag T’YGOOJTL exp W (1)
Where A, represents a normalization faction used
when v > 1, Hy,,0, or Hy is the significant wave height,
the angular peak frequency w,, G¢ is a normalizing
factor related to Bretschneider form (JONSWAP with
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Fig. 1. The Pierson-Moskowitz and JONSWAP spectra comparison
considering a significant wave height Hs = 2m and energetic period
Tg = 6s. The peakness of the JONSWAP spectrum is the higher the
greater the value of v which is unit in the case of Pierson-Moskowitz.

v = 1), wy is the array of angular frequencies normal-
ized over the peak frequency, finally the parameters M
and N define the spectral width around the peak and
the decay of high frequency side respectively. The plot
in Fig.1 enlights the comparison between JONSWAP
and Pierson-Moskowitz spectra for the same values of
significant wave height H; and energetic period 1. the
formulation used in this work refers to [15] in which
the peak period and the energetic period depend on
the peak enhancement factor as follows:

Tg
T =
P 0.8255 + 0.03852y — 0.005537~ + 0.0003154~

@

B. Floating WEC

The Wave Energy converter considered in the scope
of this work is the Inertia Sea Wave Energy Converter
[10]. The floater has a cradle-shaped hull parametri-
cally identified by circles, as shown in Fig.1 of [12] and
is optimized for a given marine site [16].By capitalizing
on the inertial coupling between the floater and the
gyroscopic unit inside, the device effectively eliminates
the requirement for any moving parts to come into
contact with the seawater. The following Fig.2 from [17]
enlights the cradle-shaped hull, the gyroscope sealed
within, the PTO unit and the incoming wave direction.
Upon a more detailed examination of the gyroscopic
conversion principle for pitch motions, we can observe
that the device’s main coordinate system aligns its z-
axis towards the bow, representing the wave direction.
Simultaneously, the y-axis corresponds to the pitching
motion induced by the waves, denoted as 4. By com-
bining the rotational speed of the flywheel (¢) with
the hull’s pitching velocity (4), a gyroscopic torque is
generated around the e-axis. This torque is utilized to
drive an electrical generator, allowing the extraction
of energy from incoming waves. The dynamics of the
gyroscope can be derived from Euler’s equation, where
equilibrium is imposed at the Power Take-Off (PTO)
shaft [18]. The PTO torque is governed by a control law
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Hull Gyroscope PTO

Fig. 2. WEC layout with the gyroscopic unit sealed in the hull, and
its flywheel spins around the ¢-axis. The PTO is in-line with the
precession axis €. The floater oscillates around the pitch-axis 4.

(Eq. 3), which consists of a first component in phase
with velocity (active term) and a second reactive term
in quadrature with the rate:

Tpro = ke + ¢ 3)

The Cummins Equation describes the hydrodynamic
model [19] using the six degrees of freedom time-
domain equation for a rigid floating body:

t
(M+AOO)X+/ h,(t—¢)Xdt' + KX = F, + F, (4)
0

In the given expression, the first term corresponds
the mass matrix M, the second term represents the
constant positive definite added mass for infinite fre-
quency A,. the damping term in the convolution
integral incorporates the impulse response functions h,.
of the radiation forces. The stiffness term K refers to
the hydrostatic stiffness matrix. On the right-hand side
(RHS), we have the wave forcing (F,,) and the gyro-
scope’s reaction forces (Fy). To facilitate the analysis,
it is advantageous to transform the equation into the
frequency domain using the following approach:

(M + Aw))

X(w)+Bw)X + KX (w) = Fiy(w) + Fy(w)
)
Except for the gyroscopic reaction, the terms de-
scribed above can be obtained through numerical tools
based on the Boundary Element Method (BEM), such
as NEMOH [20], [21]. Once the floater is defined,
its behaviour under operating waves and conditions
is determined by the Response Amplitude Operator
(RAO), which are effectively transfer function of the
response amplitude of the floater with respect to the
amplitude of the incoming wave.

C. U-tank

The oscillating U-shaped sloshing tank, also called
U-tank, the concept was initially developed by Frahm
[22], and Froude [23] intending to obtain an Anti-
Resontant-Tank (ART) to mitigate the roll motion in
the naval application. In recent years, the application
of U-tank devices has expanded to include the civil
engineering field, specifically as anti-resonant devices
for skyscrapers. The U-tank devices, when used in the
context of skyscrapers, serve as tuned mass dampers
(TMDs) or vibration control systems. By strategically
incorporating U-tank devices into the structural design
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of tall buildings, the aim is to reduce the resonant re-
sponse and enhance the building’s overall performance
under dynamic loading, such as wind-induced vibra-
tions or seismic events. In the scope of wave energy the
U-shaped sloshing tanks are mainly used coupled with
Wells turbine-based systems to extract energy from
pressure differences induced by the movement of water
columns [7], [24].
The mathematical model of the U-tank was derived
by Lloyd [25] from the Euler’s equation coupling
the continuity and momentum conservation equations,
leading to the following monodimensional law:

ov Ov 1

at+vay—Y—pr (6)
where v is the fluid velocity along the curvilinear
direction y, as shown in Fig.3. The first term at RHS
contains the external forces per unit mass induced by
the gravity, the acceleration of the external motion, the
frictional and damping forces. Finally, the density of
the fluid within is p and the pressure field is p. The

T dleG
hr ' rd
L hd
y<‘
Wr wd -

Fig. 3. Utank scheme and geometrical definitions with respect to the
hull centre of gravity G' and imposed pitch motion §

Eq.6 carries with it the following assumptions: one-
dimensional fluid (water) motion, external motion only
in pitch-direction J, velocity gradient along the perpen-
dicular axis to the y-axis can be neglected as well as
the corner effects at the elbows. The last one is a strong
assumption as enlighted in [26] where the comparison
between a sharp-corner and rounded devices is made
through Computational Fluid Dynamics simulations.
The geometrical properties in Fig.3 refers to the the
total height H, the fluid level at rest from the centerline
of the horizontal duct h,, the height of the latter is
hq and its width is wy. The vertical tanks, henceforth
called reservoirs, are defined by the width w,. Regard-
ing the coupling with the floater the distance between
the centerline of the horizontal duct and the WEC’s
center of gravity is defined by ry. Finally, the water
angle 7 is defined as the angle between the water level
and the one at the equilibrium position.

III. U-TANK AND FLOATER COUPLING

The water angle 7 and the coupling with WEC in
pitch motion ¢ lead to the expression of Eq.6 in a
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Gyroscopic units

U-tanks

Fig. 4. Example of pairing between WEC hull and gyroscopes, and
two U-tank devices

canonical non-dimensional form [27]:
UrrT + bpr T+ CrrT = — |:a7-55 + 6755] (7)

The Eq.7 represents a 1 DOF lumped parameter model
in which the U-tank, described by a mass-damper-
spring system is coupled in pitch-motion with the
floater. The subscript ’5" refers to the pitch motion as
the fifth term of the X term in the Eq.4. The coefficient
in the lumped-parameter model are defined as follows:

w h,
® Urr = Qtwr (th + 11)7«)

o brr = Qiquy <

o Crr = th

® Qr5 = Qt (T'd + hr)

¢ Cr5 = Crr

o« Q= %Pwrw2$t
Where the variable w is the distance between the
vertical centerlines of the reservoirs (w = w, + wy),
and ¢ incorporates viscous damping effects identifiable
from free-decay tests conducted through experiments
or simulations using CFD models. The Fig.4 schema-
tizes the U-tank and WEC hull pairing considering
two gyroscope units (bounded boxes) and two U-tank
devices in aft and fore sides. The WEC system is
given for a specific marine site after a techno-economic
optizimization [14], defining its dimensions, the inertial
properties regarding both the hull and the gyroscopic
units.
The introduction of the U-tank device (the two units
can be modelled as a singular device with an equiv-
alent extrusion .., = 2z, in pitch-direction), achieves
an expansion of the degrees of freedom of the system
leading to a 8-DOF system:

w by
2h%  w?

X = [z : Surge, y : Sway, z : Heave,
x : Roll, § : Pitch, v : Yaw,
e : Gyroscope, 7 : Utank]”

The pairing of the U-tank device within the floater
is performed considering the geometrical and inertial
feasibilty. The input properties to generate a feasibile
coupling are:

e MR: Mass ratio of the U-tank over the floater

mass. This parameter defines the U-tank mass and
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affects the ballasts in the hull’s aft and fore sides,
adjusting them to accommodate the insertion of
the U-tank and its mass.

e h./H: Water level ratio over the available total
height%.

o wq/W: Horizontal duct width over the total avail-
able width.

e T,es: Uncoupled frequency of the U-tank. This
parameter represets the natural frequency of the
U-tank device, leading to the computation of the
horizontal duct height.

o Zpyuu: position of the low-left corner point of the
U-tank as shown in Fig defined from 0 to 1 starting
from the lowest point in z-axis of the hull profile
at the same point of the gyro unit unitl hull-profile
locate at the left-side ballast XoZ-plane. This one
parameter allows to define the maximum available
height and width of the U-tank.

Geometry Ratios

MR
hy/H
wd/W

Fig. 5. Geometry ratios as input of this case study

The above mentioned geometry ratios and imposing
an uncoupled resonance period of the U-tank T.s =
12s define the feasible U-tank shown in Fig.6. The Mass

XoZ Floater-Utank

Tl
x Hull CoG
— Ballast Walls
x Ballast CoG
U-tank
o U-tank liquid
o U-tank CoG
¢ 4= CoG Hull
o U-tank positioning range
- - - Gyro Unit
x  Gyro Unit CoG

Yaw Axis - Z (m)

>

Roll Axdis - X (an)

Fig. 6. Geometrical coupling of the floating WEC hull and gyro-
scopes, and two U-tank devices in the XoZ plane (lateral view)

Ratio MR lead also to the U-tank length (y-axis) as
shown in the plan view of Fig.7 increasing the sizing
along the pitch axis in accordance with the location and
the dimensions of the gyroscopic units that represent
a feasibility constraint.

The coupling between the WEC test case (resonance
at 6s) and the U-tank system (resonance at 12s) gener-
ates a typical 4Morder system as shown in Fig.8. Note
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—— Hull

—— Ballast Walls
= = =Gyro Units
Utanks

SY (m)

Pitch Axis

Roll Axis - X (m)

Fig. 7. Geometrical coupling of WEC hull and gyroscopes, and two
U-tank devices in the XoY plane (plan view)

that the anti-resonance condition occurs at the peak in
the RAO of the U-tank system.

RAO of pitch angles
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Fig. 8. Resulting Response Amplitude Operator of pitch angle ()
and water angle () from coupling the WEC test case with the U-tank
device

IV. U-TANK PASSIVE CONTROL STRATEGY

In this section, the U-tank slow-tuning technique
is described and modelled. The concept involves en-
hancing the performance of Wave Energy Converters
(WECs) by introducing an adjustable U-tank system.
This approach aims to enable WECs to operate ef-
fectively even under wave conditions for which they
were not originally designed at a certain operating
wave period at which resonance occurs. The choise was
made to adjust the U-tank stiffness acting on the air
contained within sealing the device in the WEC’s hull
making two basic points about not using elements that
require power and not acting on the water contained
in the sloshing tanks because of its density ratio with
respect to the air phase and the related and resulting
inertial loads. Consider the following scheme in Fig.9
of an equivalent U-tank device (due to the assumption
in the LLoyd model) with the length (normal direction)

350-5

Tt,, = NMUtankTt, Where nyiani is the number of U-tank
devices, each of the air columns in the Aft ("A’) and
Fore ('F’) sides occupies a volume that depends on
the initial one and on the water level (angle 7):

VEa=VoFbr 8)

where b = Fx; w, is the moment arm times the
freesurface area with the assumption of small angles
and the consequent approximation of the water level
z = g tan(r) = §T.

Fore Aft

D= N%ﬁélx)ﬁ

i

Fig. 9. U-tank scheme with the expansion volume in the general
case of both reservoirs connected

Let us consider that the reservoirs are connected to
i added volumes in series expansion. The resulting
added volume has an equivalent size of V., allow the
air within the reservoirs to expand or compress. This
transformation follows a generic polytropic law with
an exponent of n. The polytropic law is expressed
between a generic time 7 (which is a function of time
t) and the initial state:

pV"™ =po (Vo + Vo))" = poa™ )

Once the reservoir is connected to the added i-volumes,
its volume becomes, from Eq.8:

Voa=Vo+V.Fbr=a¥Fbr (10)

This architecture realizes a pressure difference between
the fore and aft sides which can be linearized around
the equilibrium condition 7 ~ 0:

1 _ 1
(a—br)"  (a+0b1)

2pob

o) = 2 0
a

(11)

The linearized pressure difference acts on the free-

surfaces of water generating a torque which depends
on the water angle, so acts like a stiffness in Eq.7:

Ap = poa™ (

Tt WpW
Tair = q2 d Ap

The dynamic equation that coupled the U-tank and the
floater becomes:

N 2p0b2n

T = CairT (12)

a‘r‘r’f + b‘r‘r’i— + (CTT + Cair) T=— |:a7'55 + 0755] (13)

The inclusion of additional volumes introduces an
incremental stiffness component (ci. = ¢;r + Cgir) tO
the system, enabling discrete tuning of the resonance
condition. This tuning is achieved by manipulating
the valves within the series connections. To be noted
that different layouts, i.e. only one of the reservoirs
connected to the added volume and the reaming to
the atmosphere, generate an added stiffness which is
half of that previously derived. The identification of
the maximum available volume can be perfomed in the
generation the feasible U-tank as previously described
and both the layout generate the increasing of the
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stiffness according to the ratio that depends on the
added volumes as shown in Fig.:

*
Crr + Cair Crr

Crr Crr
700 T T T T T T
"""""""" Vi - Both Case
Veap - Infinite Case
600 + — — —Max available volume | -
= 500 - .
< 400 + 4
g
3
>
= 300 1
=}
2
2200 | 4
2]
100 - 8
U L L 1 L L L B — ——
1 1.5 2 2.5 3 3.5 4 4.5 5 5.5
ol

Fig. 10. Dependency of added stiffness ratio on added volumes
considering the maximum available volume for the specific WEC test
case. The ”"Both” case indicate that both the reservoirs are connected
to the added volume, viceversa the “Infinite” case refers to one
reservoir open to atmosphere.

V. RESULTS

This results section is organized as follows: the
flowchart in Fig.11 describes the steps of the simula-
tions starting with a known float consisting of hull,
ballast, and gyro units, whose RAO is then defined.
This is coupled with a feasible utank identified by
the parameters described earlier by keeping the WEC
weighing constant. We then define the layout of the
expansion volumes and the desired resonance period
through the additional stiffness being the angular fre-
quency of resonance equal to:

Crr + Cair 2
- j TTCS i

aTT Wres

Wres = (15)
at this point the previously described 8Dof system
matrices are defined with the U-tank modified through
the expansion volumes, and the pitching RAO is cal-
culated. For each modified U-tank a frequency domain
analysis is conducted to computed the response spectra
for different wave spectra. All the results are computed
in the gyroscope off condition.

A. Regular wave analysis - Response Amplitude Operator

As anticipated in the section III, the first performance
indicator of the WEC device working in pitch is the
transfer function of motion, or Response Amplitude Op-
erator (RAO) of the complete 8DOF system is computed
as follow:

Fe(w)

RAO = —w2(M+ A(w)) + wB(w) + K

(16)
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Fig. 11. Simulation steps and results flow-chart

RAO Pitch § 10 DoF system

RAO Pitch Angle § (deg/m)

2 4 6 8 10 12 14 16 18
Wave Period (s)

Fig. 12. RAO of pitch angle § as modified period changes

TABLE I
CASES OF REGULAR WAVE SIMULATION

Modified period = Stiffness ratio Added volume

c*

T*(s) 0 Ve (m?)
29 3.6
8 2.3 20.2
9 1.8 487
10 14 106.6
11 1.2 281.8
12 1 00

Since the operating principle of WEC depends on the
pitching motion, the results refer to the angle J, as the
added stiffness ratio changes.

The results in Fig.12 show a modification of the pitch
angle RAO increasing the stiffness of the system, from
the right-side green line (orginal U-tank period of 12s)
to the red line corresponding to a modified period
of 7s. The Table I resumes the relation between the
modified periods T in Fig.12, the relative stiffness
ratio ¢f. and the corresponding added volume.
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B. Irregular wave anlysis - Spectra

The irregular wave anlysis involves the wave spectra
definition. For the specific test case the Pantelleria
scatter matrix, shown in Fig.13 is considered [2] and
three spectra are extrapolated from the isosteepness
wave, i.e. keeping constant the ratio of the wave height
over the wavelenght equal to 1/30. The system re-
sponse S(w) in irregular waves with spectrum S, (w)
is computed from the previously derived RAO as
follows:

S(w) = |[RAO|TS, (w)RAO (17)

The combination of significant wave height Hj, en-
ergetic period T, and the JONSWAP peakness v is
resumed in Table II. The additional three spectra cases,
in combination with the previous six modified U-tanks,
lead to 18 spectra, thus, for clarity sake, only the
extreme cases are reported in Figs.14 and 15.

Pantelleria scatter and isoSteepness 1/30

Energy scatter Ocourrency scatter

5 0.12
- 0.1
5
4 0.08
3 0.06
2 0.04
1 0.02
0 0

0 5 10 15

T.(s)

Energy MWh/m

Hy(m)

Fig. 13. Pantelleria scatter matrix

7
6
6
5
5
4
4
3
2
1
0
0 5 10 15
T.(s)

Occurrencies %

TABLE II
CASES OF IRREGULAR WAVE SIMULATION
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Wave frequency (rad/s)

Fig. 14. Spectra for maximum stiffned U-tank case (T* = 7s). From
the left to right increasing value of Hs-T,. Dashed black line = = = *
refers to the WEC only (7 DOF), dotted red line =+=+="= refers to
the coupled system (8 DOF), continuous blue line refers to
the wave spectrum.

Fig. 15. Spectra for the unmodified U-tank case (I'™* = 12s). From
the left to right increasing value of H,-Te. Dashed black line = = = -
refers to the WEC only (7 DOF), dotted red line ====="= refers to
the coupled system (8 DOF), continuous blue line
the wave spectrum.

refers to

Significant Wave Height  Energetic Period = Peakness
Ha(m) Te(s) Y
14 5.0 33
2.6 7.0 3.3
4.0 8.5 3.3

A more informative outcome for comparison with
the 7-degree-of-freedom (DOF) system is the calcula-
tion of the root mean square (RMS) value of the pitch
angle . By considering the equation for the fifth DOF
(6) and analyzing the spectra depicted in the Figs.14,15,
we can extract the RMS value using its definition:

drMS Z/WS(W)W

which is compared to the WEC-only system as reported
in the following results of Fig.16. The findings indicate
a notable increase in hull pitching and potentially
improved hull productivity when the U-tank device
is exposed to irregular waves with extended peak
periods. This increase is directly proportional to the
energy period and significant wave height. However,
as we approach the design conditions of the 7-DOF

(18)
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Fig. 16. The comparison involves the pitch angle of the systems in
the irregular wave analysis as percentage variation with respect to
the 7DOF case. The outcomes are sorted based on increasing wave
peak period T}, and decreasing stiffness of the U-tank

system, for which the U-tank device is specifically
designed, the performance starts to decline.
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VI. CONCLUSION

This work emphasizes the capabilities of the U-
shaped sloshing tank system, tuned by a novel system
of discrete volumes, to enhance the performance of
a pitch-based wave energy converter both in regular
and irregular wave through frequency domain anal-
ysis. The device exhibits enhanced capabilities when
operating in conjunction with long waves. Defining
the performance of the pitching-WEC as proportional
to the amplitude of its oscillation in pitch motion, it
can be state that the histogram in Fig.16 points out
that as the U-tank device becomes stiffener, shortening
its resonance condition thought lower values of the
discrete additional volumes, there is an enhancement
in the range of about 8 to 10s which are long waves
compared to the operative waves of the WEC-only
device.

However, it is worth noting that the WEC device
is primarily designed for seas characterized by rela-
tively short waves. The results indicate potential for
improvement by incorporating the device into the op-
timization process upstream of the flow-chart in Fig.11
This would involve shifting the operating conditions to
align with those specific to ocean seas, thus maximizing
its performance and effectiveness.

Future works will exploit this novel architecture
to control the stiffness of the U-tank through exper-
iments in which the presented model will be val-
idated through a Hardware-in-the-Loop architecture
implemented in a Stewart platform considering the
complete motion and the coupling between the WEC
and controlled U-tank.
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