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Abstract

Control systems are ubiquitous in modern life, infusing an enormous variety of systems with
performance enhancement, crossing many discipline areas. Control systems can have a variety
of functions, designed to improve and enhance system behaviour, operability, safety and

performance.

Renewable energy systems, which form an important pillar in climate action, can benefit from
control system technology in improving energy output delivery, making such system more
economic. In particular, wave energy is struggling with economic viability, compared to other
renewable and non-renewable energy sources, and effective control system have been shown

to increase energy capture by a factor of 2-3.

This thesis documents a study developing a small-scale wave tank, containing an operating
wave energy converter (WEC) with active control, the first such demonstration of electronic
WEC control at this scale (1/100). The full demonstration system cost just €500, including
tank, wavemaker, etc and this thesis provides full details concerning system construction,

specification, testing and performance, as well as aspects related to demonstration appeal.

The experimental setup can serve as a valuable resource for introductory research inquiries,
catering to both high school and university-level studies. This accessibility opens doors for a

broader audience to engage with the potential of this promising technology.
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1.1 Introduction on wave energy

In the relentless pursuit of clean and sustainable energy sources, the
utilization of renewable resources has gained unprecedented attention
in recent years. Among these, wave energy stands out as a promising
alternative to conventional fossil fuels and other renewable energy
options. As humanity grapples with the urgent need to mitigate the
adverse effects of climate change and curb greenhouse gas emissions,
exploring innovative methods to harness the power of the ocean's
waves emerges as a pivotal step toward achieving a more sustainable

future.

Wave energy harvesting involves the conversion of the kinetic energy
present in ocean waves into usable electrical power. The vast and
untapped potential of this renewable resource has captured the interest
of scientists, engineers, policymakers, and environmentalists alike. By
capitalizing on the inexhaustible energy provided by the Earth’s oceans,
wave energy has the potential to play a trans-formative role in the

global energy landscape.



1.1.1 Energy diversification and consistency

In an era driven by the integration of green energy resources, a
significant imperative lies in ensuring a consistent and uninterrupted
supply of energy that aligns with real-time demand. This necessitates a
steadfast commitment to achieving independence from the fluctuations

of weather, wind, solar irradiance, and hydrological conditions.

Emphasizing the diversification of energy sources assumes a pivotal
role in addressing this challenge, wherein wave energy emerges as
a compelling solution that complements existing renewable energy
sources effectively. Furthermore the wave travels for very long dis-
tances, ensuring availability even when other sources are lacking
(Figure 1.1).

Solar energy production [MW]
8000 Wind energy production [MW]
m— \Wave energy production [MW]

6000
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4000

2000 _\_\/\/\,\/‘/’/\
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The magnitude of energy inherent in ocean waves is substantial, with
estimates from the US Energy Information Administration indicating a
vast theoretical annual energy potential. Specifically, it is reported that
the waves off the coasts of the United States have an estimated energy
capacity of up to 2.64 trillion kilowatt-hours, which corresponds to
approximately 64% of the total electricity generation from utility-scale
sources in the United States during the year 2021 [1].

1.1.2 Difficulties about wave energy harvesting

and challenging environment

Due to its substantial potential, engineers have been endeavoring to

harness the power of the ocean in the last century. Nevertheless, this

1 Introduction

Figure 1.1: Example of av-
erage production of wind,
solar and wave energy over
a week in California (cor-
powerocean.com) [1]
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pursuit is accompanied by significant challenges that demand careful

consideration and resolution:

» Wave energy devices necessitates their direct immersion or
close proximity to seawater, which is renowned for its highly
corrosive and aggressive nature towards structural materials. As
a consequence, the adoption of corrosion-resistant materials
becomes imperative.

» The oceanic environment is characterized by dynamic and fluctu-
ating conditions, often leading to severe sea states with height-
ened turbulence. As a result, structural components are sub-
jected to notably elevated stresses and mechanical forces.

» The motion experienced typically manifests as a complex amal-
gamation of random sinusoidal components with substantial
force amplitudes. This intricate nature of the motion poses sig-
nificant challenges in achieving a continuous and stable power
output.

» The assessment of environmental impact is a crucial aspect
that demands thorough consideration. Additionally, establishing

underwater grid connections poses a notable challenge.

Owing to its inherent complexity and associated challenges, the capital
costs and operational expenses of wave energy plants remain consid-
erably elevated, rendering them less competitive when compared to

alternative energy solutions.

1.1.3 Control technique can help making it

possible

As elucidated in the preceding section, the Levelized Cost of Electric-
ity (LCOE) remains prohibitive for extensive commercial adoption,
underscoring the imperative to devise mechanisms for cost reduction

as can be seen in Figure 1.2.

1 Introduction
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Diversified avenues exist for plant optimization, encompassing design
modifications as a prominent strategy. For this reason, engineers have
introduced a multitude of distinct machine configurations, lacking
a universally established archetype and they are trying to combine
the plants with already made infrastructure or offshore wind turbine.
However, among these configurations, one approach exhibits adapt-
ability across various machine typologies: the application of Automatic

Control systems.

The implementation of a control strategy within a WEC presents a
significant avenue for enhancing energy generation, often leveraging
the existing PTO mechanism or incorporating minor supplementary
components. This approach facilitates the attainment of heightened
energy output consistency and stability, helping to ensure a more
regular energy flow from the device. Additionally, the control strategy
can be tuned to provide dampening effects, during periods of turbulent

sea conditions.

1.1.4 Unfamiliar to the majority of the populace

Owing to the multifaceted challenges elucidated earlier and the pre-
dominant utilization of alternative energy sources, the prospect of
harnessing energy from ocean waves remains relatively obscure to a

substantial portion of the population outside the scientific community.

1 Introduction

Figure 1.2: Comparison of
LCOE of different energy
technologies. Calculations
based on ETRI 2014. Solid
bars: current LCOE (low-
high CAPEX) [2]
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In the realm of Engineering studies, characterized by the pervasive
discourse on renewable energy, a considerable number of students
might remain unaware of the research opportunities existing within this
domain. Moreover, potential investors frequently exhibit a predilection
for more established energy sources, partially due to their limited

awareness regarding the viability of wave energy.

1.2 Introduction in WEC experimentation

Prototype validation and experimentation play a pivotal role in advanc-
ing research within the field. Infact, despite the availability of various
simulation tools and theoretical studies, the WEC will inevitably face
real sea state conditions. Both of these approaches have inherent
limitations in providing a comprehensive and accurate representation
of such a complex and harsh environment. Furthermore a prototype
is usually way more appealing for attracting possible investors. In the
context of wave energy, however, conducting full-scale experiments

presents several inherent challenges.

Chief among these is the substantial cost associated with developing
a comprehensive device, a financial barrier that often confines such
endeavors to major corporations or prominent research institutions
capable of securing adequate funding. Additionally, the authorization
for offshore device installation is intricately linked to stringent environ-
mental conservation regulations, resulting in prolonged bureaucratic
processes. Furthermore, the early-stage creation of a robust device
capable of withstanding and effectively operating under demanding

marine conditions poses a formidable technical challenge.

1.2.1 Mid scale experimentation

As evident from the preceding section, the demand for mid-scale
wave tanks has become indispensable. The concept of mid-scale
pertains to dimensions that are suitable for accommodating within
a spacious room, typically spanning from approximately 10 to 80
meters in both length and width. The availability of mid-scale wave

tanks serves a pivotal role during the initial stages of experimentation.

1 Introduction
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It enables the evaluation of smaller-scale devices and facilitates a
focused investigation into specific aspects. Such an approach proves

instrumental in delineating fundamental characteristics.

Wave tanks conventionally offer a spectrum of sea state conditions, en-
compassing scenarios ranging from purely sinusoidal waves to more in-
tricate and turbulent wide-spectrum patterns. Furthermore, advanced
wave tank configurations allow for the manipulation of variables like

the angle of collision and the contour of wave fronts, contributing

to a nuanced exploration of wave-device interactions, as the one in
Figure 1.3 [3].

1.2.2 Mid scale experimentation challenges

The adoption of a reduced scale, as discussed earlier, offers substantial

benefits; however, it also introduces notable difficulties:

» Deep water wave formations occur under specific ratios of
wavelength to water depth, thereby imposing a constraint on
the dimensions of the wave tank. Consequently, as the period
of the wave increases, a deeper tank becomes necessary to
replicate deep water wave conditions accurately [4].

» The development of wave formations is influenced by factors
such as the evanescent mode and reflections from the walls of
the tank. To ensure the creation of well-defined waves, the length
of the tank should be sufficient to eliminate the effects of the

evanescent mode. Furthermore, measures must be undertaken

1 Introduction

Figure 1.3: Example of a
mid size paddle activated
wave tank. The wave shape
can be precisely tuned by
controlling the paddles ar-

ray [3]
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to mitigate reflections; this can involve the incorporation of an
absorbing beach or the integration of advanced feedback-driven
paddles designed for efficient wave absorption [3].

» The hydrodynamic modeling of such devices presents inher-
ent challenges, particularly with regard to its applicability and
extrapolation to larger, full-scale counterparts. Moreover, the
frictional forces at play are amplified, along with the accentuated
influence of viscous effects, sometimes leading to device move-
ment that diverges from a faithful representation of real-world
behavior.

» Smaller waves result in diminished temporal constants, thereby
rendering the implementation of real-time control significantly

more challenging.

1.3 The idea of a small scale wave tank

The conceptualization of a compact-scale device emerged as a strategy
to enhance the visibility of wave energy and to establish a platform
conducive to preliminary research endeavors, focusing on demonstrat-
ing the efficacy of Automatic Control in optimizing power generation.
As previously discussed, the lack of widespread awareness is contribut-
ing to the slowness of the take off, and the prohibitive expenses
associated with mid-sized installations render them inaccessible for
educational institutions, such as high schools and certain universities.
Consequently, there exists a compelling necessity for the development

of a solution crafted to fulfill the ensuing objectives:

» Show people and possibility to conduct studies

Possibility to interact

Wave as big as possible
Emphasized WEC motion

Control strategy working (increase energy generation)

Ease to test other WEC configuration
» Portability

» Reduce the size
= Weight no more than 170Kg wet

» Make it simple to replicate

1 Introduction
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Design consideration
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In pursuit of the established objectives, the attention is directed to-

wards the systematic design of every component within the system.

A modular design approach is adopted to facilitate the seamless inter-
changeability of individual parts, thereby accommodating scenarios
such as malfunction, enhancements, or the evaluation of alternative

devices.

Opting for press-fit connections over conventional fastening methods
such as screws or adhesive ensures streamlined assembly and disas-
sembly processes, diminishing the likelihood of leakage or structural

compromise attributed to perforations.

Leveraging 3D drawing software, specifically OnShape, has proven
to be an indispensable asset in visualizing and ensuring the accurate
assembly of components. Additionally, this tool facilitates effortless
project sharing, promoting reproducibility and accessibility for others

interested in replicating the design.

2.1 Type of WEC inspected

A survey encompassing some WECs was conducted to ascertain the

optimal type that aligns with the intended purpose.



2.1.1 Attenuator

The configuration adopted for

the Attenuator capitalizes on =

the relative motion between m

two or more interconnected legs.

These segments are intercon-

nected through hinges, and the

generator body is attached to one segment while the shaft is affixed
to another [5].

A fundamental requirement of this device is its buoyancy atop the water
surface, thereby presenting a significant challenge to ensure effective
water sealing for the electronic components. Moreover, achieving a
perceptible visual distinction between controlled and uncontrolled
motion necessitates a substantial wave height to ensure demonstrative
experimental outcomes [5].

Even if probably possible to implement, for those two reasons this
solution has been discard, considering the small amplitude achievable
in the tank and the addition of the problem of possible infiltration of

water inside the device.

2.1.2 Flap

The Flap type operates by har-
nessing the circular motion of
water particles through the con-
trolled motion of submerged or

semi-submerged panels or flaps. e

As incident waves interact with

these panels, they induce oscillatory pitching or heaving motions, lead-
ing to relative movement between the panels and their fixed supports.
This relative motion is then translated into mechanical energy through
innovative linkages and hydraulic systems. The mechanical energy is
subsequently converted into usable electrical power using generators

or hydraulic pumps [6].

Once more, the waterproof sealing of electronic components becomes

a pivotal concern, considering also the pressure increase due to the

2 Design consideration
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2 Design consideration 10

water column above. Even considering a reversed architecture with
the flap hold in place by a structure above, the hardware became
more complicated, especially for control purposes, requiring a con-
trollable PTO for both power absorption and delivery and Real-time
computation to solve the nonlinear control optimization algorithm [7].

For those reasons this solution has been discard.

2.1.3 Oscillating Water Column

The Oscillating Water Column

operates on the principle of ex-

r
ploiting the oscillatory motion of " -~ \\\

air within a chamber caused by

the rise and fall of waves. As

waves approach the chamber, the

water level inside rises, compressing the trapped air. Subsequent wave
recession leads to the expansion of the trapped air, resulting in a
cyclical movement of air in and out of the chamber. This alternating
airflow drives a turbine connected to a generator, thus converting
the kinetic energy of the oscillating air column into usable electrical

power [5].

In this scenario, the electronic components can be maintained in a
dry environment, considerably simplifying the implementation process.
However, this advantage is accompanied by certain challenges. The
intricate interplay among waves, air dynamics, air-turbine interactions,
and their interaction with the chamber introduces a highly complex
hydrodynamic model, essential for the effective deployment of a control
algorithm governing the turbine’s operation. This complexity is further
exacerbated by magnified frictional and viscous forces attributed to
the system'’s reduced scale [5].

For such a small scale a precise modelling of the system results almost

impossible, leading to the impossibility of a precise control strategy.



2.1.4 Point Absorber

The Point Absorber operates on
the principle of exploiting the

vertical oscillations of a buoyant é (i%

structure that is tethered to the

seabed. As ocean waves propa-

gate, they impart a cyclical upward and downward movement to the
buoyant device. This oscillatory motion is transmitted through the
mooring system to a PTO mechanism, such as a hydraulic pump or
an electrical generator. The conversion of the buoy’s kinetic energy

into usable electrical power occurs through the reciprocating motion
of the PTO mechanism [5][6].

In our specific context, a deviation from the conventional approach
involves employing a gantry system to secure the buoy, circumventing
the need for mooring to the tank bottom. This strategic modification
ensures the complete isolation of electronic components from water,
ensuring a dry environment, while also confining the buoy’s motion to
a single degree of freedom, thereby simplifying the system dynamics
while maintaining real condition fidelity. This novel configuration
presents distinct advantages. Furthermore, the introduction of various
control techniques is feasible, and their efficacy is readily discernible
through observed amplitude variations. The operational requirements
of the buoy are not contingent on exceptionally high wave conditions,
and the inherent natural resonance frequency can be readily tailored
by adjusting factors such as mass or buoyancy. Taking into account
all of these considerations this configuration is chosen to be the most

feasible.

In order to have a deeper knowledge of the system and to perform

the tuning of the Automatic Control a model is required.

The WEC is subjected to various external forces during its operation.

These forces include the excitation force from the waves f..(t) and the
control force generated by the PTO f,(t), representing the primary
forces. Additionally, hydrodynamic and hydro-static forces come into
play as consequences of the device's motion in the water. These forces
encompass the radiation force f,.(t), diffraction force f4(t), viscous

damping force f,(t), and buoyancy force f,(t) [.]

2 Design consideration
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The radiation force f,(t) acts as a damping and inertial force, emerging
because the motion of the device, which generates radiated waves, is
influenced by the surrounding fluid. Notably, radiation forces persist
even in the absence of incident waves and can be estimated through
free response tests. In contrast, the diffraction force f,;(t) characterizes
the force experienced by the device when it scatters incident waves,
and it remains independent of the device's motion.

The viscous damping force f,(t) is a nonlinear force that becomes
significant as the device's velocity increases. It becomes particularly
relevant when the device's surface features discontinuities, such as
flanges, leading to the formation of vortices. Lastly, the buoyancy
force f,(t) results from the deviation of the device from its equilibrium
(still water) position. It represents a balance between the Archimedes

buoyancy force and the force of gravity [8].

We can say that equation of motion, following Newton's second law

and where a superposition of forces is assumed [8], in 1 DOF is

Mi(t) = fou(t) + firn(t) + [ (1) + fa(t) + fo (1) + fo(t) + fu(t) (2.1)

2.2 Control strategy inspected

The control of a WEC is intrinsically complex, as it seeks to optimize
energy extraction from an irregular oscillatory motion. Modeling a
WEC presents considerable challenges too due to its characteristics as
a solid body floating on water, giving rise to intricate hydrodynamic
interactions. The base of control can be found the energy maximization
problem by considering the force-to-velocity model of a WEC, which
is obtained in the frequency domain as
V(w) 1

Pl + Fole) ~ Zi@) (22)

where Z;(w) is termed the intrinsic impedance of the system and V' (w),
F..(w) and F,(w) represent the Fourier transform of the velocity v(¢),

excitation force f..(t) and control force fpro(t) , respectively.

The model in (2.2)[8] allows the derivation of conditions for optimal

energy absorption and the intuitive design of the energy-maximizing

2 Design consideration
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controller in the frequency domain as
Zpro(w) = Z;"(w) (2.3)

where ()* denotes the complex conjugate. The choice of Zpro(w) as
in (2.3) is referred to as complex conjugate control.
The condition in (2.3)[8] can alternatively be expressed in terms of
an optimal velocity profile as

F..(w)

VOPT () = YRy(@) (2.4)

where R; = 1/2(Z;+ Z}) is the real part of Z;. The condition in (2.4)
is a condition on the amplitude of VOF7(w), with the restriction that
VOFT (1) be in phase with f..(t), since R;(w) is a real (and even)

function.

Over the course of time, an array of control strategies has been
conceived and refined for Point Absorber. These strategies span a
spectrum from intricate and potent methodologies, exemplified by the
Model Predictive Control (MPC)[5], to more simple and sometimes

less effective alternatives.

A survey of the available strategies has been conducted, guided by the
quest for an optimal balance between feasibility and the realization
of defined objectives. As a result of this evaluation, the spotlight has
converged on three specific control strategies that exhibit a judicious
compromise between practical implementability and the attainment

of designated goals.

2.2.1 Resistive loading control

Passive damping control is trying to

accomplice both the phase and ampli- f. 3

Ju

tude requirements as explained in equa-
tion (2.4). It is considered to be a sub-

optimal control due to the possibility to

influence just the damping of the system

and not to accelerate it [8]. Figure 2.1: Control scheme

2 Design consideration
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This alignment is achieved by incorporat-

ing a gain factor into the instantaneous velocity [9], thereby influencing
power absorption and facilitating controlled deceleration of the device
as in Figure 2.1. Successful implementation of passive damping ne-
cessitates a tunable PTO system capable of precise power absorption,
as well as an accurate measure or estimation of the instantaneous

velocity for effective feedback control.

2.2.2 Reactive control

Reactive control technique strive

to accomplice the entire impedance

matching requirement, as in equation
(2.3)[8], by introducing gains to both

the velocity and position of the device
[9], as in Figure 2.2, fulfilling both the
phase and amplitude requirements as Figure 2.2: Control scheme
in equation (2.4)[10].

In this context, the PTO system is required to exert a force on the
buoy, enabling acceleration or tuning of power absorption to achieve
damping. Effective application of this technique mandates accurate
measurements or estimations of both buoy instantaneous velocity and

position and wave excitation force.

fu = K2Z+B2737 (26)

2.2.3 Latching control

Latching control is implemented to satisfy just the phase matching
condition, as can be seen in equation (2.4)[8], by synchronizing the
velocity of the device with the excitation force of the incoming wave.
This strategy involves halting the buoy’s motion, or latching it, when
its velocity reaches zero for a certain duration, subsequently releasing
it [9]. Accurate computation of the latching time is crucial and requires

precision, determined by analyzing the wave spectrum and predicting

2 Design consideration
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the wave profile. This technique ensures that the device attains optimal
phase alignment with the wave-induced motion, thus enhancing its
overall energy capture efficiency.

Notably, for sine waves of specific frequencies, the latching time can

be computed offline and remains constant.

The hardware requisites encompass a simple mechanism akin to an
"handbrake" to immobilize the device [8]. Although the mechanism
may appear deceptively straightforward, it constitutes one of the
control actions that amplifies the most the buoy’'s motion, as can be

seen in the graph 2.3.
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Latching control strategy can be integrated with the Declutching
technique, which is designed to temporarily reduce damping to ac-
celerate the buoy's motion, by interrupting power absorption, being
very effective especially when the natural frequency is lower than the
wave's one. [8]. By combining these two approaches, a substantial en-
hancement in energy absorption is achieved across a broad spectrum,

as visually depicted in the Figure 2.4.

2 Design consideration

Figure 2.3: Budal diagram
showing  the  average
absorbed power for the
different control strate-
gies with varying wave
period. The incident waves
were regular with height
H=3 m.

(PML=Latching
RL=Passive damping

ACC=Approximate complex-
conjugate
PMC=Declutching
AVT=Approximate optimal
velocity
MPC=Model
control) [11]

predictive
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Figure 2.4: Energy absorp-
tion spectrum width en-
hancement thanks to Latch-
ing and Declutching control
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3.1 Hardware

In light of the preceding deliberations, a comprehensive inventory

of components satisfying the stipulated criteria has been compiled,

subsequently substantiated with 3D technical representation.

Figure 3.1: Picture of the
complete setup



3 Construction and specification

3.1.1 Tank

The tank's design has been tailored
to facilitate convenient transporta-
tion within vehicles such as cars

or standard-sized elevators, thereby

ensuring its portability as necessi-
tated by the circumstances. Simul-
taneously, the tank’'s dimensions are calibrated to maintain a balance

between practicality and the generation of optimal wave conditions
[4]

In order to get the tank dimension the wavelength is calculated [4]

gT? |tanh(472d)
A= o \/ T2 (3.1)

with d being the water depth and 7T the desired maximum period.

as

The length of the tank has been obtained, as a rule of thumb, as
L = 3\, a good balance between a good wave development and
saving space. In order to obtain deep water waves be sure to have
d > \/2 [4]. Embracing the configuration of a flume tank, the tank’s
width has been judiciously minimized to conserve both space and
weight, thereby optimizing the overall system design.

To streamline calculations a MATLAB script has been developed.

Acrylic material emerged as the most suitable choice, primarily at-
tributed to its ease of manipulation, remarkable durability, and excep-

tional transparency characteristics.

Dimension: L 1300 x D 450 x W 300 mm | Material: 10mm acrylic

sheets

3.1.2 Beach

To effectively mitigate the occur-
rence of reflective waves, the imple-
mentation of a wave-damping struc-
ture at the terminus of the tank is im-
perative. Literature exploration cul-

minated in the determination that a slope of 6° at the water's surface,

18
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a beach length spanning at least one wavelength, and an elevation
surpassing the water surface level are prerequisites for optimal perfor-

mance[3].

In an endeavor to curtail weight while retaining structural integrity,
the beach is fashioned from acrylic sheets and hermetically sealed,
allowing air to fill the enclosed volume and achieving a substantial

reduction in weight, exceeding 30 kilograms.

Additionally, a highly porous mesh overlay is deployed atop the struc-
ture to forestall the propagation of high-frequency waves, further

contributing to the proficiency of the wave-damping system.

3.1.3 Wave generator

An integral component of paramount
significance is the Wave Maker.
Within this realm, two primary
methodologies exist for wave genera-
tion. Notably, the flap type method

stands out for its superior wave qual-

ity and amplitude. However, it ne-
cessitates a sealed connection with
the tank to ensure electronic components remain dry, a requirement
that occupies considerable space, and demands higher energy input to
propel the water effectively. Consequently, a wedge configuration has
been adopted as the most pragmatic approach, effectively reconciling
practicality, space-saving considerations, and operational efficiency

within the constraints of the system design [12][13].

The system is orchestrated around a stepper motor, a choice rooted
in its ease of control and robust torque capabilities. To achieve the
transformation from rotational to linear motion, a screw-ball rail is
employed, synergizing with the motor's operation to yield a remarkable
degree of movement precision. To align with the stipulated speed

requisites, a pulley system has been incorporated.

The wedge movements has been programmed to be as close as possible

to a sinusoidal motion.

19
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3.1.3.1 Datasheet

Table 3.1: Wave maker

Piece Specifications datasheet
Stepper motor Neema 23 4.2A Bipolar
(23HS45-4204S)

Linear rail L: 200mm Peace: 8mm Stroke:

122.85 (Z axis 3D printer
4080U)

Pulley system Aluminum pulley 80T and 20T
Hole: 8mm Belt: 250-2GT

Motor controller Bipolar controller Peak: 4.2A
(Dir Pul control) (DM542)

3.1.4 WEC

The WEC is a composite assembly compris-
ing a gantry and a buoy. Constructed from
aluminum extrusion bars, 3D printed joints,
and equipped with wheels and bearings, the
gantry has a dual purpose. It is designed
to confine the motion predominantly to a

singular DoF, while concurrently facilitat-

ing the vertical oscillation of the buoy with

minimal frictional resistance. /’x

The buoy itself is fashioned from High-
Density Expanded Polystyrene (HD EPS) material to ensure buoyancy,

supplemented by an aluminum bar to interface with the gate.

Notably, as can be seen in Figure 2.4, the Latching control is very
effective for incoming wave with frequency lower than the natural
frequency of the device, so the floating body has been designed with
a natural frequency significantly higher than that of the propagating
waves, thereby enhancing the discernibility of control effectiveness [8].
Because of the uncertainty or impossibility to get frictional and viscous
forces of the complete model, considering also the small impact of
them at such small scale, to obtain the dimension of the buoy the

model (2.1) has been simplify to a spring-mass-damper system.
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The model thus turns out to be
M + 20wt + WAL = fous (3.2)

Where z is displacement, ( is the damping coefficient estimated from
simulation, f.,; are external forces and w, is the natural frequency,

calculated as

Wp = (| — (3.3)

m
where k is the buoyancy force over the displacements and m is the
sum of the total suspended mass and the infinity added mass m,,4q
of a semi-sphere.

By fixing w,, around 0.1-0.2 s has been possible to obtain the dimension
and mass of the floating body. The w, has been chosen so low to
ensure compliance for additional friction forces. Those friction forces

will result in a real resonating frequency wy a bit slower than w,, that

wq = wpy/1 — (2 (3.4)

To streamline calculations a MATLAB script has been developed.

can be computed as

3.1.4.1 Datasheet

Piece Specifications

Buoy Diameter: 95mm Total
heigth:120mm 2020 Aluminum
bar extrusion and 3Dprinted

mount

Gantry 2020 Aluminum bar extrusion
3D printed press-fit joints
Vshape 3D printer wheels gate

with bearings

Table 3.2: WEC datasheet
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3.1.5 Micro controller and electronic

A solenoid has been selected as the preferred
locking mechanism, primarily due to its rapid
response, imperative due to the time constant
of the system being in the order of hundreds
of milliseconds, and straightforward controlla-

bility, with just a simple Transistor and a small

circuit.

For power generation, a Lego motor was em-
ployed as the prime candidate, offering com-
mendable power output in the context of low

amplitude motions. To tailor its suitability to

=

the system, the motor underwent alterations in terms of gear ratio,

by reducing it to decrease the damping effect and lowering the torque

required to spin it. The modified motor was subsequently encased

within a 3D printed shell and spring tense to ensure a good contact.

A total of three Arduino UNO boards
were employed. The first board orchestrates
Wave Maker control, effectively interfacing
with the motor controller via the PUL and
DIR pins. The second board is tasked with
precise activation of the solenoid mecha-

nism, adhering to predetermined timing in-

tervals. The third board assumes responsibility for power output

measurement and real-time data visualization.

To facilitate comprehensive data acquisi-
tion encompassing both device dynamics
and wave characteristics, a dedicated data
acquisition system was devised utilizing an
additional Arduino Uno board. This system
incorporates distinct sensors and probes, in-
cluding a Time-of-Flight (TOF) sensor to

capture buoy position and velocity, a specially crafted wave probe to

gauge wave properties, and the means to measure the power output

generated by the motor.
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3.1.5.1 Datasheet

Piece Specifications I:gﬁeet?"& Electronic
Micro controller Arduino UNO
Servo motor Micro servo 9g
Solenoid Force: 5N Stroke: 10mm push
pull (HS-0530B DC6V)
Motor LEGO motor 9V DC
Mini-Motor (71427c01)
Transistor Transistor Darlington
Position sensor TOF sensor (VL6180X)

3.1.5.2 Circuit

LATCHING WAVE MAKER POWER DISPLAY

SERVO MOTOR

POTENTIOMETER I ﬂ/l

i

smmok- WAVE MAKER TOP SWITCH Figure 3.2: Electronic cir-

SOLENOID cuit of the plant

3.1.6 Wave probe

To facilitate wave measurements, a capacitance-based probe was
designed and developed. The probe capitalizes on the modulation
of capacitance resulting from the immersion of its two armatures in
water. Notably, the observed variation in capacitance serves as a direct
proxy for changes in the water surface level, rendering the probe an

effective tool for capturing wave characteristics.

Commonly, the operation of probes necessitates the incorporation
of intricate and specialized electronics. However, to integrate the
probe within the Arduino platform, the Touch Sensor library has been

adeptly employed. This strategic implementation facilitates real-time
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measurement of capacitance values, allowing to capture relevant data

using the Arduino system.

A dedicated calibration procedure was instituted, involving the acqui-
sition of three distinct capacitance values corresponding to stationary
water levels at 2, -2, and 0 cm. These values were subsequently
employed to execute a linear interpolation procedure, effectively es-
tablishing a correlation between capacitance values and positional

variations.

The probe can be entirely 3D printed and requires just two aluminum
sheets and a 1.5 M) trimmer.

3.2 Software and control strategy

3.2.1 Moadified latching

Owing to the exceedingly brief wave periods, the real-time control
implementation has posed significant challenges. Notably, accommo-
dating the latching time, which is on the order of hundred milliseconds,
with a requisite precision in the order 10 milliseconds, has proven
intricate. To attain feasibility, a revised rendition of the latching profile
has been devised. This adaptation affords greater tolerance in timing
by extending the latching duration, albeit triggered only once per
wave period. The outcome of this modification ensures that the buoy's
velocity aligns with the excitation force exclusively during the rising
edge of the wave. Following this phase, the buoy is released to undergo
free-fall motion. The biggest advantage of this revision is that it make
possible to calculate the timing just once at the beginning of every
cycle, also with more compliance, while for the "normal" latching
(Figure 6.1) the time intervals are doubled for every cycle, leading
to a summation of double the possible errors and to an even faster

timing intervals.
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Given the constrained time-frame, the latch-
ing operation is synchronized with the wedge
motion, thereby minimizing potential discrepan-
cies. Additionally, a user-adjustable knob facili-

tates the manipulation of latching time, foster-

ing user interaction and real-time observation
of the control’s impact, which supposed to be
strongly dependent on the timing, being able to lead to really damped
behave if wrong.

A rough esteem of the optimal latching time has been obtained as
T, =Tw —Tn (3.5)

where Ty is the natural oscillation period of the floating body and
Ty is the period of incoming waves. Then further adjustment has
been made to make fine correction of 17, by trying to maximize the

power output.
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3.3 Rig pictures

Here are Figure 3.3 and 3.4 which show all the components cited
above assembled.

From the pictures it can be seen that the setup follows the 3D drawings,
apart from some little exception due to last minutes modifications.
In Figure 3.4 the two power supply of 5V and 36V are visible in the
low right corner, which are responsible of powering the Arduinos and

solenoid and the stepper motor respectively.

Figure 3.3: Picture of the
complete setup.

The water has been dyed to
improve the visual effect
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Figure 3.4: Picture of the
complete setup
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Test and results
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To ensure precise measurements, the experimental setup was relocated
to the Dundalk Institute of Technology, where the integration of spe-
cialized, professional-grade wave probes was facilitated. Specifically,
resistive probes were employed to accomplish the data acquisition
process for the wave maker (WM).

Measurements were conducted at the intended position for the WEC,
specifically positioned at approximately one-third of the total length
from the beach. The WM underwent testing with various wave fre-
quencies and motion amplitudes. From these tests, a frequency of
approximately 0.86 seconds per period was determined to be the
optimal compromise between wave quality, visual impact, and control
time constant feasibility. Higher frequency waves, although visually
appealing, would have posed challenges for control, by diminishing
the time constant. Conversely, lower frequency waves, while easier to

manage, would have been incompatible with the tank's dimensions.

All subsequent tests on the WEC were conducted using the same

selected frequency and amplitude.

4.1 Wave fidelity

As can be seen in Figure 4.1 the wave amplitude measures around 2
cm PP. Notably, a marginal offset of approximately 2 mm is discernible,
possibly attributed to the elevated buoyancy of the wedge, thereby

resulting in an accelerated upward movement during its trajectory.
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As can be seen in Figure 4.2 ,the Fourier transform analysis reveals
a pronounced peak near the desired frequency of 0.125 Hz. The
analysis further illustrates a scarcity of significant harmonics, with the
highest occurrence observed approximately three times the principal
frequency. This phenomenon can be attributed to the dimensions of

the tank, which, interestingly, align three times with the wavelength,
thus influencing the harmonics’ manifestation.

Single-Sided Amplitude Spectrum of S(t)

| Wave spectrum ‘
10 7
8 - =
|
S e |
Er
4+
2 b -
gl . L. N . .
0.1 0.2 0.3 0.4 0.5 0.6 0.7
£ (Hz)

4 Test and results

Figure 4.1: Snippet of the
wave profile

Figure 4.2: Fourier trans-
form of the data with same
wedge movement
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4.2 Phase regulation

As previously mentioned, the fundamental principle underlying the
latching control is phase regulation [14]. Achieving an amplified motion
necessitates the activation of the solenoid with remarkable precision,
especially given the exceedingly short time constant arising from the

wave period.

The provided Figure 4.3 illustrate this concept. The discernible phase
shift in the velocity profile becomes evident upon comparison with
the free-motion curve. Notably, in the provided graph, it becomes
apparent that the negative slope of the latched velocity profile aligns
with the corresponding counterpart of the excitation force.

Due to the modifications implemented in the control profile, as detailed
in the preceding section, only half of the cycle demonstrates phase

alignment.
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As a consequence, discernible amplification in the buoy's amplitude is
readily apparent in Figure 4.4 and Figure 4.5, effectively highlighting
the successful implementation and efficacy of the control action.

4 Test and results

Figure 4.3: Latched and
unlatched velocity profile in
relation with wave excita-
tion force
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Unlatched buoy position and Wave surface elevation
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4.3 Power increase

Assessing the comprehensive enhancement of the system's perfor-
mance finds a reliable benchmark in the power extracted from the
PTO mechanism. The Figure 4.6 display power measurements of the

motor output, acquired using a fixed resistor of 464 ().

4 Test and results

Figure 4.4: Buoy position
in relation with water sur-
face level with Latching con-
trol inactivated

Figure 4.5: Buoy position
in relation with water sur-
face level with Latching con-
trol activated
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For presentation purposes, only the positive wave segment is shown,
as the Arduino’s Analog port solely reads positive voltage values.
Incorporating a rectifier would have been advantageous to harness
the entirety of available power; however, the constrained voltage
output remains inadequate to surpass the typical threshold voltage of

common diodes.

Instant power generated

Latched buoy instant power
Unlatched buoy instant power 7
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The graph readily illustrates the discernible contrast between uncon-
trolled and controlled motion in terms of power generation, where its

easy to see an increase of over 100% in the peak power.

The energy generated within a 5-second interval was computed, yield-
ing 39.46 mWh for the buoy in free motion and 52.05 mWh for the
controlled motion scenario. This signifies a notable increase of 32%

in energy production.

4 Test and results

Figure 4.6: Instant power
generated (just positive
semi-wave)

32



Conclusion

The project has successfully achieved all the objectives outlined at its
inception. The tank has emerged as a powerful educational tool, capa-
ble of engaging a diverse audience, ranging from university students
to young elementary school pupils, to adults with or without engineer-
ing background. Its compelling visual impact and the user-friendly
adjustment of latching times via a simple knob make it accessible and

interactive.

Furthermore, the data collected demonstrates a notable correlation
between the anticipated sinusoidal wave behavior and the observed
results, as well as the buoy’s responsive performance. These attributes
position the rig as a valuable resource for low-level developmental
projects. In this context, the incorporation of multiple sensors for wave
measurement, buoy movement tracking, and power assessment plays

a pivotal role in enhancing its capabilities.

The path leading to the attainment of the final results and the
accompanying challenges have been intellectually stimulating, closely
resembling those encountered during the construction of significantly
larger and more complex tanks. Every aspect of this endeavor has been
documented, and comprehensive resources, including 3D drawings
and Arduino code, will be made readily available. This resourcefulness
enables educational institutions to gain firsthand experience with
wave energy experimentation, fostering a deeper understanding of the

subject matter.
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6.1 Full latching profile

As previously mentioned, the latching profile, designed to accommo-
date the demanding requirements of a short time constant and high
timing precision, currently synchronizes with only half of the wave

cycle.

Although attempts were made to implement full latching [15][8][14],
as the example in the Figure 6.1, challenges arose due to uncertainties
in the initial measurement setup and latency in the hardware. However,
following improvements in sensors, it now appears feasible to suc-
cessfully implement complete latching. This enhancement would not
only enables a comprehensive evaluation of its efficacy but also would

allow for precise quantification of any performance improvements

achieved.
S -
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6.2 Full wave power measure

The current power measurement unit is specifically configured to
measure the positive half of the voltage output generated. The im-
plementation of a conventional diode rectifier was unfeasible due to
the excessively high activation voltage threshold. An effective solution
entails introducing a DC offset in series with the generator, ensuring
that voltage fluctuations consistently remain within the range of 0 to

5V, as the Arduino input dynamic require.

6.3 Probe triggered locking

In the current operational mode, buoy locking is initiated based on
the position of the wave generator. This approach ensures precise
synchronization with incoming waves and minimizes error accumula-

tion.

In a real-world deployment scenario, latching would ideally be triggered

by real-time velocity measurements [8][16].

An attempt has been done using the available wave probe to synchro-
nize latching with incoming waves, but inconsistencies arose in the

firing of the solenoid due to imprecise real-time wave peak detection.

To address this issue effectively, it could be worth to try a real-time
control based on the zero velocity points and use the wave probe

measurements just to esteem the latching time.

6 Further developments
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Appendix

4 Arduino code

4.1 Wave maker

#include <Bounce2.h>
#include <SoftwareSerial.h>

#include <AccelStepper.h>

// Define a stepper and the pins it will use
AccelStepper stepper(1,7,6); // define (Mode,Pul,Dir)

#define link 5 //pin for the link
#define cal 4 //pin for the calibration

//£fill the tank 24.5cm from the bottom

//motor connections: black A+ | green A- | red B+ | blue B-
//default wedge depth for data collection 68mm

//DEFAULT CONFIG: Wamp 75mm | ZO 68mm

//WAVE PARAMETRES

long z0=68; //set the wedge starting point [mm]

long wAmp=75; //set the pp wave amplitude [mm]

float gRatio=16.66; //set the rot to linear gear ratio of N
step for 1mm

float T=0.9; //set wave period
long mS=0;
long t=0;

long acc=0;

Button buttonTop = Button();
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void setup () {
Serial.begin (9600) ;

//setting up Arduino latching link
pinMode (1ink ,0UTPUT) ;
digitalWrite (link,LOW) ;

//setting up the inizialization button
buttonTop.attach(cal, INPUT_PULLUP );
switch

buttonTop.interval (5) ;
buttonTop.setPressedState (LOW) ;

//PARAMETERS CALCULATION
z0=(long)z0*gRatio;

//ramp wave
//mS=(long) ((wAmp*2) /T)*gRatio;
//acc=80000;

//sinusoidal wave

mS=(long) 30000*gRatio;

acc= (long) (wAmp)/(T*T/256) ;
wAmp=(long) (wAmp/2) *gRatio;

//STEPPER INIZIALIZATION
stepper.setMaxSpeed (800) ;
stepper.setAcceleration(acc);
delay (3000) ;

//inizialization

buttonTop.update () ;

while (! buttonTop.pressed ()){
stepper.move (-1);
stepper.run();
buttonTop.update () ;

}

//Serial.println ("buttonTop");

//pin 4 for the
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delay (1000) ;

stepper .move (z0) ;
stepper.runToPosition();
delay (3000) ;

//stepper configuration
stepper.setCurrentPosition (0) ;
stepper .setMaxSpeed (mS) ;

stepper .moveTo (wAmp) ;

void loop () {

// If at the end of travel go to the other end
if (stepper.distanceToGo() == 0){
//period calculation
//Serial.println(millis()-t);
//t=millis () ;

stepper .moveTo (-stepper.currentPosition());

//LATCHING SIGNAL

if (stepper.distanceToGo () <0){
Serial.println(1);
digitalWrite (link ,HIGH) ;
Yelsed
digitalWrite (link ,LOW);
Serial.println(0);
}

¥

stepper.run();

}

Listing 6.1: Wave maker Arduino code

4.2 Latching
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#include <EEPROM.h>

#include <Bounce2.h>

#include <CapacitiveSensor.h>

bool mode=false;

long t=0;

long dy=250; // put the time the wave takes to travel from
the wedge to the Point Absorber

//probe
CapacitiveSensor cs_4 2 = CapacitiveSensor (10,11);
// pin 11 is sensor pin, add a wire and or foil if desired

Bounce2::Button cal = Bounce2::Button () ;

long wave=0;

long waveMaxT=-100;
long waveMax=-100;
long val=0;

int i=0;

long z0=0;

long z2=0;

2| long z_2=0;

float m2=0;
float m_2=0;
long Update=0;

//latching
#define link 5
#define sol 4
int latching=0;
bool rise=true;

bool start=false;

void setup ()

{
pinMode (12, INPUT_PULLUP) ;
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delay (500) ;
pinMode(LED_BUILTIN,DUTPUT);
Serial.begin (9600) ;

//reading if there is a probe
if (digitalRead (12)==L0W){

mode=true;

Serial.println( )
+
//entering in probe guided latching
if (mode) {
dy=30;
cs 4 2.set CS_Autocal Millis (OxFFFFFFFF) ; // turn off
autocalibrate on channel 1 - just as an example

cal.attach(7, INPUT_PULLUP ); //pin 4 for the switch
cal.interval (5);

cal.setPressedState (LOW) ;

digitalWrite (LED_BUILTIN,b LOW);
delay (500) ;

t=millis () ;
//waiting for calibration button pressing
while(millis () -t<=3000 && !'cal.pressed()){
cal.update () ;
Serial.println( )
delay (10);

//entring in calibration of the probe
if (cal.pressed ())A{
digitalWrite (LED_BUILTIN ,HIGH) ;
cal.update () ;
while (!cal.pressed()){
Serial.println(cs_4_2.capaci
tiveSensorRaw (50));
cal.update () ;
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delay (1) ;
}
for(int i=0;1<1000;i++){
val=val+cs_4_2.capacitiveSensorRaw (50) ;
delay (3);
}
z0 = (long) val/1000;
for(i=0;i<=4;i++){
val=(long) z0/10;
EEPROM.write (i,z0-(valx10));
z0=val,;
}
val=0;
delay (10);

cal.update () ;

while(!cal.pressed (D)) {
Serial.println(cs_4_2.capaciti
veSensorRaw (50)) ;
cal.update () ;
delay (1) ;

}

for(int i=0;1<1000;1i++){
val=val+cs_4_2.capacitiveSensorRaw (50) ;
delay (3);

}

z2 = (long) val/1000;

for(i=5;i<=9;i++){

val=(long) z2/10;

EEPROM.write(i,z2-(val*10));

z2=val,;

}

val=0;

delay (10) ;

cal.update () ;
while(!cal.pressed () {

Serial.println(cs_4_2.capaciti
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veSensorRaw (50)) ;
cal.update () ;
delay (1) ;
}
for(int i=0;i<1000;i++){
val=val+cs_4_2.capacitiveSensorRaw (50) ;
delay (3);
}
z_2 = (long) val/1000;
for(i=10;i<=14;i++){
val=(long) z_2/10;
EEPROM.write(i,z_2-(val*10));
z_2=val;
}
val=0;
delay (10) ;
}
//reading past calibration stored values
for(i=4;i>=1;i--){
z0=(z0+(long) EEPROM.read (i) ) *10;
}
z0=z0+(long) EEPROM.read (0) ;
for(i=9;i>=6;i--){
z2=(z2+(long) EEPROM.read (i) ) *10;
}
z2=z2+(long) EEPROM.read (5) ;
for(i=14;i>=11;i--){
z_2=(z_2+(long)EEPROM.read (i)) *10;
}
z_2=z_2+(long) EEPROM.read (10) ;

digitalWrite (LED_BUILTIN,LOW) ;

//calculating interpolation
m2=2.0/(z0-2z2);
m_2=-2.0/(z0-z_2);

delay (1000) ;

telse{
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//entering in automatic latching mode
Serial.println( ) ;
pinMode (1link , INPUT_PULLUP);

dy=200;

}

pinMode (sol, OUTPUT) ;
digitalWrite(sol,LOW);

t=0;

Update=millis () ;

void loop ()
{
if (mode){
//reading the wave
wave = cs_4 2.capacitiveSensorRaw (50);
if (wave>=2z0) {
wave =(long)-(wave-z0)*m2*1000;
telse{
wave =(long)-(wave-z0)*m_2%1000;
}
// finding max value
if (wave>waveMaxT){
waveMaxT=wave;
}
//updating rolling max value
if (millis () -Update >1500) {
waveMax=waveMaxT;
waveMaxT=-100;
Update=millis () ;
}
//finding an edge
if (wave>(waveMax -80) && !start){
start=true;

t=millis ();
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189 }else{

190 //detecting a rising edge

101 if (digitalRead (1ink)==HIGH && rise){
192 t=millis () ;

103 start=true;

194 rise=false;

105 digitalWrite (LED_BUILTIN,HIGH) ;

196 }

107 if (digitalRead (1ink)==LO0OW && !rise){
198 rise=true;

199 digitalWrite (LED_BUILTIN,LOW) ;

200 }

201 }

24 //latching

20s| //reading latching time value

25| latching=analogRead (A0) ;

2071 latching=(long)latching*1060/1023; // convert the
potentiometer read to a [ms] value (A0 goes from O to
1023) (choose the value of

208 // upper scale as double

the optimal [ms] latching time)

20| //actuating the solenoid

ou| if (start && (millis () -t)>=dy){
212 digitalWrite (sol,HIGH) ;

2351 delay ((long)latching);

214 digitalWrite (sol,LOW);

216 start=false;

|
218 delay(5) 5
20| }

Listing 6.2: Latching control Arduino code
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4.3 Power collecting and display

#include <SoftwareSerial.h>

#include <Servo.h>

Servo servo;
0;

// create servo object

int pos

sense=0;
Max=0;

long
long

long

long

void

{

setup ()

//inizialization of
Serial .begin (9600) ;
servo.attach (9) ;

t=millis () ;

Servo

servo.write (180) ;
delay (500) ;
servo.write (0) ;
delay (500) ;

Serial.println(

void loop()
{
//reading voltage

sense =analogRead (AO);

//update instant Max
if (sense>Max){

Max=sense;

to control a servo
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//update Max
if(millis () -t>=1500){
amp=Max;
Max=0;
t=millis () ;

//plotting variables

Serial.print( )
Serial.println((float) (sensex*5/1.023) *
(sensex5/1.023) /464) ;

//move the servo proportional to peak voltage
pos=(long) (120*amp) /(1565) ;
pos=180-pos;

servo.write (pos) ;

delay (10) ; // arbitrary
delay to limit data to serial port

3

Listing 6.3: Power collecting and display Arduino code
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