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Abstract

The purpose of this thesis work is the development of a novel technology for a
more efficient wave energy harvesting. IOwec, Inertial Ocean wave energy converter
(WEC), is a floating pitching WEC based on the ISWEC technology (Inertial Sea
Wave Energy Converter) developed by the Renewable Energy group of Politecnico
di Torino (Italy). The novelty consists on the the integration of the water sloshing
tank (U-Tank) technology derived from the naval field. The variation of the dynamic
properties of the U-Tank, allows the shifting of the resonance condition of the device
with a consequent improvement of the energy harvesting from ocean waves.

The result is a novel device able to adapt itself in different wave-climates through
the dynamic tuning of the U-Tank with the incoming sea-state. The adaptability and
flexibility of this new technology is advantageous for the future industrialization,
because able to work in various installation sites avoiding a site-dependant design.
A numerical model is developed in order to assess the dynamics and performance
of the device, and a numerical design tool is implemented in Matlab to design and
optimize the device. A sea-state based control is proposed for the tuning of the
device with the incoming wave. The performances of the novel technology are
evaluated in regular and irregular wave condition and complex measured sea states
with promising results.

A multi-objective optimization algorithm is implemented in order to optimize the
performance of the IOwec device in two chosen installation sites, one in Hamboldt
Bay in California and the second one in Hawaii islands, at the Wave Energy Test
Site (WETS). The optimization result show interesting techno-economic trends for
the future design of the system and an improvement of the performance index of
20 % compared with the first draft of [Owec. Moreover, the preliminary results
show an energy extraction improvement of 20 % due to the active control of the
U-Tank. Nevertheless, the resulting device is optimal in both sites, demonstrating
the adaptability of the technology for different wave-climates.
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Chapter 1
Introduction

In the last decades the rise of energy demand and CO; emissions [11] has induced a
major attention on renewable energy such as solar, wind and geothermal that have
already reached commercial maturity. Another unexploited source of renewable
energy, available worldwide, are ocean waves [1]. In the last decades several tech-
nology solutions have been studied and developed to harvest the ocean wave energy
[12]. So far, wave energy is still a not mature technology and the cost of energy is
not yet competitive with other renewable energy sources such as solar, wind and
geothermal [13]. The main reason of the difficulty of the wave energy technologies
commercialization is the harsh conditions that the devices must be face in marine
environment: high corrosion due to salt water, high loads due to extreme events.
Therefore, the survivability and reliability of the technology is one of the most

challenging fields of wave energy.
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Figure 1.1 Wave energy resource potential [1]

Both Europe and United States are investing on the cost and time-to-market
reduction of the technology in view of the carbon emission reduction policies and
the economic and social benefits of ocean waves [14],[15]. One of the objectives is
the test of full-scale devices in order to prove the reliability and performance of the
technology, and from the lessons learned in real operation conditions improve the

design and reduce the costs.

1.1 Wave Energy Technology

First appearance of technology able to harvest ocean wave energy is dated 1799 [16].
Modern research on wave energy technology started in the early 70s in conjunction
with oil crisis. Unlike solar and wind, water waves technology has not reached
maturity and convergence towards a unique technology solution. Several reviews
have been published (see for example references [12], [17], [18]).

1.1.1 Classification of wave energy converters

Since the existence of different concepts of wave energy converters a classification
is needed. First, WECs can be classified according to their installation location and
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their distance from the shore and bathymetry. We can distinguish between shoreline,
nearshore and offshore devices.

Offshore . Nearshore _.Onshore

10 - 25 m deep

Figure 1.2 Classification of wave energy converters based on their location [2].

» Shoreline devices are typically fixed structures embedded with the shoreline or
harbor infrastructures and breakwaters. A wide variety of shoreline devices are
based on the oscillating water column technology (OWC). A shoreline OWC
consisted mainly in a concrete structure where the water waves can oscillate
and the air trapped in the chamber is induced to flow through a Wells turbine

adopted to harvest the wave energy.
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Figure 1.3 Sketch of a fixed-structure Oscillating Water Column (OWC) device [3].

Examples of OWC are the shoreline-integrated device installed in Pico (Azores,
Portugal) and built in 1999 [19] and the breakwater-integrated OWC device
installed in the harbor of Sakata (Japan) and built in 1990 [20]. The advantage
of this technology is the proximity with the end-users and the reduction of
maintenance costs compared to nearshore and offshore devices that required
marine operations for maintenance. The drawbacks are the high costs of civil
constructions required, the strong social and environmental impact due to the
installation of the devices in the shoreline. Moreover, the energy resource in
shallow water is less than offshore deep water impacting on the performance

of this technology.

* Devices are considered nearshore if they are installed relatively close the
shore (few hundreds of meters) and with a bathymetry in the range 10-25 m.
Typically the proposed devices and concepts avoid the use of moorings and
are fixed at the seabed. The advantage is a relatively proximity to the shore
as in the case of shoreline devices and since they are installed in open sea the
wave energy resource is higher. Mooring costs, in case of floating devices, are
lower than offshore installation and in general electrical cable and installation
costs. The main drawback is the environmental and social impact due to the

presence of the WECs, usually installed in arrays, too close to the shore.
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* WEC:s are considered offshore devices when installed in sites with a bathymetry
higher than 40 m and far from the shore. Usually the technology solution is of
floating or submerged structures moored at the sea bed. The energy resource in
deep water sea is higher compared with previous cases, and the environmental
and social impact is minor since the long distance from the coast. Offshore
structure must be designed to withstand the harsh marine environment and

high loads in extreme events with an increase of costs.

Wave energy converters can be also classified with respect to their size and
working direction with reference to the dominant wave. Therefore, it is possible to
distinguish between four main cases: attenuators, point absorbers, large absorbers,

terminators.

Figure 1.4 Classification of WECs based on their size and orientation a) Point Absorbers
(OPT) b) Attenuator (Pelamis) ¢) Terminator (Wave Dragon) [2].

* Attenuators are typically multi-body structures slack-moored at the sea-bed
with a total length longer than the incident wavelength. This type of devices
are constitute of several floating section linked together by hinged joints and
their relative motion is damped by hydraulic power take off to harvest the wave
energy. During operation the multy-body structure is aligned with the direction
of the dominant wave. A famous example of this technological solution is the
Pelamis full-scale prototype (750 kW rated power) and it was the first offshore

wave energy converter connected at the electrical grid [2].

* Terminators main dimension is along the perpendicular to the incoming domi-
nant wave direction.The aforementioned fixed-structure OWCs are classified as
attenuators. Other example are overtopping devices such as the Wave Dragon

[12] and WEC:Ss that exploit wave energy damping the pitching motion of a
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flapper hinged to the sea-bed, of which the best known is the Oyster WEC
[12].

* Point absorbers shown dimensions that are relatively small compared to the
incident wavelength. They are floating or submerged structures moored at the
sea-bed and harvest wave energy damping the motion of the structure, typically
heave. Because of their small dimensions, point absorbers are expected to be
installed in arrays, with benefits in terms of economy of scale. Examples of
point absorbers are the floating device Powerbuoy developed by Ocean Power
Technology [21] and the fully-submerged buoy CETO developed by Carnegie
[22].

1.1.2 Reaction-based WECs

Big disadvantage of devices that harness wave energy damping directly the motion
of a floating or submerged buoy is the presence of relative motion of mechanical
and structural parts constantly in contact with the harsh marine environment with
high risk of corrosion and biofouling, with consequent reduction of reliability. In
the past years different technology solutions seek to address this issue integrating
tuned inertial dampers inside rocking or heaving structures. A tuned inertial damper
is a system constitute of a mass spring and damper attached to a structure in order to
reduce its dynamic motion. The idea is to harvest wave energy damping the floater
motion through rotating or translating masses inside the hull. Mass dampers are
widely used to damp vibrations, and a famous application is the tuned mass used to
damp the oscillations induced by wind of the skyscraper Taipei 101 [23].

Within this category, concepts based on pendulum working principle are of big in-
terest: the SEAREYV device developed by Ecole Centrale de Nantes [24] and PEWEC
developed by Politecnico di Torino in collaboration with ENEA [25]. Both concepts
exploit wave energy damping the pitching motion of the floater and therefore they
need a mooring system that allows the device to align with the dominant sea-state.
An interesting pendulum-based device is WITT developed by WITT Limited [26]
that can harvest the energy from four directions surge, pitch, sway and roll due to its
particular technology solution [27]. Penguin (Wello [28]) device working principle

is based on a rotational mass with vertical axis installed inside a sealed hull. Penguin
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full-scale prototype was deployed in open-sea in EMEC test site in 2012 [29]. The
device concept PS Frog MK 5 designed and developed by the University of Lancaster
[30] is consists of a large floater and its pitching motion is damped by a sliding mass
connected to a power take off. Gyroscope systems can be used as well in order to
reduce the rocking motion of a floater and harvest wave energy: ISWEC (Inertial
Sea Wave Energy Converter) developed by Politecnico di Torino is argument of this
thesis and a section will be entirely dedicated. Another example of gyroscope-based
WEUC is the Oceantec device [31].

ballast

(c) (d)

Figure 1.5 Examples of reaction-based WECs: a) SEAREV b) Penguin Wello c) Pewec d)
PS Frog MK 5

Floating wave energy converters working principle is based typically in the
frequency-resonance matching of the floating body dynamics with the incoming
sea-state. [19]. Therefore, the device should be operate as near as possible to the
resonance condition to maximize the power extraction. Floating structures of wave
energy devices are characterized by their Response Amplitude Operator (RAO) that
define the behavior of the floater in frequency domain. However, sea-states show high

variability both in wave period and height and tuning of the dynamics characteristics



8 Introduction

of the WEC are required to guarantee high performance in each sea-state condition.
Despite the geometrical and inertial properties of the device can not be varied easily
during operation due to technological limitations, the resonance-matching of the
device dynamics can be achieved with a proper control logic of power take off
system, in a limited range of action [32].

Since the performance of the device depend on the frequency response of the os-
cillating floater, the design and optimization of the WEC will be influenced by the
specific deployment site. It follows that oscillating WECs suffer of low versatility
that can affect the economy of scale of the technology. A technological solution to
this problem an oscillating floating WEC embedded with a sloshing water ballast
tank, which dynamic characteristics can be modified during operation through a
proper control logic, in order to achieve the resonance-matching of the WEC for

several sea state conditions.

1.2 Water sloshing tank technology

Water sloshing tank are a particular case of tuned mass dampers often called also
Tuned Liquid Dampers (TLD). TLDs have been widely adopted to reduce the wind-
induced oscillations in tall buildings [33] and to reduce the roll motion of ships
[34]. Sir Philip Watts conducted a pioneering work on the application of free surface
water tank to reduce the ship roll motion during operation [35, 36], based on the
work of Froude [37]. He suggested the use of a rectangular-shape tank filled with
water to be installed above the center of gravity of the ship. If well designed, the
shifting liquid provide a roll moment out-of-phase with the wave excitation force,
reducing consequently the roll amplitude. Moreover, changing the water depth in the
tank a proper tuning of the anti-roll tank with different sea-state conditions can be
achieved. As discussed by Moaleji [34] after the work of Watts the interest on free
surface anti-roll tank declined without a clear reason. A modern implementation of
this technology can be found MV Searod Tamar vessel [4]. The vessel suffered of
high roll oscillations during operation and in 1998 a large passive water tank was
integrated on the deck of the ship after experimental investigations in wave tank,
demonstrating the effectiveness of the technology (see figure 1.6). Bass conducted
sea trials of the effect of free-surface tanks on three sister vessels [38], highlighting

the advantage in roll amplitude reduction.
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Figure 1.6 (a) Experimental test of anti-roll water tank integrated on the 1:37 vessel model
(b) The view of the MV Searod Tamar vessel with roll damping tank integrated [4].

A relevant disadvantage of free-surface tanks are the difficult controllability of
the water sloshing freely inside the tank. An example of study about the active
control of free-surface tanks was conducted by Birmingham [39] who proposed a
butterfly valves mechatronic system and a control logic based on artificial intelligence.
Another problem of free-surface tanks are the unpredictable and high impulsive loads
due to the sloshing and breaking waves phenomena of the water inside the tank.
U-shaped tanks, also known as U-Tube tanks, were proposed to overcome the main
problems that affect free-surface tanks. U-Tube tanks were suggested by Frahm
[40] is composed by two water filled reservoirs connected by a duct at the base. His
design included also an air connection between the two reservoirs located at port and
starboard provided with a throttling apparatus. It served to stop the water motion
by closing the throttle valve and control the damping action of sloshing water by
regulating the throttle valve. Frahm’s tanks were installed and tested in two vessels,
the SS Ypiranga and Corcovado, that presented bad rolling behavior. In his work
Frahm discussed how good results were obtained integrating the U-Tanks in the ship
reducing the roll motion during operational conditions.
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Figure 1.7 §S Ypiranga with integrated Frahm tank [5].

The easiest geometry and absence of strong sloshing and breaking wave phe-
nomena of U-Tanks permitted the development of numerical models that can predict
with high accuracy the dynamics behavior of the U-tank. Reliable numerical models
allows the development of model-based control algorithms and a more accurate
design of the system (it will be discussed more in detail in section 2.3.1). Goodrich
[41] investigated theoretically and experimentally the influence of the design param-
eters of passive U-tanks on its dynamics properties such as natural frequency and
damping, highlighting how the vessel equipped with the U-tank can be seen as a
2 Degree of Freedom dynamic system. If lightly damped such dynamic systems
show two resonance and one anti-resonance frequency. Resonance at lower periods,
with increase of roll motion, is un undesirable effect when designing anti-roll tanks.
Gawad [6] also studied theoretically the effect of tank damping, water mass and tank
location on the roll motion of the vessel for a wide range of encountered frequencies.
Figure 1.8 show the effect of U-Tank on ship roll RAO for different tank damping
values, showing the presence of two separate resonance peaks when the U-Tank is

lightly damped.
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Figure 1.8 Effect of the U-Tank on the vessel dynamics for different values of tank damping
[6].

Despite the presence of two roll resonance peaks due to the U-tank dynamics
is harmful for ships, this peculiar characteristic can be exploited for wave energy

conversion purposes.

1.2.1 U-tank integration in WECs

The idea of absorbing energy from the water motion inside U-tanks is not new. In a
recent work [42], the energy absorption of anti-roll tank on ships is investigated; the
authors analyse how the natural frequency and damping ratio of both ship and U-Tank
influences the power absorbed by the tank. They also state that the maximisation
of the power harvested by the tank is linked to the minimization of the roll kinetic
energy and the natural frequency of the U-tank should be as close as possible to the
natural frequency of ship roll motion. Tiao [43] carried out a preliminary assessment
of a U-Tank integrated in a ship-form carrier and evaluated the power extraction
efficiency with numerical model of the coupled vessel-plus-Utank system.

An interesting application of U-tank for wave energy harvesting was investigated by
Technical University of Lisbon with the development of the Ugen concept (see figure
1.9) [44]. Ugen consists in a large asymmetric floater with an internal U-tank filled
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with water. The two lateral reservoirs of the U-tank are connected by an air duct.
The water motion pressurized the air in the reservoirs inducing an air flow, which
energy is harvested by a Wells turbine that constitutes the PTO system. the water
motion inside the U-Tank is mainly excited by the roll motion of the floater. Since
roll motion is coupled with sway and heave motions the device can theoretically
exploit energy from three modes of oscillation of the floater. The numerical model
used for designing and assessing the performance of the device has been compared

with scaled model experimental results with good agreement [45].

Figure 1.9 concept of the Ugen wave energy converter [7].

Crawley et al. [46] developed a wave energy converter, similar to the Ugen
concept, based on previous theoretical studies on coupled multi-resonance absorbers
[47]. The device consists in a pitching submerged cylinder moored at the sea bed
with an internal annular tank filled with water. The sloshing motion of the water

pressurized the air in the two reservoir branches that drives an air turbine.

Resonance-tuning of WECs through U-tank integration

Wave energy converters suffer of their resonance characteristic being sharply (and
naturally) tuned to a specific incoming wave frequency, so that their efficiency
rapidly decays for incident waves with a different frequency. The main negative
consequence is the low adaptability of the device with different wave climate and
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a site-dependent design. McCabe et al. [30] underline the need of a "slow-tuning"
of the PS Frog to adapt the device for different wave conditions so that optimum
performance can be reached for a broad frequency range. They proposed a solution
based on pumping ballast water in chambers within the hull with the aim of changing
the inertia and CoG of the device, therefore, its natural frequency. Another study
on inertia adjustment applied on a pitching bottom-hinged type WEC was carried
out by Flocard and Finnigan [48]. They investigated experimentally the effect of
varying the water ballast of the WEC on the performance for a wide range of wave
conditions both regular and irregular. The results shown that the power capture
ratio was increased through inertia adjustment by 75% in regular waves and 15-40%
compared to a reference fixed ballast configurations demonstrating the high impact
of slow-tuning control on the device performance.

Besides the use of U-tank to harvest wave energy, this technology can be used to
dynamically adjust the resonance frequency of rocking buoy wave energy converters.
The resonance frequency of the coupled system floater-plus-Utank can be tuned
through control of the sloshing dynamics of the water inside the tank. In this thesis
ISWEC is adopted as case study to investigate the effect of U-tank on the power
absorption performance.

1.3 ISWEC: State of the Art

The first concept of ISWEC (Inertial Sea Wave Energy Converter) was developed
in 2005 by the renewable group of the Department of Mechanical and Aerospace
(DIMEAS) of Politecnico di Torino (Italy). ISWEC is an offshore pitching floating
device designed for the Mediterranean sea wave climate (see figure 1.10).
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Figure 1.10 Wave energy resource potential in Mediterranean Sea [8]

The idea of the ISWEC device is to harvest exploiting the gyroscopic effect
and thus it falls within the category of reaction-based WECs. The pitch motion of
a sealed floater, induces the precession motion of a gyroscope housed within the
hull and this mechanical energy is converter in electricity by an electrical Power
Take Off (PTO). The device is moored at the sea-bed with a slack mooring system,
designed to be multi-directional and thus the device can align itself with the incom-
ing wave direction [49], [9] as shown in figure 1.11. The novel mooring system
coupled with the floater was tested in a 1:20 scale model in the towing tank of
Universita degli studi Napoli Federico II to investigate the dynamics and loads in
both operational and extreme sea-state condition and the weathervaning capability
of the layout.
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Figure 1.11 Mooring layout concept of ISWEC [9].

A significant advantage of this solution is the totally absence of moving parts

involved in the energy transformation in contact with the harsh marine environment,
with consequent improvement of the device durability and reliability. The perfor-
mances power extraction can be improved with the tuning of the flywheel speed as a
function of the incoming sea-state increasing and with the PTO control system. The
gyroscope technology show high efficiency for high frequency waves, characteristic
of sea states generated by limited fetch as the case of Mediterranean Sea.
The first proof of concept was demonstrated in 2007 in the wave tank of University
of Edimburgh (Scotland) [50]. A numerical model for the performance assessment
and an experimental campaign test was conducted on a 1:8 scaled model device in
the wave tank INSEAN in Rome (Italy) in 2012 [51]. The first full-scale device of
ISWEC was deployed off the coast of Pantelleria island (Island) from September
2015 to December 2015 in order to prove the technological solutions and the surviv-
ability of the device [52], [10].
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Figure 1.12 ISWEC full-scale prototype during operation off the coast of Pantelleria island
(Italy), 2015.

In 2016 Politecnico di Torino, the academic spin-off Wave-for-Energy started a
synergistic collaboration with the multinational company Eni for the development of
a scaled 1:2 prototype of an improved version of the ISWEC to be tested in open-sea
environment for demonstration purposes. The scaled model has been successfully de-
ployed off the coast of Ravenna (Italy) in Adriatic Sea [53]. In view of this important
achievement, a non-binding agreement has been stipulated in April 2019 between
the big italian financial and industrial companies Cassa Deposito e Prestiti (CDP),
Eni, Terna and Fincantieri, that seeks to combine the expertise of the companies to
lead the ISWEC pilot project towards the industrial scale for immediate application
and use [54].
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Figure 1.13 ISWEC 1:2 prototype deployed in Adriatic Sea off the coast of Ravenna (Italy),
2018.

After more than a decade of research and development the ISWEC project is
reaching a pre-commercialization phase, with a tight collaboration between academia
and industry, necessary when tacking an innovative and challenging technology such
as wave energy. Much effort in future must be done to optimize the device and
improve the reliability and reduce the costs, in view also of all the experienced
gained with the new deployment of the demonstrative prototype in Adriatic Sea.

The future of the ISWEC project is not aimed to be constrained in the Mediter-
ranean Sea, but an other market scenario is of interest: oceans. Wave power density
in oceans is much higher compared to Mediterranean Sea (see figures 1.1 and 1.10).
The wave-climate of oceans is more various and complex, with the contemporary
presence of local wind waves and swells generated by distant storms. Therefore,
the wave resource characteristics, expressed in terms of wave period and height, are
spreader and can vary significantly as a function of the installation site compared
with a closed sea such the Mediterranean Sea. The ISWEC device is a pitching
floating device that works in resonance conditions within a specific range of wave
frequencies. Hence the need to develop a new technology solution that allows the
device to tune its resonance condition with the incoming wave, and have a broader
frequency response. The objective is to design a new device that is wave-climate
adaptable, through the tuning of its resonance conditions. The implication is the
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possibility to realize a unique site-independent technology with the advantage of
designing, engineering and industrializing different device solutions as a function of
the installation site.

The work of this thesis is to tackle this challenges with the development of a novel

resonance-tunable device named IOwec Inertial Ocean Wave Energy Converter.

1.4 I0wec Technology

The idea of developing the IOwec technology started in 2015, from a collaboration
of the Renewable Energies Group of Politecnico di Torino and the MIT i-Ship Lab
directed by prof. Stefano Brizzolara (now professor at Virginia Tech (USA)). The
innovative project started with the participation at the Wave Energy Prize (WEP)
competition funded by the Department of Energy (DOE) of United States and the
team reached the phase two with the experimental tests of the first 1:20 IOwec
prototype at Stevens Institute (USA) wave tank.

The aim of the IOwec project is to develop a novel pitching floating wave energy
converter based on the ISWEC technology that can enhance the performance through
an environmental adaptive control system. The integration of U-tank technology into
ISWEC device permits the "slow-tuning" of the device with the incoming sea-state,
broadening the performance bandwidth. The proposed U-Tank technology offers
significant cost reductions and technological breakthrough with respect to the current
state of the art. The U-Tank system, named Pitch Resonant Tuning Tank (PRTT), can
be easily integrated into the ISWEC device and also in other rocking wave energy
converters, and it is expected to achieve significant improvements on current state of

the art and in particular on previous ISWEC technology [55].

The purpose of this thesis work is the development of the IOwec concept, and
the demonstration of the performance improvements of the device due to the in-
tegration of the U-Tank. A preliminary numerical model of the whole system is
implemented in Matlab in order to predict the dynamics of the system and assess the
power absorption performance. The numerical model of the U-Tank is validated with
high-fidelity CFD and experimental results of a scaled model. A Numerical Design
Tool is developed for the design and optimization of the IOwec device characteristics.

A sea-state based control is preliminary proposed for the tuning of the U-Tank: the
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dynamics characteristics of the U-Tank are varied as a function of the discrete volume
of air in the two reservoirs of the U-Tank, that can be modeled as an "air spring".

A first draft of the IOwec has been proposed and studied, designed with the experi-
ence matured during these years of PhD dedicated to the design of the ISWEC 1:2
scaled model deployed in Adriatic Sea. The dynamics and performance have been
evaluated in regular and irregular waves.

The last part of the thesis focuses on the multi-objective optimization of the [Owec
with reference to two different possible deployment sites, one in California and the

other one in Hawaii islands.



Chapter 2
IOwec modelling

In this chapter, the theoretical background of the IOwec numerical model is discussed.
The early design stage of a novel device or technology solution requires a model
characterized by fast computational speed and good accuracy. In this work a linear
state-space model of the IOwec device is developed in order to assess the perfomance
of the system. Moreover, it allows the investigation of the influence of the design
parameters on the dynamics and loads of the system. A linear wave-to-PTO model
is developed and its assumptions and limitations discussed. The full model of the

system can split in three parts:

* Floater Hydrodynamics model.
* model of the U-tank water sloshing dynamics.

* model of the gyroscope dynamics.

2.1 Hydrodynamic Model of the floater

The modelling of the hydrodynamic interaction between waves and floater represents
a fundamental element to predict the dynamics of the wave energy converter. The
motion of the floater is given, by the second law of Newton, when the balance of the

forces and moments acting on the floating structure is known.

The hydrodynamic loads can be calculated integrating the pressure field of

the fluid on the wet surface of the structure. structure. The pressure field can be
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calculated solving the equation of continuity together with the equations of Navier-
Stokes, which are the basis of the Computational Fluid Dynamics (CFD). Despite
these methods allow a high-fidelity prediction of the motions of the floater, the
numerical solution of the problem is computationally high-demanding. Therefore,
simplified theories have been developed in order to estimate the hydrodynamic loads
with reduced computational time.

Boundary Element Methods (BEM) solve the wave-structure interaction problems
based on the potential flow theory assumptions (incompressible, inviscid fluid and
irrotational flow).The flow potential theory at the basis of BEM algorithms is well
known and described in detail by several textbooks [56, 57]. BEMs are widely
used among the wave energy community for the design and assessment of wave
energy converters [58—60]. Moreover, these methods allow the calculation of the
hydrodynamics coefficients that can be integrated in a lumped parameter wave-to-
PTO model of the device [51, 25, 61, 62]. In the following chapter the flow potential
theory is briefly explained as well as the derivation of the hydrodynamic coefficients

that will constitute [Owec lumped parameter model.

2.1.1 Flow Potential Theory

The motion of the floater can be described by its 6 spatial degree of freedom, three
translations (surge, sway and heave) and three rotations around its main axis of

inertia (roll, pitch, yaw):

( \ ( \
surge X
sway
h

¥ eave | _ | z @.1)
roll rx

pitch ry

\ yaw J \ rz J

Figure 2.1 shows the fixed global reference axes O(X,Y,Z),which constitutes a
right handed axis system with the x-axis coincident with the mean free surface and
the z-axis pointing upwards.

For the description of floater motions, it is more convenient to use a local reference

axes o(x,y,z), which constitutes a right handed axis system with the origin centered
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on the center of gravity of the floater, the x-axis directed forward, and the z-axis
pointing upwards.

Wave Direction z

Floater

Figure 2.1 Geometrical and inertial reference system of the floater.

The flow potential theory is based on the following assumptions:

* the floating body is considered a rigid body.

* the fluid is assumed inviscid and incompressible.
* the fluid flow is assumed irrotational.

* The time-averaged speed of the body is zero.

* small steepness of the incident waves.

» small amplitude of the floater’s motions .

Under these assumptions the velocity v = (u,v,w) field of the fluid may be
expressed in terms of its velocity potential ®:

(861) P 861)) 22)

g7a_y7a_z

Since the fluid is considered incompressible, then the fluid velocity field v in the
domain will satisfy the equation of continuity:
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_du  Jdv  dw

Ve=— +— =0

(2.3)

Substituting the velocity potential equation (2.2) in the continuity equation (Eq.
(2.3) we obtain the well known Laplace equation:

9%P N 9%P N *d
ox2  dyr 972

0 (2.4)

The Laplace equation fully described the velocity and motion of the fluid domain
except for the boundaries. In order to solve the Laplace equation in the fluid domain
boundary conditions must be defined (see section 2.1.1).

According the linear seakeeping theory [57, 63], the overall problem of a floating

body moving in waves can be decomposed in three simpler problems:

& = &+ Pp + Dy (2.5)

in which:

* @; is the velocity potential of the undisturbed incident wave.
* ®p is the velocity potential of the diffracted wave with restrained floater.

* ®p, is the velocoty potential of the radiated wave of the oscillating floater in
still water.

The incident wave, diffraction and radiation problems can be addressed separately.

Only the solution of the incident wave problem can be solved analytically [64, 57]:

iNog COSh(k(Z + h)) 7jk(xcose+ycos0)e*jwr
®  cosh(kh)

D(x,y,2,1) = (2.6)

in which:

* 1o is the incident wave amplitude.
* i is the imaginary unit.

* o is the incident wave frequency.
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h is the water depth.
g is the gravity acceleration.
k is the incident wave number.

0 is the wave direction. If 8 = 0 the wave travels along the x-direction.

The other flow potentials are computed numerically through the Green’s theorem

which transform a volume integral into a surface integral, which is faster and much

easier to handle. Besides the Laplace equation, the mathematical definition of the

boundaries of the fluid domain is necessary to solve the potential flow problem.

Boundary conditions

Incident wave The analytical solutions of the incident wave potential is given in

(3.1). For the sake of completeness, the boundary conditions of the incident wave

potential problem are listed below:

The Sea bed boundary condition involves the not permeability of the sea
bed. Therefore, the vertical velocity w must be equal to zero at every instant
of time ¢:

=—=0, for:z=-—h 2.7
Jz

w

The Free surface dynamic boundary condition is derived assuming that the
pressure p at the water free surface (z = 1) is given by the Bernoulli equation

and considering an arbitrary constant term can be written as:

pz—p%—%plmlz—pgn + po (2.8)
Where p is the density of the water fluid, g is the gravity acceleration and p
is the atmospheric pressure. In view of the assumption of small steepness the
quadratic terms can be neglected and the boundary condition can be written
as:

0P
E+g1‘[:0, for: z=0 (2.9)
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]

* The free surface kinematic boundary condition involves the concept that
the water waves are not braking and the water particle remains on the water
surface for all the instants of time. Considering the equilibrium point z =0

this boundary condition can be described by the equation:

dz 0%*®
E—i—w—o, for: z=0 (2.10)

Diffracted wave The diffraction boundary condition can be imposed considering
the wet hull surface restrained and imposing that the normal fluid velocity at every

point must be equal to zero on the wet surface Sy:

ob; Py .
W-‘— an —07 on: Sf (2'11)

Where 7 is the outward normal versor of the floater surface. The wave potential
due to the incident wave and the potential due to the scattered waves can be solved

together and split from the radiation problem.

Radiation wave The radiation boundary conditions for the radiation problem are
similar to the previous case, except for the absence of water waves. The velocity of
fluid at a point of the wet surface of the hull must be equal to the velocity of the point
in the hull itself. This statement can be translated mathematically in the following
boundary condition valid on the wet surface Sy:

oD 6
a_nR:Vn(x7yaz7t): Zvjfj(xayvz>7 on: Sf (2.12)
=1

Where v, is the normal velocity at a point of the hull surface, v; is the oscillatory

velocity of the body and f; is the generalized direction cosine for the j-DOF.

Another boundary condition for the radiation problem states that for long dis-

tances R from the oscillating body the wave potential tends to zero:

lim &g =0 (2.13)

R—o0
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Pressures, Forces and Moments

The pressure field in the fluid domain can be determined by the linearized Bernoulli
equation [57] and it can be generalized including the contribution of the different

wave potential sources:

oD 0% 9dp  Idg
=—P5 —pgn = —p( 5 T, T o )—pen (2.14)

The forces F and the moments M acting on the floater can be calculated integrat-

ing the pressure p over the wetted surface Sy of the floater:

F—p//sf( 5 + 3 + 3 +gn) i dSy (2.15)
8<I> 0P 0P
//S Ly D+ atR+gn)(?><ﬁ) ds; (2.16)
f

First order hydrodynamic loads

Firstly, the hydrodynamic loads due to the radiation wave field are discussed. The
radiation potential ®g is given by the summation of ®; components due the harmonic

oscillation of the j-th degree of freedom:

@)}

HMO\

r(x,y,2,1) :Z (X, y,2,t) = i(x,,2) (2.17)

Where the j-th radiation term &®;(x,y,z,¢) is split in a spatial dependent compo-
nent ¢;(x,y,z) and an oscillatory velocity v;(¢). The boundary condition on the wet

surface of the floater can be written as:

6 0 (P
J
= ; 5V (2.18)
‘17
The generalized direction cosines are given by:

a .
fi= ai;f (2.19)
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The forces and moments acting on the floater are defined by a 1x6 vector of X;,
components, where the index k identify the degree of freedom of the force/moment

action:

. J & B Jd \ 99 ke
er_p//Sf(ajg¢jvj)fkdsf_p/[?f(gg¢jvj)stf forik=1,..6
(2.20)

Since only the term v; is time dependent, the expression can be written as:

6
X, =Y X,  for:k=1,.6 (2.21)
j=1

Where X;, ; is given by:

Ay AP
Xy =—1p / s 0, dS (2.22)

The generic complex motion for the j-th degree of freedom may be defined:

sj= saje_iwt (2.23)

Deriving this expression, the velocities and the accelerations can be obtained.
The forces and moments may be split in two components: one component in phase

with the acceleration and the other component in phase with the velocity:

. . 2 . —it
Xy, = —Myjs;— Byjsj = (Saja) Mkj—i—zsaja)Bkj)e !

rkj
8¢k o
_(_ 2 Yk iot
= (—54;® p//qu)J 3 dsS)e

The frequency dependent hydrodynamic added mass A and the radiation damping

(2.24)

B matrices can be defined, and the generic kj component is given by:

0
Arj = —Re(p / /S f q)jai;de) (2.25)
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= —Im( pa)// gl)j—dS (2.26)

Since the IOwec device is symmetrical with respect to its longitudinal and
transversal plane, some coefficients of the added mass and radiation damping matri-

CES arc Zero.

Ay 0 0 0 A5 O
0 A22 0 A24 0 0
0 0 A 0 0 0
A— 33 (2.27)
0 Ay, 0 Ay 0O O
As; 0 0 0 Ass O
(0 0 0 0 0 Agl
[Bjy, 0 0 O Bys 0]
0O Bn 0 By 0 0
0 B 0
g_ |0 33 0 0 (2.28)
0 B42 0 B44 0 0

Bss, 0 0 0 Bss 0
0 0 0 0 0 Be

Observing the structure of the added mass and radiation damping matrices, the
motion of [Owec device can be solved independently for the longitudinal XZ-plane
and for the transversal Y Z-plane.

The wave and diffraction forces and moments, known also with the Froude-Krylov

and diffraction forces can be calculated as:

Foe=F,+F =p / / W aq)" 5, )iids (2.29)

My = Fy+ Fy = p// aq)d)(rx ) dS (2.30)

Solving the boundary element problem numerically with a 3D panel code like
Nemoh [65] it is possible to compute the Froude-Krylov and diffraction complex
coefficients for each degree of freedom. These coefficients represent the external

wave excitation forces acting on the floater.
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The buoyancy forces and moments can be calculated integrating the fluid static

pressure over the wet surface:

ﬁs:pg//s zidS (2.31)
;

i, =pg [[ <) as (232)
f

Solving the boundary element problem the 6x6 stiffness matrix K that multiplies

can be defined:

00 0 0 0 0
00 0 0 0 0

K_ |00 Kz 0 0 0 233
00 0 Ky 0 0
00 0 0 Ks5 0
00 0 0 0 0

All the hydrodynamic linear parameters of the floater are computed via boundary
element method based software and in this thesis the open-source routine Nemoh
has been used.

2.1.2 Frequency domain equation

The hydrodynamics of the floater is governed by the second Newton’s law:

MX = Fuyaro (2.34)

Where M is the 6x6 inertial matrix of the floater, Fj4,, the external hydrody-
namic forces acting on the floater and X is the 6x1 floater degree of freedom variables.
Since the IOwec floater is symmetrical both to the longitudinal xz-plane and the

transversal yz-plane we have:
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PV 0 0 0 0
pV. 0 0 0

0 pvV 0 0
0 0 I, O
0 0 0 I,
0 0 0 0 I|

(2.35)

S O O O O
S O O O O

Where V is the volume displacement of the floater and /,_, Ip,y I, are respec-
tively the moment of inertia in roll, pitch and yaw direction.
The hydrodynamic forces has been defined in the previous section and therefore Equa-
tion (2.41) can be written in case of incident planar wave with angular frequency ®
and unitary wave amplitude 1g:

(M+A(@)X +B(®)X + KX = foxcNo(@)sin(ot) (2.36)

In complex form:

— 0*(M+A(0))X — jB(0)X + KX = for(©)No (2.37)

Where f,, is the 1x6 vector of complex Froude-Krylov and diffraction coeffi-
cients.

The transfer function of the motions, better known as Response Amplitude
Operator (RAQ) are defined as the ratio between the motion amplitudes Xy and the
wave amplitude 1g:

_Xo _ Jexe(®)
RAO = no —w*(M+A(0))+ joB(o)+K (2.38)

The RAO of describes the hydrodynamical behaviour of the floater in regular
wave conditions.
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2.1.3 Time domain equation

Under the assumptions of linear wave theory, small wave steepness and floater
motion, the integro-differential time domain equation of the floater hydrodynamics

was developed by Cummins [66]:

(M +A)R (1) + /0 Ko (t— DX (0)dT+ KX (£) = Foe 1) (2.39)

With:

* A. is the added mass at infinite frequency. It represents the radiation force

component in phase with floater accelerations.

* K, is the 6x6 matrix of the radiation impulse response functions . The convo-
lution of the radiation impulse with the floater velocities models the "memory
effect”" and the radiated wave energy due to the motion of hull. K, is also called

Retardation Matrix.

* F,(t) is the time domain wave excitation forces acting on each degree of
freedom of the hull.

Therefore, the computation of the radiation forces F;,; can be done solving the
convolution term, with the knowledge of previous time steps:

Frug = —AX (1) — /0 Ko (t— DX (1)d7 (2.40)

The convolution term is not easy to compute numerically and in section 2.1.3
a method to substitute the convolution term with an equivalent state-space model
to increse the computational speed will be discussed. Moreover, the state-space
representation is well suited for numerical simulation and the development of control

logics.

Relationship between time domain and frequency domain

Ogilvie [67] compared the time and frequency hydrodynamic equations to find the
relations between them:
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A(®) = A — % /O " K()sin(w1)dT (2.41)

B(o) = % /0 " K(t)cos(0t)dT (2.42)

The retardation function matrix is given by:
2 (o)
K(1) == / B(®)cos(01)do (2.43)
0

State-Space realization of the radiation convolution term

In the Cummins’ time domain model the radiation forces are represented by a
convolution term, which constitutes a limitation in terms of calculation time and
a representation of the model for control and analysis purposes. Therefore, the
convolution term may be approximated by a state-space representation:

' . S =AL+BX
F, = / K (t—1)XdT ~ o = A+ " (2.44)
0 Fr:CrCr+DrX

The state space matrices A,, B, C, and D, can be identified in different ways in
both time and frequency domain and several approaches have been proposed in the
past [68—70]:

In this work, the method proposed by Fossen and Perez [71, 72] is adopted. This
method uses a parametric identification of the state-space matrices in frequency

domain.

2.1.4 Irregular waves and excitation forces

The linear wave theory [64] is based on the assumption of regular harmonic unidi-
rectional waves. However, real gravity water waves generated or by local winds or
by distant storms (also called swells), are irregular and short-crested.

According the linear wave theory [73, 74], the irregular water surface waves can be

model as superposition of harmonic waves with different frequencies, phases and
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directions. In this preliminary work, only unidirectional waves are considered and

then all the harmonic wave components travel in the same direction:

N
N(x,1) = Y Nopsin(@nt —knx+ 6,) (2.45)
n=1
With:

* 7n(x,1) is the planar irregular water wave profile.

* Mo, 18 the amplitude of the n-th harmonic wave component.

* N is the total number of harmonic wave components

* m, is the angular frequency of the n-th harmonic wave component.

* k, is the wave number of the n-th harmonic wave component.

* 0, is the phase of the n-th harmonic wave component.

The phases associated with each wave component are pseudo-random and in the
range of [0,27x]. In literature, different analytical Power Spectral Densities (PSD)
functions were proposed in order to model the real measured wave spectra. In the

offshore structures and wave energy converters field two wave spectra functions are
widely used [57, 56]: the JONSWAP and Bretshneider functions [75-77].

The JONSWAP (Joint North Sea Wave Project) spectrum was developed using
data from the North Sea for non developed wind seas. The spectral density function

can be written as:

SN(@) =Ap Se B0y (2.46)

Where y* is the peak enhancement factor. The y value depends on the conditions
of wind speed, fetch and time duration. Hasselman et al. (1973) [78] suggest:

AH?

o A — S
Z

T[?

e« p— BT
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_(0.2049Tpa)71)2
e Ol=c¢ V20

where:

0.09 for @ > 438 @47

{0.07 forw< %
T,

The value of y can be expressed as a function of H and 7}, and thus as a function
of the sea state conditions as discussed by Torsethaugen (2004) [79]. A common
value of yis 3.3.

The Bretshneider spectrum can be seen as a particular case of JONSWAP spec-

trum with Y =1 and it is suggested [80] in case of no wave data available:

R/

%m—ﬁﬁﬂﬂﬁ (2.48)

with:

* Sp(f) is the Bretshneider power density spectrum (m?/Hz).
* fis the wave frequency at which the spectrum is evaluated (Hz).
* fp is the peak frequency of the spectrum (Hz).

* H; is the significant wave height of the sea state (m).

The statistical parameters of the sea state can be calculated by means of the
spectral moments. The general definition of spectral moments is:

o= | rSa()as (2.49)

Where n defines the order of the moment. The most relevant statistical parameters
of the sea state, used in this work, are:

 Peak Period, 7): is the wave period with the highest energy and it can be
calculated as the inverse of peak frequency f).
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* Energetic Period 7,: represents the regular wave period with the equivalent
energy of the sea state and it is useful in the calculation of the wave power
density:

T,=— (2.50)

* Significant wave height H,: defined as the average of the highest one-third
of the trough-to-crest heights of the wave profile:

Hy =4/my (2.51)
The Wave Power Density P,, can be calculated as:

pg’
P, = 2°-T,H? ~ 0.49T,H? (2.52)
64 = )

Irregular wave excitation forces

According the seakeeping theory [57, 81], the wave excitation forces acting on a

moored floating structure may be split into three parts:

* Mean wave drift forces.
* Low frequency drift forces.

¢ first-order excitation forces.

Mean and low-frequency drift forces are relevant when the station keeping of
the floating moored structure is under study. Drift forces are very important when
designing mooring systems but are generally neglected during the early design
of a novel wave energy converter [56]. Moreover, the IOwec device will adopt
the same mooring layout concept of ISWEC [9] and it is possible to assume that
during operational conditions the mooring loads will not have a relevant effect on
the performance of the device. The design of the mooring system requires the
knowledge of the deployment site characteristics (i.e. the bathymetry) and the
geometrical/inertial properties of the floater, therefore, it will be carried out in a later
design stage. Since the focus of this thesis is the optimization of the IOwec device,

the design of the mooring system will be done in a second design phase.
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Given a wave spectra characterized by a significant wave height Hy and energetic
period 7, the pseudorandom wave 1)(¢) is given by the superposition of sinusoidal

wave components:

NMn = /280, A® (2.53)

Where A is the PSD frequency resolution, # is the total number of discretized
spectrum frequencies, @ is a discrete spectrum frequency and Sy, is the associated
value of spectral energy density, 6, is the associated pseudorandom phase in the
range [0,27], n,, is the amplitude of the sinusoidal n-th wave component. Therefore,
the first order excitation forces can be calculated given the geometry of the floater

and sea-state characteristics:

N
Foxe, (1) = Y | frK; | Mnsin (@nt + 6, + £ frk;,) (2.54)
n=1
Where frk;, is the Froude-Krylov and diffraction coefficient associated to the
Jin DOF and the n,;, wave frequency.

2.2 Gyroscope Dynamics Model

The power absorption principle of IOwec is based on the gyroscopic technology
of ISWEC device [49, 50]. The gyroscopic units are housed inside the hull. The
dynamic coupling between the pitch motion and the spinning flywheel induces a
precession motion of the gyroscope is induced. This mechanical energy can be
converted in electrical energy through different Power Take Off technology. The
ISWEC device extracts this mechanical energy through a mechanical gearbox and
an electrical generator, but in the case of an oceanic device like IOwec, where the
entities of the mechanical torques increase, the adoption of hydraulic-electrical PTO

may be a more suitable solution.
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2.2.1 Gyroscope Reference Frame and dynamic equations

Figure 2.2 shows the reference frames of the floater and gyroscopic system. The

floater reference system o(x,y,z) is coherent with the one one discussed in section

2.1.1. For the gyroscopic dynamic a new reference system og(xg,y,,2¢), With the

origin on the center of gravity of the flywheel is defined.

Figure 2.2 Floater and Gyroscope reference frames.

The flywheel is able to spin about its axis of symmetry W with a speed ¢. The

gyroscope system constitutes a one Degree of Freedom system, and it is restrained

to oscillate only around its precession axis €. 7 The inertia matrix of the flywheel

I7,, and support frame I; are:

Iy =

Iy, 0 0
0 Ipy, O (2.55)
0 0 J
[, 0 0
0 I, O (2.56)

Syy

0 0 I,
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Since the flywheel is axisymmetric about its spinning axis Y then Ip, = I, =

Ipy.

The gyroscope dynamics is governed by the Newton’s law and the derivation of
the simplified gyroscopic equation is out of the scope of this work and more details
can be found in [82, 49]. The simplified gyroscopic torques acting on the three

directions are:

T, =Jo& (2.57)
T. = J¢Scose (2.58)
Ty = Jé&sine (2.59)

The torques acting on the floater due to the gyroscopic dynamics can be split in
the pitch 6 and roll p components:

Ts =T, = T)cose (2.60)

T, = T)sine (2.61)

The flywheel angular momentum L = J¢ determines the entity of the coupling
torques T and Ty between the floater and the gyroscope. Therefore, the parameter L
is fundamental during the design of the system, and it can be regulated in operational
condition varying the flywheel speed ¢ to be optimal to the current sea-state ("slow
control strategy"). The gyroscopic torque 7, can induce the roll motion of the
floater and degrade the performance of the device. To overcome this problem, the
gyroscopic units may be suited in the floater in even numbers with opposite flywheel
speed direction to cancel the roll gyroscopic torque.
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Gyroscopic eccentric mass

The gyroscope dynamics has an equilibrium position for € = 90°, and the torque
T: becomes null. A stiffness component will avoid the gyroscope to remain in its
equilibrium status. In the ISWEC technology this stiffness term was provided by the
electrical PTO through the control torque [49]. The main advantage of this solution
is the possibility to tune, through the stiffness term, the dynamics of the gyroscope
with the current sea-state. This method improves the power absorption, however, it
add a control parameter that complicate the control logic of the device. A drawback
of such technological solution is the presence of reactive power due to the stiffness
term. A passive mechanical solution is proposed to avoid this issue and simplify the
PTO control logic. The stiffness component is then provided by an eccentric mass
mounted on the support frame [83], as graphically explained in Figure 2.3.

No eccentric mass: With eccentric mass:
Final and equilibrium Condition Added stiffness term

£ =90deg

€ =90deg
Torque = J¢p&cose = 0

1
|

Torque = mgdsine

Figure 2.3 Gyroscopic stiffness term provided by an eccentric mass.

The torque due to the presence of the eccentric mass is:

Tnass = mgdsing (2.62)

Where m is the eccentric mass mounted at a distance d from the gyroscope center
of gravity. These parameters influence the dynamic response of the gyroscope and

the power absorption and thus they will play an important role in the design phase.
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Power Take Off Model

The power take off of the ISWEC device consists of a Permanent Magnet Syn-
chronous Motor (PMSM) connected to the gyroscope frame by means of a 1:10
ratio gearbox [49]. This technological solution was well suited for low-medium
energetic sea-states of the Mediterranean Sea. The aim of this thesis work is to
design a device to be deployed in highest energetic sea-states and thus higher loads.
Since commercial PMSMs show limitation in terms of nominal torque, the PTO
technological solution may vary from that adopted for the ISWEC device. Another
PTO technology for the IOwec device may be the hydraulic-electric system , where
the high gyroscopic torques are managed by an hydraulic pump and circuit coupled
with an electrical generator. Bonfanti et al. [84] made a preliminary numerical
analysis on the control and performance of an hydraulic PTO adopting ISWEC as
case study.

An advantage of the gyroscopic technology is the possibility of a modular layout and
the consequent subdivision of loads among the gyroscopic units. The decision of
which solution is more suitable for IOwec is not the sake of this work, and it will be

evaluated after the optimization process, considering the entity of the loads involved.

The ISWEC PTO control logic [49] was based on the concept of impedance
matching for the maximization of the power absorption, frequently used in wave
energy applications [32]. The concept is to control the PTO torque to constitute a

spring-damping system:

Tpro = ke +cé (263)

Where « is the stiffness coefficient and c is the damping coefficient to be tuned
with the current sea-state to maximize the power extraction. Since in the IOwec
device the stiffness term is provided by the eccentric mass the control law of the

PTO torque may be simplified:

TPTO =cé (264)

Bonfanti et al. [83] analysed numerically the ISWEC performance when providing

the stiffness term by PTO control, and thus tuning it for each sea-state, or by a fixed
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optimized eccentric mass for all the sea-state. The results show that the two solutions
present the same annual productivity. The instantaneous absorbed gross power from

the system P, 1 defined as:

Pgmss = Tpro€ = Céz (2.65)

The PTO damping coefficient ¢ represents a control parameter that can be opti-

mized for the considered sea-state in combination with the flywheel speed ¢.

Linearization of gyroscope’s dynamic equations

The frequency-domain model that describes the non-linear coupled-dynamics hull-
plus-gyroscope is given below. For the sake of simplicity, only the hydrodynamic

pitch DoF is considered:

(M55 +A55)8 —|—A51X—|—3558 + Bs1x+ K& = Fss —f—J(]SéCOSS (2.66)

exc

I,€ + c€ +mgdsine = J¢300s8 (2.67)

The non-linear gyroscopic and PTO model has been experimentally validated
during the ISWEC full-scale testing (see Vissio 2017, [49]), and the coupled floater-
plus-gyroscope non-linear model was validated with model-scale experimental tests
in regular wave conditions [51] with good matching. A linear version of the system
equations is necessary to build a faster model that will constitute the core of the
IOwec design and optimization tool. The linearized equations of the coupled-model

about the gyroscopic equilibrium position, € = 0, are given below:

(Mss +Ass)0 +Asi+Bssd +Bs1x+ K8 = Fss, +J¢¢ (2.68)

exc

LE+cé+mgde =J$o (2.69)
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2.2.2 Floater-plus-gyroscope 4-DoF time domain model

It has already been discussed in section 2.1.1, that the hydrodynamic problem for
the IOwec device can be resolved separately respect to the xz-longitudinal plane and
yz-transversal plane. Since the mooring system of the full scale device, will have a
layout configuration similar to the ISWEC device, then the IOwec will align itself
with the dominant sea state condition. Therefore, a 3DoF hydrodynamic model of
the floater in the xz plane is adequate to estimate the performance of the device and

it will be adopted in this thesis. The hydrodynamic 1x3 vector variables is:

X, =[x, z, 8]7 = [Surge, ,Heave, Pitch]’ (2.70)

Including also the precession angle € of the gyroscope we obtain a 4-DoFs model,

and the vector of variables becomes:

X=[xz 8, ¢’ (2.71)

The dimension of the vector X is also named [/ in this work. The linear time

domain model can be defined in matrix form:

MX + BX + KX = Fexe + Fr (2.72)

Where M is the 4x4 mass matrix, B is the 4x4 damping matrix and K is the 4x4

stiffness matrix:

pV+A., 0 Acols 0
0 V+A. 0 0
M — PV Aoy 2.73)
Aes, 0 Iy, +Acg O
0 0 0 I,
00 O 0
00 O 0
B = ) 2.74)
00 0 —Jé
00 Jop ¢
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Ky, O 0 0
0 Ky, O 0
0 0 Ky, O
0 0 0 mgd

K = (2.75)

Fexc are the hydrodynamic excitation forces acting on surge, heave and pitch
DoF and F; are the radiation forces calculated through the state-space approximation
(see eq. (2.44)). In this work, the radiation state-space variables vector (, is defined
as:

8 = (8111 C15p1s G331 G5t G55, ) (2.76)

Where n; is the order of the state-space model that best fits the convolution
radiation term. The total dimension m of the . vector and of the is given by the sum
of the single orders. The same can be said for the state-space matrices Ay and B
and C. Hence, the state-space model of the device can be derived. The state-space

variable is defined as:

Xys = X, X, &7 (2.77)

The dimension of the state-space vector Xy, is 2/ +m . The state-space matrices

A.YyS’ BsyS’ Csys are giVen by:

M~ K]y [-M Bl [-M7'Cm
Agys = 1(171) 0(171) O(l,m) (2.78)
B, Om1) Artu
a1
Bsys = [ M I](ljl) (279)
Ot4m.1)
Csys = IZH—m,Zl—Q—m (2-80)

Where the matrices that approximate the state forces A, and B, have dimension
(m, 1), with zero values for the m-th degree of freedom corresponding to the € gyro-
scope precession angle. The feed-forward matrix Dyy; is equal to zero. The input
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matrix By, multiplies the excitation forces F,,. calculated for the three hydrodynam-
ical degree of freedom. The linear lumped parameter model of floater and gyroscope

can be written in state-space representation:

{vas = AsysXs'yS + BsysFexc (281)

Y, sys — CsysXsys

The response of the system and the performances of the device can be easily

calculated numerically in Matlab environment.

2.3 U-Tank Dynamics Model

In this section the derivation of the U-Tank model and its coupling with the floater
model is discussed. In literature different models have been proposed to describe the
dynamics of the U-tank. Froude [37] initially considered the effect of water tanks by
adding a stabilizing moment term in the roll dynamic equation of the vessel. But he
did not develop a model to predict the mo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>