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Abstract

Among various renewable energy technologies, offshore Floating Photovoltaics (FPV) repre-
sents a new and favorable approach to the constantly diminishing amounts of fossil fuels and
the need to reduce carbon emissions in the pursuit of a sustainable future. The advantages of
an FPV system include the conservation of land areas and high PV efficiency because of the
water cooling effect. Despite the advantages, offshore FPV technologies also face significant
technical and economical challenges, and there are few robust systems that can withstand
harsh offshore environmental conditions.

To address the technical challenges of a recently proposed novel FPV concept using semi-
submersible floats and rope connections, this thesis created, calibrated, and studied a nu-
merical model for a model-scale FPV array. The FPV array consists of 3 by 2 modules
with cross-shaped rope connection and horizontal moorings. The time-domain numerical
simulations were carried out in OrcaFlex, which accounts for the structural behaviour of the
FPV array and the fluid-structure interaction under wave loads. The numerical simulation
results were compared against those obtained from hydrodynamic model tests for a physical
model. Ten regular waves and three irregular waves with different wave periods and heights
are considered. During the numerical study, the motion of a single floating body within the
array, tension in mooring lines and the ropes connecting the floating bodies are analysed in
detail.

The results show that the Reponse Amplitude Operators (RAOs) of the numerical model
have a percentage difference of less then 5.67% compared with those of the physical model
in heave. An analysis of the tension in connecting ropes that tie the floating bodies together
reveal that the diagonal ropes can experience snatch loads. A sensitivity study reveals that
reducing the line stiffness can eliminate these snatch loads. Furthermore, spectral density
graphs show a good comparison for irregular waves, the numerical and experimental surge
and heave motion response appears to be excited at similar frequencies with similar spectral
density.

The outcomes of this study contribute to improved numerical modelling and comparison
against physical models and more robust design of critical structural components (e.g., rope
connection) for the novel FPV system.
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Chapter 1

Introduction

1.1 Background

In the transition to renewable sources of energy, solar power has emerged as a promising
solution to the problem of diminishing fossil fuels. However, traditional solar farms face
many obstacles, such as the need to conserve land resources and loss of efficiency at high
cell temperatures, among others. Of the solar based energy technologies known to us today,
Floating Photovoltaics (FPV), presents a novel and efficient solution to these obstacles.

One advantage of FPV farms is that they conserve valuable land resources. Installing a
solar farm on land requires a lot of space. For example, a crystalline panel farm would need
roughly 16187m2 of land for every megawatt of power [1]. Simply moving the solar farm onto
a body of water would mean less deforestation and avoiding harming local eco-systems [2],
as well as make this land available for other purposes such as infrastructure and agriculture.
Installing them on water might, in some cases, be even faster than on land considering that
preparing land for a solar farm requires excavating and levelling, which can take a long time.
The same can also be said when it comes to expansion. On land one would have to remove
a variety of obstacles, out at sea however, with no buildings or forests around, expansion is
much easier.

Another benefit of FPV is that the panels provide shading. This not only reduces algae
growth, leading to better water quality, but also reduces evaporation. Limiting evaporation
by placing an FPV system on a reservoir or lake helps especially in places where water is
scarce [3]. The energy production may also improve because of the cooling effects of water [2].

Still, FPV farms face their own unique set of engineering challenges, specifically understand-
ing and managing their interaction with water and other environmental loads such as waves,
winds, and currents.

A study on the hydrodynamics of an FPV system with ten bodies arranged in a single row,
[4], concluded that such a system was fairly stable and had good sea-keeping. Another
paper, [5], analysed three different 3x3 FPV array models in OrcaFlex focusing on waves
smaller than 1 meter, and compared the results to a reference model based on accuracy and
computational time. It was found that model A, a model where hydrodynamic interaction
is not considered, gave the best results. The author concluded that it was effective when it
came to simulating the motion response of an FPV array.

This thesis deals with the numerical modelling, calibration and analysis of a model scale
(1:60) floating PV array modelled in OrcaFlex and how it compares to a physical model, the
goal of which is to understand its behaviour by analysing the motion of a single floating body
withing the array and select lines in the system, when subject to regular and irregular waves.
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The analysis focuses on the surge and heave motion of a single floating body in the ar-
ray during regular waves of both operational and extreme conditions, as well as irregular
waves that aim to replicate realistic sea conditions. The behaviour of connecting ropes
and mooring lines are also scrutinized. Additionally, the results from the numerical model
are compared against results for the corresponding floating body and lines of the physical
model, obtained from a model-scale experimental FPV array tested in a wavemaker basin [6].

By analysing and comparing the RAOs, motion, and tension results of the numerical model
against the physical model, a firm basis has been formed for understanding how the moored
FPV system responds to a variety waves, which is an important step forwards in the imple-
mentation of a stable FPV system in an offshore environment.

1.2 Components of a Floating Photovolatic System

1.2.1 Photovoltaics

Photovoltaics (PV) are a steadily progressing renewable energy technology, continuing to
improve in efficiency and cost-effectiveness. The purpose of PV technology is to convert solar
energy into electricity. The cells on a PV panel are made from semiconducting materials. The
most commonly used material is silicon, but there are others such as Indium, Germanium,
and Selenide [7]. However, these are far more scarce than Silicon, and thus less commonly
used. When sunlight hits the solar cells, electrons are excited and form electron-hole pairs.
A current is created by capturing these free electrons. This process where sunlight is used
to generate electricity is called the photovoltaic effect. In addition, there are a variety of
silicon cell technologies. For instance, mono-crystalline, multi-crystalline, and amorphous
cells among others. A PV system requires many components besides the PV modules to
function, for example inverters, batteries to store the energy, regulators, wiring, monitoring
systems, and many others [7].

1.2.2 Floating Platforms

Installing PV panels on bodies of water naturally requires floating platforms. These need
to be buoyant enough to take the mass of the PV panels and at the same time be able to
endure environmental loads such as waves and currents for long periods of time. A commonly
used material for floating platforms in FPV systems is High-Density Polyethylene (HDPE),
which is UV and corrosion resistant in addition to having high tensile strength [8]. Each
floating platform will usually carry a certain amount of PV panels. Connecting many of
these together forms an array or system of interconnecting floating platforms. A benefit of
this type of system is that it is easily expanded.

1.2.3 Mooring Systems

The main purpose of a mooring system is to prevent the FPV array from overturning or
drifting away. It consists of a number of lines connected to the floating platform on one end
and anchored to an unmoving landmark or structure at the other. These lines can be made
up of chains, wires, synthetic rope, or other materials [9][10][11].

The most common types of mooring systems are taut-leg and catenary moorings. The taut-
leg mooring, as the name implies, connects the floating platform to the seabed using taut
mooring lines. The floating platform is kept in position by tension in the lines. This type of
mooring is mostly used in deep waters. In contrast, a catenary system uses far more material
because part of the line has to be lying on the seabed. Here, instead of tension, most of the
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work is actually done by the curved shape of the mooring lines [11][9].

Mooring systems can also be divided by how the mooring lines are distributed, namely single
point and spread mooring systems. As the names imply, for a single point mooring, all the
lines are gathered in one place, whereas a spread system distributes the mooring lines to
different parts of the floating platform [11].

There are many factors that influence the choice of mooring system, some of which are water
depth, FPV array size, and environmental conditions.

1.3 FPV Concepts

With FPV being a relatively new field, FPV farms installed on bodies of water are rare.
Some examples of concepts that have been tried are given below.

One concept, described in [12], was a flexible thin film PV array. This concept used no
floating platforms, by relying on the low mass of thin film PV panels to let them float. The
FPV panels were held together by a neoprene mesh, which is a rubber-like material, coated to
the backside of the panels. The FPV array had 3 panels on either side of a central bus which
held the inverters. A prototype of this model was tested on a pond in Sudbury, Canada.
Another offshore PV concept where the PV panels are installed on an elevated platform has
also been attempted. An article published by PV Magazine, [13], shows a offshore platform
for PV arrays where platform is elevated high above water as seen in figure 1.1.

Figure 1.1: An offshore elevated floating PV system installed at the Port of Ostend, in the North
Sea coast of Belgium [13].

The concept which was the basis for the experimental model described in chapter 3, was to use
lightweight, hollow floating pontoons made of HDPE, connected to each other by lightweight
ropes, and held in position with multiple mooring lines anchored to the seabed[6] (Fig. 1.2).

Figure 1.2: Illustration of FPV concept that served as a basis for the experimental model described
in chapter 3 [6].
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1.4 Motivation

Among sustainable energy technologies, offshore floating photovoltaic systems have in recent
years gained a lot of attention. Implementing PV systems on bodies of water solve many
of the problems that traditional land-based PV farms face. Thus, this section looks at the
motivations for researching floating PV systems.

Being a new and emerging field, there has not been done much research on Floating PV
farms, especially when it comes to numerical models and comparisons between numerical
and physical models. Some different types of FPV concepts that have been research are de-
scribed in chapter 1.3. Thus, the research done in this thesis is a vital step towards creating
efficient and reliable FPV systems. In addition, research into FPV systems using different
body types, materials, and water depths are still in the nascent stages.

Environmentally, it is also important that FPV concepts are researched as they represent a
step towards a more sustainable future, reducing carbon emissions and avoiding the use of
fossil fuels.

1.5 Objectives

As stated previously, the objective of this thesis is to develop a numerical model of an offshore
floating solar photovoltaic concept, that is calibrated to match the results from a physical
multi-body model. The results are then to be compared against those of the physical model.
This entails the following:

• Present a numerical model that simulates realistic results.

• Analyse the behaviour of the numerical offshore FPV system model when subject to
waves.

• Create a reliable, global model for dynamic motion behaviour of a floating PV array.

1.6 Research Questions

The research questions for thesis are divided into a main research question with three sub-
questions. They are as follows:

• How to numerically model and evaluate the global dynamic response characteristics of
a 3 by 2 Floating Photovoltaic (FPV) array?

– How do the ropes connecting the floating bodies to each other behave when the
FPV array is exposed to waves?

– How do the numerical mooring lines compare to the mooring lines in the physical
model during the different waves?

– How does the surge and heave motion of the numerical floating body compare
against the physical model?
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1.7 Limitations & Assumptions

• The numerical model does not fully capture all the properties of the material used for
the pontoons and lines.

• Environmental loads such as winds and currents are not considered.

• This thesis does not investigate the power performance of the FPV system, only motion
and structural response.

• The thesis is limited in time by a deadline, which means efficiency is key when trying
to complete the project.

1.8 Thesis Outline

The thesis is split into the following chapters:

• Chapter 2 - Theory: Supplies the reader with a basic understanding of the theoretical
concepts applied.

• Chapter 3 - Experimental Setup: Presents the system used in the experimental
setup, whose results the numerical model is measured against.

• Chapter 4 - Numerical Model: Describes the process of designing the floating
photovoltaic system, from meshing of floating bodies to creation of position keeping
system.

• Chapter 5 - Results & Discussion: Reviews and discusses various aspects of the
project, from design to simulated results, including alternative solutions. The numerical
results are compared against experimental ones.

• Chapter 6 - Conclusions & Further Work: Summarises the results and key con-
clusions, in addition to suggestions for further research.
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Chapter 2

Theory

2.1 Linear Wave Theory

2.1.1 Regular Waves

Regular waves are an ideal type of wave characterized by their constantly repeating shape
and motion. This means that their period, wavelength, amplitude, direction, and wave
height, among other things, are all constant. And because of this, regular waves are simple
and easy to predict, and thus useful for studying structure and wave interaction in a con-
trolled environment, such as in a wave tank or numerical models [9, p. 5-2].

In figure 2.1, the water surface is represented by ζ. Measured from still water level, which is
the water surface when subject to no waves, to wave crest is ζa, which stands for the wave
amplitude. The wavelength and period are symbolized by λ and T respectively. H refers to
the wave height and represents the vertical distance from trough to crest, trough being the
lowest point on the wave, while crest is the highest point. The water depth, h, is the vertical
distance from the surface of the water when it is calm, to the seabed. For a wave moving
in the positive x-direction, the wave can be described as seen in equation (2.1), where the
wave number, k, and the circular wave frequency, ω, can be written as k = 2π

λ
and ω = 2π

T
[9, p.5-4].

ζ = ζa · cos(kx− ωt) (2.1)

Figure 2.1: Visual representation of a regular wave [9, p.5-4].
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2.1.2 Irregular Waves

Irregular waves are a more realistic representation of actual sea conditions, where waves are
influenced by wind and tides among other factors. These waves are made up of different
wave components, all with different periods, wavelengths, and amplitudes. An irregular wave
changes continuously with time without repeating itself.

As seen in figures 2.2a and 2.2b, an irregular wave is constructed from two or more regular
waves, all superimposed on one another. The result is a complex wave that is much harder to
predict and analyse. And because of this complexity, one is often required to use statistical
approaches to characterize their properties [9, p.5-29].

(a) (b)

Figure 2.2: Irregular waves made up of multiple super-positioned regular waves.

2.1.3 Wave Spectrum

The Pierson-Moskowitz spectrum is a model developed for unidirectional, fully developed
seas with stable wind and nearly unlimited fetch, such as the North Atlantic Ocean. It
describes the energy distribution of waves for a range of frequencies. The Pierson-Moskowitz
spectrum is expressed mathematically as [14, p. 5][15, pp. 324-328]:

S(ω) =
α · g2

ω5
exp(−β(g/Uω)4) (2.2)

Here S(ω) represents the spectral density, ω is the angular frequency, g is the gravita-
tional acceleration, and α and β are constants determined through experimentation to be
α ≈ 8.1 · 10−3 and β ≈ 0.74 [15, pp. 327-328].

The Joint North Sea Wave Project (JONSWAP), is another spectrum that was developed
for the North Sea but with limited fetch. It is commonly used in the design and analysis
of offshore structures. It shows higher peaks than the Pierson-Moskowitz model and also a
narrower bandwidth [9, p. 5-45][15, p. 331][14, pp. 6-7].
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2.2 Potential Flow Theory

In hydrodynamics, potential theory is used to explain fluid motion around objects. Waves
and currents affect the floating body differently. And the relationship between these environ-
mental loads and a floating body may be understood and predicted with the use of potential
flow theory. According to the theory, fluid motion can be described by a potential function.

2.2.1 Continuity Equation

The conservation of mass in an important concept in fluid dynamics, it is essential in fluid
analysis and is explained using the continuity equation. The idea is that the moving fluid
can only be redistributed when considering a closed system [9, p. 3-2][16, pp. 529-530].

The equation is given in (2.3), where ρ is the fluid density, t is time, and V⃗ is the fluid
velocity vector [9, p. 3-3].

∂ρ

∂t
+∇ · (ρV⃗ ) = 0 (2.3)

The continuity equation can be simplified further as seen in (2.4) by assuming that the flow
is incompressible. If considered incompressible, the density, ρ, becomes constant, and can
thus be cancelled [9, p. 3-3][15, p. 61].

∇V⃗ = 0 (2.4)

2.2.2 Potential Function

A potential function is a function where at every location in the flow, the velocity in any one
direction is just the derivative of this potential function in that specific direction. Which is
the case if it fulfills laplace’s equation [9, p.3-7].

∇2Φ = 0 (2.5)

A second condition that must be fulfilled is that the potential theory solution is irrotational,
for which equation (2.6), must hold true for the x, y, and z-planes [16, p. 531][15, pp.
108-110].

∂v

∂x
− ∂u

∂y
= 0 in the (x, y)− plane. (2.6)

Potential flow theory assumes that the fluid flow is continuous, incompressible, irrotational,
and inviscid [9, p.3-7][17].

2.2.3 Diffraction Theory

The sum of the potentials from the diffraction of the undisturbed incoming wave on the
fixed body (Φd), the undisturbed incoming wave (Φw), and the radiation potentials from
each degree of freedom (Φj), according to potential theory, form the floating body potential.
The mathematical expression is given in equation (2.7)[9, p.7-38].

Φ =
6∑

j=1

Φj + Φw + Φd (2.7)
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2.2.4 Elementary Flows

A uniform flow is the simplest type of flow, where the fluid moves uniformly, at a constant
velocity, in one direction [18, p. 6].

In a source flow, the fluid is injected at a point, the source of the fluid, and pours outwards
from that point uniformly in all directions. In contrast to this, in a sink flow, the fluid flow
moves inwards towards a single point, where it is absorbed or disappears. The flow rate
is positive for a source flow, and negative for a sink flow. To put it simply, a sink can be
considered a negative source [18, p. 7][16, p. 533].

Another elementary flow is a vortex. Here, the flow moves circularly around a single point.
For this kind of flow, it is important to exclude the origin point during integrations in the
fluid, since the velocity goes to infinity at this point [18, p. 8].

Figure 2.3: Common elementary flows used in potential theory. a) Uniform flow, b) source flow, c)
vortex flow [16, p. 533].

One can also create more complicated flows by combining simpler flows. For example, one
can make a doublet flow, where a source and sink are placed close to each other so that the
source emits fluid that is subsequently absorbed by the sink [9, pp.3-13, 3–17].

Figure 2.4: A doublet flow, created by placing a sink and source element close to one another [16,
p. 534].
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2.3 Dynamics of Floating Bodies

2.3.1 Equation of Motion & Cummin’s Equation

The equation of motion is used in hydrodynamics to describe how a body in water moves
when subject to forces such as gravity, buoyancy, and waves, among others. For a moored
offshore floating PV array, like the one described in this thesis, this equation is essential
if one is to model a safe and stable system. It also plays an important role when trying
to optimize the energy production, since one has to understand the motion of the body to
orient the FPV array in the best way possible [9].

Cummin’s equation expands on the equation of motion by taking into account the memory
effect by adding the convolution integral. It is derived from the linear potential flow theory
and accounts for the fact that the body in its current state is affected by past wave excitation.
By combining added mass and damping because of water, it gives an accurate picture of the
body dynamics [9, p.6-36][19].

(M + A)ẍ(t) +

∫ ∞

τ=0

B(τ)ẋ(t)(t− τ)dτ + Cx(t) = X(t) (2.8)

Cummin’s equation is given in (2.8), where A is the added mass, B is the retardation
function, C is the restoring stiffness, M is the mass. X(t) represents the hydrodynamic
loads on the body [9].

2.3.2 Displacement RAOs

A Response Amplitude Operator (RAO) is a dimensionless unit which describes how a body
in water responds to waves at a given frequency. Or more specifically, the relationship be-
tween the incoming wave amplitude and the response amplitude of the vessel in the degree
of freedom of interest [20][9, p. 6-23].

An RAO will have both a magnitude and phase, revealing the vessels movement and the
time lag between excitation and response. For example, the surge RAO magnitude might
tell a person how much a vessel moves back and forth when subject to a wave, while the
phase tells a person the response’s time in relation to the wave excitation. If the phase is
zero, the structure is in sync with the wave crest. At a 180 degree phase, it is in sync with
the trough.

One can get the RAO from the complex transfer function, H(ω). The equation for which is
given in equation (2.9), where Syy(ω) is the measured motion response spectrum and Sxx(ω)
is the input wave spectrum [21, p. 93].

|H(ω)|2 = Syy(ω)

Sxx(ω)
(2.9)

10



2.4 Hydrodynamic Forces on Slender Structures

2.4.1 Added Mass

Added mass comes about as a result of a body accelerating while immersed in a fluid. When
submerged, a body will displace water. And when accelerating while immersed in water, it
has to move the fluid surrounding it too, which increases its inertia. The total added mass
increases with every body immersed because the flow of water around one body can affect
another, especially if they are close to each other [22][17].

The added mass is proportional to the acceleration of the body. The body and water particles
move at the same speed. Those closer to the body, however, will accelerate differently to
those further away. All the particles accelerate some as the body moves, and the added mass
is the weighted total of this acceleration [15, p. 147].

2.4.2 Damping

Hydrodynamic damping is important when trying to understand the behaviour of a body
in water, since it has an impact on both the movement and stability of a floating body,
especially when there are waves present. Damping is a way of dissipating energy. Like a
resistance that the body experiences that slowly reduces its motion until it stops completely.
The damping comes from the fact that the fluid has its own density, and to move through
it, the object would also have to move the fluid around it [9][15, pp. 306-308]. For example,
if one were to push a log floating on a body of water, it would drift until eventually the
resistance from the water dissipated enough energy for it to come to a stop.

2.5 Free Decay Test

A free decay test is usually performed in order to get the natural frequency and damping
of a floating body in water. Initially the body is in equilibrium, before being displaced and
subsequently released. The body will then oscillates without being affected by any outside
forces save gravity and hydrodynamic forces. These oscillations will decrease over time until
the body finds equilibrium again. Besides the natural period and damping, a free decay test
can also provide information about the added mass of an object, which can help improve
the model [9, pp. 6-15, 6–17][21, pp. 85-88].

ζ√
1− ζ2

=
1

2π
ln(

z(t)

z(t+ Tz)
) (2.10)

ζ =
1

2π
ln(

z(t)

z(t+ Tz)
) (2.11)

The non-dimensional damping coefficient, ζ, is calculated as shown in equation (2.10), where
z(t) is value of the first peak and z(t+Tz) is the peak value after one full period. The natural
period, Tn, is the time between two peaks [9, pp. 6-15, 6–17]. It can also be approximated
using (2.11) for k values smaller than 0.4 [6, p. 12][21, p. 87].

The linear and quadratic damping coefficients for a system can be estimated from a free decay
test. For example, for a system with a single degree of freedom that accounts for quadratic
damping, the equation of motion can be written as seen in Equation (2.12). Where, M is
the mass and added mass, B1 is the linear damping, B2 is the non-linear damping, and C is
the restoring stiffness [21, p. 85].
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Mẍ+B1ẋ+B2ẋ|ẋ|+ Cx = 0 (2.12)

ẍ+B1ẋ+B2ẋ|ẋ|+ Cx = 0 (2.13)

BEQ = B1 +
8

3π
ωx0B2 (2.14)

By dividing the equation of motion, Eq. (2.12), by M, one gets Eq. (2.13). And using the
equivalent linearization technique, one can replace the quadratic term with a linear term,
as seen in Eq. (2.14), where ω is the frequency and x0 is the amplitude of the oscillations
respectively. The end result is Equation (2.15)[21, pp. 85-88][23, p. 252].

ẍ+BEQẋ+ Cx = 0 (2.15)
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Chapter 3

Experimental Model Test of 3x2 Array

This chapter delves into the experimental endeavor that served as the comparative baseline
for the numerical model. This test was carried out in October 2021 by researchers at the
Technical University of Madrid (UPM), Spain.

3.1 Test Setup

Figure 3.1 depicts the setup used for the experimental tests. The model was positioned in
the middle of a 100 meter long, 3.8 meter wide, and 2.245 meter deep towing tank, and
moored using a four-point above-water mooring system [6].

The mooring lines were glued to the FPV array at one end and to the towing tank at the
other end using a spring connected to a aluminum profile via a HBM U9C load cell used to
measure the tensile force. The load cells had an accuracy class of 0.2 and the data was col-
lected using a measuring system called Spider 8. Each float also had a hole with a diameter
of 2.5mm drilled on each of its corners, exactly 7.5mm on a 45° from the corner in order
to link the floating bodies together using connecting ropes and to attach the mooring lines.
Both the mooring lines and the connecting ropes used to keep the floating bodies together
were made of wires with a density of 0.0005 kg

mm3 . The pretension in the mooring lines was
set to 0.245N (model-scale). A pulley was placed under each of the aluminium profiles to
create the horizontal part of the mooring system. The angle between mooring lines and the
water surface was approximately 4°. The floating bodies were made of polyurethane, which
absorbs some water over tim [6].

Additionally, optical tracking cameras were attached to each of the floating bodies to capture
the motion of the bodies, and wave probes were used to analyse the waves, which were
generated by a wave-maker located at one end of the towing tank [6].
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Figure 3.1: Schematic representation of experimental setup [6].

3.2 Load Cases

The load cases considered in the experimental setup are given in Tables 3.1 and 3.2. Regular
waves 1 through 9 represent operational wave conditions, while regular wave 10 is an extreme
wave representing survival conditions. The irregular waves are meant to mimic realistic wave
conditions and thus have no fixed wave height or period.

Table 3.1: Regular wave load cases.

Full scale Model scale
ID Period [s] Height [m] Period [s] Height [mm]
Regular Wave 1 (WR1) 7.8 1.9 1.00 31.67
Regular Wave 2 (WR2) 8.6 2.1 1.11 35
Regular Wave 3 (WR3) 9.3 2.7 1.20 45
Regular Wave 4 (WR4) 10.0 3.1 1.29 51.67
Regular Wave 5 (WR5) 10.6 3.4 1.37 56.67
Regular Wave 6 (WR6) 11.2 3.9 1.45 65
Regular Wave 7 (WR7) 11.8 4.5 1.52 75
Regular Wave 8 (WR8) 12.3 4.8 1.59 80
Regular Wave 9 (WR9) 12.8 5.1 1.65 85
Regular Wave 10 (WR10) 12.0 15.3 1.55 255

Table 3.2: Irregular wave load cases [6, p. 9].

ID λ/L TM∗ H*/λ h*/λ Hs(F ) Ts(F )

Irregular Wave 1 (WIRR1) 6.7 0.86 1.8 1.87 1.2 6.7
Irregular Wave 2 (WIRR2) 12.8 1.19 2.1 0.98 2.8 9.2
Irregular Wave 3 (WIRR3) 17.9 1.41 3.9 0.70 7.2 10.9

Table 3.2 shows the irregular wave load cases used for the experimental tests. λ is the
wavelength, Hs(F ) is the full-scale significant wave height, and Ts(F ) is the full-scale significant
wave period. TM∗ is the model-scale measured period (the asterisk (*) denotes measured
values). H*/λ is the relationship between the measured significant wave height and the wave
period, and h*/λ is the relationship between the measured water depth and wavelength. L
is the characteristic length of the floating body [6].
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Chapter 4

Numerical modelling

This chapter presents the design, development, and configuration of the numerical model,
from design of geometry and mesh in GeniE, hydrodynamic frequency analysis in OrcaWave,
to system modelling in OrcaFlex, and its alignment with the physical experiment’s condi-
tions. For a more detailed explanation on each of the software programs, please refer to
appendix B. The modelling procedure is shown in Fig. 4.1.

Figure 4.1: Flowchart for the modelling and calibration procedure.

Similarly to the experimental model, the numerical model is created at model-scale. The
scaling factor (1:60) and how it applies to different parameters is shown in Table 4.1.

Table 4.1: Scaling factors between model- and full-scale parameters.

Parameter Scaling factor
Acceleration 1

Time α
1
2

Velocity α
1
2

Linear dimensions α
Area α2

Volume α3

Mass α3

Force α3

Moment α4
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4.1 Geometry & Mesh

To begin with, the model scale body geometry is created using GeniE. The dimensions of the
floating body for both full-scale and model-scale are given in Table 4.2. After the general
geometry is defined, it is meshed. The result is as seen in Figs. 4.2a and 4.2b. The mesh
consists of 4246 panels, with a mesh density of 2mm. The dimension of the elements is
chosen to guarantee sufficient accuracy while limiting computational demands.

Table 4.2: FPV test array variables, model scale is 1:60 of full scale [6].

Variables Full scale Model scale
Float length 4.7m 78.3mm
Float width 2.9m 48.3mm
Float heigth 0.6m 10mm
Float density 352kg/m3 352kg/m3

Float draft 0.2142m 3.57mm
Array length 10.7m 178.3mm
Array width 10.4m 173.3mm
Float gap 1m 16.7mm

Marker length - 12mm
Marker width - 12mm
Marker height - 34mm
Marker mass - 0.000188kg
Water density 1000kg/m3 1000kg/m3

(a) (b)

Figure 4.2: Single floating body mesh as seen in Sesam GeniE [17].
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4.2 Frequency Domain Numerical Modelling

The frequency domain numerical model is created in OrcaWave (refer to appendix B.2 for
an explanation of the program). OrcaWave calculates loading and response for the parts of
a structure that are immersed in water when there are surface waves present using potential
flow theory [24].

The mesh file extracted from GeniE is imported into OrcaWave and used to create a 3x2
array. The diffraction solve type, the load RAO calculation method, and the linear solve
method are set to the standard "potential formulation only", diffraction, and "direct LU"
respectively.

Waves are referred to by periods, of which there are 20, ranging from 0.1 to 2 seconds, which
corresponds to 0.77 to 15.49 seconds at full-scale. 9 wave headings are simulated; 0, 15, 30,
45, 60, 75, 90, 180, and 270°. The 180 and 270 degree headings were included because in a
multi-body array a wave heading at 0 and 180 degrees would yield different RAOs, damping,
and added mass results, among others. Take for example the array seen in Fig. 4.3a, if a
person were to analyse the RAOs of body 1 within the array, a wave with a 0° (moving in
the positive x-direction) would hit body 1 directly, while a wave with a 180° heading would
have to travel through body 6 to reach body 1, dispersing some of the wave energy in the
process, thus yielding different RAOs for the same body for different wave headings.

The moment of inertia tensor is important when trying to understand how the body resists
rotational motion. OrcaWave requires that the user inputs the body’s inertia into a 3x3
matrix in order to calculate the rigid body dynamics (matrix is given in appendix G.1). For
this project, the mass of the floating body is 0.0135kg, and the centre of mass is defined as
(0.0, 0.0, 1.736). Note that zero on the z-axis is the water surface.

The imported mesh (from GeniE) is as seen in Fig. 4.3b. OrcaWave automatically separates
the body into wet and dry-body panels. The wet-body panels are the panels of the mesh
that are beneath the water line. The red coordinate system seen in figure 4.3b is the local
coordinate system of the floating body.

(a) FPV array configuration used in OrcaWave [17].
(b) OrcaWave mesh side profile of a single floating
body.

Figure 4.3

Once a simulation is run, OrcaWave outputs results such as the added mass, damping, and
displacement RAOs. The results are different for each floating body, capturing the effects of
hydrodynamic interaction in a multi-body array.
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4.3 Time Domain Numerical Modelling

This section describes how the OrcaFlex numerical model was created. This includes the
objects used to assemble the structural model and their properties.

4.3.1 Floating Pontoons

When the OrcaWave file is imported into OrcaFlex, the 3x2 array of floating pontoons are
automatically established as vessel objects, using the data provided by OrcaWave.

Firstly, all six degrees of freedom are included in the static analysis of the vessel. The pri-
mary motion is set to "Calculated (6 DOF)". This option allows OrcaFlex to compute the
motion of the vessel in each of the six DOFs by taking into account loads from any connect-
ing lines or other secondary objects in addition to the other effects that are included. Data
for each included effect, the vessel type’s stiffness, as well as the reference origin must all be
specified when utilizing this option [25].

The included effects are 1st order wave loads, wave drift load, wave drift damping, added
mass and damping, and other damping. All other settings are standard (see Fig. G.4).
With the exception of wave drift loads and other damping, the data for the other effects
are obtained from the imported OrcaWave file. Wave drift loads are calculated by OrcaFlex
using Newman’s approximation, while the other damping (linear and quadratic damping
coefficients applied to the floating bodies) are specified by the user for each DOF [25].

The body type data imported from OrcaWave is different for each floating pontoon, meaning
each body has different displacement RAOs, added mass, damping, etc (see Figs. G.2 and
G.3). The reason for which is, if one looks at Fig. 4.3a, a wave moving in the positive
x-direction would hit the first row of floating bodies, before reaching the second. Therefore
some of the wave energy will be dispersed before the wave reaches the second row of floats
and the impact on the them would be smaller. Also, the flow of water around one body can
affect the added mass and damping of another body. The results would also vary depending
on the heading, since the a wave with a 0° heading compared to one with a 90° heading
would produce very different motion response.

4.3.2 Mooring Lines & Connecting Ropes

The mooring lines are modelled using the line object. OrcaFlex makes the line using a
number of nodes of mass joined together by segments of massless springs, called a lumped
mass model. Mass, drag, and other properties of each segment of the line are lumped at the
nodes, hence the name "lumped mass model" [26].

The mooring lines described in this thesis are 1932.5mm long, and divided into 19 segments.
While a higher number of segments would mean higher accuracy and more realistic results,
it also increases the computational time significantly.

OrcaFlex also has a line type wizard. By providing it with basic data such as the diameter of
the line and the density, it can approximate the line type data [27]. The lines in the original
paper, [6], had a diameter of 0.9mm and a density of 500e-9kg/mm3, though did not say
what material they were made of. The line type wizard required a material type. Among
the many types available, polypropylene came closest to the density and diameter that was
required. The diameter of each line in the numerical model is 0.8405mm, with a density of
500e-9kg/mm3. Other line type data calculated by OrcaFlex are given in Figure 4.3.
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Table 4.3: Approximated properties of a multiplait 8-strand polypropylene mooring line per unit
length as calculated by OrcaFlex line type wizard.

Parameter Value
Weight 4.9e-6 N/mm

Buoyancy 5.44e-6 N/mm
Submerged weight -542e-9 N/mm

Mass 500e-9 kg/mm
Displaced mass -555e-9 kg/mm
Submerged mass -55.3e-9 kg/mm

Diameter to submerged weight ratio -1.551e6 mm
kg/mm

Diameter to submerged mass ratio -15.21e6 mm
kg/mm

Min breaking load 117.077N

The link object is used to model the ropes connecting the floating bodies to one another.
OrcaFlex allows for two options when creating links, tethers and spring/dampers. In this
FPV system, the tether is deemed suitable because the links used in the physical model were
ropes which do not offer resistance like dampers and springs when compressed.

The unstretched length of the link object is so that it is 0.01mm shorter than the actual
distance between the bodies, allowing OrcaFlex to recognize that the link is in tension
during static analysis. The tension experienced by the links during simulation are calculated
by OrcaFlex using the stiffness and unstretched length input by the user. It is calculated
as seen in equation (4.1), where k is the stiffness, l0 the unstretched length, and l is the
stretched length [28].

T =

{
k(l−l0)

l0
, for l > l0

0, for l ≤ l0
(4.1)

4.3.3 Springs & Winches

Winches, in OrcaFlex, provide the user with a way of connecting two or more points using
a winch wire. The winch object can be either speed or tension controlled to feed or retract
the wire, or simply act as a fixed length of wire[29].

Of the two types of winches available; simple and detailed winches, the simple winch was
utilized. While the detailed winch allows the modelling of a more realistic winch, in the case
of the numerical model described in this thesis, the winch only needed to act as a length of
wire that connected the mooring line and the spring. It was used despite its ideal nature
in order to prioritize reliability and ease of integration over the more complex alternative [29].

The spring is modelled using a constraint object which can introduce, fix, and apply dis-
placements on individual degrees of freedom. It is made up of an in-frame and out-frame
coordinate system. If the constraint is attached to an object, its translational and rotational
motion will be connected to that object [30]. If a secondary object is fixed to the constraint,
it gets attached rigidly to the out-frame, and moves with the out-frame. The out-frame will
move with respect to the in-frame [30].

In the case of the FPV system described in this thesis, a fixed 3D-buoy object with virtually
no mass or volume is made the primary object of the spring. This ensures that one end of
the spring does not move at all. The other end of the spring is connected to the winch wire
(secondary object), and restricted in all but the vertical (z) DOF. Finally, the spring is given
a stiffness of 950e-6 N

mm
(3.43kN

m
at full-scale).
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4.3.4 Assembled Structural Model

The final design is as seen in Figs. 4.4b, 4.4a, and 4.4c. The red squares represent the
floating bodies. The yellow lines are the mooring lines. The winches, which are colored
orange, connect the mooring lines and the springs, through an intermediate point (green
dot). The intermediate point is considered by OrcaFlex as a frictionless, ideal pulley. One
end of the spring is connected to the winch wire, and the other to the fixed 3D buoy object
(blue circle).

Table 4.4: OrcaFlex FPV system object parameters.

Object Parameter Value
Straight links stiffness 0.183N/mm
Diagonal links stiffness 0.130N/mm
Mooring Lines Mass per unit length 500e-9kg/mm
Mooring Lines Diameter 0.841mm

Springs Tension 950e-6N/mm

(a) FPV array side-view schematic.

(b) FPV array overhead view schematic.

Figure 4.4: Schematics explaining the assembled structural model.
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(c) 3x2 FPV array schematic.

Figure 4.4: Schematics explaining the assembled structural model.

4.3.5 General & Environmental Settings

The time step was set to 0.00833 seconds for the motion analysis and 0.02 seconds for tension
analysis, same as the time steps used in the experimental results. The solution method was
set to Implicit time domain, which is the default solution method.

To be able perform a dynamic simulation, one must first complete a static state analysis.
Whole system statics were enabled for all simulations, bringing the entire system into a static
equilibrium.

The water density was set to 1e-6kg/mm3 (1000kg/m3). The water depth used for the
simulations was 2245mm, same as the depth of the wavemaker basin used in the experimental
setup. The kinematic viscosity was kept at the default value which is 1.35mm2/s. For regular
waves, the wave period and height for each simulated wave correspond to the ones given in
Table 3.1. For irregular waves on the other hand, the time history of waves recorded during
the experimental tests were imported into OrcaFlex to get the exact same irregular waves
in the physical and numerical models.
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4.3.6 Damping Calibration

The method used to get the quadratic damping coefficients needed for each wave was iter-
ative. Each load case was simulated with a quadratic damping coefficient applied to each
body in the FPV array, and the resulting motion exported and compared to the results of
the experimental model. This was done multiple times until a coefficient value was found
that gave the best comparison with the physical model results. The calibration process is
described in Fig. 4.5.

Figure 4.5: The process used during the damping calibration of the FPV system.

4.4 Limitations of Software

• OrcaFlex and OrcaWave use potential flow theory to model hydrodynamic forces, which
as explained previously (see chapter 2.2), assumes that the flow is irrotational, incom-
pressible, continuous, and also neglects viscous effects. Though, OrcaFlex does allow
empirical values of viscous damping to be applied to the models.

• OrcaFlex is also limited in that it models dynamics using rigid body motion, which
means it ignores structural deformations in the floats that can affect the response of
the FPV array when subject to waves.

• The results will also be somewhat impacted by the what time step is used. Longer time
steps result in less accurate results, but reduce the computational load.
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Chapter 5

Results & Discussion

5.1 Modal Analysis of 3x2 FPV Array

The purpose of the modal analysis is to identify the natural frequencies of the FPV system.
This is important because when the natural frequency of the system aligns with that of the
waves, it can cause excessive motion that can be damaging to the FPV system.

OrcaFlex has a modal analysis feature that calculates the undamped natural modes of the
entire system, and also animates them so that one can see the oscillations [31][32]. This
allows the user to understand how the FPV system behaves during specific frequencies.

Each mode has its own frequency and shape, numbered from one and up in order of increasing
frequency. The shape of each mode depicts the oscillations about the static mean position
when that mode is excited [31][32]. In the case of the FPV system described in this thesis,
OrcaFlex calculated 268 modes. The first ten are given in Table 5.1. The natural periods
range from 0.222 to 1.271 seconds. It is observed that the natural periods of the surge and
sway modes are rather close to the wave periods of two regular waves; WR3 and WR4 (refer
to Table 3.1).

Table 5.1: Static state modal analysis.

Mode Description Period Frequency
Mode 1 Collective sway of the array 1.271s 0.787Hz
Mode 2 Collective surge of the array 1.262s 0.792Hz
Mode 3 Collective yaw of the array 0.411s 2.434Hz
Mode 4 Half array moving inwards 0.273 3.669Hz
Mode 5 Mooring line vertical translation 0.225 4.445Hz
Mode 6 Mooring line vertical translation, 1 and 4 out of phase with 2 and 3 0.225 4.446Hz
Mode 7 Mooring line vertical translation, 1 and 2 out of phase with 3 and 4 0.225 4.447Hz
Mode 8 Mooring line vertical translation, 1 and 3 out of phase with 2 and 4 0.225 4.448Hz
Mode 9 Mooring line horizontal translation, 1 and 4 out of phase with 2 and 3 0.223 4.491Hz
Mode 10 Mooring line horizontal translation 0.222 4.497Hz

Modes 1, 2, and 7, are shown in Figures 5.1, 5.2, and 5.3 respectively. To be clear, the grey
arrays represent the offset position of the FPV system when oscillating, while the red array
shows the static mean position of the FPV system.
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Figure 5.1: Mode 1 (sway) from modal analysis, obtained from OrcaFlex (see Table 5.1).

Figure 5.2: Mode 2 (surge) from modal analysis, obtained from OrcaFlex (see Table 5.1).
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Figure 5.3: Mode 7 from modal analysis, obtained from OrcaFlex (see Table 5.1).
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5.2 Damping Calibration of Numerical Results

5.2.1 Free Decay Test

Below are results from the free decay tests for both numerical and experimental tests,
where k is the non-dimensional damping coefficient, and Tn is the natural period. The
non-dimensional damping coefficient is calculated as shown in equation (2.11), and the nat-
ural period, Tn, is the time between two successive peaks.

The purpose of the free decay experiments was to gauge how the single float and the entire
mooring system responded in calm water when subject to displacement.

Figure 5.4: Model scale heave free decay test results for a single floating body, conducted in calm
water.

Figure 5.5: Model scale pitch free decay test results for a single floating body, conducted in calm
water.
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Figure 5.6: Model scale roll free decay test results for a single floating body, conducted in calm
water.

Figures 5.4, 5.5, and 5.6, display the results of the free-decay tests carried out for a single
float in the heave, pitch, and roll degrees of freedom. These tests were performed without
mooring. The outcome shows that the natural period is nearly identical for both models in
all three DOFs. The damping is slightly higher for the experimental model during pitch and
roll, 3.3% and 6.4% respectively, and 10.3% higher for the numerical in heave.

A higher natural period suggests that the floating body oscillates slightly slower, which can
be beneficial or a liability depending on sea conditions in that area. On one hand, taking
longer time to oscillate means that the movements of the body are smoother. On the other
hand, if the area in which the FPV system is stationed has waves with a similar natural
period, this could lead to resonance. Resonance occurs when the natural period of the body
aligns with that of the waves. This is something one tries to avoid during practical applica-
tion because the increased amplitude of oscillations from resonance could damage the system.

The damping tells a person how quickly the floating body returns to rest after being dis-
turbed. As mentioned previously, the numerical results show less damping than the experi-
mental ones in roll and pitch, but more in heave. With no mooring lines or connecting ropes
affecting the test, the differences in damping are most likely a byproduct of differences in
structural design and real versus numerical fluid conditions. For one, the physical model
absorbed water over time. It had a dry density of 313kg/m3 and wet density of 352kg/m3.
This is a 12.5% increase in density over time, which can significantly affect the behaviour
of the body, and is difficult to recreate in a numerical model. For simplicity, the numerical
model was designed using the wet density. Also, OrcaFlex assumes the fluid to be irrota-
tional, inviscid, continuous, and incompressible, which leads to deviations between numerical
and experimental results.
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Figure 5.7: Model scale surge free decay test results for moored FPV system, conducted in calm
water. Numerical simulation calibrated with 5e-7 N

(mm/s)2
quadratic damping coefficient in surge

DOF.

Figure 5.8: Model scale sway free decay test results for moored FPV system, conducted in calm
water. Numerical simulation calibrated with 5e-7 N

(mm/s)2
quadratic damping coefficient in sway

DOF.

Figs. 5.7 and 5.8 show the free decay test results for the entire mooring system in the surge
and sway DOFs. The array was displaced 300mm for each test and the results calibrated to
match those of the experimental tests. The numerical lines seen in the free decay test figures
were achieved by applying a Quadratic Damping (QD) coefficient of 500e-9 N (mm/s)2 to
each floating body in the array. Without the QD, the numerical result kept oscillating
nearly indefinitely. The reason for this could be because OrcaFlex does not account for all
the different types of damping that affect a real system. The OrcaFlex user manual stated
that it accounted wave radiation damping and wave drift damping, but not viscous roll
damping [33]. Viscous damping being the damping that comes from the friction between the
water and the floating body. This is most likely the case for viscous surge and sway damping
too.
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5.2.2 Regular waves

The wave results are calibrated to match the experimental results as closely as possible by
applying quadratic damping coefficients in the relevant degrees of freedom. The applied
damping coefficients are given in Table 5.2.

Table 5.2: Quadratic damping coefficients applied to regular and irregular waves in the surge DOF.

ID Damping [ N
(mm/s)2

]
WR1 2.5e-6
WR2 4.5e-6
WR3 4.5e-6
WR4 4.5e-6
WR5 5e-6
WR6 5e-6
WR7 6e-6
WR8 5e-6
WR9 5e-6
WR10 7e-8
WIRR1 5e-6
WIRR2 2.75e-6
WIRR3 5e-7

It is clear that the required damping is similar for most load cases. The exception is regular
wave 10, the extreme wave, and irregular wave 3, which is the Ultimate Limit State (ULS)
wave. The anomalies are discussed later on in the thesis.
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5.3 Regular Wave Cases

5.3.1 Surge Motion of Body 1

Comparisons of the numerical and experimental surge motion of body 1 when the FPV array
is exposed to regular waves 3, 7, and 10, are given in Figs. 5.9, 5.10, and 5.11 respectively
(the surge motion comparisons for the other regular waves can be found in appendix C).
On the x-axis is the model-scale time measured in seconds, while the y-axis represents the
model-scale surge motion of the body in millimeters. The results show that the floating
body’s surge motion is steady for each wave. This means that the mooring system reduces
the influence of the waves on floating body in surge, making sure that the array holds its
position even under extreme conditions, as in the case of regular wave 10. The array moves
with the wave instead of absorbing all its energy.

Figure 5.9: Model scale surge displacement results of body 1 when subject to regular wave 3.

For regular wave 3, the mean for the experimental model is -0.42mm, meanwhile the numer-
ical one is 0.03. The amplitude for the numerical model if measured from mean to max is
8.91mm, whereas the experimental amplitude is 9.67mm. So, the numerical model estimates
less motion for body 1 in response to WR3 than the experimental model. The reason for this
could be the simplifications made by OrcaFlex. There is also the fact that a real wave, even
generated in a wave maker basin to be ideal, is not 100% perfect, unlike the wave made in
OrcaFlex, which is ideal with a constant, unchanging height and period. The two waves are
also slightly out of phase, by approximately 0.1 degrees. These differences between numerical
and experimental models become more pronounced as the wave height and period increases,
as seen in Figs. 5.10, 5.11, and 5.13.
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Figure 5.10: Model scale surge displacement results of body 1 when subject to regular wave 7.

Figure 5.11 shows the numerical versus experimental comparison for regular wave 10. The
differences here are extreme. The mean for the physical model is approximately 51mm,
while the numerical mean is 19mm. And while the maximum surge motion aligns closely,
the difference in minimum is very large.

Figure 5.11: Model scale surge displacement results of body 1 when subject to regular wave 10.

Figure 5.12: Model scale numerical surge displacement results comparison of body 1 against body
3, when subject to regular wave 5.
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There is no difference in surge motion for bodies 1 and 3 during simulation for the numerical
model. This holds for all waves.

(a) Maximum, minimum, and amplitude. (b) Mean position of body 1.

Figure 5.13: Model scale surge motion statistics for body 1 during regular waves 3, 7, and 10.

Figure 5.13 shows the surge maximum, mean, and minimum. The maximum and minimum
values tell us the furthest the body moves in the positive and negative surge directions re-
spectively. Note that a surge motion of zero would mean that the floating body remains in
its original position. The numerical model underestimates the surge maximum in each of
the cases, the largest error being in WR7, where the difference is roughly 8.5% (0.89mm).
The differences in minimum surge between numerical and experimental models are small
for regular waves 3 and 7. But, for WR10 the simulated minimum is -121.86mm, while the
physical minimum is only -60.44mm.

The reason for this may be that the numerical model underestimates the restoring forces
from the mooring lines. Another possibility is a calibration error; either the stiffness or the
damping of the body not being precise enough. The fault could even be with the mooring
lines. Higher stiffness or damping in the mooring lines might produce better results.

It was also shown earlier in Table 3.1 that while most regular wave were calibrated with
quadratic damping coefficient around 5e-6 N

(mm/s)2
, WR10 was calibrated with 7e-8 N

(mm/s)2
.

The damping required for WR10 is significantly smaller than for the other regular waves.
It is likely that the hydrodynamic damping is just naturally smaller for WR10 than for the
other waves, and that quadratic damping is less significant for larger, steeper waves like this
one.
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5.3.2 Heave Motion of Body 1

Figures 5.14, 5.15, 5.16 depict the numerical and experimental model-scale heave response
of floating body 1 when the FPV array is subjected to waves 3, 7, and 10. The heading is 0°
for all waves, meaning all waves move in the positive x-direction. The heave motion results
for the other regular waves can be found in appendix D.

The phase difference is clearly larger in heave for waves 3 and 10, but peak-to-peak the
motion is a closer match. However, that is expected of an array with a shallow draft. The
mooring system is not supposed to limit the array’s heave motion. So in that regard, the
mooring system appears to work as it should.

Figure 5.14: Model scale heave displacement results of body 1 when subject to regular wave 3.

Figure 5.15: Model scale heave displacement results of body 1 when subject to regular wave 7.
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Figure 5.16: Model scale heave displacement results of body 1 when subject to regular wave 10.

(a) Maximum, minimum, and amplitude.
(b) Mean position of the body.

Figure 5.17: Model scale heave motion statistics for regular waves 3, 7, and 10.

From figure 5.17 one can see that the difference between numerical and experimental waves
are not too large. For WR3, the numerical maximum heave is 1.34mm, or 6.44%, larger than
the experimental one. This corresponds to approximately 8.2cm at full scale. For WR7, this
discrepancy is significantly reduced, here the numerical model overestimates by 0.94 mm
or 2.59%. For WR10, the extreme wave, the difference in maximum heave 3.21mm, so the
numerical model overestimates the max heave by 2.59%.

So the trend shows that the numerical model is more accurate for longer and higher waves,
than for smaller, shorter waves. The numerical model overestimates the maximum heave in
each case. The difference in mean position is insignificant for regular waves 3 and 7.
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5.3.3 Response Amplitude Operators

Figure 5.18 shows that the surge RAO decreases almost linearly as the wave period and
height increase, with the notable exception of regular wave 10, which is the survival condi-
tion wave. The RAO increases drastically for regular wave 10. This is likely caused by the
steepness of the this particular wave. The steepness, H/λ, is the wave height divided by the
wavelength.

Compared to the surge RAOs, the heave RAOs are more consistent, all of them have a
magnitude ranging from 0.9 to 1.1. This means that the floating body follows the wave in
heave almost perfectly. This agrees with the observations made in 5.3.1 and 5.3.2.

Figure 5.18: Model scale surge RAOs for regular waves.

Figure 5.19: Model scale heave RAOs for regular waves.

The surge RAOs of the numerical model deviate from those of physical model by 8.35% and
6.03% for waves 3 and 7 respectively. The worst comparison is observed in regular wave 10,
where the difference is 20.77%, while the best is regular wave 5 with a difference of only 0.57%.

The highest difference when comparing the heave RAOs of the ten waves from the numerical
model against those of the physical model, is 5.67% in the case of regular wave 7. For WR3
the difference is 3.01%, and for WR10 it is an almost negligible 0.27%. The best comparison
is observed in regular wave 8, where the difference is 0.14%.
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5.3.4 Mooring Tension

Figures 5.20, 5.21, and 5.22, display a time series analysis of force exerted on mooring lines
1 and 3 for both numerical and experimental models during regular waves 3, 7 and 10. The
lines have periodic shifts that point to the wave-like nature of the tension in these lines.

The tension in the experimental lines appear to jump up and down between the maximum
and minimum in a pulse like manner. This is because the tools used to measure the tension
in the lines had limited precision. The actual time history is continuous.

We see that the tension is higher in line 1 than 3 for the experimental model. For the
numerical one, the peak-to-peak tension is higher in line 3 than line 1. Likely because of
the waves forcing the array downstream, moving the array in the direction of line 3 so that
tension in line 3 becomes smaller than in line 1. The tension in the lines also increase with
the size of the wave. This is natural since a larger wave has more energy and thus moves
the array more, thereby increasing the strain on the mooring lines.

(a) Tension force in numerical and experimental line
1.

(b) Tension force in numerical and experimental line
3.

Figure 5.20: Model scale tension in mooring lines 1 (upwind) and 3 (downwind) during regular wave
3.

(a) Tension force in numerical and experimental line
1.

(b) Tension force in numerical and experimental line
3.

Figure 5.21: Model scale tension in mooring lines 1 (upwind) and 3 (downwind) during regular wave
7.
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(a) Tension force in numerical and experimental line
1.

(b) Tension force in numerical and experimental line
3.

Figure 5.22: Model scale tension in mooring lines 1 (upwind) and 3 (downwind) during regular wave
10.

(a) Statistics for mooring line 1 during regular waves. (b) Statistics for mooring line 3 during regular waves.

Figure 5.23: Model scale statistics for experimental and numerical mooring lines during regular
waves 3, 7, and 10.

Tension statistics for mooring lines are given in figures 5.23a and 5.23b. For mooring line 1,
the contrast in mean tension for the numerical and physical models is 0.015N and 0.0014N
for regular waves 3 and 7 respectively. The numerical model underestimates the tension
for mooring line 1 for not only mean tension, but maximum and minimum tension as well.
In the case of mooring line 3, the numerical model underestimates the mean tension by
3.9% for WR3 and 2.8% for WR7. So the numerical model does a better job of predict-
ing the tension in line 3. However, given the square, pulse-like form of the lines showing
the experimental results during waves 3 and 7, it is difficult to make an accurate comparison.

A better comparison can be made for wave 10, seen in Fig. 5.22, where the experimental line
is almost sinusoidal in shape. The mean tension in line 1 is overestimated by 12.9% by the
numerical model, whereas for line 3 the mean tension is identical. The maximum tension in
line 3 is also nearly identical, though the minimum is 0.027N higher for the numerical model.
For line 1, the numerical model underestimates both the maximum and minimum tension.
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5.3.5 Connecting Rope Tension

The connecting ropes between each of the floating bodies are also analysed. The ropes of
interest are link 2, 3, and 10, which are shown in Figure 4.4c.

Figure 5.24: Model scale tension in links 2, 3, and 10, during regular wave 3.

Figure 5.25: Model scale tension in links 2, 3, and 10, during regular wave 7.

In figure 5.24 we see the tension in the connecting ropes for regular wave 3. The plot shows
a periodic fluctuation in force for all links, indicating that the two bodies connected by each
link move closer together and then apart in a regular pattern corresponding to the wave
period. The tension in links 2 and 3, the two straight ropes, are nearly identical, while the
diagonal rope, link 10, experiences much less tension. The amplitude of the oscillations is
consistent, the largest variation is in link 10, with a peak-to-peak value of approximately
0.008N.

For regular wave 10, 5.26, the results are quite different. For one, the bodies experience more
tension. As wave energy increases with wave steepness, the bodies experience more force
and thus the tension in the links are also increased. For regular wave 10, the peak-to-peak
difference is highest in link 2, at approximately 0.107N.
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Figure 5.26: Model scale tension in links 2, 3, and 10, during regular wave 10.

It is also observed that link 10, during regular wave 10, experiences snap loads, which occurs
when a line suddenly goes from being slack to taut, experiencing a quick spike of tension.
Based on the information in figure 5.26, one can see that the straight links connecting the
floating bodies in the FPV system are constantly under tension. The diagonal link on the
other hand, keeps snatching periodically. Ideally, one would try to avoid any snatching in
lines as, over time, the stress wears down the lines down and can potentially lead to the
line breaking. One way to remedy this problem would be to introduce more damping to the
lines, or use elastic lines or increase the pre-tension to reduce the effects. However, designing
a realistic mooring system that can generate sufficient horizontal loads to pre-tension the
connecting ropes is a separate challenge.

Figure 5.27: Maximum, minimum, and mean tension for connecting ropes at model scale.

The tension in links 2 and 3 shown in figure 5.27, is steady, nearly constant. The data suggests
that the mooring system of the FPV array, including the links themselves, effectively absorb
and dampen the movements of the floating bodies. The tension in the connecting ropes is
not affected overly much by the change in period and wave height either, as evidenced by
the fact that tension remains the same between regular waves 3 and 7.
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5.4 Irregular Wave Cases

5.4.1 Motion Spectrum

Figure 5.28 shows the numerical and experimental surge and heave motion response spectra
of body 1 for irregular wave 1. The surge and heave motion for both numerical and experi-
mental spectra appear to be most prominent around 1.1Hz. The shapes of the spectrum’s are
quite similar as well. From the smoothed graphs, one can see that the heave motion is nearly
identical up until 1.1Hz, after which the numerical model underestimates the heave motion
slightly. The spectral density before and after the peak is very similar for the smoothed
surge graphs, but the numerical peaks is significantly taller than the experimental one.

For irregular wave 2, Figure 5.29, the largest surge peaks are at approximately 0.8Hz for the
numerical spectrum and closer to 1Hz for the experimental spectrum. In heave, the peaks
for both models appear at 0.8Hz, but with the numerical model showing a peak more than
twice as high as the tallest experimental peak. From the smoothed graphs one can tell that
the surge spectra are very similar, but that the experimental is slightly higher in heave.

For irregular wave 3 (Figure 5.30), in surge there are multiple equally tall peaks in the case of
the numerical spectrum, excited by frequencies between 0.6 and 0.8Hz, but the experimental
surge spectrum has one very tall peak excited at approximately 0.7Hz. The smoothed
graphs for WIRR3 are very similar for both the experimental and numerical spectrum’s in
both degrees of freedom.

(a) Surge. (b) Heave.

Figure 5.28: Model scale spectral density plots for body 1, irregular wave 1. Smoothed using Parzen
window. Experimental results obtained from Ref. [6].
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(a) Surge. (b) Heave.

Figure 5.29: Model scale spectral density plots for body 1 during irregular wave 2. Smoothed using
Parzen window. Experimental results obtained from Ref. [6].

(a) Surge. (b) Heave.

Figure 5.30: Model scale spectral density plots for body 1, irregular wave 3. Smoothed using Parzen
window. Experimental results obtained from Ref. [6].
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5.4.2 Surge Motion of Body 1

Figures 5.31, 5.32, and 5.33, show the numerical and experimental surge motion results
of body 1 during the irregular waves. While at first glance the two curves are noticeably
different, there are statistical similarities in the behaviour, as seen in figure 5.35. Figure 5.34
shows that for the numerical model, the motion of bodies 1 and 3 when compared against
one another is identical. Both bodies move the same distance from their respective original
positions.

Figure 5.31: Model scale surge displacement of body 1 in irregular wave 1.

Figure 5.32: Model scale surge displacement of body 1 in irregular wave 2.
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Figure 5.33: Model scale surge displacement of body 1 in irregular wave 3.

Figure 5.34: Model scale numerical surge displacement comparison of body 1 against body 3, in
irregular wave 1.

In the statistical analysis, it is evident that the experimental test results yielded larger
maximum and minimum surge motion for all three irregular waves. The experimental max
and minimum values are more than twice the numerical ones. However, the mean surge
motion and the significant surge motion are nearly equal for both models. This would
indicate that the numerical model is good. Also, while the time history of the waves were
imported, meaning the waves are identical, the actual tools used to measure the response
of the experimental floating body are not ideal, which affects the results. It is important
to note that the mean and significant surge motion is calculated in the same manner one
would calculate mean wave height and significant wave height for an irregular wave, only
applied for the floating body’s surge motion. Essentially, the mean surge motion would tell
a person the average peak value in the positive surge direction, while the significant surge
motion is the average surge motion of the highest one-third peaks observed in the positive
surge direction.
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(a) Surge motion statistics for body 1 during irregular wave
1.

(b) Surge motion mean and rms for body 1 dur-
ing irregular wave 3.

(c) Surge motion statistics for body 1 during irregular wave
2.

(d) Surge motion mean and rms for body 1 during
irregular wave 2.

(e) Surge motion statistics for body 1 during irregular wave
3.

(f) Surge motion mean and rms for body 1 during
irregular wave 3.

Figure 5.35: Model scale surge motion statistics for body 1 during irregular waves.
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5.4.3 Heave Motion of Body 1

The heave motion of body 1 during the irregular waves are shown in figures 5.36, 5.37, and
5.38.

Figure 5.36: Model scale heave displacement of body 1 in irregular wave 1.

Figure 5.37: Model scale heave displacement of body 1 in irregular wave 2.
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Figure 5.38: Model scale heave displacement of body 1 in irregular wave 3.

The statistical results gotten from the results are given in Figure 5.39. During irregular wave
1, the numerical and experimental maximum is quite similar, the difference in minimum is
more substantial. The maximum of the experimental results is 19.16mm, while the numerical
one is 17.89mm. So, the experimental maximum is 1.27mm, larger than the numerical one.
For the minimum, it is 5.21mm larger.

The significant heave motion is 18.7mm for the experimental and 16.8mm for the numerical
mode. At full-scale these correspond to approximately 1.12 and 1.01 meters. This tells us
that the most probable maximum vertical motion is around 1 meter. The numerical model
underestimates the value by 10.16% in this case. Based on this information, in the case of
WIRR1, the numerical model seems to underestimate the damping effects of the physical
model.

As the wave height increases the deviation becomes smaller. In the case of WIRR2, the nu-
merical model overestimates the significant heave motion by only 7.4%. For irregular wave 3,
this difference is further reduced to 6%, though this time it is an underestimate. So, again,
the numerical model is more accurate at replicating the experimental results for larger waves.

The reason for more accuracy for larger waves is likely because of the fact that larger waves
tend to have more significant hydrodynamic damping and added mass effects, so while the
numerical model underestimates the damping of the physical model, that gap is diminished
by the increased added mass and hydrodynamic damping.
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(a) Heave motion statistics for body 1 during irregular
wave 1.

(b) Heave motion mean and rms for body 1 dur-
ing irregular wave 1.

(c) Heave motion statistics for body 1 during irregular wave
2.

(d) Heave motion mean and rms for body 1 dur-
ing irregular wave 2.

(e) Heave motion statistics for body 1 during irregular wave
3.

(f) Heave motion mean and rms for body 1 dur-
ing irregular wave 3.

Figure 5.39: Model scale heave motion statistics for body 1 during irregular waves.
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5.4.4 Response Amplitude Operators

Figures 5.40, 5.42, and 5.44 depict the numerical surge RAOs of floating body 1 for the
three irregular waves. The curves show high motion response at smaller wave frequencies,
after which the RAOs start rapidly decreasing and finally plateau. The transition from very
responsive to almost non-responsive happens at around 0.5Hz for all three waves. The peaks
are for all three curves appear between 0.01 and 0.25Hz. The reason why the RAO is so high
for lower frequencies is because of resonance, where the natural frequency of the body aligns
with that of the waves and result in excessive displacement. Naturally this is undesired,
since these peaks in motion risk harming the FPV array. Overall, one can say that waves
that are shorter and more frequent, have less of an impact on the FPV array. Meanwhile,
longer and less frequent waves have a significantly higher impact on the motion of the body.

Figure 5.40: Model scale surge displacement
RAO of irregular wave 1, body 1.

Figure 5.41: Model scale heave displacement
RAO of irregular wave 1, body 1.

Figure 5.42: Model scale surge displacement
RAO of irregular wave 2, body 1.

Figure 5.43: Model scale heave displacement
RAO of irregular wave 2, body 1.

The heave RAOs are shown in figures 5.41, 5.43, and 5.45. As expected, the motion is more
consistent in heave than surge. The motion response is slightly higher for smaller frequen-
cies, but for most frequencies, the RAO magnitude in heave lies between 0.9 and 1. The
only exception to this being at around 0.45Hz for WIRR2, where the RAO magnitude peaks,
likely due to resonance. It is thus noted that waves with these frequencies lead to larger
oscillations that could harm the FPV system.

Overall, these figures demonstrates that the body moves nearly the same vertical distance as
the wave height during heave, though it is not unexpected that a shallow draft float would
contour the waves in heave.
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Figure 5.44: Model scale surge displacement
RAO of irregular wave 3, body 1.

Figure 5.45: Model scale heave displacement
RAO of irregular wave 3, body 1.

5.4.5 Mooring Tension

Tension in the mooring lines during irregular waves are shown in figures 5.46, 5.47, and 5.48.
For irregular waves 1 and 2 the tension in the experimental lines is clearly higher than for the
numerical lines. Though, as stated in 5.3.4, the comparison would be better if the precision
of the measuring instrument was increased for the physical model. The comparison is better
for irregular wave 3, where the differences in mean and peak-to-peak tension between the
numerical and experimental tests are reduced.

(a) Tension force in numerical and experimental line
1.

(b) Tension force in numerical and experimental line
3.

Figure 5.46: Model scale mooring tension for body 1 during irregular wave 1 (WIRR1).

(a) Tension force in numerical and experimental line
1.

(b) Tension force in numerical and experimental line
3.

Figure 5.47: Model scale mooring tension for body 1 during irregular wave 2 (WIRR2).
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(a) Tension force in numerical and experimental line
1.

(b) Tension force in numerical and experimental line
3.

Figure 5.48: Model scale mooring tension for body 1 during irregular wave 3 (WIRR3).

Figure 5.49 shows the statistical values extracted from the mooring line time history analysis.

While the mean tension is approximately 0.247N for all three waves in numerical line 1,
for the experimental test the mean ranges from 0.265 to 0.271N. The difference in mean is
highest for WIRR2, being 0.024N higher for the experimental model. The numerical model
also underestimates the maximum and minimum tension in line 1 for all three waves. For
example, the maximum tension in line 1 during irregular wave 3 is 0.387N for the experi-
mental model, but only 0.300N for the numerical model.

For line 3, the numerical mean tension estimate is at worst only 6.8% lower than the mea-
sured experimental result. Additionally, the numerical model predicts lower maximum ten-
sion, but higher minimum tension when compared to the experimental results. For instance,
in WIRR3, the numerical maximum is 0.032N smaller than the experimental one, but the
minimum tension is 0.06N higher than the experimental.

Overall, if one compares mooring line 1 to mooring line 3, in both numerical and experimental
results, the tension is higher in line 1 than in 3. This relationship between the two lines is
expected, considering one line is upstream and the other is downstream from the floating
body. Furthermore, the tension increases with wave height. The same can be said of the
variation in tension, as evidenced by the standard deviation.

(a) Tension statistics for mooring line 1. (b) Tension statistics for mooring line 3.

Figure 5.49: Model scale mooring line tension statistics for irregular waves.
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5.4.6 Connecting Rope Tension

The connecting rope tension for irregular waves 1, 2, and 3 are shown in figures 5.50, 5.51,
and 5.52 respectively.

Figure 5.50: Model scale connecting rope tension for body 1, irregular wave 1.

Figure 5.51: Model scale connecting rope tension for body 1, irregular wave 2.
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Figure 5.52: Model scale connecting rope tension for body 1, irregular wave 3.

In figure 5.53a, we see that the statistical tension values measured are nearly identical for
connecting lines 2 and 3, while being significantly smaller for line 10, which is diagonal. One
reason for the tension being smaller in line 10, is the wave heading. The wave heading is 0°,
which means it is heading in the exact positive x-direction. The diagonal line on the other
hand connects two floating bodies at a 45° angle. Thus, the diagonal line experiences less
loading, and would likely last longer than the straight lines.

The standard deviation of the irregular waves are given in 5.53b. It is noted that the
variability in tension for the different waves are smallest for irregular wave 1, and largest for
irregular wave 3, for all three connecting ropes.

(a) Maximum, minimum, and mean of connecting ropes 2, 3, and
10.

(b) Standard deviation of connecting ropes
2, 3, and 10.

Figure 5.53: Model scale statistics for connecting ropes during irregular waves.
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5.5 Connecting Rope Sensitivity Study

A sensitivity study was conducted to understand how a change in stiffness might affect the
connecting ropes during regular and irregular waves. The original stiffness values are given
in Table 4.4.

5.5.1 Regular Wave Case

The results of the sensitivity study for connecting ropes during a regular wave is seen in
figure 5.54, the wave in question being regular wave 10.

The sensitivity study reveals that reducing the stiffness of the connecting ropes eliminates
snatching. It could be that the higher stiffness values might have made the ropes too rigid,
leading to snatching. While reduced stiffness allows the system to smoothly adapt to vari-
ations without abrupt movements. Or, perhaps the natural frequency of the diagonal link
aligned with that of the wave, causing resonance. So that when the stiffness was reduced,
the natural frequency was no longer aligned, effectively eliminating the snatching.

For links 2 and 3, a lower stiffness leads to less tension as well, but higher overall tension in
link 10. It also leads to more distension in links 2 and 3. Where once the length was nearly
constant, reducing the stiffness has made the ropes less rigid and therefore more flexible.
The unstretched length for the straight ropes was 27.26mm.

(a) Tension study for link 2 for different rope stiffness
values.

(b) Length study of link 2 for different rope stiffness
values.

(c) Tension study for link 3 for different rope stiffness
values.

(d) Length study of link 3 for different rope stiffness
values.

Figure 5.54: Sensitivity study at model scale for links 2, 3, and 10 during regular wave 10.
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(e) Tension study for link 10 for different rope stiffness
values.

(f) Length study of link 10 for different rope stiffness
values.

Figure 5.54: Sensitivity study at model scale for links 2, 3, and 10 during regular wave 10.

5.5.2 Irregular Wave Case

The results of the sensitivity study for connecting ropes during an irregular wave is seen in
figure 5.55, the wave in question being irregular wave 1.

Similarly to the regular wave results, it is observed that reducing the stiffness helps remove
snatch loads. The same trend seen in the regular wave sensitivity study resurfaces for the
irregular wave. That, if one reduces the stiffness, the tension in links 2 and 3 decrease, while
the tension in link 10 (diagonal link) increases. It is also noted that the length in the links
are smaller and more constant for higher stiffness values. The diagonal link (connecting rope
10) also experiences less tension than the other two connecting ropes.

(a) Tension study for link 2 for different rope stiffness
values during WIRR1.

(b) Length study of link 2 for different rope stiffness
values during WIRR1.

Figure 5.55: Sensitivity study at model scale for links 2, 3, and 10 during irregular wave 1 (WIRR1).
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(c) Tension study for link 3 for different rope stiffness
values during WIRR1.

(d) Length study of link 3 for different rope stiffness
values during WIRR1.

(e) Tension study for link 10 for different rope stiffness
values during WIRR1.

(f) Length study of link 10 for different rope stiffness
values during WIRR1.

Figure 5.55: Sensitivity study at model scale for links 2, 3, and 10 during irregular wave 1 (WIRR1).
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Chapter 6

Conclusions & Further Work

The aim of this thesis was to create, calibrate, and analyse a numerical model of a 3x2
Floating Photovoltaic (FPV) array, and comparing those results against the results obtained
from a physical model. The physical and numerical models were 1/60th full scale.

The thesis completes the objective of creating a numerical model that is capable of simulating
realistic results. The FPV system was exposed to regular and irregular waves, and through
comparison to the physical model, showed the following.

• Free decay tests are performed for a single floating body within the array in the heave,
pitch, and roll degrees of freedom. The numerical model, when compared against the
physical model, underestimates the damping in heave by 10.3%, and overestimates the
pitch and roll by 6.4% and 3.3% respectively.

• Surge and sway free decay test are performed for the moored 3x2 FPV system, and
it is found that the numerical model keeps oscillating indefinitely unless a linear or
quadratic damping coefficient is applied to the floating bodies. The surge and sway
decay motion of the physical and numerical models align when a quadratic damping
coefficient of 5e-7 N

(mm/s)2
is applied to the floating bodies in the surge and sway degrees

of freedom.

• The surge motion of floating body 1 is analysed when subject to regular waves 3, 7,
and 10. The maximum surge motion is very similar for numerical and physical models.
The numerical model underestimates the maximum surge for all three waves, but the
worst estimate, which is for Regular Wave 7 (WR7), is only off the mark by 0.89mm
(an 8.5% underestimation). The comparison of minimum surge motion paints another
picture. While the minimum surge motion of body 1 during regular waves 3 and 7
align closely for the two models, for Regular Wave 10 (WR10), the numerical model
overestimates the minimum surge by 61.42mm, which is approximately twice as much
surge motion as the physical model showed.

• The statistical analysis of surge motion of floating body 1 during irregular waves reveal
that the numerical model generally underestimates the maximum and minimum motion.
The numerical maximum and minimum values are between 2 to 3 times smaller than
the experimental ones for all three waves. The mean and significant surge motion yield
better comparisons. The numerical model underestimates the significant surge motion
for all three irregular waves, by 18.86% at worst to 10.57% at best. The numerical
mean surge motion on the other hand is overestimated for all three waves. Here the
best numerical estimate is 0.4mm (7.26%) higher than the physical, in the case of
Irregular Wave 1 (WIRR1).

• The numerical model has high accuracy in heave when comparing numerical against
experimental motions, based on the statistical results for heave motion of the floating
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body during regular waves. The numerical model overestimates the maximum heave for
body 1 during Regular Wave 3 (WR3) by 1.34mm (6.44%). For WR7, which is longer
and taller than regular wave 3, the numerical model overestimates the maximum heave
by 0.94mm (2.59%). In the case of WR10, the extreme wave, the overestimate is also
2.59% (3.21mm).

• The statistical analysis of heave motion of floating body 1 during irregular waves show
the numerical model is far more precise at predicting the maximum and minimum heave
motion than surge, with the worst prediction being that the numerical model under-
estimates the minimum heave motion by 26.16% or 31.33mm. The best comparison
appears in Irregular Wave 2 (WIRR2), where the numerical model overestimates the
maximum heave by 1.68mm or 4.18%. The numerical model also predicts the mean
heave motion of body 1 perfectly for WIRR1, at exactly 11.31mm.

• When the FPV system is exposed to regular waves, the magnitude of the surge Response
Amplitude Operators (RAOs) decrease with increasing wave period. The exception to
this trend is WR10, the extreme wave, which is significantly taller but has a similar
wave period to the other regular waves, making this wave much steeper than the others.
The RAO for body 1 during WR3 obtained from the numerical model, has a difference
of 8.35% compared to the physical model. In the case of WR7, the difference is reduced
to 6.03%. The least accurate prediction occurs for WR10, the extreme wave, where the
difference is 20.77%.

• The heave RAOs obtained from the regular wave test show that the motion response of
the floating body in this particular Degree of Freedom (DOF) is stable. The magnitude
of the RAOs range between 0.9 and 1.1, meaning the body follows the wave as desired
in heave. The heave RAOs of the numerical model have a percentage difference of less
then 5.67% compared with those of the physical model for all ten waves. The highest
difference is for WR7 at 5.67%. Regular wave 3 has a difference of 3.01%, and WR10
has an almost negligible difference of only 0.27%.

• The surge RAOs for the numerical model are obtained for floating body 1 when sub-
jected to the three irregular waves. The RAOs show a trend of high magnitude at low
frequency. For WIRR1, the surge RAO has a magnitude of 2.5 at 0.1Hz, peaking at a
magnitude of 3 at 0.25Hz, then rapidly decreasing until 0.75Hz, and reaching a plateau.
A similar trend is observed for irregular waves 2 and 3, with no peaks however.

• The heave RAOs for the numerical model in irregular waves depict a stable trend. The
magnitude of all the RAOs range between 0.9 and 1 for most frequencies, with the
notable except of WIRR2, where the heave RAO peaks with a magnitude of approxi-
mately 1.25 at 0.4Hz.

• Tension in mooring lines 1 and 3 is analysed when the FPV system is exposed to
irregular waves. The numerical model is more accurate in predicting tension in line 3
than line 1. At worst, the numerical model underestimates the mean tension in line
3 by 6.82% and by 8.9% in line 1. The numerical model also underestimates both
the maximum and minimum tension in line 1 for all three irregular waves, the largest
discrepancy appearing in Irregular Wave 3 (WIRR3), where the maximum tension is
estimated by the numerical model to be 0.3N, but 0.387N by the experimental model.

• The diagonal connecting lines exhibited snatch loads under WR10 and WIRR3. The
pretension in the diagonal connecting lines should be increased so as to avoid these
snatch loads, as over time these loads could lead to failure of the lines. The lines
should preferably always be in tension. A sensitivity study also revealed that smaller
line stiffness contributed to reducing snatch loads.
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There are many possibilities for future work. The most interesting would be to study the
power performance of the kind of FPV array described in this thesis, for which the pitch and
roll motion of the floating bodies during waves would also need to be studied. One could
also do a structural analysis of which materials work best for the FPV array. Different types
of mooring systems could also be of interest, such as catenary or taut-leg systems, to see if
there are more realistic ways of mooring the FPV array to the seabed.
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Appendix A

Energy Research Project Abstract

Offshore Floating Photovoltaics (FPV) has recently emerged as a possible solution to the in-
creased renewable energy demand. However, the ocean is a harsh environment that presents
many challenges, such as waves, wind, and current. As such, the aim of this study is to
analyse the hydrodynamic behaviour of a single body and how it is affected by additional
damping in the form of Morison elements, and external stiffness. As well as exploring the
hydrodynamic interaction of multi-body FPV array’s. To this end, a diffraction analysis
program called OrcaWave was used, which calculates loads on the bodies and their motion
response, as well as the added mass and damping, for wet bodies because of waves using
potential flow theory. The results indicate that the bodies become almost independent of
the wave periods as the wave periods increase. It is also observed that expanding array’s
affect the added mass, damping, as well as the displacement experienced by bodies due to
waves [17].
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Appendix B

Software Platforms

B.1 OrcaFlex

OrcaFlex is an often used software in hydrodynamics when it comes to analysing offshore
structures. It was developed by Orcina and offers a wide range of tools for modeling, such
as lines for mooring systems, links to create tethers, springs, buoys, winches, and vessels,
which together can be used to create complex models such a a moored offshore floating wind
turbine. OrcaFlex also allows the user to perform static and dynamic simulations of systems
that are exposed to waves, winds, and currents. And with these features, an engineer can
assess the safety, risks, stability, fatigue, and other important aspects of a project located
on a body of water [34][35][36].

B.2 OrcaWave

OrcaWave is a software developed by Orcina that allows the user to perform diffraction anal-
ysis. It is commonly used to analyse offshore projects, by enabling users to create models
and simulate its interaction with water and waves. OrcaWave calculates the loading and
response on the immersed part of bodies, such as ships and other floating objects, by us-
ing potential flow theory. A simulation produces results such as displacement RAOs, added
mass, and damping of the floating body among others, that provide the user with insight into
how the structure behaves in water under different waves, and even accounts for multi-body
interaction [24][36].

B.3 GeniE

GeniE is a flexible and user-friendly software developed by DNV (Det Norske Veritas) for the
conceptual modelling of offshore and maritime structures. It allows the modelling of high
level geometry such as beams, flat plates, and stiffened shells. It is also possible to perform
simulations that include environmental loads such as winds, waves, and currents to inspect
the impact of fatigue and stress, whereupon one can improve the quality of the model. It
also allows for the creation of finite element meshes (FEM), that can be further refined [37].
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Appendix C

Surge Motion of Body 1

Figure C.1: Model scale surge displacement results of body 1 when subject to regular wave 1.

Figure C.2: Model scale surge displacement results of body 1 when subject to regular wave 2.
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Figure C.3: Model scale surge displacement results of body 1 when subject to regular wave 4.

Figure C.4: Model scale surge displacement results of body 1 when subject to regular wave 5.

Figure C.5: Model scale surge displacement results of body 1 when subject to regular wave 6.
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Figure C.6: Model scale surge displacement results of body 1 when subject to regular wave 8.

Figure C.7: Model scale surge displacement results of body 1 when subject to regular wave 9.
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Appendix D

Heave Motion of Body 1

Figure D.1: Model scale heave displacement results of body 1 when subject to regular wave 1.

Figure D.2: Model scale heave displacement results of body 1 when subject to regular wave 2.
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Figure D.3: Model scale heave displacement results of body 1 when subject to regular wave 4.

Figure D.4: Model scale heave displacement results of body 1 when subject to regular wave 5.

Figure D.5: Model scale heave displacement results of body 1 when subject to regular wave 6.
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Figure D.6: Model scale heave displacement results of body 1 when subject to regular wave 8.

Figure D.7: Model scale heave displacement results of body 1 when subject to regular wave 9.
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Appendix E

Mooring Tension

(a) Tension force in numerical and experimental line
1.

(b) Tension force in numerical and experimental line
3.

Figure E.1: Tension in mooring lines 1 (upwind) and 3 (downwind) during regular wave 1.

(a) Tension force in numerical and experimental line
1.

(b) Tension force in numerical and experimental line
3.

Figure E.2: Tension in mooring lines 1 (upwind) and 3 (downwind) during regular wave 2.
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(a) Tension force in numerical and experimental line
1.

(b) Tension force in numerical and experimental line
3.

Figure E.3: Tension in mooring lines 1 (upwind) and 3 (downwind) during regular wave 4.

(a) Tension force in numerical and experimental line
1.

(b) Tension force in numerical and experimental line
3.

Figure E.4: Tension in mooring lines 1 (upwind) and 3 (downwind) during regular wave 5.

(a) Tension force in numerical and experimental line
1.

(b) Tension force in numerical and experimental line
3.

Figure E.5: Tension in mooring lines 1 (upwind) and 3 (downwind) during regular wave 6.
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(a) Tension force in numerical and experimental line
1.

(b) Tension force in numerical and experimental line
3.

Figure E.6: Tension in mooring lines 1 (upwind) and 3 (downwind) during regular wave 8.

(a) Tension force in numerical and experimental line
1.

(b) Tension force in numerical and experimental line
3.

Figure E.7: Tension in mooring lines 1 (upwind) and 3 (downwind) during regular wave 9.
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Appendix F

Connecting Rope Tension

Figure F.1: Connecting rope tension in links 2, 3, and 10 during regular wave 1.

Figure F.2: Connecting rope tension in links 2, 3, and 10 during regular wave 2.
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Figure F.3: Connecting rope tension in links 2, 3, and 10 during regular wave 4.

Figure F.4: Connecting rope tension in links 2, 3, and 10 during regular wave 5.

Figure F.5: Connecting rope tension in links 2, 3, and 10 during regular wave 6.
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Figure F.6: Connecting rope tension in links 2, 3, and 10 during regular wave 8.

Figure F.7: Connecting rope tension in links 2, 3, and 10 during regular wave 9.
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Appendix G

Modelling details in OrcaFlex

Figure G.1: OrcaWave 3x3 inertia matrix for the floating body.

Figure G.2: Displacement RAOs imported from OrcaWave into OrcaFlex. There are 6 body types,
one for each floating body in the FPV array.

73



Figure G.3: Added mass and damping data imported from OrcaWave into OrcaFlex. The added
mass and damping data is different for each body in the FPV array.

Figure G.4: OrcaFlex caculation interface for floating bodies.
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