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resumo 
 

 

A evolução da tecnologia e do seu acesso a nível mundial tem sido 
determinante no desenvolvimento de diferentes áreas científicas e de variados 
avanços socioeconómicos. Tanto a produção como a utilização destes 
equipamentos e serviços necessitam de energia, o que resultou numa 
escalada da sua procura e utilização e ao aumento de preocupações 
ambientais relacionadas com o consumo e extração de energia, havendo 
atualmente uma forte pressão política e social para a redução do consumo de 
combustíveis fósseis e, consequentemente, da sua substituição por fontes 
alternativas. Entre as fontes alternativas de energia, a energia renovável 
marinha apresenta um alto potencial, na forma de energia das ondas, das 
marés e térmica oceânica. No entanto, o progresso destas fontes renováveis 
está altamente influenciado pelo aumento do interesse e do investimento 
financeiro nestas tecnologias. A simulação computacional de sistemas e 
processos tecnológicos integrando algoritmos de otimização pode ser usada 
como ferramenta para reduzir o custo do desenvolvimento destas estruturas e 
aumentar a sua robustez, o que dará mais valor a novos projetos. 
Esta dissertação visa a otimização da geometria de um conversor de energia 
das ondas, do tipo point-absorber, focando-se no aumento da absorção de 
energia resultante das forças de elevação. Este processo incluiu o 
desenvolvimento de uma geometria inicial, que foi posteriormente avaliada 
relativamente à sua hidrodinâmica e otimizada através de um algoritmo 
genético para ajustar os parâmetros da forma que influenciam a absorção de 
energia, com o objetivo de obter a geometria ótima. Foi definido um local de 
implementação, na costa portuguesa, para obter informação quanto ao tipo de 
onda predominante para a avaliação de diferentes estados de mar. O software 
utilizado foi o NEMOH e o WEC-Sim, ambos open-source, para a avaliação da 
interação entre a estrutura e as condições de onda impostas. Os resultados 
extraídos e analisados usando este software incluem forças nos seis graus de 
liberdade. Em condições de onda extremas, o maior aumento de eficiência na 
conversão de energia das ondas em energia mecânica entre as formas inicial e 
final foi de cerca de 20%, correspondendo a um aumento de 35,64% para 
54,18%, enquanto em condições de mar médias, este aumento apenas atingiu 
o valor de cerca de 2%, correspondendo a um aumento de 22,14% para 
24,51%. 
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abstract 

 
The evolution of technology and its worldwide access has been key in the 
development of different scientific areas and in several socioeconomic 
advances. Both production and usage of these equipment and services require 
energy, which resulted in the growth of its demand and use, and also led to the 
emergence of environmental concerns regarding energy consumption and 
extraction, with a current political and social pressure towards the reduction of 
the consumption of fossil fuels and, consequently, its substitution for alternative 
sources. Among the alternative energy sources, marine renewable energy 
presents a high potential, in the form of wave, tidal, and ocean thermal energy. 
The progress of these renewable sources is greatly influenced, however, by 
increasing interest and financial investment on these technologies. 
Computational simulation of technological systems and processes, integrating 
optimisation algorithms, may be used as a tool to reduce the cost of structure 
development and increase their robustness, which will add value to new 
projects. 
 
This dissertation addresses the geometry optimisation of a point-absorber wave 
energy converter, focusing on the increase of energy absorption derived from 
heave forces. This process included the development of an initial geometry, 
which was evaluated in terms of hydrodynamics and optimised through an 
optimisation algorithm to tune the shape parameters that influence energy 
absorption with the goal of obtaining the optimal geometry. A deployment site in 
the Portuguese coast was defined to get information on the predominant waves 
for the assessment of several sea states. The used software is NEMOH and 
WEC-Sim, both open-source, for the evaluation of the interaction between the 
structure and the imposed wave conditions. The results that were extracted and 
analysed from this software included forces in the six degrees of freedom. 
Under extreme wave conditions, the highest increase in efficiency in wave 
energy conversion to mechanical energy between initial and final shapes was 
of around 20%, corresponding to an increase from 35.64% to 54.18%, while 
under average wave conditions, that increase only reached a value of around 
2%, corresponding to an increase from 22.14% to 24.51%. 
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1
I N T R O D U C T I O N

Western society living standards and respective supporting technology is being adopted

by a growing fraction of human communities, creating a serious sustainability problem

in different sectors, namely regarding energy sources [1]. From cellphones to computers,

society is growing a great dependence on technological devices to operate through its many

fields: health, management, engineering, among others.

All of this technology requires energy to be built, function, and be dealt with at the end of

its life. Electricity is one of the main forms of energy used daily, generated through several

primary sources. These include solar, wind, hydro, and fossil fuel energy. Ocean energy

is at its infancy, with a long path ahead of it. This chapter has the purpose of exploring

the potential of this resource, the technology around it and the tools used to optimise its

components, as well as the main goals of the thesis.

1.1 framework

The ocean covers around 70% of the earth’s surface [2] and is the supplier of many

resources, ranging from biological to energetic. This energy presents itself in many forms,

allowing a multitude of ways to extract and predict it. The main sources of energy in the

ocean are tidal energy, ocean thermal energy, and wave energy.

Tides are generated by the interaction between the gravitational forces of the moon, the

sun, and the earth. The extraction of energy from tides is not recent - it was done more than

1000 years ago in Europe to operate mills [3]. Currently, it is used to generate electricity. It

is estimated that, worldwide, there is a potential for tidal energy of around 800 TWh per

year, as of 2017 [4].

Ocean thermal energy is based on the temperature gradient between the top layers of the

ocean, which absorb solar energy, and the deeper ones, with an optimal difference of 20 ºC

for most ocean thermal energy converters [3]. This source of energy is estimated to have

the most potential among other marine energy sources, with a value of circa 83,300 TWh

per year [3].

1



2 introduction

Lastly, there is wave energy. Waves are generated when the wind interacts with the

surface of the sea, transferring the energy it has to the area of the ocean over which it

acts. This energy is stored in two components: kinetic and potential, corresponding to the

motion and the elevation of the water, respectively [5]. Globally, this resource is estimated

to have the potential to generate 8000 - 80,000 TWh/yr [4]. In Portugal, a country bathed

by the ocean, there is also an incredible amount of potential for this resource. In 2014, the

value for this potential was estimated, concluding that the northern west coast of Portugal

is more energetic than the southern west, with values for annual average wave energy

available of 200 MWh/m and 150 MWh/m, respectively [6].

The devices used for harnessing wave energy - Wave Energy Converters (WEC) - are

generally grouped according to their working principle and whether they are installed

onshore or not. This classification divides the many devices in 8 main categories, as

identified by the European Marine Energy Centre (EMEC) [7]. Their main features are

summarised in Table 1.1, according to their working principle.

Table 1.1. Summary of the main characteristics of WECs [7].

category structure principle

Attenuator Floating Parallel to wave direction - energy harnessed

from relative motion of two parts

Point Absorber Floating Composed by a buoyant part and a base

- energy harnessed from the motion of the

buoyant part relative to the base

Oscillating Wave

Surge

Floating Composed by a fixed base and an arm with

free movement - energy harnessed from wave

surges through the movement of the arm

Oscillating Water

Column

Fixed Structure open to the sea under the water line

- energy harnessed through the changes in the

air column driven by the changes in the water

column inside the structure
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category structure principle

Overtopping/

Terminator

Fixed Structure with an upper area to store water

from the break of waves - energy harnessed

by the passage of that water through turbines

to a lower area, returning to the sea

Submerged

Pressure

Differential

Fixed Structure generally attached to the seabed -

energy harnessed through the motion of the

top part of the device induced by the pressure

differential caused by the rise and fall of the

water above it

Bulge Wave Floating Rubber tube filled with water moored to

the seabed - energy harnessed through the

passage of a ’bulge’ created by the movement

of water through the tube, driven by the waves

Rotating Mass Floating Structure with a rotating weight inside -

energy harnessed through the motion of this

weight caused by the passage of waves

All of these designs have summed up around 255 wave energy developers, as of the

27
th of August of 2020 according to EMEC [8]. The most popular category among these

projects is the point absorber, rounding up 83 projects (known to the EMEC), followed by

the attenuator category, with 35 projects.

However interesting and filled with potential, the wave energy sector still faces some

great challenges that have been surpassed by other major renewable sources of energy, like

solar and wind. Some of these challenges are related to high costs in generating energy,

which leads to a disadvantage when compared to other mature technologies. Besides this,

the variability and connection to the electrical grid also concern developers and investors,

since the underwater cabling system must be robust and well built to integrate this energy

in the mainland grid. More technically, there are problems regarding the durability of

the devices at sea, where they may face tearing in chemical and physical terms, and a
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technological infancy [9]. There is also an issue in conceiving a Power Take-Off (PTO)

mechanism that is efficient, since there is a great variability in wave energy regarding

different waves, sea states, and seasons [10]. The growing interest in wave energy has

brought a lot of different types of devices, divided in the aforementioned categories, each

attempting to be more economically attractive and to fix the problems that are found in

earlier versions. Although this allows different designs to prosper, it also leads to a lack of

a dominant system that can be considered more successful, since they are at separate levels

of development and testing in open sea requires great financing and resources due to the

dimensions of the devices [10].

Optimising the existing WEC systems should provide answers to many of the mentioned

challenges, mainly regarding costs, performance under certain wave conditions, energy

losses, among other parameters [11]. Geometry optimisation has been particularly

interesting from this point of view, since most of the cost reductions can be related to the

structure of the WECs [12]. Therefore, studying the shape of these devices in early stages

should help solving potential structural problems before building a prototype, while also

decreasing energy losses.

1.2 thesis objectives

Society is developing a greater independence from fossil fuels, investing in renewable

energy sources both financially and in Research & Development (R&D) efforts. The ocean

presents itself as a great way to achieve this goal, with a great potential to provide electrical

energy to the grid. Wave energy, while still not as mature as other main renewable sources

of energy, is growing as a sector in energy. This growth depends on finding the most cost

competitive and efficient devices, which is heavily related to the system’s design.

This thesis aims at optimising the geometry of a point-absorber WEC, specifically a

heave buoy, searching for the best design in terms of structure and energy absorption,

and minimising the energy losses during the harness of wave energy.
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1.3 literature review

The development of diverse WECs throughout time shows the growing importance given

to this resource. New designs seek to achieve cost-competitiveness with other energy

sources, while also allowing a maximum of extracted energy [12].

There are several components that can be optimised to reduce costs and obtain a more

efficient device. Mooring lines have been optimised in terms of maximum power, in the

case of a point absorber device, in [13] using ProteusDS solver for hydrodynamic loads.

They have also been optimised to reduce costs, in [14], using three different cases for

the considered WECs. Both studies used surrogate-based optimisation, which seeks for

a continuous function of a number of variables from available data, requiring a limited

number of evaluations [15]. In cases that involve arrays of WECs, the layout of these arrays

has also been subject to optimisation. Examples of these involve seeking a solution with a

minimum distance between devices using a genetic algorithm [16] [17]. The influence of

different device sizes within an array has also been studied using a genetic algorithm [18].

As mentioned in previous sections, geometry optimisation is a good method to reduce

costs related to structure and potential energy losses. This motivated an increase in studies

regarding this component of WEC design in the past few years. Geometry optimisation can

be done using various procedures, which will be described in this section.

1.3.1 Point Absorber WECs

There are several designs and forms of wave energy converters, as presented in Table 1.1.

Point absorbers are characterised by their small dimensions when compared to the

wavelength of the incoming waves [19]. This property allows these devices to harness

energy from any wave direction. In these systems, the relative motion of the composing

parts, resulting from the interaction between the wave and the device, is used to produce

power [20]. Point absorbers can be composed by one body (the motion occurs between a

buoy and a fixed reference) or by two bodies (the motion occurs between a buoy and a

submerged oscillating body) [21]. Several projects have been developed, with many in R&D

stages and some with projected plants. As of 2013, a review made by López et al. [22] on

wave energy technologies found 61 projects all over the world. This number rose to 83 in
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2020, according to the EMEC [8]. An example of this system is shown in Figure 1.1, a device

developed at Uppsala University in Sweden.

Figure 1.1. WEC device developed in Uppsala University in a) illustration and b) deployment [23].

Considering that this category is the most popular in WEC projects, there have been

many studies focusing on improving the components of these devices and studying new

concepts, either through numerical modelling or experimental procedures. A hybridised

triboelectric-electromagnetic generator was tested in heaving point absorbers through

models of the device by Saadatnia et al. [24]. This system was composed by a cylindrical

freestanding grating triboelectric generator (TENG), a 3-phase tubular electromagnetic

generator (EMG), and a slider (Figure 1.2). The study allowed to assess the main parameters

that affected the performance of the generators.

Another concept for a point-absorber WEC was studied by Aderinto and Li [25],

consisting of a self-adjustable device. It was composed of a cylindrical buoy that would

slide up and down through a fixed frame, as shown in Figure 1.3, and the results showed

that the annual energy was 12% higher when compared to a non-self-adjustable device.

The analysis and comparison of different designs can be done in terms of costs, which

is possibly one of the most interesting variables to minimise at initial stages. In [26] a

cost-based selection of design was performed on a point absorber, evaluating the Levelised

Cost of Energy (LCoE) of each design in different deployment sites and with or without

a fully submerged mass. This device was composed of a floating buoy and a permanent

magnet linear generator, with an optional fully submerged mass connected to this generator
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Figure 1.2. Schematics of the heaving point absorber under wave excitation (A) and configuration

of the TENG and EMG generators (B) [24]

through a tensioned line. The submerged mass tunes the system’s natural heave frequency

according to the sea state. The results showed that the power production was greatly

influenced by the deployment site and the PTO. The LCoE parameter was also affected by

the submerged mass, indicating a higher LCoE without the existence of such component.

Another important aspect to investigate is the survivability of the device in extreme sea

states, which is demonstrated in [27]. In this study, a point absorber was tested to determine

its ability to withstand loads from extreme wave conditions and the effects of these loads

on the device. Several scenarios were evaluated and the results allowed to conclude that

fully submerging the device when under these sea states shows more effectiveness than

increasing the device’s size or fixing it to the seabed. In [28] the comparison of different

buoy shapes, diameters, and drafts was made using numerical models. The main two

shapes that were compared were conical and hemispherical, as demonstrated in Figure 1.4.

The results showed that the conical shape had a better performance than the hemispherical,
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(a) Design of the point absorber. (b) Operation stages of the device.

Figure 1.3. Self-adjustable point absorber WEC [25].

being then chosen as the focus of the rest of the study, in terms of optimal draft and

diameter.

Figure 1.4. Hemispherical and conical shapes for a point absorber, respectively [28].

There are also examples of studies comparing the data provided by experimental

procedures and numerical modelling, to evaluate the accuracy of the models used.

Lejerskog et al. [23] performed this comparison regarding the point absorber presented

in Figure 1.1 and concluded that the results were similar and that the performance of the

device was influenced by the buoy’s size and the translator weight. These results depend

on the models developed for each device and analysis, which is related to the software
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used and the theoretical assumptions. The next section aims at describing the different

methods available for WEC hydrodynamic modelling.

1.3.2 Hydrodynamic Modelling in WECs

Studying the interaction of waves on WECs, and their behaviour in different wave

conditions, may be done resorting to hydrodynamic modelling. Several software packages

have been developed to be used in this context, and they differ in their approach. This

difference is due to the wave theory on which the used models are based - linear or

nonlinear. Penalba et al. [29] suggests that there should be three levels of linearity when

assessing WECs, since linear models overestimate power production and may lead to

inaccuracies in the reproduction of the WEC behaviour, as represented in Figure 1.5.

The different operating modes shown depend on the sea state. Power production mode

is activated when the device is able to produce power without being compromised

structurally, and survival mode is activated during extreme conditions to ensure the

device’s integrity. As the sea conditions worsen in terms of energy, nonlinear approaches

are chosen to reproduce the WEC behaviour.

Figure 1.5. Operating regions for WECs in terms of linearity [29]

However, Wendt et al. [30] compared the results from using linear, weakly nonlinear, and

fully nonlinear models in WECs and concluded that there is no relevant difference between

each of them in small and medium wave conditions, sparing the cost and computational

effort of using nonlinear models. Considering these recent results, the following review

will include models based on linear wave theory for WECs.
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In the recent years, more attention has been given to the analysis and optimisation

of WECs and to the different methods involved in these processes. This interest leads to

the comparison of different approaches and their advantages. NEMOH is an open-source

Boundary-Element Method (BEM) code used to calculate several hydrodynamic coefficients

[31], similarly to WAMIT, which uses the boundary integral equation method as its solver

to obtain the relevant hydrodynamic parameters, although it requires a paid license [32].

In 2017, Penalba et al. [29] compared the usage of software WAMIT and NEMOH for wave

energy studies, and concluded that NEMOH is much more user-friendly than WAMIT,

specially for new users who have little experience in this subject, turning it into an easier

tool to use in wave energy studies. NEMOH is also used in 2017 by Abdelkhalik et al. [33]

to optimise the geometry of a heaving axisymmetric single-body device, obtaining results

at different computational efforts for three test cases. One particular conclusion to take

from this study is that some shapes may be discarded because NEMOH could not provide

accurate results for them due to their complexity. In 2019, Alamian et al. [34] performed

a multi-objective optimisation on a pitch point absorber using NEMOH, evaluating three

geometry sections. The study allowed to conclude that WEC oscillations increase with the

decrease of its length. Thomsen et al. [14] performed a cost optimisation of the mooring

system of a floating WEC, using NEMOH to obtain hydrodynamic parameters such as

added mass, radiation damping, and wave excitation, resulting in four different solution

cases. Arrays of WECs have also been modelled in the frequency-domain by Wei et al. [35],

calculating hydrodynamic coefficients through NEMOH. The results allowed to verify an

anti-resonant behaviour of this particular configuration, which could lead to a destructive

effect on energy extraction. Concerning the shape of WECs, Esmaeilzadeh and Alam [36]

performed an optimisation process for different wave directions. In this case, NEMOH

was also used to calculate the hydrodynamic coefficients, but there was also an analytical

solution for comparison.

WAMIT has also been widely used as a solver in WEC optimisation and analysis. McCabe

et al. [37] optimised the shape of a surge-and-pitch WEC using WAMIT, and obtained results

for the best cost function shapes out of 180 runs of the optimisation algorithm. Sjokvist et

al. [38] studied the optimisation of point absorbers, combining parameters such as radius

of the buoy, cost, and damping. The study concludes that in terms of cost, a lower radius

would be preferable, however, in terms of damping, the system would benefit from a higher

radius, which ended up being the best solution. Falcao et al. [39] evaluated the performance
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of an oscillating water column spar buoy WEC, using WAMIT as a tool to calculate the

added mass and the radiation damping coefficient. A hinged type WEC was analysed and

optimised by Li et al. [40], after a small scaled model had been tested in a wave basin.

The vertical hinge motion was calculated in several wave periods recurring to WAMIT. Van

Rij et al. [41] developed an estimation method for design loads on WECs using WAMIT to

analyse a case study in terms of hydrodynamics and generalised body-modes.

Another used software is ANSYS’s module AQWA, which may provide results of

hydrodynamics diffraction analysis. Shadman et al. [20] performed an optimisation study

on a one-body heaving point-absorber using ANSYS-AQWA to obtain results from a

hydrodynamic diffraction analysis. The optimisation was based on statistical analysis

methods. It is also possible to evaluate the performance of WECs, with [42] as an example.

In this particular study, a new concept of wave energy converter was considered and

ANSYS-AQWA used to assess the WEC’s performance under regular wave conditions. Dong

et al. [43] carried out a numerical study on a raft WEC, along with a structural optimisation,

using AQWA as a tool for the numerical simulation. Seven structural parameters were

considered and, among other conclusions, the study allowed to conclude that the length

and cross-section of a single float can be defined considering the sea state. The authors

suggest using the resonance phenomenon to achieve the best values. Ji [44] modelled linear

and non-linear two-body WECs under both regular and irregular wave conditions, using

AQWA to obtain hydrodynamic parameters. The conclusions included the great influence

of PTO stiffness coefficient and submerged body geometry on power output in regular

waves. A pitching float wave energy converter was analysed by Ma et al. [45] regarding its

hydrodynamic performance, and AQWA was used to perform this analysis in the frequency

and time domains.

WEC-Sim, a different software for hydrodynamic modelling, was also used by Van Rijn

et al. [41] in the case study of estimation of design loads on WECs, providing a second set

of design loads, besides the one provided by WAMIT, but this one in the time-domain.

Chandrasekaran and Sricharan [46] analysed a new concept for a floating WEC with

five different float configurations with numerical simulations in the frequency and time

domains using WEC-Sim. A study conducted by Pardonner et al. [47] focused on a new

design for an attenuator WEC combined with modules of variable geometry, and developed

a numerical model for this concept using WEC-Sim to study its performance.
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ANSYS-Fluent presents another great solution for hydrodynamic models and has been

used in WEC analysis. Hayati et al. [48] studied an oscillating water column converter

with the goal of achieving maximum output power in specific wave conditions. Several

geometrical parameters were investigated and the results showed an increase in efficiency

from 19.75% to 41.5%. The power output of an oscillating water column WEC was also

modelled numerically by Lisboa et al. [49] in different wave characteristics using Fluent to

determine the power output under those conditions. Particular components of the devices

can also be subject to evaluation as did Ozdamar and Pekbey [50] for an oscillating water

column converter. In this study, the efficiency of a Wells turbine was determined using

Fluent for different cases. The integration of WECs into a breakwater was analysed as

well, in the case of rectangular heave buoys, by Zhang et al. [51], using Fluent, as shown

in Figure 1.6. As a result it was shown that the performance of the buoys was highly

influenced by the submerged depth and also that the absorption efficiency reached 34.2%.

Figure 1.6. Illustration of a floating breakwater composed of heaving buoy WECs [51].

The CFX module of ANSYS is also an alternative for hydrodynamic modelling and

for studying the interaction between waves and structures. Bouali et al. [52] analysed

an oscillating water column WEC and its geometry optimisation using CFX and another

ANSYS tool for geometry modelling and meshing. The parameters used for this evaluation

were front wall orientation, immersion depth, and chamber size. The results showed that

the front wall immersion depth and chamber size were key parameters in the device’s

performance, as well as an ideal front wall orientation of 180
◦. Finnegan and Goggins

[53] used ANSYS-CFX to simulate linear waves and the interaction between waves and

structures, to assist the design stages of WEC development.
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Finally, less implemented than the previous - to the knowledge of the author -, the

commercial code Flow 3D also provides tools for hydrodynamic modelling, and has been

used in WEC studies. In 2009, Bhinder et al. [54] performed a study on a new concept for

a point absorber converter and used three commercial codes to compare their results and

optimise the geometry of the device. There was also data from experimental procedures,

and the results showed that there was not a great difference between experimental and

simulation data for small amplitude waves, noting an increase in this difference with an

increase in wave amplitude. Another comparison between simulated and experimental data

was done by Mahnamfar et al. [55] regarding an oscillating water column converter, using

results from Flow 3D, under regular wave conditions.

The main features of the different software analysed so far is described in Table 1.2 with

the purpose of aiding in the choice made for the upcoming studies.

Table 1.2. Reviewed software for hydrodynamic modelling.

software model solver advantages disadvantages

NEMOH Linear Boundary

Element

Method

Frequency-domain

Open-Source

Runs in Matlab

Simpler

configuration

Few test cases in

manuals

Limit of nodes in

mesh generation

Struggles with certain

levels of geometry

complexity

WAMIT Linear Boundary

Element

Method

Frequency-domain

Includes irregular

frequency removal

option

Lower

computational

time

Paid license

No embedded mesh

generator

Limited types of

geometries available

in subroutines
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software model solver advantages disadvantages

ANSYS

AQWA

Linear

Non-linear

Boundary

Element

Method

Frequency-domain

Built-in CAD

software

(Workbench)

Supports many

geometries

Paid license

Struggles with certain

nonlinear responses

High computational

time

WEC-Sim Linear

Non-linear

Boundary

Element

Method

Time-domain

Open-Source

Captures nonlinear

responses

High computational

effort

Depends on external

frequency-domain

code

ANSYS

Fluent

Non-linear Pressure/

Density-based

Finite

Volume

Method

Frequency-domain

Time-domain

Built-in CAD

software

(Workbench)

Paid license

Requires more input

for model definition

High computational

effort

ANSYS

CFX

Linear

Non-linear

Finite

Volume

Method

Frequency-domain

Time-domain

Built-in CAD

software

(Workbench)

Paid license

Requires more input

for model definition

Struggles with linear

waves

Flow 3D Linear Immersed

Boundary

Method

Frequency-domain

May avoid wave

reflection

Paid license

Requires more input

for model definition
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1.3.3 Optimisation process

To obtain the solutions for the optimisation process, numerical models are a widely

used method. There are several conditions to consider before choosing one. If the goal is

to study the device’s response to small harmonic oscillations, a frequency-domain model

can be used for single wave frequencies. However, the superposition of the oscillations of

several wave frequencies can be used to calculate the response in irregular seas [12]. The use

of time-domain models is generally associated to the inclusion of other non-linear effects.

Upon defining a hydrodynamic model and obtaining the needed coefficients, there are

several steps going forward in the optimisation process. Initially, there needs to be a clear

definition of the objectives. Single-objective optimisation processes involve an objective

function that is minimised by a solution that satisfies a number of equality and inequality

constraints. On the other hand, a multi-objective optimisation process will seek several

solutions for conflicting objective functions, and these solutions will be optimal depending

on the importance of each objective function [12].

Figure 1.7. Optimisation process

for WECs. [12]

The next steps of the process is described in the flow

diagram in Figure 1.7. It is possible to identify WEC type

and geometry definition as the key elements that will

influence the remainder. The decision variables used in

this stage will also affect the possible solutions. Besides

the chosen variables, the objective function will depend

on the models and assumptions made for these variables,

for the solution seeking process. Finally, the optimisation

procedure relies on the chosen algorithm, since it will

affect the computational time, the type of evaluation that

can be made, and the convergence to optimal solutions

[12].

As mentioned in Section 1.1, there are several types of

WECs that can be categorised according to their working

principle. There have been studies for a lot of devices, being the point-absorber category the

most explored in geometry optimisation. In terms of geometry definition for these devices,

the most studied representation is the vertical cylinder, in various shapes [12]. Some of
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these shapes are presented in Figure 1.8, where (a) - (h) are vertical cylinders, (i) a sphere,

(j) and (k) horizontal cylinders, and the remainder other WEC shapes.

Figure 1.8. Geometry representations from WEC literature [12].

The objective function is the component that is under study, either to be maximised

or minimised. This function is dependent on the chosen variables and their values. The

purpose of the study will determine both the decision variables and the objective function.

Finding the optimal solution for the objective function may be performed by an

optimisation algorithm which will be computed as many times as necessary until the best

solution is achieved. There are several types of algorithms that can be used for the purpose

of WEC geometry optimisation and these will be reviewed in this section, as well as their

application in the context of WEC optimisation.

Primarily, the suitability of a particular algorithm is related to the complexity and

type of problem under analysis. Optimisation algorithms are generally included into two

major methods: exact and approximate. Optimal solutions are achieved by exact methods,
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while approximate methods solve complex problems with good solutions. Gradient-based

algorithms are part of the exact methods, as well as direct search methods. Heuristic

and meta-heuristic algorithms are included in the approximate methods, and the main

difference between both of them is that the first ones generally provide solutions for

specific problems, while the latter are developed for more general optimisation problems

[12]. Among meta-heuristic methods, some of the most popular algorithms are the genetic

algorithms. These are based on evolution theory, which is essentially the survival of the

fittest. Initially, a set of random WEC shapes, in this case, is generated from the combination

between the variables chosen for the optimisation [56]. The process then evolves to the

choice of the best solutions from each iteration of the algorithm which then generate new

solutions through combinations until a good enough solution is found for the problem. A

schematic of this type of algorithm is found in Figure 1.9.

Figure 1.9. Schematics of a genetic algorithm iteration [12].

There have been several studies on WEC optimisation, using different methods. In the

case of [57], the analysed device consisted of a sphere-shaped buoy, a fully submerged

non-buoyant sphere-shaped supplementary mass, and a PTO hydraulic unit lying on the

seabed, as shown in Figure 1.10. The analysis involved applying a control technique to

adjust the device’s natural period to be resonant with the incident waves. The optimisation

was done varying the buoy’s diameter and the PTO’s external damping. The results allowed
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to conclude that the absorbed energy distribution was not significantly different for each

configuration when under the same wave conditions, which means that the deployment site

is an important parameter to consider when optimising WECs. In 2018, the optimisation of a

point-absorber was performed by Shadman et al. [20] considering three main requirements,

namely the buoy heave natural frequency, the resonance bandwidth, and the maximum

mechanical power, using two geometrical parameters - the buoy diameter and draft. This

study was done using the method of design of experiments, defining upper and lower

bounds for both geometrical parameters. The evaluation of these variables depended on

the resulting buoy heave natural frequency compared with the incident wave’s frequency,

which was site dependent. As a result, it was found that for one of the analysed locations,

there wasn’t a combination of diameter and draft values that would reach a desirable

natural heave frequency value for the buoy since the wave periods were high, reinforcing

the importance of site definition in WEC analysis. Using a genetic algorithm, McCabe

[58] optimised a WEC with a reduced number of control points, that would generate

the bi-cubic B-spline surfaces and were evaluated through different cost functions. These

functions assessed the overall mean power and ratios between this parameter and the

length of the shape, as well as its displaced volume. A set of constraints was also applied

regarding non-convergences in the BEM code. A population size of 22 and a maximum of

50 generations were set for each run. There was a total of 12 runs, corresponding to the 3

cost functions under the 4 constraints applied (maximum displacement amplitude and PTO

power rating). The results showed that considering the size and the mean power delivery in

the optimisation process leads to substantially improved performances. A previous study,

from 2010 [59], performed the optimisation of a point absorber considering the interaction

between the geometry of the device and the control strategy adopted for it. The problem

was solved using a deterministic algorithm.

The device SeaWEED, an attenuator, was also optimised regarded its PTO damping

and geometrical parameters (draft and length) [40]. The PTO system is hydraulic, and

the optimisation was achieved in a total of 250 simulations considering upper and lower

bounds for length, draft, and PTO damping. Two steps were taken in the process, starting

with the optimisation of the PTO damping value for a defined geometry and then the

optimisation of the geometry for determined wave conditions. Another type of device, a

floating oscillating water column, was optimised in 2012 [60], focusing on its dimensions

as the optimising variables (5 parameters). Regarding the methods applied, two algorithms
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Figure 1.10. Point-absorber layout [57].

were used and compared: a direct search method (COBYLA) and a metaheuristic method

(DE). The main goal of the study was to maximise the annual averaged power for the

analysed sea states. The results showed that the differences between COBYLA and DE

are small, leading to the choice of COBYLA when a faster computation is intended.

Bachynski et al. [61] assessed the effects of geometry, mass distribution, and mooring lines

on the response of a tethered WEC in irregular waves. It was possible to conclude that

the optimisation of different design parameters is essential to tune the device’s resonance

frequencies to the wave climate at any site.

From the analysis of the different studies mentioned previously, the choice of

optimisation method shows great importance not only in terms of efficiency, but also

considering the parameters that are under study, and the accuracy sought during the

assessment.
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1.3.4 State of the Art

The development of wave energy to a commercial stage is highly dependent on the

viability of the existing devices. Currently, there are several designs for WECs, which is

positive in terms of innovation, but leads to a lack of a prevailing concept, which is tested

and proved to be reliable at a commercial stage.

Besides this, there is still a high cost associated with both the conception of the devices,

where geometry has a great potential to decrease overall costs, and their maintenance, since

the ocean provides extreme conditions for these systems. These conditions affect another

parameter that influences wave energy growth, which is survivability at sea.

These deficiencies of the sector are being corrected through optimisation studies. These

can be performed with the goal of reaching the best design possible to follow to real

condition testing, reduce costs in system design and geometry, and build more robust

devices for the harsh ocean conditions. Hydrodynamic models are essential tools in this

process, since they allow to obtain value for hydrodynamic coefficients that will be used to

evaluate the interaction between the waves and the structures.

Although these efforts are being done, there is still a lack of a standardised optimisation

process for WECs that could allow for a trustworthy comparison between results from

different studies in different wave conditions.

1.4 thesis contribution

As mentioned in the previous sections, optimisation processes bring several advantages

to the development of WECs, from cost reduction to power absorption maximisation.

Geometry optimisation acts as a key element in these parameters.

The work developed in this thesis focuses on maximising the energy absorption by the

device, possibly working with resonance values with the chosen wave conditions. In this

case, a point-absorber converter will be the subject of the study, so the heaving motion of the

device will be considered as the main driving force of the energy extraction. Mooring lines

are not considered since the main focus is the buoyant structure’s interaction, according to

its shape.
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1.5 structure

This document is organised having in consideration the stages of development of the

thesis. The chapters include sections and subsections, with the following structure:

• Chapter 1 - Introduction

– This chapter presents the framework and main goals of this thesis, along with a

literature review on the topic.

• Chapter 2 - Numerical Simulation of the Wave Energy Converter

– This chapter describes the device considered in this study and the sea states

evaluated. The models used for the geometry of the studied WEC and for

hydrodynamics are also described.

• Chapter 3 - Optimisation Process

– The optimisation process is shown, presenting the contemplated parameters and

algorithm.

• Chapter 4 - Analysis and Discussion

– This chapter presents a discussion of the results from the previous stages.

• Chapter 5 - Conclusions and Future Work

– This chapter presents a set of conclusions from the work developed in this thesis

and also some considerations for future work in this subject.





2
N U M E R I C A L S I M U L AT I O N O F T H E WAV E E N E R G Y C O N V E RT E R

The research about the different approaches on WEC optimisation and their description

provides tools to define a structured methodology to achieve the intended goal of reaching

the best shape for the system. In this chapter, the software choice, theoretical and technical

assumptions, as well as the used data, are described.

2.1 wave theory

Observing the ocean and its strength raises no doubt about the energy its waves contain.

To allow this energy to be extracted, the resource must be well understood and studied.

Ocean waves used to generate electricity are mostly excited by wind and are generally

represented as a sinusoid [62]. There are a few parameters of a wave that can be used to

describe it, namely wavelength, λ, corresponding to the distance between two equivalent

points in the wave; the wave height, H, corresponding to the distance between the wave

crest and the wave trough; and the wave period, T, corresponding to the time the wave

takes to travel the distance of one wavelength [62] Figure 2.1.

Figure 2.1. Wave characteristics [62].

The modelling of waves and body interaction can be done according to different

theories, considering the linearity of the waves. In this study, the chosen software for

hydrodynamic modelling is WEC-Sim, using the frequency-domain BEM code NEMOH.

Both use linear wave theory as their basis. Linear potential flow theory considers an inviscid

23
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and irrotational flow, which means it has no friction and the fluid has no particle rotation

[63]. Every real fluid has viscosity, but under certain circumstances its effect is reduced

enough so it can be considered insignificant.

In the case of WEC-Sim, after the frequency-domain linear hydrodynamic coefficients

are calculated by an external solver, in this case NEMOH, and then imported in a

non-dimensionalised form, they are scaled using the following methods [64]:

|Fexc(ω)| =
|Fexc(ω)|

ρg
(1)

A(ω) =
A(ω)

ρ
(2)

B(ω) =
B(ω)

ρω
(3)

Chs =
Chs

ρg
(4)

where Fexc is the normalised wave excitation force, Fexc is the wave excitation force,

ρ is the water density, g is the gravitational acceleration, A is the normalised radiation

added mass, A(ω) is the frequency dependent radiation added mass, B is the normalised

radiation wave damping, B(ω) is the frequency dependent radiation wave damping, Chs is

the normalised linear hydrostatic restoring coefficient, Chs is the linear hydrostatic restoring

coefficient, and ω is the wave angular frequency.

Linear wave theory also assumes that a wave is the sum of incidence, radiation, and

diffraction components of the wave [64], which aids in the determination of hydrodynamic

forces. Calculating the dynamic response of a floating device requires the calculation of

the WEC equations of motion, which includes the following, calculated around the centre

of gravity of the body:

mẌ = Fexc(t) + Frad(t) + Fpto(t) + Fv(t) + Fme(t) + FB(t) + Fm(t) (5)

where m is the body mass matrix, Ẍ is the acceleration vector of the device, Fexc(t) is the

eave excitation force and torque vector, Frad(t) is the wave radiation force and torque vector,
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Fpto(t) is the PTO force and torque vector, Fv(t) is the damping force and torque vector, Fme(t)

is the Morison Element force and torque vector, FB(t) is the net buoyancy restoring force

and torque vector, and Fm(t) is the mooring connection force and torque vector.

The hydrodynamic coefficients provided by NEMOH are used to calculate Fexc(t), Frad(t),

and FB(t).

In this case, a linear PTO mechanism is used, and in WEC-Sim it is represented as a linear

spring-damper system.

According to the documentation available, the reaction force of this system is given by

[64]:

FPTO = −KPTOXrel − CPTOẊrel (6)

and the instantaneous power absorbed by the system is given by:

PPTO = −FPTOẊrel =
(
KPTOXrelẊrel + CPTOẊrel

2
)

(7)

where FPTO is the PTO system reaction force, KPTO is the stiffness of the PTO system, Xrel

is the relative motion between the two bodies, CPTO is the damping of the PTO system, Ẋrel

is the relative velocity of the two bodies, and PPTO is the PTO power absorbed by the PTO

system.

2.1.1 Spectral analysis

A determined sea state can be represented by its wave spectrum. This spectrum is used

to describe the energy distribution along several frequencies. There are different ways to

calculate this distribution, and in this study the Pierson-Moskowitz (PM) method was used.

The PM spectrum definition contemplated was provided by WEC-Sim, and is based on

two parameters: Hs and Tp. In this formulation, it is considered that the spectral density of

the surface elevation is given, according to the IEC standards [65], by:

SPM(f) =
Hs

2

4
(1.057fp)4f−5exp

[
−
5

4

(
fp
f

)4
]

(8)
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and assuming the following wave spectrum coefficients:

Aws =
Hs

2

4

(
1.057fp

)4 ≈ 5

16
Hs

2fp4 ≈ Bws

4
Hs

2 (9)

Bws =
(
1.057fp

)4 ≈ 5

4
fp4 (10)

where SPM(f ) is the PM spectrum, f p is the wave peak frequency, f is the wave frequency,

and Aws and Bws are the wave spectrum coefficients.

2.1.2 Hydrodynamic forces on offshore bodies

The effect of ocean waves on floating and moored bodies is expressed through the forces

acting on them. These forces can be divided in two categories: hydrodynamic/hydrostatic

(external) loads and reaction forces [63]. More specifically, the external loads acting on these

systems are:

• Hydrostatic force - the oscillation of the device leads to a difference in the distribution

of hydrostatic pressure, which is expressed by this force.

• Excitation forces - caused by the impact of incident waves on a stationary body.

• Radiation forces - the oscillatory motion of the device displaces the fluid around it,

causing a variation in the pressure field, in an interval of incident waves. The radiation

forces are then experienced by the device due to this phenomenon.

The reaction forces, which may vary due to the type of WEC, include [63]:

• PTO forces - caused by the PTO system, responsible for the conversion of the

mechanical energy from the movement of the device.

• Mooring/foundation forces - these are due to the equipment that keeps the device

steady.

Besides these, there is also the added mass coefficient, which regards an increase in

inertia caused by the displacement of water in the surroundings of the body when it moves,

the damping coefficient, corresponding to the energy dissipated to the water caused by the

oscillations propagating away from the float, and restoring coefficients that refer to the

forces that put the float back to its equilibrium position [63].
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2.2 structural model

The WEC was modelled in WEC-Sim [66], using the Simulink library associated to it. Its

representation is presented in Figure 2.2. The model was based on the RM3 application

made available by the developers. The RM3 is also a point-absorber, although represented

with two bodies. In this case, the studied WEC was considered solely with a floating buoy

and a PTO system. Mooring configurations were not considered since they exceed the

study’s focus. The buoy’s top radius was set to 5 m, and the draft to 10 m.

Figure 2.2. Simulink model for the case study device.

Since the main goal is to optimise the shape of the buoy, it is also important to consider

the mesh fed to NEMOH, which will determine the following analysis through WEC-Sim.

The initial shape designed was similar to a ship’s hull, as represented in Figure 2.3.

Considering the results from [28], conical shapes perform better than cylinder shapes,

which influenced the choice for this first shape. For NEMOH, it is only important to

represent the submersed part of the device, as is noticeable by the z-axis in Figure 2.3.
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Figure 2.3. NEMOH mesh for the initial simulation.

2.3 sea characteristics

The data used in WEC-Sim regarding wave conditions was taken from the Global Ocean

Waves Analysis and Forecast data set from the database Copernicus [67]. This data is the

result of a spectral analysis of wave parameters, with a temporal resolution of 3 hours. The

set of data downloaded corresponded to the year of 2020. The chosen site was offshore of

Viana do Castelo, Portugal, as represented in Figure 2.4. This location was chosen since

it is going to be the deployment site for a commercial stage point-absorber. The data was

analysed, and different wave conditions were determined.

The extracted data involved the following parameters:

• Significant wave height, Hs - mean of the highest one third of waves in a particular

series [68].

• Peak period, Tp - period corresponding to the most energetic waves in a wave

spectrum [69].

• Mean wave direction, θ - direction from which the waves are coming from.
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Figure 2.4. Map with chosen site for the wave data.

The time series of the extracted parameters are shown in Figure 2.5-Figure 2.7, with the

corresponding root mean square values.
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Figure 2.5. Wave significant height for the chosen site.

Figure 2.6. Wave peak period for the chosen site.
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Figure 2.7. Mean wave direction for the chosen site.

The PM spectrum associated to the values used for extreme wave conditions - Hs = 4.78

m and Tp = 10.82 s - is represented in Figure 2.8.

Figure 2.8. Pierson-Moskowitz spectrum for the considered extreme wave conditions.
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2.4 hydrodynamics model

Among the different frequency-domain BEM codes available, NEMOH [31] stood out as a

reliable open-source code for obtaining the required hydrodynamic coefficients. The other

options for input to WEC-Sim required a paid license. There is also the advantage of a high

user scope due to its availability, which helps solving possible issues during its use. Its

programs and their functionality are described in Figure 2.9. The programs are run using

the MATLAB wrapper provided by the developers.

Figure 2.9. NEMOH programs, adapted from [31].

The input values for NEMOH include:

• Buoy mesh - the mesh of the submerged part of the buoy is defined through a

function, either axisymmetric or not. In this case, the axisymmetric option was used,

requiring the following inputs:

– Array of radial coordinates (r)

– Array of vertical coordinates (z)

– Number of points for discretisation (n)

Besides these initial inputs, the function then requires the user to manually

introduce the remainder values, after it is already running. This is a particular

problem if the process is to be automated. Therefore, a few modifications to the

source code were made, and the following parameters were defined as initial

inputs as well:

– Number of points for angular discretisation (ntheta)

– Directory name for storing the results (nomrep)
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– Vertical position of the centre of gravity (zG)

– Target for number of panels (nfobj)

The function then produces the following outputs:

– Mass of the buoy

– Inertia matrix, which is estimated assuming the mass is distributed on the wetted

surface

– Hydrostatic stiffness matrix

– Coordinates of the buoyancy centre

• Wave characteristics:

– Vector of wave angular frequencies (ω) [rad/s]

– Wave direction [degrees]

– Water depth [m]

The outputs of NEMOH are then analysed through a BEM input/output function, part of

the WEC-Sim software package, to transform them into readble inputs for WEC-Sim. This

function is called BEMIO (Boundary-Element Method Input/Output) and builds a .h5 file

with the results.

WEC-Sim formulates the study problem in the time domain, and is a useful open-source

tool for the case study analysis. It is developed in MATLAB and Simulink, with the

structural model developed with the WEC-Sim Simulink library blocks, as represented

in Figure 2.2. WEC-Sim is run through the modification of the template WEC-Sim input

file.

In terms of input, this file requires the following:

• Simulation Data

– Simulink model file (.slx)

– Simulation start time [s]

– Wave ramp time [s]

– Simulation end time [s]

– Chosen solver

– Simulation time-step [s]
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• Wave information

– Wave class (regular/irregular, among other options)

Since the only two classes used in this study are ’Regular’ and ’Irregular using

PM Spectrum’, only these two will be described.

Regular waves

* Wave class - in this case set to ’regular’

* Wave height [m]

* Wave period [s]

Irregular waves using PM spectrum

* Wave class - in this case set to ’irregular’

* Significant wave height [m]

* Peak period [s]

* Wave direction [degrees]

* Wave spectrum type - in this case set to ’PM’

• Body data

– Create the body variable and number, and set the location of the .h5 file

– Geometry file (.stl) - only important when using nonlinear hydro options, or for

animation purposes

– Body mass - option ’equilibrium’ sets mass to the Displaced Water Weight

– Body moment of inertia [kg m2]

• PTO and constraint parameters

– Inclusion of constraints such as joints

– PTO

* Initialising the PTO class

* PTO stiffness [N/m]

* PTO damping [N/(m/s)]

* PTO location [m]
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The output from WEC-Sim is a MATLAB structure with the following parameters:

• Wave output

– Time [s]

– Elevation [m]

• Body output

– Time [s]

– Body position in the six Degrees of Freedom (DOF) [m]

– Body velocity in the six DOF [m/s]

– Body acceleration in the six DOF [m/s2]

– Total force on the body in the six DOF [N]

– Excitation force on the body in the six DOF [N]

– Radiation damping force on the body in the six DOF [N]

– Added mass force on the body in the six DOF [N]

– Restoring force on the body in the six DOF [N]

– Morison and viscous forces on the body in the six DOF [N]

– Linear damping force on the body in the six DOF [N]

• PTO output

– Time [s]

– PTO system position in the six DOF [m]

– PTO system velocity in the six DOF [m/s]

– PTO system acceleration in the six DOF [m/s2]

– Total force on the PTO system in the six DOF [N]

– Actuation force on the PTO system in the six DOF [N]

– Constraint force on the PTO system in the six DOF [N]

– Internal mechanics force in the six DOF [N]

– Internal mechanics power in the six DOF [W]

The six DOF referred in the output structure of WEC-Sim are described in Figure 2.10,

and include heave, yaw, surge, roll, sway, and pitch.
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Figure 2.10. Schematics of the six degrees of freedom of a WEC, adapted from [64].

2.5 simulator architecture

Upon defining NEMOH and WEC-Sim as the software packages, a study workflow was

designed (Figure 2.11). One of the main goals when choosing the used software was to

consider as much open-source code as possible not only because it would be cheaper, but

because it would be more easily reproducible and evolve for different applications.

Figure 2.11. Study workflow.
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This was achieved as much as possible using the referred packages. However, since

their code and simulator depend on MATLAB, which is a paid software, there are a few

limitations to possible contributors without access to it.

2.6 synthesis

The chosen software packages are both based on linear potential flow theory, and for

the evaluated cases it is a good approximation since nonlinear effects are not considered

in this study. NEMOH is the frequency-domain BEM code used to calculate the problem’s

hydrodynamic coefficients that WEC-Sim needs for its time-domain formulation and to

calculate the outputs. The wave data was taken from a European database and allows

to assess the wave conditions in the chosen site. The next steps involve describing the

optimisation algorithm chosen for this process.





3
O P T I M I S AT I O N P R O C E S S

Chapter 2 consisted of the description of the theory supporting the hydrodynamic and

structural models used, and the software packages chosen for this study. In this chapter,

the goal is to present the optimisation methods considered and the motive for choosing the

used methodology.

3.1 optimisation algorithm

As briefly mentioned in Chapter 1, there are several types of optimisation algorithms.

Their suitability is dependent on the type of study being developed, its complexity and

scope, and the main goals. Considering that in this study a wider scope is intended, a

genetic algorithm was chosen to perform the optimisation and find a global minimum

instead of local minima.

In this case, the Global Optimisation Toolbox provided in MATLAB was used,

particularly the genetic algorithm included in it [70]. The genetic algorithm can be

used to solve constrained and unconstrained optimisation problems. As mentioned in

Chapter 1, this type of algorithm copies the natural selection process from biological

evolution. It keeps modifying the individuals in each population and selecting them

randomly to produce the next generations. Each individual is given a fitness value and

then the population evolves through generations reaching an optimal individual - the final

solution.

There are different methods the genetic algorithm uses to create each population and

generate each individual, considering the previous ones [70]:

1. Crossover - two parent individuals are combined to generate the children of the next

generation.

2. Mutation - the parents are randomly changed to generate the children.

3. Selection - the parents contribute to the next population.

39
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The genetic algorithm requires the definition of the fitness function, which is the one

subjected to optimisation. This function is then applied to each individual and a fitness

value is attributed to it. Since the algorithm searches for a minimum of the fitness function,

the best solution is found in an individual with the lowest fitness value. An array of

individuals forms a population, which is evaluated in each iteration to generate the next

population, forming a new generation.

The individuals of the initial population are created using random values, if there is no

assigned initial population. Considering the fitness values of each evaluated individual, the

next populations are generated. The ones with lower values are considered "elite" and pass

to the next population. New individuals are also created from previous ones regarding

their expectation, and a new generation is born. This process can be observed in Figure 3.1.

Figure 3.1. Generation of new individuals [70].
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3.2 evaluated parameters & fitness function

For the optimisation process to require less computational effort and time, a limited

number of variables are considered as the parameters to be evaluated. Since the goal is to

optimise the geometry of the device, the key is to chose the initial values given to NEMOH

to define the mesh of the body.

Considering this condition, the array of radial coordinates is chosen as the variable. Six

points were used for the generation of the mesh, with radial and vertical coordinates. The

radial coordinates were fed to the fitness function to generate the vertical ones according to

a function, with two fixed points. Therefore, only 4 points were changed in each iteration.

Figure 3.2 shows the fixed points in the red circles, and the changing ones in the green

circles.

Figure 3.2. Example of a mesh generated with two fixed points.

The fitness function was built weighing the main goals of the study. One of them is to

reduce the surge and pitch forces (acting on a heaving device), and increase the heave
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forces. Also, it is important to consider the values of the power absorbed by the PTO system.

Therefore, the function follows the following distribution:

f = 0.15FTS + 0.15FTP − 0.4FTH − 0.3PPTO (11)

where FTS is the total surge force, FTP is the total pitch force, FTH is the total heave

force, and PPTO is the PTO absorbed power. This distribution was chosen considering the

importance of each goal.

3.3 synthesis

The genetic algorithm was considered an attractive method to develop the optimisation

since it allows for a wider scope of solutions evaluated, and even solutions that wouldn’t

be contemplated when searching for local minima. The generation of different populations

from previous ones, according to their fitness, also turns the process more efficient since

a main path may be chosen but other individuals are continuously being evaluated,

broadening the whole process.
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A N A LY S I S A N D D I S C U S S I O N

After determining the main steps for the optimisation problem, the simulations were

defined. In this chapter, their results are presented and discussed. The optimisation

algorithm was run with the goal of achieving the best shape under the fitness function

described in Chapter 3. However, there were several aspects to consider when defining

the main parameters for the optimisation. Therefore, several simulations were made to

provide some validation to the results in terms of mesh refinement, wave conditions, and

initial shape. The main results of these simulations are described in the following sections.

4.1 validation

The mesh definition in NEMOH requires settings such as number of panels, and number

of points for discretisation of the shape. Initially, to define these parameters properly, the

impact of the mesh precision on the results was investigated. Three simulations were made,

defined in Table 4.1. The wave conditions were considered regular, with a 2.5 m wave height,

and 8 s period. The simulation time in this case, as well as the next ones, was set to 400 s.

The meshes generated are represented in Figure 4.1.

Table 4.1. Characteristics of the validation simulations.

simulation 1 simulation 2 simulation 3

number of

points

6 11 6

target number

of panels

500 300 300

The results showed that there was no significant difference in the definition of the mesh,

either using a higher value for the number of panels or for the number of points for

discretisation. Figure 4.2 - Figure 4.4 show the difference between the three simulations

43
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regarding body position, velocity, and heave total force respectively. Table 4.2 summarises

these results and the effect of using a coarser mesh.

(a) First validation simulation shape. (b) Second validation simulation shape.

(c) Third validation simulation shape.

Figure 4.1. Validation simulation shape meshes.
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Figure 4.2. Body position for the three validation simulations, zoomed for line distinction.

Figure 4.3. Body velocity for the three validation simulations, zoomed for line distinction.
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Figure 4.4. Body heave total force for the three validation simulations, zoomed for line distinction.

Table 4.2. Results from the validation process.

surge forces

(%)

heave forces

(%)

pitch forces

(%)

energy

(%)

simulations

1-2

1.91 0.00 0.88 0.72

simulations

2-3

1.25 0.00 3.49 0.72

simulations

1-3

0.64 0.00 2.64 0.00

It is possible to conclude that using a coarser mesh produces good results when

compared to a finer one, either through the increase of target number of panels or

number of points. Therefore, the meshes in further simulations will be coarser as to save

computational time and effort.
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4.2 optimisation results

After the mesh validation, the optimisation simulations were run. Three particular

conditions were tested: optimisation under irregular waves (extreme conditions),

optimisation with a cylinder as initial shape, and result testing under average wave

conditions. The results are presented in this section.

4.2.1 Irregular Waves

The genetic algorithm was run using the WEC-Sim model under irregular waves. Wave

conditions were chosen using the data from the climate model described in Chapter 2, and

the values were determined exploring this data and searching for an extreme sea state.

Choosing this type of sea state helps determine maximum values of energy extraction

while also showing how the device performs in a harsher environment. The settings for the

algorithm were a maximum of 100 generations, and a population size of 10. The maximum

of stall generations was also defined and given a value of 5. The initial shape’s mesh is

presented in Figure 2.3. The solution which gave the best result of the cost function was

achieved at the 957
th iteration, with a shape as described in Figure 4.5, and results from

this improvement can be seen in Figure 4.6-Figure 4.10.

The main comparison between the two shapes was made considering the root mean

square of each of the parameters. There was an increase in the total force in the three

degrees of freedom analysed (surge, heave, and pitch), as well as in PTO power and energy.

The values are shown in Table 4.3. Although one of the goals was be to decrease the forces

in surge and pitch, given that the increase in heave was higher and that it is around ten

times the magnitude of the former, the results are considered positive. It is also important

to note that there are two x-axes in the body position graph, the left one corresponding

to the wave elevation, and the right one to the body’s position. While the wave elevation

ranges from -5 to 5 m, the body’s position, with the graph centred at its centre of gravity,

only ranges from -4.5 to 0.5 m, which is about half of the range of the wave elevation.
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Figure 4.5. Shape obtained after 957 iterations of the genetic algorithm.

Figure 4.6. Body position of the resulting shape.
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Figure 4.7. Surge total force result for the final shape.

Figure 4.8. Heave total force result for the final shape.
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Figure 4.9. Pitch total force result for the final shape.

Figure 4.10. PTO absorbed power for the final shape.
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Table 4.3. Results from the optimisation process under irregular waves.

surge

forces (N)

heave

forces (N)

pitch

forces (N)

pto

power (W)

energy

(kWh)

initial

shape

4.00× 104 5.25× 105 8.46× 104 3.71× 105 41.26

final

shape

4.40× 104 6.09× 105 8.95× 104 5.64× 105 62.72

variation 10.00 % 16.00 % 5.79 % 52.02 % 52.02 %

Table 4.3 also shows an increase of 52.02 % in energy absorption, which is weighed as a

more important factor than the impacting forces. After analysing these results, the impact

of the first shape fed to the algorithm was also investigated, to see if the final shape was

similar, or even the same as the one in this simulation. The results are described in the next

section.

4.2.2 Cylinder Case Study

In order to know whether the first shape chosen for the algorithm run leads to a

very different result, an initial cylinder shape was introduced in NEMOH, presented in

Figure 4.11. The wave conditions remained the same as in the previous section, as well as

the cost function.
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Figure 4.11. Initial shape mesh for the cylinder case study.

The settings for this algorithm run were also the same as the previous, with a maximum

of 100 generations and 5 stall generations, and a population size of 10. The best results were

obtained after the 665
th iteration and are described in Figure 4.13-Figure 4.17 and Table 4.4.

The final shape, as presented in Figure 4.12, is similar to the one resulting from the

previous run, in Figure 4.5. The results were slightly lower than the previous ones in terms

of energy absorption but show an improvement in terms of impacting forces. Although

the cylinder shape shows a poorer performance when compared to the initial shape in the

previous section, the genetic algorithm still reached similar results.
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Figure 4.12. Final shape mesh for the cylinder case study.

Figure 4.13. Body position of the resulting shape from the cylinder case study.
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Figure 4.14. Surge total force result for the final shape from the cylinder case study.

Figure 4.15. Heave total force result for the final shape from the cylinder case study.
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Figure 4.16. Pitch total force result for the final shape from the cylinder case study.

Figure 4.17. PTO absorbed power values for the final shape from the cylinder case study.
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Table 4.4. Results from the optimisation process for the cylinder case study.

surge

forces (N)

heave

forces (N)

pitch

forces (N)

pto

power (W)

energy

(kWh)

cylinder

shape

1.08× 105 3.46× 105 2.16× 105 1.53× 105 17.01

final

shape

4.30× 104 5.97× 105 9.33× 104 5.45× 105 60.60

variation 60.19 % 72.54 % 56.81 % 256 % 256 %

The variation values in this algorithm run show a significant improvement from the

cylinder shape, with decreased surge and pitch forces, and increased heave forces. In terms

of energy, there was a remarkable increase of 256 %, due to the energy values of the cylinder

being significantly lower than a shape as the one introduced to the first algorithm run. As

shown in Table 4.4, the initial shape showed an energy value for that run of around 41 kWh,

whereas the cylinder shape has a value of around 17 kWh.

4.2.3 Average Wave Conditions

After testing the impact of the first shape chosen, the results from the first optimisation

run were tested under average wave conditions. The values for the wave parameters were

obtained through the root mean square of a year long data series. The significant wave

height value was 2.00 m, the peak period was 11.49 s, and the wave direction 302.84 º.

Evaluating the device’s performance in average wave conditions provides a more realistic

assessment since it is the scenario that it will face most of the time. The results from the

simulations are presented in Figure 4.18-Figure 4.22.
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Figure 4.18. Body position of the resulting shape under average wave conditions.

Figure 4.19. Surge total force result for the final shape under average wave conditions.
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Figure 4.20. Heave total force result for the final shape under average wave conditions.

Figure 4.21. Pitch total force result for the final shape under average wave conditions.
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Figure 4.22. PTO absorbed power values for the final shape under average wave conditions.

Table 4.5 shows the values for surge, pitch, and heave total forces, as well as power from

the PTO system and energy absorbed. Comparing these results with the extreme wave

conditions, it is possible to verify a significantly lower difference, since the variation in

energy values was 5 times lower. There is also an increased impact of the pitch and surge

forces, and the difference in heave total force was small.

Table 4.5. Results from the optimisation process final shape, under average wave condition.

surge

forces (N)

heave

forces (N)

pitch

forces (N)

pto

power (W)

energy

(kWh)

initial

shape

4.26× 104 1.69× 105 8.03× 104 4.29× 104 4.77

final

shape

4.88× 104 1.70× 105 7.89× 104 4.75× 104 5.28

variation 14.55 % 0.59 % 1.74 % 10.72 % 10.72 %

Comparing to previous simulations, the values for pitch and surge forces appear higher

when in comparison to heave forces, which means that their expression in the movement
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of the device is increased. This may lead to a lower value of extracted energy, since the

considered PTO system extracts energy solely in heave.

4.3 resource evaluation

Evaluating the resulting shapes in terms of efficiency requires a comparison between the

PTO absorbed power, PPTO, and the wave power resource. It is possible to calculate the

power density of the wave, Pdens, using the following equation [71]:

Pdens =
ρg2

64π
Hs

2αTp (12)

and then use the value of Pwave, which corresponds to the product of Pdens and the device

width - 10 m - to calculate the efficiency, η, according to:

η =
PPTO

Pwave
. (13)

Calculating Pdens requires values for Hs and for Tp. For each of the sea states analysed,

the wave power density value per unit length of wave front is presented in Table 4.6.

The value for α was assumed to be 0.86 since the chosen type of wave spectrum was

Pierson-Moskowitz [72].

Table 4.6. Parameter definition and results for wave power density.

Hs (m) Tp (s) Pdens (kW/m) Pwave (kW)

extreme

wave

condition

4.78 10.82 104.09 1040.90

average

wave

condition

2.00 11.49 19.38 193.80

Using the values for absorbed PTO power for each of the simulations, provided in the

tables from previous subsections, the efficiency values were calculated. The results are

shown in Table 4.7.
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Table 4.7. Efficiency values for the optimisation results.

PPTO (kW) Pwave (kW) η (%)

initial shape -

extreme

371.00 1040.90 35.64

final shape -

extreme

564.00 1040.90 54.18

initial shape -

average

42.90 193.80 22.14

final shape -

average

47.50 193.80 24.51

cylinder shape 153.00 1040.90 14.70

final shape -

cylinder

545.00 1040.90 52.36

There is a significant increase in efficiency from initial to final shapes under extreme wave

conditions, both with a more conical initial shape and a cylinder, with the latter suffering

a higher increase. Regarding the results under average wave conditions, the values are

both low and with a small increase between initial and final shapes. This may be due

to the high values for pitch and surge forces for these simulations as mentioned in the

previous section. The difference between the cylinder case study initial and final shapes

are significantly high because the results from the initial shape are poor when compared

to the first case study, which did not use a cylinder as initial shape. When the final shapes

from these two scenarios are compared, it is possible to observe a similar energy value.

Although the increase in efficiency is extremely positive, the values may differ when

tested in real conditions since these simulations do not consider non-linear aspects of

wave-structure interaction. Comparing the obtained values with other studies, it is possible

to verify that the simulations with average wave conditions are the ones which approach

the average values for efficiency for heaving wave energy converters, even though some

may reach values as high as 51 % [73].





5
C O N C L U S I O N S A N D F U T U R E W O R K

In this study, it was possible to develop an automated optimisation process to reach an

optimal shape according to the main objectives defined. A validation process regarding

the refinement of the used mesh was made, showing that a coarser mesh produces good

enough results and the computational effort of a more refined mesh does not improve the

solution significantly. The main optimisation process, which was designed to provide the

key results of the study, was done under the harsher wave conditions for the chosen site.

The results were also evaluated under average wave conditions. A second optimisation was

made with an initial cylinder shape, to test if the results differed substantially when the

initial shape is changed.

Finally, the results were compared to the available wave power to determine the efficiency

of each shape. One of the main results from this study is the integration of the simulation

and optimisation procedure in an automatic procedure using open-source software and

MATLAB’s genetic algorithm, requiring user interaction just in the initial parameter

definition. It is also possible to adapt this process to other types of shapes and fitness

functions, depending on the goals defined.

5.1 main conclusions

The optimisation process produced satisfying results regarding absorbed power, however,

it was not possible to reduce the effect of surge and pitch forces as intended, in order

to reduce possible stresses on the device and improve its robustness. Nonetheless, the

absorbed energy was increased under the same wave conditions for the final shapes. This

increase was lower for the average wave conditions, which may be due to the fact that

the final shape was tuned to the harsher wave conditions, and so an optimisation process

dedicated solely to these conditions should be considered.

The use of a different initial shape did not show a great significance in terms of results,

since the final shape from the optimisation process starting with a cylinder reached similar

values in terms of absorbed power to those obtained for a more conical initial shape.
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64 conclusions and future work

The efficiency values obtained may be higher than expected since nonlinear effects

aren’t considered. The optimisation process was successfully automated and implemented,

allowing it to be used in other types of studies.

This work was also presented at the 1
st International Conference on Machine Design, on

the 9
th of September of 2021. Besides providing the means to share the developed work, it

also allowed other peers to make suggestions and comment on it.

5.2 future work

Future developments should include testing different deployment sites to test the

dependence of the device performance on the chosen location. A prototype should also

be built to be tested in a wave tank and validate the results given by the models. An

optimisation scenario exclusively for average wave conditions should also analysed, since

using the results from other wave conditions revealed poor performances.

In terms of the optimisation process, different objective functions could be tested, as well

as a multi-objective optimisation, to broaden the scope of the built process.
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A
A P P E N D I X A - C H A N G E S T O M E S H G E N E R AT I O N F U N C T I O N

1 % Warning : z(i) must be greater than z(i+1)

%

% Copyright Ecole Centrale de Nantes 2014

% Licensed under the Apache License, Version 2.0

% Written by A. Babarit, LHEEA Lab.

6 %

function [Mass,Inertia,KH,XB,YB,ZB]=axiMeshAutom(r,z,n,ntheta,nomrep,zG,nfobj)

rho=1025;

g=9.81;

status=close(’all’);

11 theta=[0.:pi/(ntheta-1):pi];

nx=0;

% Calcul des sommets du maillage

for j=1:ntheta

for i=1:n

16 nx=nx+1;

x(nx)=r(i)*cos(theta(j));

y(nx)=r(i)*sin(theta(j));

z(nx)=z(i);

end;

21 end;

% Calcul des facettes

nf=0;

for i=1:n-1

for j=1:ntheta-1

26 nf=nf+1;

NN(1,nf)=i+n*(j-1);

NN(2,nf)=i+1+n*(j-1);

NN(3,nf)=i+1+n*j;

NN(4,nf)=i+n*j;

31 end;

end;

77



% Affichage de la description du maillage

nftri=0;

for i=1:nf

36 nftri=nftri+1;

tri(nftri,:)=[NN(1,i) NN(2,i) NN(3,i)];

nftri=nftri+1;

tri(nftri,:)=[NN(1,i) NN(3,i) NN(4,i)];

end;

41 figure;

trimesh(tri,x,y,z,[zeros(nx,1)]);

title(’Characteristics of the discretisation’);

fprintf(’\n --> Number of nodes : %g’,nx);

fprintf(’\n --> Number of panels (max 2000) : %g \n’,nf);

46 system([’mkdir ’,nomrep]);

system([’mkdir ’,nomrep,filesep,’mesh’]);

system([’mkdir ’,nomrep,filesep,’results’]);

% Creation des fichiers de calcul du maillage

fid=fopen(’Mesh.cal’,’w’);

51 fprintf(fid,’axisym \n’,1);

fprintf(fid,’1 \n 0. 0. \n ’);

fprintf(fid,’%f %f %f \n’,[0. 0. zG]);

fprintf(fid,’%g \n 2 \n 0. \n 1.\n’,nfobj);

fprintf(fid,’%f \n %f \n’,[rho g]);

56 status=fclose(fid);

fid=fopen(’ID.dat’,’w’);

fprintf(fid,[’% g \n’,nomrep,’ \n’],length(nomrep));

status=fclose(fid);

fid=fopen([nomrep,filesep,’mesh’,filesep,’axisym’],’w’);

61 fprintf(fid,’%g \n’,nx);

fprintf(fid,’%g \n’,nf);

for i=1:nx

fprintf(fid,’%E %E %E \n’,[x(i) y(i) z(i)]);

end;

66 for i=1:nf

fprintf(fid,’%g %g %g %g \n’,NN(:,i)’);

end;

status=fclose(fid);



% Raffinement automatique du maillage et calculs hydrostatiques

71 l = isunix;

if l == 1

system(’mesh >Mesh.log’);

else

system(’.\Mesh\Mesh.exe >Mesh\Mesh.log’);

76 end

% Visualisation du maillage

clear x y z NN nx nf nftri tri u v w;

fid=fopen([nomrep,filesep,’mesh’,filesep,’axisym.tec’],’r’);

ligne=fscanf(fid,’%s’,2);

81 nx=fscanf(fid,’%g’,1);

ligne=fscanf(fid,’%s’,2);

nf=fscanf(fid,’%g’,1);

ligne=fgetl(fid);

fprintf(’\n Characteristics of the mesh for Nemoh \n’);

86 fprintf(’\n --> Number of nodes : %g’,nx);

fprintf(’\n --> Number of panels : %g\n \n’,nf);

for i=1:nx

ligne=fscanf(fid,’%f’,6);

x(i)=ligne(1);

91 y(i)=ligne(2);

z(i)=ligne(3);

end;

for i=1:nf

ligne=fscanf(fid,’%g’,4);

96 NN(1,i)=ligne(1);

NN(2,i)=ligne(2);

NN(3,i)=ligne(3);

NN(4,i)=ligne(4);

end;

101 nftri=0;

for i=1:nf

nftri=nftri+1;

tri(nftri,:)=[NN(1,i) NN(2,i) NN(3,i)];

nftri=nftri+1;

106 tri(nftri,:)=[NN(1,i) NN(3,i) NN(4,i)];



end;

ligne=fgetl(fid);

ligne=fgetl(fid);

for i=1:nf

111 ligne=fscanf(fid,’%g %g’,6);

xu(i)=ligne(1);

yv(i)=ligne(2);

zw(i)=ligne(3);

u(i)=ligne(4);

116 v(i)=ligne(5);

w(i)=ligne(6);

end;

status=fclose(fid);

figure;

121 trimesh(tri,x,y,z);

hold on;

quiver3(xu,yv,zw,u,v,w);

title(’Mesh for Nemoh’);

clear KH;

126 KH=zeros(6,6);

fid=fopen([nomrep,filesep,’mesh’,filesep,’KH.dat’],’r’);

for i=1:6

ligne=fscanf(fid,’%g %g’,6);

KH(i,:)=ligne;

131 end;

status=fclose(fid);

clear XB YB ZB Mass WPA Inertia

Inertia=zeros(6,6);

fid=fopen([nomrep,filesep,’mesh’,filesep,’Hydrostatics.dat’],’r’);

136 ligne=fscanf(fid,’%s’,2);

XB=fscanf(fid,’%f’,1);

ligne=fgetl(fid);

ligne=fscanf(fid,’%s’,2);

YB=fscanf(fid,’%f’,1);

141 ligne=fgetl(fid);

ligne=fscanf(fid,’%s’,2);

ZB=fscanf(fid,’%f’,1);



ligne=fgetl(fid);

ligne=fscanf(fid,’%s’,2);

146 Mass=fscanf(fid,’%f’,1)*1025.;

ligne=fgetl(fid);

ligne=fscanf(fid,’%s’,2);

WPA=fscanf(fid,’%f’,1);

status=fclose(fid);

151 clear ligne

fid=fopen([nomrep,filesep,’mesh’,filesep,’Inertia_hull.dat’],’r’);

for i=1:3

ligne=fscanf(fid,’%g %g’,3);

Inertia(i+3,4:6)=ligne;

156 end;

Inertia(1,1)=Mass;

Inertia(2,2)=Mass;

Inertia(3,3)=Mass;

% Write Nemoh input file

161 fid=fopen([nomrep,filesep,’Nemoh.cal’],’w’);

fprintf(fid,’--- Environment ------------------------------------------------------------------------------------------------------------------ \n’);

fprintf(fid,’%f ! RHO ! KG/M**3 ! Fluid specific volume \n’,rho);

fprintf(fid,’%f ! G ! M/S**2 ! Gravity \n’,g);

fprintf(fid,’0. ! DEPTH ! M ! Water depth\n’);

166 fprintf(fid,’0. 0. ! XEFF YEFF ! M ! Wave measurement point\n’);

fprintf(fid,’--- Description of floating bodies -----------------------------------------------------------------------------------------------\n’);

fprintf(fid,’1 ! Number of bodies\n’);

fprintf(fid,’--- Body 1 -----------------------------------------------------------------------------------------------------------------------\n’);

if isunix

171 fprintf(fid,[’’’’,nomrep,filesep,’mesh’,filesep,’axisym.dat’’ ! Name of mesh file\n’]);

else

fprintf(fid,[nomrep,’\\mesh\\axisym.dat ! Name of mesh file\n’]);

end;

fprintf(fid,’%g %g ! Number of points and number of panels \n’,nx,nf);

176 fprintf(fid,’6 ! Number of degrees of freedom\n’);

fprintf(fid,’1 1. 0. 0. 0. 0. 0. ! Surge\n’);

fprintf(fid,’1 0. 1. 0. 0. 0. 0. ! Sway\n’);

fprintf(fid,’1 0. 0. 1. 0. 0. 0. ! Heave\n’);

fprintf(fid,’2 1. 0. 0. 0. 0. %f ! Roll about a point\n’,zG);



181 fprintf(fid,’2 0. 1. 0. 0. 0. %f ! Pitch about a point\n’,zG);

fprintf(fid,’2 0. 0. 1. 0. 0. %f ! Yaw about a point\n’,zG);

fprintf(fid,’6 ! Number of resulting generalised forces\n’);

fprintf(fid,’1 1. 0. 0. 0. 0. 0. ! Force in x direction\n’);

fprintf(fid,’1 0. 1. 0. 0. 0. 0. ! Force in y direction\n’);

186 fprintf(fid,’1 0. 0. 1. 0. 0. 0. ! Force in z direction\n’);

fprintf(fid,’2 1. 0. 0. 0. 0. %f ! Moment force in x direction about a point\n’,zG);

fprintf(fid,’2 0. 1. 0. 0. 0. %f ! Moment force in y direction about a point\n’,zG);

fprintf(fid,’2 0. 0. 1. 0. 0. %f ! Moment force in z direction about a point\n’,zG);

fprintf(fid,’0 ! Number of lines of additional information \n’);

191 fprintf(fid,’--- Load cases to be solved -------------------------------------------------------------------------------------------------------\n’);

fprintf(fid,’1 0.8 0.8 ! Number of wave frequencies, Min, and Max (rad/s)\n’);

fprintf(fid,’1 0. 0. ! Number of wave directions, Min and Max (degrees)\n’);

fprintf(fid,’--- Post processing ---------------------------------------------------------------------------------------------------------------\n’);

fprintf(fid,’1 0.1 10. ! IRF ! IRF calculation (0 for no calculation), time step and duration\n’);

196 fprintf(fid,’0 ! Show pressure\n’);

fprintf(fid,’0 0. 180. ! Kochin function ! Number of directions of calculation (0 for no calculations), Min and Max (degrees)\n’);

fprintf(fid,’0 50 400. 400. ! Free surface elevation ! Number of points in x direction (0 for no calcutions) and y direction and dimensions of domain in x and y direction\n’);

fprintf(fid,’---’)

status=fclose(fid);

201 fclose(’all’);

end



B
A P P E N D I X B - W E C - S I M I N P U T F I L E - I R R E G U L A R WAV E S

%% Simulation Data

simu = simulationClass(); % Initialize Simulation Class

3 simu.simMechanicsFile = ’CaseStudy.slx’;% Specify Simulink Model File

simu.mode = ’normal’; % Specify Simulation Mode (’normal’,’accelerator’,’rapid-accelerator’)

simu.explorer=’off’; % Turn SimMechanics Explorer (on/off)

simu.startTime = 0; % Simulation Start Time [s]

simu.rampTime = 100; % Wave Ramp Time [s]

8 simu.endTime=400; % Simulation End Time [s]

simu.solver = ’ode4’; % simu.solver = ’ode4’ for fixed step & simu.solver = ’ode45’ for variable step

simu.dt = 0.1; % Simulation time-step [s]

% Irregular Waves using PM Spectrum

13 waves = waveClass(’irregular’); % Initialize Wave Class and Specify Type

waves.H = 4.78; % Significant Wave Height [m]

waves.T = 10.82; % Peak Period [s]

waves.waveDir = 280.72; % Direction [degrees]

waves.spectrumType = ’PM’; % Specify Wave Spectrum Type

18

%% Body Data

% Float

body(1) = bodyClass(’NEMOH/NEMOH_results.h5’);

%Create the body(1) Variable, Set Location of Hydrodynamic Data File

23 %and Body Number Within this File.

body(1).geometryFile = ’geometry/float.stl’;

body(1).mass = ’equilibrium’;

%Body Mass. The ’equilibrium’ Option Sets it to the Displaced Water

%Weight.

28 body(1).momOfInertia = [20907301 21306090.66 37085481.11]; %Moment of Inertia [kg*m^2]

% Translational PTO

pto(1) = ptoClass(’PTO1’); % Initialize PTO Class for PTO1

pto(1).k = 0; % PTO Stiffness [N/m]
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33 pto(1).c = 1200000; % PTO Damping [N/(m/s)]

pto(1).loc = [0 0 0]; % PTO Location [m]
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