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Abstract

Wayve energy has attracted public attention as an important renewable energy source
for many years. Wave energy has many advantages over wind and solar energy, such
as around-the-clock availability and high power density. However, further develop-
ment is needed for wave energy converter (WEC) technology to reach full commercial
readiness; in particular, there is an urgent need for a systematic numerical analysis
of certain WEC concepts and wave farms to guide their development and design and
unleash their enormous potential.

This thesis focuses on the simulation of three point-absorber WEC concepts with
different working principles and the wave parks they compose. The primary aim was
to develop accurate numerical models and generalised numerical frameworks for the
respective WECs and wave parks and analyse their power performance and mooring
fatigue damage, two key factors that need to be assessed before wave parks can be
commercialised on a large scale.

This thesis contributes to WEC numerical modelling by proposing two numerical
frameworks, the DNV SESAM framework and the FMI-based (Functional Mock-up
Interface-based) co-simulation framework. The numerical framework refers to the
computational structure for modelling WEC systems, in which several numerical
methods are integrated to simulate coupled subsystems. The DNV SESAM frame-
work can model WEC systems with some inevitable simplifications in the subsystem
models in an integrated software environment. The FMI-based co-simulation frame-
work facilitates convenient coupling between separated solvers and tools without
programming and shows great potential for fast inter-team model integration in real
industrial applications.

The subsystems of WECs, such as mechanical joint connections and power take-off
(PTO) systems, were modelled in detail, thanks to the flexible coupling feature of
the proposed FMI-based co-simulation framework. It was found that the fidelity of
the subsystem models directly impacts the accuracy of the power performance and
mooring fatigue damage predictions, particularly under environmental conditions
(ECs) where simplified models cannot capture the nonlinearity introduced by the
subsystem. This highlights the necessity of modelling the exact working principles
of all subsystems to ensure accurate numerical results.

Various wave parks were modelled and simulated under different ECs. Their power
performance and mooring fatigue damage were compared and analysed in detail. The
results demonstrate the scope and capabilities of the proposed numerical frameworks,
providing valuable insights for modelling and simulating wave parks with different
WEC prototypes.

Keywords: DNV SESAM, FMI-based co-simulation, interaction effects, mooring
fatigue damage, power performance, wave energy converter (WEC), wave park.
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CHAPTER 1

Introduction

Humans have a constant need for energy to sustain their lives. From primitive hu-
mans’ use of wood to conventional energy sources like oil and natural gas, more stable
and efficient energy sources have been humanity’s eternal quest. Since the beginning
of the 21st century, environmental friendliness and sustainability have been added as
critical dimensions when evaluating energy sources (International Renewable Energy
Agency, 2019; United Nations, |2012; World Wide Fund for Nature, |2023)). Renewable
energy is expected to help meet the environmental, economic, and social challenges
associated with conventional energy sources while enhancing the EU’s industrial com-
petitiveness (European Commission, 2025)). Other countries beyond Europe are also
transitioning towards renewable energy. Many developing nations are leveraging re-
newables to bypass traditional fossil-fuel-based infrastructures and strengthen energy
security. Among the many types of renewable energy, wave energy has attracted at-
tention in the global market and from the research community due to its abundance
and around-the-clock availability.

1.1 Background and motivation

Renewable energy includes energy sources that are naturally replenished and sustain-
able over time. Solar, wind, and wave are three representative energy sources from
the renewable energy family. The first two have been broadly commercialised and
are now among the most widely deployed renewable energy sources globally. Their
extraction technologies are mature and standardised. Solar photovoltaic technology
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is a successfully commercialised form of solar energy (El Hammoumi et al., 2022;
Kabir et al., [2018), while onshore and offshore wind turbines extract large amounts
of wind energy (Kaldellis & Apostolou, 2017)). As of 2022, solar and wind energy each
provided 1% of the total world energy supply, and they are expected to contribute
3% each to the total world energy supply by 2030 (International Energy Agency,
2023)).

Wave energy has many advantages over solar and wind energy, among which is its
high power density. The process by which energy is transferred from solar to wind
to waves naturally concentrates it. Wind arises from the movement of the air due
to its uneven heating by the sun. As the wind blows across the ocean, it transfers
energy to the water, generating waves. Through this process, the energy intensity
increases from 0.1-0.3 kW /m? on a flat horizontal surface receiving solar radiation, to
0.5 kW /m? perpendicular to wind direction, then finally to 2-3 kW /m? perpendicular
to the wave’s incoming direction (Falnes, |2007)). Besides its high power density, wave
energy also features continuous availability around the clock, unlike solar energy.
With these advantages, wave energy has aroused high expectations on the part of
the public and is an important complement to other renewable energy sources.

Attempts to harness wave energy can be traced back to 1799 in Paris, when Pierre-
Simon and his son filed the first patent for wave energy extraction (Falcdo, 2010).
In modern times, the rise of comprehensive research on wave energy extraction tech-
nologies began with the first oil crisis. Increasing oil prices impelled governments
and research communities to find alternative energy sources. Ironically, the price of
oil influenced the financial support for wave energy extraction technology, as with a
drop in oil prices in the 1980s, interest in wave energy also declined. It was not un-
til 1994, with the Fourth Framework Programme of the European Community, that
wave energy returned to centre stage in the research community (Polinder & Scuotto,
2005). Wave energy extraction technologies have since been under development with
governmental support in many countries with abundant wave energy resources, such
as Denmark, Ireland, Norway, Portugal, Sweden, and the UK (Clément et al., 2002)).

However, even after over 50 years of development since the first oil crisis in the
1970s, wave energy still has a long way to go to achieve full commercialisation
(Ahamed et al., 2020; Jin & Greaves, 2021} Sheng, 2019). This is due to multi-
fold reasons besides shifting research interests and lack of funding.

The devices that extract wave energy are called wave energy converters (WECs).
Unlike solar panels and wind turbines, which have a unified shape and working prin-
ciple, WECs vary significantly in design. According to the classification by Falcao
(2010), WECs can be generally classified based on their working principles into oscil-
lating water columns (OWCs), oscillating bodies, and overtopping devices. Regarding
the mobility of WECs, each subcategory can be further divided into floating, fixed,
and submerged structures (Falcao, [2010]). Despite the numerous classifications, each
type can be matched with corresponding projects that have reached at least the pro-
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totype stage. The decentralisation of WEC designs has caused a dispersal of research
funding and aggravates the difficulty of sharing research findings (Lépez et al.,[2013)).

From an energy conversion perspective, WECs must convert irregular mechani-
cal motions into electricity, which is less straightforward and efficient than in con-
ventional coal-burning power stations and other renewable energy sources like solar
panels and wind turbines (Sheng, 2019). The power take-off (PTO) system must
be carefully designed to achieve steady energy conversion. Based on their work-
ing principles, PTO systems can be classified into many groups, such as hydraulic
motor systems, pneumatic air turbine transfer systems, hydro turbine transfer sys-
tems, direct mechanical drive systems, direct linear electrical drive systems, and
hybrid systems (Ahamed et al., |2020). As a core subsystem of the WEC, the PTO
system is deeply coupled with other subsystems, for example, the hydrodynamical
system, including the buoy; the mechanical system, including joint connections; and
the mooring system, usually consisting of multiple mooring lines and floaters. The
couplings introduce complexity into WEC designs, making detailed experiments and
numerical simulations necessary during the WEC development processes.

From an economic perspective, the levelized cost of energy (LCoE) of WECSs should
be minimised to compete with other energy sources and achieve full commercialisa-
tion of wave energy (Chang et al., 2018} De Castro et al., 2024 Guo et al., [2021)).
Otherwise, wave energy will never be competitive in the global market. There is
consensus that one way to lower the LCoE is to deploy multiple WECs in proximity
to form a wave park (Giassi et al., [2020; Teixeira-Duarte et al.,[2022; Tétu & Fernan-
dez Chozas, 2021). The total cost can be reduced by sharing mooring lines, power
cables, and anchors (Shao et al., [2024)). However, when multiple WECs are deployed
in proximity, the waves diffracted and radiated by the WECs interfere with the in-
coming wave, resulting in complex wave fields (Liu et al., [2022; Zou et al., 2024)).
The interaction effects, including diffraction and radiation, can propagate within the
entire wave field and affect the power performance of all WECs (Babarit, 2013}, Bor-
garino et al., 2012; Yang et al., 2020). Moreover, the coupling of each subsystem
within the WEC is superimposed upon the interaction effects, making the wave park
design more complex and uncertain.

Physical experiments involving a single WEC are costly, to say nothing of wave
parks. The diversity of WEC designs hinders the possibility of joint experiments
from multiple cooperators, while the deeply coupled subsystems make the results of
simplified or decoupled experiments questionable. Therefore, numerical simulations
constitute a good alternative, especially during the design phase of a single WEC or
wave park, when fast-paced iterations are required; however, they also face certain
challenges. The coupling of each subsystem within a WEC can hardly be included
in simulations using commercial software such as Ansys Aqwa (Ansys, Inc., 2025al),
DNV SESAM (DNV, 2025b) and OrcaFlex (Orcina, 2025), which were initially de-
signed for ship and offshore platform simulations. By coupling different tools and
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solvers, the limitations of a single software may be overcome. However, new issues,
such as the communication between different solvers, then arise. A numerical sim-
ulation framework covering different simulation goals ranging from general power
estimation to the detailed analysis of each subsystem of single WECs and wave parks
would be of great value to the wave energy community.

The primary motivation of this thesis is to resolve the challenges in developing
single WECs and wave parks using numerical simulation approaches. The research
topics include the numerical modelling of single WECs and wave parks, the analysis
of power estimation and mooring fatigue damage, and an investigation of interaction
effects in different wave park layouts. More generally, this thesis intends to introduce
a comprehensive numerical simulation framework that can integrate the subsystem
models of a WEC system and enable a detailed global simulation, which is expected
to yield more accurate and thorough results to guide the design of single WECs and
wave parks.

1.2 Objectives and goals

The main objective of this thesis is to develop numerical frameworks for modelling,
power performance estimation, and mooring fatigue damage evaluation for single
WECs and wave parks. The model within the proposed numerical framework is de-
signed to be easily implemented and flexible enough to accommodate different simu-
lation goals, ranging from general power estimations to detailed subsystem analyses.
The main objective of this thesis comprises several incremental goals:

¢ G1: Build numerical models of different WEC prototypes, whether as a sin-
gle WEC or in a wave park, within a numerical framework based on a single
commercial software. Identify the gap between the simulation goals and the
limitations of the chosen commercial software.

e G2: Propose a new numerical framework that seamlessly integrates multiple
solvers and tools to enable more comprehensive and accurate WEC system
modelling and facilitate multidisciplinary collaboration in the industry.

¢ G3: Investigate the interaction effects of wave park layouts with different WEC
concepts. Systematically evaluate the power performance and mooring fatigue
damage to demonstrate the capability of the numerical frameworks.

e G4: Integrate a detailed PTO system model into global simulations of single
WECs and wave parks. Compare results from models with PTO system models
of different fidelity levels. Understand the influence of the fidelity level of a
subsystem model on the overall global simulation results.
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1.3 Assumptions and limitations

The theoretical foundation of the adopted hydrodynamic solvers is based on linear po-
tential theory. Potential theory assumes that the fluid is incompressible and inviscid
and that the flow is irrotational. The linearisation assumes that the wave amplitude
is small compared to the wavelength and water depth and that the boundary condi-
tions are linearised to the static water level. Several restrictions must be imposed to
ensure that these assumptions are valid: the body size and motion should be small
relative to the wavelength and wave height; the body should not deform largely under
wave loads; and the free surface elevation should be small enough that the linearised
free surface boundary condition holds.

Accordingly, in this thesis, the WEC bodies are assumed to be rigid, and struc-
tural deformations are neglected. The power cables which transfer electricity from
the WECs to substations and grids are not included in the simulation cases. The
simulated wave conditions are limited to linear waves; nonlinear effects such as wave
breaking and vortex shedding are excluded. Wind and current loads are not consid-
ered, and the effects of biofouling are not investigated. In some cases, viscous forces
are accounted for using drag coefficients derived from experimental data and practical
experience. The hydrostatic force is calculated on the instantaneous wetted surface
to partially capture the nonlinear wave loads caused by the body’s large motion.

In addition to the limitations due to the assumption of linear potential theory,
the simulations of the individual WECs and wave parks in this thesis generally lack
thorough experimental validations. Although a comparison between the numerical
model and a benchmark study has been conducted to validate the proposed numer-
ical frameworks, real full-scale experimental data are still unavailable. Therefore,
this thesis demonstrates the proposed numerical frameworks and their capabilities in
simulating single WECs and wave parks with a variety of working principles. The
lack of experimental validation does not negate the practicability of the proposed
numerical frameworks. Instead, if experimental data are available in the future, the
numerical models can be calibrated and fine-tuned to represent the physical WEC
prototypes more accurately.

1.4 Thesis outline

The outline of the remaining chapters is as follows: The methodology applied in this
thesis is described in Chapter 2] The numerical models for the three WEC prototypes
are introduced in detail in Chapter[3] The verification and validation of the numerical
framework are provided in Chapter[d] Chapter [5]gives summaries of the five appended
papers. Chapter [f] discusses some aspects based on the results. Chapter [7] concludes
with a discussion of the main contributions of this thesis. Chapter [8| adduces some
issues for possible future study.






CHAPTER 2

Methodology

This chapter introduces the methods used in this thesis, from numerical methods to
data post-processing.

2.1 Loads on WECs

A WEC system’s motion response results from all the forces/moments acting on the
WEC. According to Newton’s Second Law, the net force exerted on a body equals
the product of its mass and acceleration. Applying this to a 6 Degree-of-Freedoms
(DoFs) WEC system under sea loads with PTO and mooring systems and assuming
the WEC is a single body yields:

MX = Fiydro + Fp1o + Frnooring + Fother, (2.1)
where the terms on the left- and right-hand sides are defined as follows:
e M is the 6 x 6 mass matrix of the bodies.

o X is the 6 x 1 acceleration matrix of the bodies.

o Fiyaro is a 6 x 1 vector, which is the sum of the hydrodynamic and hydrostatic
loads.

e Fprp is a 6 x 1 vector, representing the force from the PTO system.

o Fiiooring s @ 6 x 1 vector, representing the station-keeping force from the moor-
ing system.
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e Fiiher is @ 6 x 1 vector, which includes all other forces, such as the wind and
current loads and the forces from the additional damping and stiffness of the
inner components in the WEC system.

A schematic diagram of the application of this force analysis to a WEC system is
shown in Fig. Each force term should be accurately evaluated to adequately
solve for the WEC’s motion and estimate its power performance.

2.2 Linear potential theory and boundary element
method

A theory widely used in ocean engineering is the linear potential theory, which is
derived from potential theory with certain linearisations. The fundamental equation
of potential theory is the Laplace equation:

V24 =0, (2.2)

where ¢ is the velocity potential. Compared to the Navier-Stokes (N-S) equations, the
Laplace equation is based on two main assumptions: the fluid is incompressible and
inviscid, and the flow is irrotational. These assumptions reduce the three-component
velocity vector in the N-S equations to a single velocity potential in the Laplace
equation, significantly simplifying computations.

The linearisations applied in linear potential theory are twofold. First, the bound-
ary conditions are linearised by ignoring second-order terms and by being applied to
the system in static equilibrium. Second, the velocity potential is divided into three
independent parts: the incident, diffracted, and radiated potentials (¢, ¢p, and ¢r).
Specifically, the radiation potential can be further divided so as to be proportional to
the oscillation velocity in each DoF. Therefore, the velocity potential can be written
as:

6
b=d1+¢p+ > i, (2.3)
=1
N
PR

where j refers to the j-th DoF, &; is the velocity in the j-th DoF, and ¢, ; is the
radiated potential caused by a unit oscillation velocity in the j-th DoF. Each potential
can be solved separately by substituting it into the Laplace equation and applying
the appropriate boundary conditions. Thus, the total force exerted on the body can
be divided into hydrostatic force, wave excitation force, and radiation force.

The boundary element method (BEM) is widely employed to solve the velocity
potential in the Laplace equation in the frequency domain for various wave frequencies
w. Many solvers have adopted BEM, such as WAMIT (WAMIT, Inc., 2025)), Ansys
Agwa (Ansys, Inc.,|2025a)), HydroD (DNV, 2025a), and NEHOM (Ecole Centrale de



2.8 Equation of motion in the time domain

Nantes, [2025)). After solving for the velocity potential, the pressure acting on the
body surface can be calculated as:

o
p=—pgz— paf? (2.4)

where g is the acceleration of gravity, z is the vertical position coordinate and p is
the density. The force Fyyqro is obtained by integrating the pressure of the wetted

thdro = //Pnd& (25)
Sw

where n is the normal vector of the body surface. Fiyqr, may be divided into three

surface:

components:
thdro = thdrostatic + Fexcitation + Fradiation~ (26)

Fhydrostatic is the hydrostatic force, which can be calculated using the instantaneous
wetted surface to increase accuracy. Fexcitation 1S the wave excitation force caused by
the incident and diffracted waves, assuming that the body is fixed. Finally, Fyadiation
is the radiation force caused by the radiated waves, assuming that the body oscillates
in calm water. Fi.qiation can be rewritten using the acceleration and velocity of the
body:

Fradiation = _AX - BX, (27)

where A and B are the frequency-dependent added mass and radiation damping
matrices, each of dimension 6 x 6, calculated from the radiated velocity potential.
For detailed theoretical derivations, one can refer to the textbook by Newman (2017))
and the paper by Papillon et al. (2020). The values of the added mass and radiation
damping are provided by BEM solvers.

2.3 Equation of motion in the time domain

The Laplace equation is usually solved in the frequency domain, where the waves
are assumed to be sinusoidal with frequency w to simplify the computation. The
added mass and radiation damping are thus frequency dependent. However, in a
real physical situation where the waves are irregular and the forces from PTO and
mooring systems are time-dependent, time-domain analyses are inevitable.

The expression for Fiadiation in the time domain, derived by Cummins et al. (1962]),
is:

t
Fradiation - _A|w:ooX - / h (t - T) X (T) dT, (28)
0

where A|,—c is the radiation mass matrix at infinite wave frequency and h is the
acceleration impulse response function. h can be calculated using the radiation



Chapter 2 Methodology

damping as:
sin (wt)

h(t) = i/ooo B (w) S0 4, (2.9)

w

The wave excitation force Feoycitation in the time domain is computed by summing
up all the excitation forces of the different wave components. The hydrostatic force
Fhydrostatic can be computed either by assuming a constant hydrostatic matrix based
on the equilibrium position or, for higher accuracy, by integrating the hydrostatic
pressure over the transient wetted surface.

By substituting all the forces in the time domain and rearranging Eq. , the
equation of motion in the time domain can be written as:

(M+Al—oo) X = —/0 h(t—7)X(1)dr (2.10)

+thdrostatic + chcitation + Fmooring + FPTO + Fothcra

which is the fundamental equation in WEC system analysis.

2.4 Hydrodynamic interaction effects

Hydrodynamic interaction effects in this thesis refer to the interference caused by
neighbouring WECs on incoming waves when multiple WECs are installed in a spe-
cific area to form a wave park. These effects include diffraction and radiation. The
resulting changes in the wave field ultimately affect WEC motions and power perfor-
mance. The velocity potential of a wave park consisting of M WECs can be written
as:

M 6
¢ = ¢I + ¢D + Z Z@T,jmijma (211)
m=1 j=1

)

where ;. j, is the radiated potential caused by a unit oscillation velocity of the m-th
body in the j-th DoF. ¢p includes the interaction effects as long as proper boundary
conditions are applied. Compared to single-WEC cases, the number of DoFs in cases
with multiple WECs increases from 6 to 6 M, where M is the total number of WECs.

2.5 Fatigue damage analysis of the mooring lines

The accumulated fatigue damage of the mooring lines is an important factor in the
evaluation of a mooring system and the overall WEC system design from an LCoE
perspective. According to DNV standards (DNV, [2021)), for fibre ropes, the relative
tension-number of cycles to failure (RN) approach should be applied to estimate
the accumulated mooring fatigue damage. The mooring fatigue damage may be

10
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estimated as:

R;n
D:Z o “VF (2'12)

where ¢ stands for the i-th relative tension cycle identified by the rainflow counting
(RFC) method, R; is the relative tension range of each cycle, and m and « are two
constant parameters; the values of m and « recommended by the DNV standards are
13.46 and 0.259, respectively. Finally, v is the safety factor, whose value is taken to
be 60 for a larger safety margin and to cover a range of uncertainties in the fatigue
analysis according to DNV standards (DNV, [2021)).

2.6 Power performance analysis

The power performance estimation of a WEC is relevant to its working principle and
the modelling approach of its PTO system. The WEC prototypes studied in this
thesis are point-absorbers extracting wave energy from the heaving motion of the
WECs.

For a simplified PTO model which uses a linear damper with damping coefficient
Bpro and assumes that energy is only extracted from the vertical heaving motion,
the time-averaged power performance Prp can be calculated as:

1 t
Prp = 7/ Bpro#idt, (2.13)
T 0

where T is the total simulation duration and 2 is the heaving velocity. The criteria
for choosing Bpro vary for specific WEC prototypes.

Suppose the PTO system is modelled by considering its subcomponents, such as
hydraulic cylinders, accumulators, and generators. In that case, the power perfor-
mance estimation will depend on the specific PTO system modelling approaches. In
Section [3.1.3] a detailed PTO system model for WaveEL WEC is given and the power
performance estimation for that specific PTO system model is discussed there. The
PTO system model is case-specific for different WEC prototypes.

2.7 Numerical simulation frameworks

A WEC system combines all the subsystems, such as the hydrodynamic, mechanical,
PTO, and mooring systems. Each subsystem must be modelled individually and
combined into a global model for realistic power performance estimation and mooring
fatigue analysis. In this thesis, the term numerical framework explicitly denotes the
computational structure designed to model WEC systems, incorporating multiple
numerical approaches to simulate coupled hydrodynamic, structural, and control
interactions. Mature and standardised numerical frameworks must be established and

11
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adopted for WEC designs and development to facilitate fast modelling and simulation
processes. Two numerical simulation frameworks are adopted in this thesis to achieve
global simulations of single WEC systems and wave parks with different fidelity levels.

2.7.1 DNV SESAM framework

The DNV SESAM framework refers to the numerical framework based on the DNV
SESAM software package, which contains many tools and programs for hydrody-
namic and structural analyses of ships and offshore structures (DNV, . As
shown in Fig. 23] the tools used in the so-called DNV SESAM framework in this
thesis are GeniE (GeniE, , HydroD (DNV, , and Sima (Sima, .
GeniE is for geometry modelling and panel discretisation, which provides inputs for
the BEM solver Wadam in HydroD. Sima is a time-domain analysis tool in which
Simo solves the equation of motion, and Riflex solves the mooring forces based on
the instantaneous motions of the body. Simo and Riflex are fully coupled, which
means that body motions and mooring forces influence each other mutually at each
time step during the simulations. According to Yang et al. 7 fully coupled
simulations can better capture the interaction between the components of a WEC
system and give more accurate results than decoupled simulations.

DNV SESAM B Tools
- Programs

HydroD Sima

|
GeniE ‘ Wadam # +

Geometry Hydrodynamics Dynamics and
modeling (Frequency domain) mooring modeling
(Time domain)

Figure 2.1: The tools and programs in the DNV SESAM software involved in the DNV
SESAM framework in this thesis, from Paper A.

The theories behind each program are shown in Fig. 2221 Wadam solves the
added mass, radiation damping, and wave excitation force transfer functions in the
frequency domain using BEM. In Sima, the frequency-dependent hydrodynamic co-
efficients are transferred into the time domain through impulse response functions.
Other forces, such as the PTO force and mooring force, can also be added to Sima.
The program Simo in Sima solves the equation of motions in the time domain and
gives the results for the WEC motions and mooring forces. Readers can find ex-
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amples of models built under the DNV SESAM framework in the appended Paper
A-C.

Figure 2.2: DNV SESAM theoretical framework, from Shao (2023]).

2.7.2 FMI-based co-simulation framework

The term co-simulation generally applies to simulations that couple different solvers,
each responsible for a specific subsystem, with communication between solvers to
exchange data at defined intervals. This allows each solver to use its own numerical
methods and time-stepping approach while ensuring system-wide interaction. Many
approaches have been applied to handle communication between the solvers. For
example, the co-simulation in Bulian and Cercos-Pita (2018) is enabled through an in-
house communication tool based on Transmission Control Protocol/Internet Protocol
(TCP/IP) connections, while the co-simulation in Dang et al. (2020) is achieved by
integrating an in-house 6-DoF rigid-body dynamics solver into Ansys Fluent as a
user-defined function (UDF). Moreover, the approach in Jiao et al. (2024) employs
the SIMULIA co-simulation engine. These examples demonstrate the diversity of
co-simulation implementations.

However, in this thesis, co-simulation specifically refers to functional mock-up in-
terface (FMI)-based co-simulation. FMI is a standard first developed under the Mod-
elisar project (ITEA4, |2025)). It defines the interface between numerical models and
simulation environments, enabling tool-independent communication among solvers
(Modelica Association, [2025). The models built by different software or self-written
programs can be encapsulated into functional mock-up units (FMUs) following FMI
standards and coupled with each other via an FMU-supported platform to form
global FMI-based co-simulations.

13
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Fig. illustrates the architecture of a general FMI-based co-simulation. It is
worth noting that the co-simulation algorithm is not a part of the FMI standard but
is instead provided by FMU-supported platforms like Dymola (Dassault Systémes,
2025)), Ansys Twin Builder (Ansys, Inc., 2025b)), and Simulink (MathWorks, 2025)).
The main functions of a co-simulation algorithm are advancing the simulation time
and exchanging data between FMUs. Many commercial software packages, such as
the software used in this thesis, Ansys Aqwa and Ansys Rigid Dynamics, support
FMI standards and can export simulation models into FMUs. Fig. shows an
example FMU exported by Ansys Aqwa. Modelling details are encapsulated, while
inputs and outputs are standardised pins. A global co-simulation can quickly be
established by adequately connecting the input and output pins of different FMUs
without explicit programs written for data communications.

(2) (b)

Figure 2.3: (a) Diagram of a general FMI-based co-simulation model, (b) an example of
an FMU exported by Ansys Aqwa. Both are from Paper D.

Fig. [2.4) shows an FMI-based co-simulation model for an example WEC system.
The hydrodynamic and mooring system is modelled in Ansys Aqwa, while the me-
chanical system is modelled in Ansys Rigid Dynamics. The PTO system model,
which can be either a linear damper or a detailed model, is directly modelled in
Simulink. For more examples of FMI-based co-simulations, the reader can refer to
cases in the appended Paper D and E.

2.7.3 Comparison of two numerical frameworks

The ultimate goal of the two numerical frameworks in this thesis is the same: to model
a WEC system with the effects from all subsystems and provide realistic estimations
of power performance and mooring fatigue damage. However, from the perspectives
of modelling convenience and model fidelity level, the two have significant differences.

14
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Figure 2.4: FMI-based co-simulation framework for an example WEC system, adopted
from Paper E.

The DNV SESAM software package provides an integrated simulation environment
in which the time-domain model of a WEC system can be directly built. However,
the side-effect of the integration is the rigidity of the modelling. DNV SESAM is not
good at modelling multibody dynamics and detailed PTO systems due to the limited
functions and tools available in the software package. Therefore, for WECs modelled
using DNV SESAM, the PTO system is usually simplified as a linear damper, as seen
in the series of studies by Ringsberg et al. (2020al) and Yang et al. (2016},2017b},12017a,
2020), which in many situations is far from reality. Even though the simplification
may be acceptable in certain respects, its impact on power performance and mooring
fatigue damage predictions remains unclear.

Moreover, DNV SESAM is not capable of adequately modelling joint connections
between different WEC components, which are present in many WEC prototypes,
such as raft-type WECs (Shi et al., 2021; Zhang et al., |2023)), bean-shaped WECs
(Sricharan & Chandrasekaran,|[2021), and WECs connected to offshore wind turbines
(Ghafari et al., [2022; Wei et al., |2024)), ships (Gu et al., 2023), or floating platforms
(He et al., 2023) through hinges.

The mechanical systems within WECs can be even more complicated than joints.
They influence the motion patterns of WECs, affecting the power performance. For
example, the SJTU-WEC uses a 4-bar and spherical linkage to convert motions into
reciprocating rotation (Chen et al., [2021). The PUWEC uses prismatic pairs in its
hydraulic cylinder and universal pairs in its gear transmission system (Bao et al.,
2023). The MDWEC uses six parallel hydraulic cylinders to extract energy from a
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moving buoy (Gao et al.,[2024). The ‘rolling’ WEC uses a mechanical motion rectifier
(MMR) PTO system to achieve a stable power output (Han et al., [2024)).

The examples above highlight the necessity of accurately and completely modelling
WEC subsystems to capture their characteristics properly. However, the WECs
suitable for simulation within the DNV SESAM framework are limited to free-floating
WECs with simple PTO and mechanical systems. This underscores the urgency
of developing a new numerical framework which can mitigate the gap between the
simulation requirements and the capabilities of the current DNV SESAM framework.

The FMI-based co-simulation framework can conveniently couple different tools
and solvers without extra programming efforts. It has been successfully applied to
model various engineering applications, such as hydraulic percussion units (Ander-
sson et al., 2016, [2019} 2021)), ships (Hatledal et al., |2020|), hybrid vehicles (Yuan
et al., 2020)), hydraulic excavators (Gan et al., 2023), and cellular energy systems
(Venzke et al., 2023). When applied to WEC system simulations, the FMI-based co-
simulation framework can overcome the limitations of the DNV SESAM framework
by coupling detailed PTO and mechanical system models developed separately in dif-
ferent software or custom-written programs and exported as FMUs. Each exported
FMU acts as a black box, concealing the details of each subsystem model. The mod-
elling and development of each subsystem can be distributed to teams with specific
expertise as long as their models are encapsulated into FMUs. By properly defining
and documenting the input and output pins, FMUs developed by different teams can
easily integrate to form complex global simulations. This approach is particularly
advantageous for multidisciplinary designs involving engineers from different fields.
As the engineers no longer need to write communication programs to couple solvers
and tools, they may focus solely on their areas of expertise. More importantly, the
developed subsystem models can be reused and interchanged between different WEC
concepts, which saves research costs and enables broader collaboration between WEC
companies.
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CHAPTER 3

Numerical models

This chapter introduces the numerical models developed for three WEC prototypes
from three companies. Although all three can be categorised as point-absorber WECs
that extract energy from heave motion, their working principles differ, entailing dis-
tinct modelling requirements and approaches. The two proposed numerical frame-
works are chosen based on the characteristics of each WEC and their simulation
goals. Through the numerical models of the three WEC prototypes, the features of
the two numerical frameworks described in Section 2.7.3] can be better understood.

3.1 WaveEL 3.0 and WaveEL 4.0

Waves4dPower AB is a wave energy company with a long history of over 50 years. Its
WEC prototype, WaveEL, currently has two versions: WaveEL 3.0 and WaveEL 4.0.
WaveEL 3.0 was successfully tested at full scale in 2017, and data were collected to
guide the design of WaveEL 4.0 (Waves4Power, 2025a;, |2025b)). WaveEL is a point-
absorber with a water piston inside its water tube attached to a hydraulic PTO
system that converts heaving motion into electricity (WavesdPower, 2025¢).

3.1.1 Hydrodynamic and mooring system models

Fig. shows the WaveEL prototype in real installation and its mooring system
configuration and hydrodynamic geometries. The synthetic mooring system consists
of three legs spread out with angles of 120 degrees. Each mooring leg has two
segments connected with a floater. The mooring lines are made of polyester whose
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mechanical properties are adopted from Yang et al. (2020). As shown in Fig.
Section 1 denotes the mooring section, which almost parallels the static water level.
In contrast, Section 2 is the lower segment, which is connected with the anchor on
the seabed. Section 1 is designed to remain under continuous tension to restrict
horizontal motions, while its effects on the vertical motions are small due to its
parallelism to the horizontal plane. The mooring length and pre-tension force are
adjusted following the change in water depth and WEC version.

WaveEL 4.0 was developed based on WaveEL 3.0 with a longer acceleration water
tube, as shown in Fig. designed to cope with different environmental conditions
(ECs) and water depths. Besides the difference in the length of the acceleration
water tube, the shapes of the upper bodies of WaveEL 3.0 and WaveEL 4.0 also
differ slightly: the former has a circular upper cross-section, the latter a nonagonal
one. Nonetheless, the upper part of both are roughly the same size, with diameters
around 8 m.

In this thesis, the hydrodynamic and mooring systems are modelled under the two
numerical frameworks so as to be integrated with PTO system models with different
fidelity levels, which will be introduced in the following two subsections.

3.1.2 Simplified PTO system model

The actual working principle of a PTO system is far more complicated than that
of a linear damper. The simplification is usually made for two main reasons. First,
the behaviours of the PTO system are close to those of a linear damper, and the
ultimate simulation goals do not require an in-depth analysis of what happens inside
the PTO system. Second, even though the PTO system is sometimes more com-
plex than a linear damper and involves non-linear features, this simplification is an
inevitable compromise due to the limited tools and information available about the
inner structures.

The PTO system of WaveEL WEC can be modelled as a linear damper with Bpro
equal to the radiated damping at the resonant frequency in the heaving direction
without considering the mooring system (Yang et al., [2020). Accordingly, Bpro
for WaveEL 3.0 is taken as 40 kN/m and for WaveEL 4.0 as 50 kN/m. The power
performance is calculated via Eq. .

The simplified PTO system can be easily modelled under the DNV SESAM frame-
work and integrated with the hydrodynamic and mooring system models in the same
framework. It can also be modelled in Simulink and connected with FMUs of other
subsystems under the FMI-based co-simulation framework.

3.1.3 Detailed PTO system model

The working principles for WaveEL WEC are known. The FMI-based co-simulation
enables the integration of a detailed PTO system model into other subsystem models.
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3.1 WaveEL 3.0 and WaveEL 4.0

(b) WaveEL mooring system, adopted from
(a) WaveEL 3.0 WEC. Paper D.

(c) Dimensions of WaveEL 3.0 (left) and WaveEL 4.0 (right), adopted from Paper
B.

Figure 3.1: WaveEL WECs.
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Therefore, the PTO system of WaveEL WEC is modelled in detail in this thesis to
investigate the influence of the fidelity level of the PTO system model on the overall
global simulation results.

The inner structures of the WaveEL PTO system and their terminologies are shown
in Fig. [3:2] The piston rod of the hydraulic cylinder is fixed to the upper deck of
the buoy hull. The hydraulic cylinder is sealed in a water-tight cassette containing
the accumulator, hydraulic motor, and generator, which are not included in Fig. |3.2
The water piston is rigidly fixed to the cassette. When the buoy hull moves following
the incoming waves, the water column inside the acceleration tube also oscillates,
causing a relative motion between the water piston and the buoy hull that drives the
hydraulic cylinder, from which hydraulic energy is converted into electricity by the
hydraulic motor and generator. The bumpers are designed to limit excessive motions
of the water piston and absorb rapid, intense impacts on the buoy hull, preventing
damage under severe ECs.

Figure 3.2: The inner structures of the WaveEL PTO system in Paper E.

The three main components of this detailed PTO system model are (1) the buoy
hull, (2) the tube water, and (3) the water piston. The force naming convention is
as follows: for instance, F3; represents a force exerted by component 3 (the water
piston) on component 1 (the buoy hull) in the vertical direction. Specifically, the
force from the bumper exerted on the water piston is F31;. Therefore, the total
vertical force exerted by the PTO system on the buoy hull is:

Fpro = F31 + F3yp (3.1)

Fig. [3:3] shows a diagram of the energy conversion path from the kinetic energy
of wave elevations to electrical energy. For concision, the formulas involved in the
detailed PTO system model are relegated to Section 3.2 of the appended Paper E.
The detailed PTO system model is achieved in Simulink. It can be connected with
FMUs of other subsystems to form a comprehensive global simulation.
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Figure 3.3: Diagram of the detailed WaveEL PTO system in Paper E.

3.2 CorPower

CorPower Ocean AB is one of the few wave energy companies to have reached a
high technological readiness level (TRL) for floating WECs. Their WEC concept,
CorPower, has been demonstrated and verified commercially from TRL 6 to TRL 7.
TRL 7 indicates that the WEC prototype is close to its final design and functionality
and has been tested in a similar environment to its intended operational conditions.
The company is now actively demonstrating and type-certifying a pilot array with
three WECs, which aims to take the technology from TRL 7 to TRL 8 (CorPower
Ocean, [2025al, 2025b)).

CorPower is a unique WEC prototype without mooring lines. Instead, the buoy
is connected to a rigid rod connected to the seabed through a UMACK anchor,
allowing free rotations. The main innovation of CorPower is shown in Fig.
The WaveSpring provides negative spring stiffness, which results in amplified buoy
motion and power performance. The cascade gearbox converts linear motions into
rotations to drive the generators. The pre-tension cylinder provides downward force
to compensate for extra buoyancy with reduced cost and low carbon footprint. The
composite buoy is lightweight and low-cost. The UMACK anchor is a novel, efficient
seabed anchoring system designed to reduce installation costs and improve stability
for wave energy converters. It performs well regarding holding capacity, cost, carbon
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footprint, and marine life friendliness (CorPower Ocean, [2025¢).

The numerical model of CorPower WEC is shown in Fig. The model is built
in the DNV SESAM framework with some simplifications. The rod connected to the
seabed is modelled as a stiff mooring line, being modelled using mooring line tools
but with high bending stiffness so that the buoy moves only along the mooring line’s
axial direction. The UMACK anchor is modelled using a supernode in Sima, which
restricts any translations but allows free rotations. The modelling of other features
of CorPower, such as WaveSpring, the pre-tension cylinder, and the PTO system
model, are discussed in the following subsections.

(b) CorPower numerical model, from Pa-
(a) CorPower WEC. per C.

Figure 3.4: CorPower structure and numerical model. The components in (a) are A:
WaveSpring, B: Cascade gearbox, C: Pre-tension cylinder, D: Composite buoy,
and E: UMACK anchor.

3.2.1 WaveSpring and pre-tension cylinder models

The negative stiffness the WaveSpring provides is —510kN/m. This value was chosen
based on the experiments and tunings of the real WEC prototype by CorPower Ocean
AB to make the numerical model closer to the real physical one. The pre-tension
cylinder compensates for the extra buoyancy because the self-weight of the WEC is
far less than the weight of the displaced water; the discrepancy between the self-
weight and the buoyancy is 1.4 x 10 N. The WaveSpring and pre-tension cylinder
features are modelled with the stiff mooring line shown in Fig.

3.2.2 Viscous drag force model

To better capture the forces exerted on the WEC, the drag elements are adapted to
include the viscous drag force. As shown in Fig. six cylindrical elements represent
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Figure 3.5: Viscous drag force model.

the varying diameters of the WEC. The radius and height of each drag element can
be found in Table 2 of Paper C. The drag coefficients of heave, surge, and sway are
0.25, 0.5, and 0.5, respectively, values that CorPower Ocean AB provided based on
their experiments and experience.

3.2.3 PTO system model

The real PTO system of CorPower WEC is complex, including the cascade gearbox
and generators. However, detailed information about their structures and parameters
is not available. As a compromise, the PTO system is modelled as a linear damper
whose damping coefficient consists of two parts: useful damping and losing damping.
The useful damping consists of various components that absorb wave energy and
depends on the sea states. The losing damping, including machinery loss, is 25kNs/m.
CorPower AB gave the values of the useful damping and the losing damping from
their experiments. Exact values can be found in Table 3 of Paper C. The time-
averaged hydrodynamic power performance can be calculated following Eq. 7
with the sum of the useful damping and the losing damping as Bpro.

The end-stop bumpers within the PTO system are modelled as a nonlinear vertical
force F.s whose primary function is to restrict heave motions from exceeding the pre-
defined limit. The end-stop force is defined as:

z

F,, = —c|7| (|2] = zes)™ - H (|2] = 2es) (3.2)
where z., is the end-stop stroke and z is the WEC’s vertical position, taking the static
position as the origin. H (-) is the Heaviside function, and ¢ and n are constants,
here taken as 1 x 108N/m2 and 2. z.s is set to 3.4 m. These values are chosen based
on the experiments and experience of CorPower Ocean AB.
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3.3 NoviOcean

NoviOcean is a multiple-body WEC invented by the wave energy company Novige
AB. A 1:2 scale physical model is shown in Fig. [3.6] Besides the buoys, the two main
components are the water turbine and generator assembly inside the blue box and
the hydraulic cylinder in the white dash box in Fig. [3.6]

As shown in Fig. [3.7] NoviOcean WEC has a piston rod fixed to the seabed anchor,
allowing free rotation. Under incoming waves, the water tube and piston head will
undergo relative motions that pressurise the water, which goes through the penstock
to flush the water turbine on the top. The bottom-fixed piston rod couples the heave
and the horizontal motions. This coupling must be captured by explicitly modelling
the prismatic joint connecting the piston and the water tube.

The NoviOcean WEC is modelled under the FMI-based co-simulation framework.
The global model can be divided into several subsystems whose modelling is discussed
in detail in the following subsections.

3.3.1 Hydrodynamic and mooring system models

Fig. shows the hydrodynamic and mooring system model of the NoviOcean
WEC. The hydrodynamic system includes the buoy, the water tube, and the piston.
The mooring system consists of four mooring lines, each comprising two sections.
The same polyester material as for WaveEL WEC is used for this WEC. Similar to
the mooring system of WaveEL, the two sections of each mooring leg of NoviOcean
WEC are connected by a submerged floater. The hydrodynamic and mooring system
parameters can be found in Table 2 of Paper D. It is worth noting that the turbine
and generator assembly are not included in the hydrodynamic model because they
are above the water level and, therefore, make no contribution to the hydrodynamic
forces. The hydrodynamic and mooring systems are modelled in Ansys Aqwa and
exported as an FMU.

Figure 3.6: NoviOcean WEC prototype model (scale 1:2) (Novige, [2023). The water tur-
bine is in the blue box and the hydraulic cylinder in the dashed white box.
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3.8 NoviOcean

Figure 3.7: The inner structures, from Paper D.

(a) (b)

Figure 3.8: NoviOcean numerical models, from Paper D. (a) The hydrodynamic and
mooring system model, and (b) the mechanical system model.
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3.3.2 Mechanical system model

The mechanical system model is shown in Fig. [3:8b] In the NoviOcean WEC, the
mechanical system consists of joint connections. The first is a prismatic joint between
the piston rod and the water tube, while the second is a spherical joint between the
piston and the seabed. The two joints are modelled in Ansys Rigid Dynamics and
exported as an FMU.

3.3.3 PTO system model

The real PTO system of NoviOcean is a complex subsystem comprising hardware
components such as the water turbine and generator and software like control algo-
rithms. However, very little detailed information on these components was available
during the thesis. Therefore, the PTO system model of NoviOcean is once again sim-
plified as a linear damper whose damping coefficient, Bpro, is equal to the radiation
damping at different wave periods. The choice of Bpro is inspired by the optimal
PTO control method in the frequency domain, as referenced in Alves (2016]).

The optimal PTO control requires twofold conditions. First, the PTO reactance,
defined as Kpro/w, where Kpro is the PTO stiffness and w the wave angular
frequency, should cancel out the inherent reactance, which includes the reactance
caused by the mooring stiffness and hydrostatic stiffness. Second, the PTO damping
Bpro should equal the radiation damping. However, in the linear damper PTO
system model, only the second condition is satisfied, as the inherent reactance is
difficult to determine.

The radiation damping of the NoviOcean WEC at different wave periods is shown
in Fig. The calculated radiation damping exists only for discontinuous wave
period selection in BEM solvers. Therefore, an interpolation method is applied to
obtain a fitted radiation damping curve. The PTO damping is then determined from
the fitted curve for different wave periods.

Figure 3.9: PTO damping coefficients for NoviOcean WEC, from Paper D.
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3.4 Numerical models for wave parks

The wave park layouts in this Section are promising designs proposed by the com-
panies for future real installations.

3.4.1 WaveEL wave parks

Three wave park layouts have been developed for WaveEL WECs, as illustrated in
Fig. Their key parameters are listed in Table Further details of the wave
parks can be found in the corresponding papers listed in the last column.

StarBuoy is a 10-WEC wave park, which was found to be the best candidate for
the sea conditions in the Runde test site in Norway from the perspectives of LCoE,
risk, and mooring fatigue analyses (Ringsberg et al.,[2020a)). Hex1 and Hex2 evolved
from StarBuoy, with the WECs reduced from 10 to 6. The symmetric layouts enable
them to cope with changing incident wave direction under real sea states.

The three wave parks have similar parameters, as listed in Table R is the
radius of the footprint area of the whole wave park, while r is the radius of a single
WEC unit within the park. The distance between units is defined as the separation
between two neighbouring units. From StarBuoy to Hex1-120, R keeps a similar
value to maintain a similar footprint area. From Hex1-120 to Hex1-80, the distance
between each WEC is further reduced to save the length of mooring lines and reduce
the footprint area. Hex2 is developed from Hex1-120 by keeping a similar r but not
sharing the centre anchor.

The WEC units installed in the three wave parks can be WaveEL 3.0 or WaveEL
4.0. To meet various simulation goals, the PTO system model of each WEC unit
in a wave park can be a simplified linear damper or a detailed PTO model. The
numerical model of wave park Hex1-80 equipped with detailed PTO system models
in Paper E under the FMI-based co-simulation framework is shown in Fig.

Table 3.1: Parameters of the WaveEL wave parks and their appearance in papers.

Wave park  WEC number Distance [m] R [m] 7 [m] Paper

StarBuoy 10 52 200 100 A
Hex1-80 6 80 139 80 A,B,E
Hex1-100 6 120 173 100 B
Hex1-120 6 120 208 120 A, B
Hex2 6 260 390 130 A

3.4.2 CorPower wave parks

The two wave park layouts for the CorPower WEC are illustrated in Fig. Both
contain 16 WECs, with the units at a distance d in both the horizontal and vertical
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(a) StarBuoy. (b) Hexl. (c) Hex2.

Figure 3.10: WaveEL wave parks, from Paper A. The yellow circles represent the WEC

units, the green circles represent the floaters, the blue squares represent the
anchors, and the black lines represent the mooring lines. The wave direction
is defined as the angle between the wave incoming direction and the positive
T-axis.

Figure 3.11: Simulink model for Hex1-80 wave park with detailed PTO systems in each

28
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8.4 Numerical models for wave parks

directions. The 4 x 4 layout has four WECs in each row and column, while the
8 x 2 layout has eight WECs per row spread across two rows. The 8 x 2 layout is
broader, with more columns than the 4 x 4 layout. These two wave park layouts were
designed to maintain the same total footprint area while varying the number of rows
and WECs per row to examine their impact on the power performance of the wave
park. Additionally, the square and rectangular shapes facilitate easier installation of
multiple WECs and the laying of power cables.

(a) 4x4.

(b) 8x2.

Figure 3.12: CorPower wave parks, from Paper C.

3.4.3 NoviOcean wave park

The NoviOcean wave park consists of 18 WECs, as shown in Fig. [3.13] The wave park
is designed with a staggered pattern to reduce the shadowing effect of the frontline
WECs. The NoviOcean wave park model is built under the FMI-based co-simulation
framework. The separation distance between the WECs along the z- and y-axes is
100 m, selected to ensure that the wave park remains compact.
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Figure 3.13: NoviOcean wave park, from Paper D.
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CHAPTER 4

Verification and validation

This chapter intends to verify and validate the proposed two numerical frameworks
rather than numerical models of specific WECs for several reasons. Throughout
the period of the project, WEC technology rapidly evolved, and due to the limited
funding, it was not feasible to perform experimental validation for specific WECs.
Accordingly, code-to-code verification efforts have been directed towards ensuring the
correctness and internal consistency of the numerical frameworks themselves. Valida-
tion is constrained by the limited availability of experimental data for specific WECs,
but an effort has been made to enhance the credibility of the numerical frameworks
through comparisons with benchmark cases. Additionally, a partial validation of one
WEC prototype has been performed using a small set of historical real measurement
data.

Through verification and validation, the general confidence in the numerical frame-
works for simulating coupled systems increases, which supports their potential ap-
plication to other renewable energy devices, such as offshore wind turbines.

4.1 Benchmark study — experimental heave decay test

The benchmark study carried out in the Ocean and Coastal Engineering Labora-
tory wave basin at Aalborg University (Kramer et al., |2021) was chosen to verify
and validate the FMI-based co-simulation framework. As illustrated in Fig. [{.1] an
aluminium sphere with a diameter D of 300 mm was dropped from three heights,
0.1D, 0.3D, and 0.5D, representing linear, moderately nonlinear, and highly non-
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linear cases. This benchmark study provides a rigorous experimental database for
numerical model validations. Therefore, a co-simulation model adopting the same
physical parameters as in the experiments was built to demonstrate the capability of
each FMU to perform subsystem simulations and of the FMI-based co-simulation to
handle multi-solver communications.

Besides experimental data, the benchmark study provides several datasets from
numerical simulations using various numerical models. The linear potential flow
model 2 (LPF2) is one of these, which uses nonlinear draft-dependent hydrostatics
and linear hydrodynamics coeflicients. It is also included in the comparison because
it has the same level of numerical complexity in representing the hydrostatic and
hydrodynamic forces as the co-simulation model. The degree of agreement between
the results for LPF2 and the co-simulation model demonstrates the closeness of the
capability of the FMI-based co-simulation and other numerical methods. It can thus
help verify the ability of the FMI-based co-simulation framework to provide results
consistent with those of other numerical methods.

Figure 4.1: Tested initial submergences and drop heights from Kramer et al. (2021)).

Qualitatively, Fig. [.2] compares the co-simulation results and the benchmark
datasets. For a more effective comparison, the heave decay time series is normalised
by the drop height, while time is scaled using the damped natural period in heave,
which is 0.76 s, as stated in Kramer et al. (2021)). It is observed that for the dropping
heights of 0.1D and 0.3D, the difference between the results is almost negligible. A
noticeable difference is observed for the dropping height of 0.5D, but this is not due
to the shortcomings of the co-simulation method, but rather to the limitations of
linear potential theory in handling nonlinearity arising from large motions, as the
results for LPF2 also show similar discrepancies from the experimental data.

Quantitatively, the root mean square errors (RMSEs) between each pair of the
three time series are compared in Fig. [£.3] and the Pearson correlation coefficient
p between the three time series are listed in Table The nonlinear case with a
drop height of 0.5D exhibits the highest RMSE among the three scenarios. However,
even in this case, the RMSE of 0.063 remains relatively small compared to the initial
normalised drop height of 1. Meanwhile, the RMSEs between LPF2 and the co-
simulation results do not exceed 0.015 in any of the cases, demonstrating strong
agreement. Moreover, the closer p is to 1, the stronger the linear correlation between
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4.1 Benchmark study — experimental heave decay test

(a) Dropping height of 0.1D. (b) Dropping height of 0.3D.

(¢) Dropping height of 0.5D.

Figure 4.2: Benchmark study — dropping sphere heave decay test, from Paper D.

the two time series. In all cases, the correlation coefficient for each pair of the three
time series exceeds 0.98, indicating a strong linear relationship.

Figure 4.3: RMSE values of the time series, from Paper D. RMSE1 is the RMSE between
the experimental and co-simulation results, RMSE2 is the RMSE between the
experimental and LPF2 results, and RMSE3 is the RMSE between the LPF2
and co-simulation results.

The RMSEs and correlation coefficients demonstrate that the co-simulation re-
sults align well with the experimental and LPF2 results. The agreement between the
LPF2 and co-simulation results verifies each FMU’s capability to perform its respec-
tive subsystem simulation and the effectiveness of Simulink’s co-simulation algorithm
in managing multi-solver communications. The agreement with experimental data
provides a further level of validation, indicating that the framework can accurately
capture key physical behaviours.
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Table 4.1: Correlation coefficients. p; is the correlation coefficient between the experi-
mental and co-simulation results, p2 is the correlation coefficient between the
experimental and LPF2 results, and p3 is the correlation coefficient between the
LPF2 and co-simulation results.

P1 P2 P3
0.1D 0.9981 0.9996 0.9996
0.3D 0.9981 0.9995 0.9993
0.5D 0.9895 0.9993 0.9899

4.2 Code-to-code verification

The two numerical frameworks, DNV SESAM and FMI-based co-simulation, are
cross-verified by comparing the numerical results for the WEC motions, mooring
forces, and power performance of a WaveEL 4.0 WEC and a wave park, both modelled
within these frameworks.

4.2.1 Single WaveEL 4.0 WEC

The numerical models of the single WaveEL 4.0 WEC under the two numerical
frameworks keep the values of all the physical parameters, such as the dimensions
and the linear damping coefficient, the same for better comparison. Information on
the geometrical dimensions and fundamental properties of WaveEL 4.0 is available
in Paper B. The tested case is under a regular wave condition with an amplitude of
1 m and a wave period of 6.5 s.

WEC motions and mooring forces

Figs. A4 and illustrate a comparison of the WEC motions and mooring forces
obtained from the co-simulation and DNV SESAM model over a 400 s duration. Since
Moorings 1 and 3 are symmetrically positioned for the wave direction, their tension
values are identical. Therefore, only the Mooring 2 and 3 results are presented in
Fig. Table provides the RMSEs and correlation coefficients between the
results from the two numerical frameworks to assess quantitatively the discrepancies
between the two models. The correlation values are close to 1, demonstrating a
strong agreement between the datasets.

For the heave motion, which plays an important role in predicting the power output
of this heaving point absorber, the RMSE amounts to approximately 5% of the heave
amplitude (around 2 m), indicating a relatively minor deviation. In contrast, the
surge motion exhibits slightly more significant differences, with an RMSE around
14% of its amplitude. This discrepancy is primarily due to an upward shift in the
co-simulation results compared to the DNV SESAM model. Despite this shift, the
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(a) Heave motion.

(b) Surge motion.

Figure 4.4: Heave and surge motions of WaveEL 4.0, from Paper D. The time series with
the blue-line box is magnified in the upper left corner of each figure.

(a) Mooring 2.

(b) Mooring 3.

Figure 4.5: Mooring forces of WaveEL 4.0, from Paper D. The time series with the blue
line box is magnified in the upper left corner of each figure.
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Table 4.2: RMSMs and correlation coefficients of the results of the co-simulation and
SESAM models. The analysed time series begin from 150 seconds to avoid
the unstable starting phase.

RMSE p
Heave 0.1177 m  0.9917
Surge 0.2123 m  0.9893
Mooring 2 4.2014 kN  0.9773
Mooring 3 2.6390 kN  0.9719

amplitudes of the surge motion remain nearly identical. Given that heave is more
significant than surge in power performance estimation, the variation in surge motion
is considered to fall within an acceptable range.

The displacement shift in the co-simulation results also leads to a shift in mooring
forces, as depicted in Fig. The RMSE values for Mooring 2 and Mooring 3
amount to approximately 14% and 15% of their respective amplitudes. However,
unlike heave and surge, which oscillate around zero, the mooring tensions centre
around their pretension force of roughly 74 kN. Compared to these mean values,
the RMSEs of mooring forces correspond to about 6% and 4%, suggesting minor
discrepancies.

Overall, the evaluation of RMSEs and correlation coefficients confirms that the
co-simulation approach can model WEC systems with coupled subsystems and pro-
duce motion and mooring force predictions closely aligned with those from the DNV
SESAM framework.

Power performance

The power performance under three regular wave conditions listed in Table is
compared in Fig. for a single WaveEL WEC modelled under the two numerical
frameworks. The results show good agreement for EC1 and EC2 in cases of relatively
low wave heights. For EC3, the case with the highest wave height, the deviation
between the two models remains below 8%. This suggests that both approaches
produce comparable results when simulating a single WEC with a linear-damper
PTO system under regular ECs. The observed differences may stem from minor
mooring configuration and water depth variations.

Table 4.3: ECs for simulations.
EC  Wave amplitude A [m] Wave period T' [s] Wavelength [m]

EC1 0.25 4.5 31.6
EC2 0.75 5.5 47.2
EC3 1.75 7.5 87.8
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Figure 4.6: Single-WEC performance comparison with a linear-damper PTO system
model. The results of DNV SESAM come from Paper A.

4.2.2 Wave park

Figure 4.7 compares the power performance predictions for a six-WEC array. Similar
to the single-WEC analysis in Section the wave park model employs a linear
damper to represent the PTO system. The co-simulation results exhibit interac-
tion patterns comparable to those obtained from DNV SESAM, demonstrating that
the co-simulation approach effectively captures the interaction effects among WECs
within a wave park.

Figure 4.7: Wave park performance comparison with a linear-damper PTO system model
from Paper E. The results of DNV SESAM come from Shao et al. (2024).

4.3 Validation of the WaveEL model against limited
real test site data

WaveEL is one of the studied WECs whose historical real measurement data are avail-
able. This WEC operated at full capacity throughout the measurement campaign
from June to November 2017 (Ringsberg et al., [2020b). The available measurement
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data under the three ECs listed in Table [f.4] are used to perform a limited validation
of the numerical model of a single WaveEL 3.0 WEC, developed within the DNV
SESAM framework, as presented in Paper B. The limited amount of real measure-
ment data makes it impossible to comprehensively validate the numerical model built
under the DNV SESAM framework. However, the qualitative comparison results are
included in this section to enhance the credibility of the DNV SESAM framework for
WEC simulations.

Table 4.4: Sea state conditions (long-crested waves), from Ringsberg et al. (2020b).

Date and time H, m] T, [s] Wave direction 6 [deg]
2017-06-16 10:00-13:00 0.95 10.00 30
2017-06-18 08:00-11:00  1.40 6.75 30
2017-06-19 15:00-18:00  1.75 7.50 30

The WEC prototype used in the real measurement was WaveEL 3.0. However,
the results for WaveEL 4.0 are also compared against the real measurement data to
evaluate the performance of both versions. Since the differences between the two
versions are deemed small, it is assumed that if the results for WaveEL 4.0 align
closely with the real measurement data of WaveEL 3.0, confidence in the numerical
model of WaveEL 4.0 will be enhanced. The axial forces in the moorings were first
adjusted to align with the real measured data to ensure that the real measurements
and simulations had similar mooring forces, leaving the WEC motion as the only
variable remaining for comparison. As shown in Fig. the time-averaged axial
forces within the leading and rear mooring lines generally show good agreement with
the measured data, with an error of less than 10%.

(a) Axial force in the upper section of (b) Axial force in the upper section of
Mooring 1. Mooring 2.

Figure 4.8: Time-averaged mooring forces validations, from Paper B. Mooring 1 is the

leading mooring, which aligns with the incoming waves. Moorings 2 and 3 are
the rear moorings, symmetric relative to the incoming wave direction.

The WEC motions are compared in Fig. [.9 In general, as shown in Fig. [1.9a]
and the WEC position points recorded during the experiments are distributed
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within the regions that overlap with the envelopes obtained from the simulations.
However, for the other validation cases shown in Fig. - the simulated
horizontal motions of the WEC are inclined to the incoming wave direction, while
the real measurements are more scattered than the numerical results. The reason is
that the wave directions constantly changed during the real test, while the estimated
sea states for simulations only considered the dominant wave directions.

It may be observed that the range of motion of WaveEL 4.0 tends to be larger
than that of WaveEL 3.0. The vertical range of motion of the WaveEL 3.0 model
agrees well with the experiment, which qualitatively validates the numerical model.

(a) 06-16 horizontal plane. (b) 06-16 vertical plane.
(c) 06-18 horizontal plane. (d) 06-18 vertical plane.
(e) 06-19 horizontal plane. (f) 06-19 vertical plane.

Figure 4.9: WEC motion range comparison, from Paper B.
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CHAPTER b

Summary of papers

This section summarises the representative results and main findings of each paper
to show the capability of the numerical frameworks. Fig. shows the contributions
of each paper to the thesis structure. Papers A—C contain simulations carried out
under the DNV SESAM framework, while the models in Papers D—E are based on
the FMI-based co-simulation framework.

Paper A investigates only the power performance of single WECs and wave parks
with different layouts. Paper B introduces mooring fatigue damage as another
factor when evaluating wave park designs. Paper C applies the same DNV SESAM
framework to CorPower, a bottom-fixed WEC prototype without mooring lines, and
estimates the power performance of a 16-WEC wave park. Due to the limitations of
the DNV SESAM framework, the PTO and mechanical system models are simplified
in Papers A—C.

Papers D—E adopt the FMI-based co-simulation framework to better capture
the effects of the PTO and mechanical systems on power performance and mooring
fatigue damage. NoviOcean WEC is chosen as a study object in co-simulations in
Paper D because of its unique working principle. An 18-WEC wave park design
is also analysed in Paper D to demonstrate the capability of the FMI-based co-
simulation framework in simulating wave parks with many WECs. Finally, Paper
E completes the thesis by integrating detailed PTO systems into single WECs and
wave parks. Paper E emphasises the importance of modelling the PTO system in
detail when the nonlinear components, such as bumpers, come into effect.
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Figure 5.1: Thesis structure and connections between papers.

5.1 Summary of Paper A

"Performance analysis of two generations of heaving point
absorber WECs in farms of hexagon-shaped array layouts"

The purpose of Paper A is to compare the power performance of two versions of
WaveEL WEC, WaveEL 3.0 and 4.0, for a single unit and wave parks. The numerical
models were built under the DNV SESAM framework. The analysed wave parks are
described in Section [3.4.1] and three representative ECs with regular waves listed in
Table were simulated for the wave parks.

A frequency domain response analysis was carried out for WaveEL 3.0 and 4.0. As
shown in Fig. the resonance periods for the two versions of WEC are different,
with WaveEL 3.0 at 4 s and WaveEL 4.0 at 5 s. This difference results from the
geometrical differences in the WEC designs, as WaveEL 4.0 has a longer water tube
than WaveEL 3.0.

The power performance of single WECs under different ECs is compared in Fig.
In general, WaveEL 4.0 outperforms WaveEL 3.0 under all ECs. There are
two reasons for this. First, the PTO system model used is the linear damper model
described in Section[3.1.2] where the damping coefficient for WaveEL 4.0 (50 kN /m) is
25% higher than that for WaveEL 3.0 (40 kN/m). Therefore, according to Eq. (2.13)),
the increased PTO damping coefficient from WaveEL 3.0 to WaveEL 4.0 accounts for
25% of the power performance increase if the heave motions are the same. However,
under EC1, the increase in power performance of WaveEL 4.0 compared to WaveEL
3.0 is less than 25%. In contrast, under EC2 and EC3, the increase exceeds 55%.
This is because the geometrical changes lead to different heave amplitude response
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patterns under regular waves, as shown in Fig. [5.2a

(a) Heave response in the frequency do-  (b) Power performance under regular
main. waves.

Figure 5.2: Single WaveEL WEC performance.

The power performance of each WEC within a wave park under various ECs and
wave directions was analysed and compared. Fig. [5.3] shows the normalised power
performance of wave park Hex1-80 under three ECs with the wave direction of 180 de-
grees. The normalisation was done by dividing the power performance of each WEC
by that of a single WEC under the same EC. Therefore, a larger-than-one normalised
power performance indicates positive interaction effects. Under EC1 and EC2, the
power performances of most of the WECs are larger than one, indicating positive
interaction effects, while under EC3, the normalised power performances of the wave
parks, whether using WaveEL 3.0 or WaveEL 4.0, are close to 1, reflecting negligible
interaction effects on power performance. For both WEC versions, the leading WEC
encounters the waves first and has the largest power performance. Comparing wave
parks equipped with different WEC versions, the WaveEL 4.0 wave park is more
sensitive to changes in EC.

(a) WaveEL 3.0. (b) WaveEL 4.0.

Figure 5.3: Wave park Hex1-80 power performance normalised by single-WEC power per-
formance. The waves come from 180 degrees, from right to left.

Fig. [5.4] shows the influence of the wave direction on the power performance
of each WEC within a Hex1-80 wave park under EC2. The wave directions were
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changed from 150 to 180 degrees at 10-degree intervals. The results indicate that
under all the simulated wave directions, the interaction effects are constructive, as the
WECs within the wave park exhibit a normalised power performance larger than one.
However, the relative power performance of each WEC within the wave park varies
with changes in the incoming wave direction. For example, the WEC positioned
furthest upstream generates the highest power with 180-degree waves, while the two
WEC s located furthest downstream attain maximum power with 150-degree waves.

(a) WaveEL 3.0. (b) WaveEL 4.0.

Figure 5.4: Wave park Hex1-80 normalised power performance under EC2 with different
wave directions.

()

(b)

Figure 5.5: (a) Normalised total power performance for hexagonal wave parks. From left
to right, divided by dashed black lines, EC1 to EC3. (b) Normalised total
power performance for StarBuoy wave park equipped with WaveEL 4.0 under
EC2.

The total power performance of a wave park was analysed and compared for varying
layouts, wave conditions, and wave directions. In Fig. the total normalised
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power performances of two wave parks, Hex1-120 and Hex2, are compared. Overall,
deploying multiple WECs in a wave park does not exert a negative influence on the
total power performance, as the normalised total power performance is almost always
larger than one under all the simulated situations. Under EC1, the Hex2 wave park
with WaveEL 3.0 exhibits the highest normalised total power performance, and its
performance is not sensitive to wave direction changes. However, this is not the
case under EC2, where the Hex1-120 wave park with WaveEL 4.0 has the highest
normalised total power performance with most wave directions. The StarBuoy wave
park with WaveEL 4.0 was also simulated under EC2, as shown in Fig. It
demonstrates an even higher normalised total power performance than the Hex1-120
wave park, with values exceeding 1.4 for waves from 150 degrees to 330 degrees. Under
EC3, the interaction effects on power absorption are minimal or slightly negative for
all the wave parks.

5.2 Summary of Paper B

"A comparison of two wave energy converters’ power performance
and mooring fatigue characteristics — One WEC vs many WECs in
a wave park with interaction effects"

The focus of Paper B is broadened from the pure power performance analysis of
wave parks in Paper A to a combined study of power performance and mooring
fatigue damage. Three cases were simulated with the ECs defined in Table
These cases represent irregular waves that had a high probability of occurrence at
the Runde test site in 2017. All cases listed in Table[5.1]are irregular waves modelled
using the JONSWAP wave spectrum with a peak enhancement factor of 2.4.

Table 5.1: Definitions of the three sets of ECs and the probabilities of their occurrence at
the Runde test site.

IR-EC  H, [m] T, [s] Probability of occurrence [%)]

IR-EC1 0.5 4.5 6.84
IR-EC2 1.5 5.5 10.14
IR-EC3 3.5 7.5 5.63

The accumulated mooring fatigue damage was thoroughly investigated in Paper
B. The simulations were conducted for a physical time of 1 hour, and the mooring
force responses over this period were used for fatigue analysis. Fig. shows the
accumulated mooring fatigue damage of all the mooring lines in the Hex1-80 wave
park, assuming that the 1-hour simulation is repeated continuously for one year under
IR-EC2. The largest fatigue damage for each WEC unit was identified and connected
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by dashed lines. The results indicate that with varying wave directions, the mooring
lines of the leading WECs usually experience the most significant fatigue damage.

Furthermore, the weakest link is defined as the mooring line in the wave park that
suffers the greatest accumulated fatigue damage. The mooring system is considered
to have failed if the accumulated fatigue damage of the weakest link exceeds 1.
Fig. [5.7] presents the accumulated fatigue damage of the weakest link of the Hex1-
80 wave park, comparing two versions of WEC under varying ECs. Results show
that under IR-EC2 and IR-EC3, the wave park equipped with WaveEL 4.0 tends to
experience larger fatigue damage than WaveEL 3.0. However, even in the worst-case
scenario, which occurs in the WaveEL 4.0 wave park under IR-EC3, the estimated
mooring fatigue life exceeds 100 years, assuming that the simulated ECs persist for
an extended period.

() (b)

Figure 5.6: (a) Mooring line numbering of Hex1 wave park. (b) The accumulated fatigue
damage of each mooring line in Hex1-80 wave park with WaveEL 4.0 with
incoming wave directions of 150 and 180 degrees under IR-EC2. The lines
show the accumulated fatigue damage of each WEC unit.

Simulations were conducted for wave parks with three different inter-unit distances
for the Hexl wave park. The power performance and accumulated fatigue damage
are presented in Fig. [5.8 The accumulated fatigue damage on the mooring lines of
the wave parks decreases or remains relatively unchanged as the distance between
the units increases. However, power performance does not show a consistent upward
trend with increasing distance. Specifically, power performance decreases as the
distance increases from 80 m to 100 m, but returns to its previous level as the distance
further increases to 120 m. Additionally, the WaveEL 4.0 wave park outperformed its
counterpart at 100 m and 120 m distances, demonstrating higher power performance
and reduced accumulated fatigue damage. The results indicate that the interaction
effects influence not only the power performance of the WECs but also the mooring
fatigue damage.
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Figure 5.7: Accumulated fatigue damage of the weakest link of all mooring lines of Hex1-
80 wave parks with different WEC versions and environment conditions.

Figure 5.8: The accumulated fatigue damage and hydrodynamic power performance of
wave parks with varying distances between the WECs under IR-EC2.
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5.3 Summary of Paper C

"Hydrodynamic interactions and enhanced energy harnessing
amongst many WEC units in large-size wave parks"

The DNV SESAM framework was applied to CorPower WEC, a bottom-fixed concept
without mooring lines, in Paper C. Moreover, two layouts of a 16-WEC wave park
equipped with CorPower were simulated. Parameters like the sea state, water depth,
and wave direction were varied, and the results were compared to understand the
features of CorPower wave parks.

The 4 x 4 wave park results under regular waves with varying wave periods and
wave heights are compared in Fig. [5.9] It is observed from Fig. [5.94] that wave height
significantly influences power performance, as power performances under conditions
with a wave height of 4 m are generally higher than with a wave height of 1 m, for as
the wave height increases fourfold from 1 m to 4 m, the power output experiences an
increase of over tenfold. There is a range of wave periods from 7 s to 10 s where the
power performances of the cases with a higher wave height suffer a significant drop.

Fig. illustrates the interaction factors, defined as the ratio of power changes
due to interaction effects to the power performance when these effects are disregarded.
A positive interaction factor thus indicates constructive interaction effects. Although
Fig. shows that the performance drop for wave period from 7 s to 10 s is not
significant for cases with lower wave heights, Fig. [5.9b] reveals that the interaction
factors in these cases are negative. This means that the interaction effects generally
have destructive influences on power performances for both wave heights, with wave
periods from 7 s to 10 s.

(a) Power performance. (b) Interaction factor.

Figure 5.9: The power performance and interaction factors of a 4 x 4 (d = 150 m) wave
park under varying regular wave conditions.

The distance d between the WEC units in a 4 x 4 wave park was varied to study its
effects on power performance. Fig. [5.10 shows the results for three cases with WEC
distances of 50 m, 150 m, and 200 m, along with a reference case where interaction
effects are ignored. For the terminology of the simulated cases, one can refer to Table

48



5.8 Summary of Paper C

3 in Paper C. It can be observed that the WEC distance d = 150 m is optimal, as
it results in a relatively large power performance increase under RL1 and RL2 while
also avoiding a significant reduction in power output under RL3 to RL11.

(a) Power performance. (b) Interaction factor.

Figure 5.10: The power performance and interaction factors of 4 x 4 wave parks with
varying distances.

(a) (b) (c)

Figure 5.11: The total power performance of wave parks with (a) varying layouts, (b)
varying water depths, and (c) wave directions of 4 x 4 wave park with d =
150 m. The percentages are the interaction factors, indicating the additional
power generation due to interaction effects.

In addition to the regular wave cases, a few irregular wave cases were also simulated
in Paper C to compare the power performance of cases with varying layouts, water
depths, and wave directions. Fig. presents the total power performance of the
wave parks under three irregular wave cases. Most interaction factors are positive,
except for the 8 x 2 wave parks under IRL3.

Two water depths were simulated, and the total power performances are shown
in Fig. The interaction factors are positive for all three simulated irregular
waves. The power performance of the 4 x 4 wave park with a WEC separation
distance of 150 m does not differ significantly by water depth.

The wave direction for each irregular wave was determined based on the ECs at
the anticipated installation site. As shown in Fig. the changed wave directions
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result in minor drops in power performance under IRL2 and IRL3, but the interaction
factors remain positive.

5.4 Summary of Paper D

""An FMI-based co-simulation framework for simulations of wave
energy converter systems"

The aim of Paper D is to propose the FMI-based co-simulation framework. Two
study cases demonstrate the features and capability of the FMI-based co-simulation
framework: the first involving the single NoviOcean WEC described in Section [3.3]
and the second examining the wave park described in Section [3.4.3] consisting of 18
NoviOcean WECs.

The numerical model for a single NoviOcean WEC was tested for regular waves
with a wave amplitude of 1 m and a varying wave period from 3 s to 11 s. The
relative motion between the buoy and the piston, shown in Fig. depends on
the wave period. For short-period waves (3-7 s), the relative motion amplitude is
smaller than the wave amplitude (1 m), but matches the wave amplitude for longer
wave periods (8-11 s). The buoy cannot respond to rapid wave excitation for very
short wave periods (34 s), resulting in small relative motion. For wave periods of
5-7 s, the reduced relative motion is due to large surge motions, which can reach up
to 9 m under 5 s waves, as shown in Fig. [5.13] As the wave period increases, surge
motion decreases, staying within +2 m for 9-11 s waves. The prismatic joint couples
surge and heave motions, meaning that large surge motions limit heave amplitude.
This highlights the importance of using a co-simulation approach to model such joints
accurately.

(a) Regular wave periods from 3 s to 7 s. (b) Regular wave periods from 8 s to 11 s.

Figure 5.12: Relative motions of the buoy and piston under regular waves with an ampli-
tude of 1 m and varying wave periods. The dashed black lines indicate the
range of wave elevation.

The damping coefficients of the linear damper PTO system model were set equal

to the hydrodynamic radiation damping, as shown in Fig. [5.14] The time-averaged
power performance of a single NoviOcean WEC, calculated using Eq. (2.13)), is also
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Figure 5.13: The surge motions versus the relative motion between the buoy and the
piston.

Figure 5.14: The averaged power performance of the WEC under regular waves with a
constant wave amplitude of 1 m and varying wave periods.

presented for regular waves. While PTO damping peaks at a 4 s wave period, the
highest power occurs at 5 s due to the effects of the mooring system’s nonlinear
stiffness on the WEC’s dynamics. Therefore, time-domain simulations are essential
for accurate power predictions when mooring systems are included.

Table 5.2: Parameters of the simulated irregular wave sea states for wave park simulations.

Sea states H, [m] T, [s] Directions [deg]

1,2, 3 0.9 9 0,12, 24
4,5,6 1.8 9 0, 12, 24
7,8,9 2.7 9 0, 12, 24

? 9

Irregular wave sea states, based on the JONSWAP spectrum (y = 2.4), were tested
for the 18-WEC wave park of NoviOcean WEC to simulate real physical conditions.
With a fixed peak period of 9 s, three significant wave heights (0.9, 1.8, and 2.7 m)
and three wave directions (0, 12, and 24 degrees) were analysed for their effects on
WEC dynamics and power performance. The wave parameters are summarised in
Table

Fig. [5.15] presents examples of the motion patterns of each WEC within the wave
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park and displays the influence of the interaction effects. By comparing the verti-
cal motion ranges of WECs in Figs. to it is found that as wave height
increases from 0.9 m to 2.7 m, heave motion amplitude rises. In comparison, surge
motion range saturates when the wave height increases from 1.8 m to 2.7 m, peaking
at —20 m to 5 m for the front-row WECs due to mooring system constraints. Wave
direction mainly affects surge motion, with minimal impact on heave motion across
the wave park. Moreover, it is also observed that the diffraction effect, a compo-
nent of interaction effects, causes WECs at the rear of the wave park to experience
smaller surge motions than those in the front. This demonstrates the co-simulation
model’s ability to capture interactions between multiple WECs. In Fig. [5.15d] as
the wave direction changes from 0 to 12 to 24 degrees, the surge-sway trajectories
tilt accordingly, with the sway motion range increasing as the wave direction shifts.
This demonstrates that the co-simulation model accurately represents the features
of the spherical joints.

The power performance of the 18-WEC wave park under various sea states is shown
in Fig. which indicates that the WECs upstream tend to outperform those
downstream. The upper range of the red, blue, and green background indicates the
power performance of a single isolated WEC under the three sea states. Fig.
shows the total power performance of the entire wave park. The percentages indicate
the power increase compared with an isolated single WEC. It is found that under all
simulated sea states, the wave park generates more power than 18 isolated WECs,
indicating that the interaction effects between the WECs are beneficial under the
simulated conditions.

5.5 Summary of Paper E

"Integrating detailed power take-off system models in wave energy
converter simulations using an FMI-based co-simulation approach"

Paper E emphasised the detailed PTO system modelling and its integration into
the global model for single WECs and wave parks. The FMI-based co-simulation
proposed in Paper D was adopted to integrate the detailed PTO system model de-
scribed in Section [3.1.3]into the global WEC system model, including hydrodynamic,
mechanical, and mooring systems. The study objects were a single WaveEL 3.0 WEC
and a 6-WEC wave park, as in Fig. [3.10b] The simulated ECs included regular and
irregular waves, as listed in Table and

Compared with the linear damper model, the detailed PTO system model incorpo-
rates the mechanisms of the PTO system components, as shown in Fig. [3.2] leading
to distinct force and motion characteristics. Fig. [5.17) presents the time history of
PTO force (F31), the bumper force (F515), and the motion and velocity of the buoy
hull (21, w1) and water piston (z3, ws). Unlike the linear damper model, the PTO
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(a) Vertical motion under sea states 1, 2, 3.

(b) Vertical motion under sea states 4, 5, 6.
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(c) Vertical motion under sea states 7, 8, 9.

(d) Horizontal motion under sea states 4, 5, 6.
Figure 5.15: Example WEC trajectory under various sea states.
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(a) Power performance of each WEC.

(b) Total power performance.

Figure 5.16: The power performance of each WEC and the total power performance of
the wave park.

force (F31) in the detailed PTO system model exhibits nonlinearity due to the hy-
draulic cylinder mechanism. The plateaus in the PTO force curves result from the
dynamic valve opening conditions of the suction, outlet, and internal piston valves.

The bumper is designed to absorb substantial impacts from the water piston and
restrict its motion. As shown in Fig. [5.17] it operates only under EC3 conditions.
When the relative motion (23 — z1) exceeds the 1.75 m stroke limit, the bumper
applies a reactive force opposing the piston’s motion. The peak bumper force, up to
three times greater than the PTO force, significantly affects WEC motions.

The bumpers’ restriction of the water piston reduces power performance under EC3
and IR-EC3, as shown in Fig. While there are discrepancies between the linear
damper model and the detailed PTO system model under lower wave heights, they
can be mitigated by calibrating the damping coefficients of the linear damper model.
However, when the bumpers are engaged, a detailed PTO system model becomes
essential due to the significant impact of the bumpers on power performance.

Fig. shows the interaction factors of the wave park under simulated wave
conditions. The distance from each dot to the origin stands for the interaction fac-
tor, while the grey hexagon represents the unit interaction factor, here defined as the
ratio of the power performance of each WEC within the park to that of a single WEC
under the same conditions. Irregular waves tend to equalise the power performance
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(a) ECL.

(b) EC2.

(c) EC3.

Figure 5.17: Forces and motions of a Single WaveEL 4.0 WEC under regular waves.

(a) Regular waves. (b) Irregular waves.

Figure 5.18: Single WEC power performance under regular and irregular waves.
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(a) ECL. (b) EC2. (c) EC3.

(d) IR-EC1. (e) TR-EC2. (f) IR-EC3.

Figure 5.19: Interaction factors under simulated wave conditions.

of each WEC due to wave component randomness. Under EC3, a notable difference
arises: the interaction factors are equally distributed among WECs in both models,
but the detailed PTO model yields a higher interaction factor (around 1.5) than the
linear damper model (around 1). This is because, under EC3 the water piston hits
the bumper, reducing power performance. However, in the wave park, the combined
effects of radiation and diffraction lead to fewer bumper impacts, enhancing WEC
performance over that of a single isolated WEC. Under IR-EC1, the interaction fac-
tors diverge significantly between the two models. The linear damper model predicts
destructive interactions (factors < 1), while the detailed PTO model predicts positive
interactions. This discrepancy suggests that the fidelity of the PTO system model
heavily influences interaction factor predictions.

Besides power performance prediction, the fidelity of the PTO system model also
affects the mooring fatigue damage predictions. Fig. [5.20| shows the largest mooring
fatigue damage at the fairlead of each WEC unit, comparing simulations made with
the linear damper and detailed PTO system models. The percentages indicate the
relative increase in fatigue damage when switching from the linear damper to the
detailed PTO model. Overall, the fidelity of the PTO system model plays a significant
role in predicting mooring fatigue damage. The most notable difference is in M33
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Figure 5.20: Comparison of the largest mooring fatigue damage of each WEC unit within
the wave park at the fairlead under irregular waves using a linear damper
PTO model and a detailed PTO model.

under IR-EC3, where the fatigue damage is approximately 10 times smaller than
under the detailed PTO model. This underscores the importance of subsystem model
fidelity, as it can significantly affect the results for other subsystems in the highly
coupled global model.
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CHAPTER 6

Discussion

This chapter provides a discussion mainly based on the results summarised in Chap-
ter ] as well as of a few other thoughts related to the overall content of the thesis. To
better illustrate how each paper contributes to the research goals outlined in Section
[:2] Fig. [6.1] presents a diagram mapping the relationship between the papers and
the defined goals.

Figure 6.1: Goals and papers. G1—4 are defined in Section
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Numerical modelling of WECs and limitations of the
DNV SESAM framework

Papers A—C contribute to G1 by developing numerical models for different WEC
prototypes, both as single units and within wave parks, using the DNV SESAM
framework.

While this framework successfully models WEC power performance in Paper A
and mooring fatigue damage in Paper B, its limitations become evident in Paper C
when applied to the bottom-fixed CorPower WEC concept without synthetic mooring
lines. The reason is that the WEC studied in Papers A and B is a free-floating
WaveEL WEC without explicit mechanical connections to the seabed, such as the
rod of CorPower. Additionally, the PTO system of the WaveEL WEC was considered
simple and was initially modelled as a linear damper, an assumption that was later
partially disproven in Paper E under ECs when the nonlinear mechanism becomes
significant. When the work in Papers A—B was carried out, the DNV SESAM
framework was considered sufficient, which is why it was applied to model single
WECs and wave parks in the early publications included in this thesis.

The unique working principles and components of CorPower, for example, the
WaveSpring, pretension cylinder, and rod connected to the seabed, were modelled
using necessary simplifications under the DNV SESAM framework in Paper C. How-
ever, it was realised that those simplifications were compromises necessitated by the
limited capability of the DNV SESAM framework, which ultimately motivated the
transition to the FMI-based co-simulation approach, which offers greater flexibility
in integrating complex PTO and mechanical system models.

Development of an FMI-based co-simulation framework

Papers D—E contribute to G2 by proposing, demonstrating, and developing an
FMI-based co-simulation framework.

Paper D addresses the challenges of modelling and integrating complex WEC
subsystems for global simulations by proposing an FMI-based co-simulation frame-
work, allowing for the coupling of specialised numerical solvers with minimal pro-
gramming effort. Using Ansys Aqwa and Rigid Dynamics for hydrodynamic loads
and motion responses and Simulink for the PTO system, the framework integrates
these subsystem models into a comprehensive global simulation for a single WEC
unit or a wave park. This approach simplifies subsystem coupling and enhances
system-level modelling efficiency.

In Paper D, the NoviOcean WEC was selected as the WEC prototype to be
studied due to its complex subsystems. While the FMI-based co-simulation frame-
work allows a detailed PTO system model to be coupled to the global simulation, the
PTO system of the NoviOcean WEC was simplified as a linear damper due to the lim-

60



ited information available during the project. Nevertheless, this simplification does
not undermine the capability of the proposed FMI-based co-simulation framework.
In Paper E, for the WaveEL WEC, whose PTO system is better characterised, a
detailed PTO system model was successfully developed and integrated into the global
simulation within the FMI-based co-simulation framework, further demonstrating its
potential.

Interaction effects in wave parks

All the papers contribute to G3, which is to investigate the interaction effects in
wave parks equipped with various WEC concepts. The results indicate that multiple
factors, including wave amplitude, wave period, wave direction, and WEC type,
influence wave park power performance.

The 6-WEC WaveEL wave parks studied in Paper A and 18-WEC NoviOcean
wave parks studied in Paper D exhibited enhanced power performance compared to
isolated WECs under the simulated ECs. A common observation is that upstream
WECs tend to outperform downstream WECs due to interaction effects. However,
power performance predictions remain highly case-dependent, and no universal design
rules can be established for optimal wave park configurations. Furthermore, Paper E
highlighted that the level of modelling fidelity could also significantly impact the
prediction of interaction effects on both power performance and mooring fatigue
damage. Therefore, it is suggested that simulations of wave park designs should be
carried out case-specifically, and the PTO system should also be modelled in enough
detail to yield predictions close to reality.

The impact of PTO system model fidelity on global
simulations

Papers D—E contribute to G4. Paper E is a milestone as it integrates detailed PTO
system models into a wave park, which, to the best of the author’s knowledge, other
researchers have not done. It highlights the significant impact of the fidelity of the
PTO system model on predictions of WEC motion, power performance, and mooring
fatigue damage. This work paves the way for further research on the application of the
FMI-based co-simulation framework to modelling WEC systems, which will better
guide WEC design and the large-scale commercialisation of wave parks.

Technological niche

In this thesis, multiple wave parks have been simulated using the two proposed
numerical frameworks. These simulations fill the niche of cases where the wave park
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layouts and the number of units in a wave park are partly settled, and detailed
analyses of power performance and mooring fatigue damage are needed for design
iterations and decision-making before the installation. The FMI-based co-simulation
framework allows each WEC model within a wave park to integrate detailed PTO,
mechanical, and mooring systems, which highly increases the fidelity level of wave
park simulations. The final goal of the wave park simulations in this thesis is not to
find a theoretically optimal wave park layout but to analyse a few candidate layouts
and provide accurate and detailed evaluations to support engineering design and
development.

Verification and validation challenges

This numerical model of each WEC prototype could have received a more thorough
validation if additional experimental data had been available. As more experimen-
tal data become available in the future, the numerical model can be calibrated by
adjusting parameters such as the stiffness of the WaveSpring of CorPower in Paper
C and the value of the damping coefficient of the PTO system model of WaveEL in
Paper E.

At the time this thesis was written, experimental data for full-scale NoviOcean
WECs were unavailable. Consequently, Paper D primarily focused on demonstrat-
ing the capability of the FMI-based co-simulation framework to simulate WECs con-
sisting of multiple bodies, both as single units and in wave parks comprising up to
18 WECs. In the future, if experimental studies are available, the co-simulation
numerical model can be fine-tuned and calibrated to better capture the actual be-
haviours of these systems. Moreover, the PTO system model used in Paper D is a
simplified linear damper model since the PTO system details were unavailable dur-
ing the study. This limitation can be mitigated if a detailed PTO system model is
developed and exported as an FMU module, which can be easily integrated under
the FMI-based co-simulation framework. This idea has been validated in the Paper
E for the WaveEL 4.0 WEC.

Sensitivity analysis

Extensive simulations were conducted for multiple WEC prototypes and wave park
configurations to examine the effects of varying wave height, wave period, wave di-
rection, PTO damping coefficients, WEC versions, and wave park layouts. These
parametric studies offer insights into how different environmental and design param-
eters influence WEC performance and hydrodynamic interactions. While not a formal
sensitivity analysis from a statistical point of view, these simulations contribute to
our understanding of the responses of the numerical frameworks to varying condi-
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tions. The results are reasonable and can be explained, which justifies the capability
of the numerical frameworks.
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CHAPTER [

Conclusions

This thesis proposed two numerical frameworks, DNV SESAM and FMI-based co-
simulation frameworks, to handle the modelling of WECs and enable simulations at
different fidelity levels. By applying these frameworks, three WEC prototypes with
distinct working principles and designs were analysed regarding their power perfor-
mance and mooring fatigue damage. The findings give us a deeper understanding
of WEC behaviour under different modelling approaches. The key conclusions are
summarised based on the research objectives outlined in Section [L.2

Numerical models for single WECs and wave parks under the DNV SESAM
framework

The DNV SESAM framework was applied to model single WECs and wave parks
of WaveEL and CorPower WEC prototypes in Papers A—C under various wave
conditions. The numerical model of WaveEL was validated by comparing the WEC
motion with experimental data, demonstrating the capability of the DNV SESAM
framework to simulate floating point absorbers with simple mechanical and PTO
systems.

FMI-based co-simulation framework

The FMI-based co-simulation framework was proposed in Paper D to enable the
detailed modelling of the mechanical and PTO systems of WECs by coupling solvers
and tools without programming effort. Its capability to integrate subsystem models
into a global model has been validated and verified by comparing the numerical
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results from an experimental benchmark study of a dropping sphere and a numerical
model of WaveEL developed under the DNV SESAM framework.

The NoviOcean WEC, which features a spherical ball joint connecting the piston
rod to the seabed and a prismatic joint connecting the piston rod to the water tube,
was chosen as a case study. It was modelled using the FMI-based co-simulation
framework in Paper D. It was found that the prismatic joint couples surge and
heave motions, leading to reduced heave motion when the surge motion is significant.
Additionally, the spherical joint allows the buoy to rotate when the wave direction
changes, causing it to tilt perpendicular to the wave direction. This example indicates
that the mechanical system, such as the joint connections, needs to be modelled
to capture the physical characteristics of WECs, which consequently leads to more
accurate power performance and mooring fatigue damage predictions.

The results demonstrate that the FMI-based co-simulation framework provides a
versatile and practical approach to model WECs with complex mechanical and PTO
systems. Given its ability to integrate detailed subsystem models, this framework
can be extended to other WEC prototypes with similar mechanical complexities,
supporting more accurate performance predictions and design optimisation.

Influence of interaction effects on wave park power performance and mooring
fatigue damage

6- and 10-WEC wave parks of WaveEL WECs and 16-WEC wave parks of CorPower
WECs were simulated and analysed in Papers A to C using the DNV SESAM frame-
work and simplified PTO system models. It was found that the power performance
of a wave park is influenced by a variety of factors, including wave amplitude, period,
direction, and different WEC designs, and should be analysed on a case-specific basis.

For the Hex1-80 wave park, under various wave directions, the leading mooring
line consistently experiences the most significant accumulated fatigue damage. By
adjusting the WEC distance of a wave park, it was found that there may be an optimal
design point where the mooring fatigue damage and the total power performance can
be balanced. This suggests that the mooring fatigue damage should be considered
alongside power performance when evaluating the overall effectiveness of a wave park
design.

An 18-WEC wave park of NoviOcean WEC was modelled and simulated using
the FMI-based co-simulation to include its mechanical joints. It was found that
the upstream WECs tend to outperform the downstream ones, and the total power
performance of the entire wave park can be increased up to 36%.

The inclusion of a detailed PTO system model is crucial for accurately predicting
power performance and mooring fatigue damage under ECs when nonlinear compo-
nents, such as bumpers, come into play. The distribution of interaction factors in
a 6-WEC wave park obtained from numerical models with a linear damper and a
detailed PTO system was found to be similar under regular waves when the bumpers
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are not engaged. However, under EC3 and simulated irregular waves (IR-EC1), the
discrepancies in power performance between the two PTO system models become
significant. The fidelity level of the PTO system model may heavily influence the
prediction of mooring fatigue damage. In the simulated cases, it was found that the
fatigue damage predicted by the linear damper PTO system model can be up to
ten times smaller than that predicted by the detailed PTO system model. These
findings highlight the importance of incorporating a detailed PTO system model to
accurately predict interaction factors and mooring fatigue damage.

Integrating detailed PTO system into WEC system simulations

Benefiting from the proposed FMI-based co-simulation framework in Paper D, the
detailed PTO system model was integrated into the WaveEL numerical model to
form a global simulation in Paper E. It was found that the detailed PTO system
model can capture the nonlinear features of the PTO due to dynamic valve opening
conditions and reaction force from the bumper. Single WEC cases with a linear
damper PTO system model and a detailed PTO system model were compared. It
was found that the discrepancies in the power performance predictions of the two
models hold under all simulated ECs. However, for ECs with lower wave heights,
the discrepancies can be mitigated by calibrating the damping coefficients of the
linear damper PTO model, while for ECs when the bumpers are engaged, the power
performance predictions from the detailed PTO system model drop dramatically from
those made by the linear damper model. This indicates that a detailed PTO system
model is essential to reliably predict the power performance when nonlinear impacts
are significant.
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Future work

Even though this thesis has achieved the goal of developing systematic numerical
approaches for single WECs and wave park simulations, some aspects of the problem
listed below can be studied in the future based on the foundation and knowledge
provided by this thesis.

Integration with control strategies

Control algorithms can be applied to PTO systems to enhance power performance.
For example, the parameters of the PTO system can be adjusted for different wave
conditions to make the WECs move in better harmony with the waves to maximise
the power performance. More advanced control algorithms can even orchestrate the
parameters of each PTO system model of the WECs in a wave park separately to
mitigate possible adverse interaction effects on power performance and improve the
total power performance of the whole wave park. The FMI-based co-simulation
framework provides convenience in coupling control algorithms to global numerical
models to be tested and developed.

Hardware-in-the-loop development

From an industrial point of view, numerical simulations should be connected or-
ganically with experiments. There should not be a bias in over-reliance on either
simulations or experiments. Instead, there needs to be a good balance in the de-
velopment process. Integrating FMI-based co-simulation into Hardware-in-the-Loop
(HIL) testing is a promising direction for future research. HIL testing requires high-
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fidelity numerical models to interact with real hardware in real time, enabling the
validation of control strategies and system behaviour before full-scale deployment.

FMI-based co-simulation provides a modular and scalable approach to HIL test-
ing by allowing multi-domain models, such as hydrodynamic, mechanical, PTO, and
control systems, to be coupled across different simulation environments. This en-
ables the gradual integration of hardware components to reduce development risks
and improve debugging efficiency.

Experiments for model calibrations and validations

Numerical analysis needs to be combined with experiments for WEC model cali-
brations and validations. In this thesis, limited experimental data were available
to validate specific WEC models. Future work could include more WEC prototype
experiments emphasising such aspects as hydrodynamic forces, PTO system perfor-
mance, and mooring forces to calibrate and validate WEC numerical models from
different perspectives.

Harsh ECs beyond the linear potential theory

Under harsh ECs, the WEC motions will be dramatic and the wave height will be
large. The assumptions of the linear potential theory will then be violated. Therefore,
to study the survivability of WECs under harsh environmental conditions, more
advanced computational fluid dynamics (CFD) methods need to be applied to capture
the hydrodynamic force accurately. In future works, to evaluate WEC performance
under survival mode, a hydrodynamic model of WECs could be implemented in CFD
software and integrated into the global model.
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