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Abstract

Accurate prediction of nonlinear wave structure interaction remains a challenge for the design of large wave energy
converter (WEC) arrays. This thesis develops and validates a weakly nonlinear frequency domain (NLFD) framework
for modelling multi device point absorber arrays in realistic irregular seas. The formulation embeds nonlinear
restoring, viscous drag, and power take off (PTO) dynamics directly within the frequency domain (FD) balance while
retaining linear hydrodynamic coupling from HAMS-MREL. This enables fully coupled array simulations at a fraction
of the computational cost of time domain (TD) approaches.

The solver was benchmarked against a nonlinear MATLAB TD reference and verified against the linear HAMS-MREL
solution. Nonlinear heave dynamics were reproduced with amplitude errors of 11 to 17% and near identical phase,
and the model collapses to the linear limit when nonlinear terms are disabled. These validations establish a robust
foundation for irregular sea analyses.

A systematic study across four sea states, three spacings of 5D, 10D and 15D, and four incident headings quantified
the mechanisms governing array performance. Nonlinear effects broaden spectral peaks without shifting the
dominant frequency. Spacing redistributes absorbed power between devices while leaving the array averaged
interaction factor close to unity. Hydrodynamic coupling is weak beyond roughly ten diameters, but nonlinear and
directional effects still introduce measurable differences between rows at 15D. Directional incidence imposes the
strongest control: long side headings between 60° and 90° maintain radiative synchronisation and produce mild
constructive interaction, whereas oblique headings reduce phase coherence and suppress amplification.

A device level case study shows that array behaviour is governed by radiative phase alignment rather than geometric
proximity. Devices experiencing radiative softening exhibit larger response and absorbed power, while those subject
to radiative stiffening show reduced motion despite nearly identical incoming excitation. This establishes the link
between local impedance modification and array scale performance.

Overall, the results show that weakly NLFD methods capture the essential physics of large WEC arrays with
clarity, computational efficiency, and controlled accuracy. The framework supports phase based layout, directional
alignment, and PTO tuning strategies for early stage design of future wave energy farms.
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Introduction

1.1. Background

The European push for decarbonisation and energy independence has sparked increased interest in ocean energy
as a reliable and renewable source. Wave energy, in particular, offers high predictability and energy density, and the
IPCC estimates its global potential at 29,500 TWh annually, nearly ten times the current electricity consumption of
Europe [1]. If Europe establishes leadership in this field, up to 500,000 jobs could be created by 2050 [2].

Despite these opportunities, wave energy technologies remain comparatively immature when benchmarked against
wind and solar. The sector faces unique technical challenges: the stochastic and multi-directional nature of waves,
the harsh marine environment, and the complexity of wave—structure interactions all contribute to slow technology
uptake [3, 4]. Within this context, point absorber wave energy converters (WECs) have gained attention due to their
compact geometry, broadband responsiveness, and favourable power-to-footprint ratio [4, 5, 6]. Their dimensions
remain small relative to the incident wavelength, which supports efficient omnidirectional energy capture [3, 7]. The
same compactness allows dense array placement, while their dynamic response can be tuned to prevailing wave
conditions to improve performance [5, 6].

Recent studies report array level power-to-footprint ratios for point absorbers around 10-12 W/m?2, which is
significantly higher than wind but lower than the device only metric often cited in the literature [8].

One of the frontrunners in this space is CorPower Ocean AB (CPO), a Swedish developer of phase-controlled
point absorbers. The company’s latest device, the C5, represents a pre-commercial system that integrates
advanced control strategies to enhance resonance tuning and energy capture. At the heart of this approach is
the 'WaveSpring’ mechanism, which dynamically adjusts the buoy’s response to incoming waves, enabling both
resonance amplification for optimal power generation and detuning for storm survivability [9, 10]. Building on lessons
learned from the previous C4 prototype, the C5 introduces hydrodynamic refinements, larger scale, and embedded
actuation systems designed to actively tune the device response to wave conditions. This combination of phase
control and resonance tuning allows the device to maximise energy extraction while maintaining stability and reliability
in varying sea states.

1.2. Problem Setting and Research Objectives

Scaling wave energy from single devices to commercially viable arrays introduces a fundamental systems challenge:
energy absorption is no longer determined solely by the response of an individual converter, but by the collective
hydrodynamics of the array. Each WEC modifies the surrounding wave field through diffraction and radiation, altering
the excitation environment of neighbouring devices [11, 12]. These interactions are highly sensitive to array geometry
and wave conditions, and can result in constructive or destructive interaction that amplifies or suppresses overall
response [13].

Classical frequency domain (FD) models provide an efficient means of simulating these interactions, but they
are limited to linear hydrodynamics and linearised device dynamics. Nonlinear effects are usually studied in the
time domain (TD), which captures them accurately but at high computational cost. Recent studies have shown
that nonlinear frequency domain (NLFD) methods can reproduce selected nonlinear behaviours with accuracy
comparable to TD solvers, while retaining the efficiency of FD analysis [14, 15].
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Despite this progress, most applications remain restricted to single WEC systems or simplified array models. The
combined influence of multiple nonlinear effects on hydrodynamically coupled, multi—-degree of freedom (DOF) arrays
has not been systematically investigated. In particular, little is known about how nonlinearities alter spectral content,
velocity statistics, phase structure and coherence across arrays, or how these changes depend on spacing and
directional incidence.

This gap motivates the development of weakly NLFD models capable of resolving array-scale interactions under
realistic sea states. By moving beyond absorbed power and incorporating the underlying nonlinear response
mechanisms, such models expose the behaviour of large WEC arrays under nonlinear dynamics.

1.3. Research Questions
The main research question of this thesis is:

How can a weakly nonlinear frequency domain model characterise the dynamic behaviour and power
performance of large WEC arrays under realistic sea conditions?

To address this central question, the following sub-questions are formulated:

1. To what extent does the model reproduce established time domain results?

2. How accurately does the developed nonlinear frequency domain solver reproduce the linear hydrodynamic
behaviour predicted by HAMS-MREL?

3. How do nonlinear effects influence spectral amplification and absorbed power for a single device under varying
sea states?

4. How does inter-device spacing modify array-scale hydrodynamic interactions and power absorption?

5. How does wave incidence direction modify array-scale hydrodynamic interactions and power absorption?

1.4. Scope and Limitations

This study focuses on the hydrodynamic performance of fixed layout point absorber arrays using CPOs C5 as a
representative case. The modelling framework is based on FD simulations with weakly nonlinear forces implemented
through NLFD. Structural flexibility, mooring dynamics, detailed power take-off (PTO) models, and feedback control
are excluded.

Validation against external data is limited to comparisons with linear FD results from Hydrodynamic Analysis of Marine
Structures — Marine Renewable Energies Lab (HAMS-MREL) under irregular waves, and MATLAB TD experimental
data for a single WEC, single DOF under regular waves.

Wave conditions are restricted to regular waves and irregular unidirectional seas represented by the Joint North
Sea Wave Project (JONSWAP) spectrum. Directional seas, site-specific bathymetry, tidal currents, and economic
assessments fall outside the scope. The emphasis is on developing a physically consistent yet computationally
efficient modelling approach that enables systematic analysis of hydrodynamic interactions, nonlinear effects, and
directional sensitivity in large arrays.

1.5. Modelling Approach

This research employs a simulation-based methodology, combining hydrodynamic modelling with NLFD analysis.
Frequency-dependent hydrodynamic coefficients are first generated using HAMS-MREL, an open source boundary
element method (BEM) solver specifically developed for multi-body hydrodynamic analysis of marine renewable
energy arrays [16]. HAMS-MREL provides added mass, radiation damping, and excitation forces for multiple
interacting bodies, and has been validated against both semi-analytical solutions and commercial solvers. These
coefficients are then used as input to a custom Python-based solver implementing a NLFD formulation capable of
evaluating array performance under irregular unidirectional seas.

To improve physical realism, weakly nonlinear effects are included. Unless otherwise specified, nonlinearities in this
thesis refer to viscous drag, nonlinear hydrostatic restoring, and PTO saturation. These effects are approximated
within the FD framework using harmonic balance, allowing nonlinear forces to be incorporated while retaining
computational efficiency.
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The modelling pipeline includes targeted validation against established reference models. Linear FD results from
HAMS-MREL verify the hydrodynamic formulation, and MATLAB TD data confirm the nonlinear single-device
behaviour. After this validation, the extended NLFD model is applied to analyse array dynamics under realistic
seas. The analysis evaluates changes in device dynamics, including velocity statistics, phase behaviour, spacing
sensitivity and heading dependence. Power output is included for context, but the focus remains on how nonlinear
effects modify the underlying device response. Phase and short time series plots support the interpretation where
required.

1.6.

Thesis Structure

The remainder of this thesis is organised as follows:

.

Chapter 2: Literature Review — Synthesises existing research on WEC array hydrodynamics, FD modelling,
nonlinear extensions, and the treatment of directional seas. It highlights unresolved challenges and motivates
the focus on weakly NLFD methods.

Chapter 3: Theoretical Framework — Presents the governing hydrodynamic principles and FD formulation
underpinning the simulation of WEC arrays, including wave representation, array interactions, the computation
of hydrodynamic coefficients, and the incorporation of weakly nonlinear effects.

Chapter 4: Methodology — Details the numerical implementation, including hydrodynamic coefficient
generation with HAMS-MREL, the NLFD solver architecture, representation of nonlinear forces, and key model
assumptions.

Chapter 5: Results — Combines the presentation and interpretation of results. Each section discusses
the findings directly in relation to literature, addressing model validation, nonlinear response behaviour, array
spacing effects, and directional sensitivity. The chapter concludes with a synthesis section that consolidates
the main trends, identifies model limitations, and summarises the broader physical implications of the results.

Chapter 6: Conclusions and Recommendations — Concludes the thesis by addressing the main research
question, summarising the core contributions, and identifying avenues for future work.






Literature Review

The design of WECs in arrays depends on two capabilities: accurate modelling of hydrodynamic interactions and
methods that remain robust at scale. This chapter reviews four themes central to these aims: FD hydrodynamic
modelling and layout sensitivity, NLFD extensions, directional wave effects, and the comparative performance of
BEM solvers for multi-body systems.

The literature was identified through structured searches on Google Scholar, Scopus, and ScienceDirect using
Boolean keyword combinations aligned with these themes. Studies were assessed for modelling framework, array
geometry, treatment of directionality, and representation of nonlinear phenomena.

By tracing these strands, the chapter clarifies the current state of array-scale modelling and highlights remaining
challenges. The reviewed work shows the limitations of uniform assumptions and the potential of FD approaches
that integrate hydrodynamic coupling, nonlinear effects, and array geometry. These insights motivate the thesis
focus on scalable, physically consistent modelling of fixed WEC arrays.

2.1. Theme 1. Frequency Domain Modelling, Hydrodynamic Interactions,

and Layout Sensitivity
Hydrodynamic interactions, arising from wave diffraction and radiation, are central to the performance of WEC arrays.
In closely spaced layouts, each device alters the incident and scattered wave field experienced by its neighbours.
These effects depend strongly on spacing, symmetry, and wave conditions. This theme reviews FD modelling
techniques used to resolve such interactions, with emphasis on BEM-based solvers that balance accuracy and
computational efficiency.

Hydrodynamic Coupling and Layout Effects in Frequency Domain Models

Array layout has a pronounced influence on absorbed power through interaction patterns. Shao et al. [17] used a
BEM-based solver to study 4 x 4 and 8 x 2 arrays, showing that elongated layouts reduce shielding in regular waves,
while compact configurations perform better under irregular seas. Yang et al. [18], reviewing over 80 optimisation
studies, highlighted the trade-off between compactness and constructive interaction, and the difficulty of extending
FD models to directional or nonlinear scenarios. Zhong and Yeung [19] demonstrated with a semi-analytical model
that symmetry can enhance interaction factors up to ¢ = 1.4, though this benefit declines as asymmetry or spacing
increases.

Babarit [12] introduced the “park effect” to describe losses in downstream rows of aligned arrays, concluding that
reducing row count and increasing spacing improves capture. Cotey [20], using a transfer matrix model, similarly
identified spacing patterns that raised interaction factors toward 1.8. Zeng et al. [21] coupled a BEM model with a
genetic algorithm to show that optimal inter-device distance depends on local wave climate. Balitsky et al. [22] found
that incidence angle and spectral spread significantly weaken constructive interaction. Shao et al. [23] reported that
staggered hexagonal and star layouts reduce shadowing and improve both power and levelised cost in directional
seas. Raghavan et al. [24] confirmed that at spacings of 15D or more, devices respond almost independently and
hydrodynamic coupling becomes negligible.
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Frequency Domain Modelling and Nonlinear Extensions

Linear potential flow models remain the standard for simulating WEC arrays in the FD. These models are
computationally efficient and agree well with experiments under small amplitude wave conditions. However, they
cannot capture nonlinear force effects which limits their value in systems with strong dynamic coupling.

To address these shortcomings, Tan et al. [25] introduced a weakly nonlinear spectral domain (SD) model
incorporating PTO saturation via statistical linearisation, reducing power prediction error from 24% to 4% compared
with TD results. Bonfanti and Sirigu [26] applied a similar method to the ISWEC platform, demonstrating that efficiency
can be maintained while including key nonlinearities.

Husain et al. [27] proposed a transfer function approach that preserves passivity in multi-body radiation force models,
validated on a 3 x 3 array of CPO like devices under irregular conditions. Giorgi et al. [28] developed a six-DOF
nonlinear model for axisymmetric point absorbers, showing that heave—pitch coupling can either enhance or diminish
power depending on the excitation spectrum and response amplitude.

Together, these studies demonstrate that incorporating simplified nonlinear terms into FD solvers can notably improve
predictive accuracy while retaining the computational advantages that make frequency-based modelling attractive
for design and optimisation.

Synthesis

The reviewed studies confirm that array geometry, including spacing, row configuration, and symmetry, strongly
shapes hydrodynamic interactions and overall performance. Layout optimisation has been widely explored using
BEM-based and semi-analytical models, but commonly under the assumption of globally uniform device dynamics.

Recent advances in FD modelling allow selected nonlinear effects to be incorporated without switching to full TD
simulation. Studies by Tan et al. [25], Husain et al. [27], and Giorgi et al. [28] show that phenomena such as PTO
saturation and nonlinear hydrostatics can be represented efficiently within the FD. These developments extend the
applicability of frequency-based solvers to more realistic array-scale conditions.

2.2. Theme 2: Nonlinear Frequency Domain Modelling of WECs

Classical FD models provide an efficient framework for simulating the dynamics of WECs, but their scope is limited
to linear hydrodynamics and linearised device dynamics. Nonlinear effects are typically addressed through TD
simulation, which is accurate but computationally intensive, or through statistical linearisation, which can reduce
fidelity in strongly nonlinear regimes. The NLFD, based on harmonic balance and Galerkin projection, offers a
promising alternative by representing nonlinear forces within the same spectral basis used for radiation and diffraction.
This section reviews the theoretical foundations of NLFD, its early applications to WEC modelling, and more recent
extensions that demonstrate its potential for multi-DOF systems and arrays.

Foundational Work on Nonlinear Frequency Domain Methods

The NLFD method is formulated by projecting the governing equations of motion onto a Fourier basis and solving
for the steady-state coefficients through harmonic balance. This transforms the nonlinear system of differential
equations into a coupled algebraic system, where nonlinear force contributions are evaluated in the TD and
reprojected into the SD at each iteration. The approach was first developed in the nonlinear vibrations community,
where Failla, Spanos, and Di Paola [15] established a Galerkin framework for multi-DOF oscillators under random
excitation. Their formulation introduced cubicisation techniques for general nonlinearities and demonstrated efficient
Newton-Raphson iteration for solving the residual equations. They also provided methods for constructing spectral
density matrices of displacement and velocity responses, setting a mathematical foundation for extending harmonic
balance to complex systems.

Merigaud and Ringwood later introduced the method to wave energy applications. In their early studies [14, 29],
the NLFD approach was applied to heaving point absorbers and oscillating wave surge converters. Results were
benchmarked against both TD Runge—Kutta schemes and SD statistical linearisation. The method reproduced the
nonlinear response with accuracy comparable to TD simulations while retaining radiation—memory effects directly in
the FD, eliminating the need to evaluate the radiation convolution integral that appears in TD formulations. These
studies established NLFD as a viable and efficient alternative for nonlinear WEC dynamics, while also highlighting
limitations in convergence robustness and applicability to strongly non-smooth nonlinearities.
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Subsequent analyses of multi-DOF harmonic balance formulations [30] confirmed that while computational gains of
one to two orders of magnitude can be achieved relative to TD solvers, the algorithm’s convergence is particularly
sensitive to the initial Newton—Raphson state under highly energetic or strongly nonlinear conditions. Such cases
may yield multiple equilibrium solutions or local divergence when the solver is started from the linear solution.
These effects define the practical stability bounds of the weakly nonlinear assumption. In the present study, these
challenging sea states are deliberately included to test the robustness of the implementation and identify the onset
of numerical stiffness within the array simulations.

Recent Advances in WEC Modelling with NLFD

Recent studies have explored NLFD and related approaches in the context of wave energy. Guiver [31] reformulated
the dynamics of a heaving point absorber with nonlinear viscous damping as a forced Lur’e system, applying
nonlinear frequency response methods to the design of constrained PTO control laws. This work demonstrated that
Fourier-based formulations can accommodate nonlinear damping within a single-DOF oscillator, while emphasising
that the approach is limited to steady state responses.

Array-level applications remain largely linear. Wei et al. [32] developed a FD model for the Ocean Grazer floater
blanket, incorporating mechanical constraints between floaters. Their analysis revealed anti-resonance behaviour in
dense arrays but did not include nonlinear forces; NLFD was mentioned only as a possible extension. By contrast,
Jin, Zhang, and Xu [33] combined potential flow hydrodynamics with nonlinear mooring stiffness to investigate buoy
arrays. Their results showed that nonlinear restoring broadened the frequency response and improved energy
capture at low frequencies, underlining the importance of nonlinear dynamics in array models.

These contributions indicate that while NLFD and related FD methods can capture selected nonlinear effects,
applications to multi-DOF hydrodynamically coupled arrays remain largely unexplored.

Synthesis

The reviewed studies establish that NLFD can reproduce nonlinear oscillator dynamics with high accuracy and
efficiency, offering a clear alternative to TD solvers. Failla et al. provided the theoretical foundation for multi-DOF
systems, while Merigaud and Ringwood demonstrated its suitability for single-DOF WECSs subject to nonlinear forces.
Subsequent work has shown that frequency-based approaches can capture selected nonlinearities, as in Guiver’s
study of nonlinear damping, Wei's array modelling with mechanical constraints, and Jin’s analysis of nonlinear
stiffness in buoy arrays.

Together these contributions confirm the potential of NLFD for wave energy applications, but also reveal clear
limitations. Most applications remain confined to single-DOF devices or focus on isolated nonlinear effects. Array
models are typically linear, with nonlinear dynamics either excluded or treated in simplified form. Systematic
applications of NLFD to hydrodynamically coupled multi-DOF arrays under irregular seas are notably absent from
the literature.

2.3. Theme 3: Directional Wave Effects on Arrays

Most WEC array models assume waves approach from a single fixed direction, typically head-on. However, real
offshore wave climates are rarely unidirectional. Oblique and multi-directional wave fields alter the excitation forces
experienced by each WEC and shift the interaction patterns within the array. These changes may amplify or reduce
overall power absorption depending on device placement and array geometry. This theme reviews how the literature
treats directional variability, focusing on FD models that simulate wave incidence from a range of angles.

Directional Sensitivity in Layout Optimisation

Early studies highlight the critical influence of wave direction on array performance. Child and Venugopal [13] used
a linear potential flow model to optimise five-device layouts for a single wave heading. When these layouts were
exposed to a broader range of angles, performance losses reached up to 40% due to changes in phase alignment.
The authors introduced a robustness metric based on integrating the interaction factor g(5) over a range of headings,
showing that some asymmetric configurations maintain more consistent performance under angular variation.

Balitsky et al. [22] used a coupled BEM and mild slope wave model to study two arrays separated by a navigational
gap. They found that a change in wave angle of just 15° could reduce power output in the downstream array by
more than 20% due to wave redirection and shadowing. Zhao et al. [34] studied rectangular oscillating water column
arrays and found that resonance phenomena triggered by oblique wave incidence degraded hydrodynamic efficiency.
McGuinness and Thomas [35] optimised a five-device point absorber WEC layouts for average performance across
a directional band. While they achieved interaction factors up to g(3) = 1.95 for narrow incidence windows, broader
directional ranges imposed clear trade-offs between peak performance and robustness.
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Directional Response Mapping and Interaction Metrics

More recent work has quantified how performance metrics evolve across changing wave headings and spectral
conditions. Raghavan et al. [24] used the HAMS-MREL solver to compute full array power matrices for CPO
like layouts, showing that arrays tuned for head-on waves can lose up to 30% of output at 60° due to destructive
interaction. The directional interaction factors they reported underscore the importance of including angular variability
in array evaluation.

Tay et al. [36] applied WAMIT and post processing tools to compare three array types under directional seas.
Terminator arrays reached interaction factors above 1.2 in head-on conditions, whereas point absorber arrays
remained close to unity due to symmetry. Under double-peaked spectra, some configurations displayed enhanced
performance and spatial variation in wave energy, suggesting potential for design strategies that leverage broadband
directional response.

Zou et al. [37] used a coupled TD simulation framework to model directional wave fields and diffraction. Removing
diffraction and refraction reduced array output by up to 40%. Triton type devices achieved ¢ factors up to 1.07 even
without layout tuning, confirming that spatial gradients in incident energy affect both power and variability.

Modelling Tools for Scalable Directional Hydrodynamics

Several of the above studies rely on solvers capable of handling directional wave incidence efficiently. Raghavan
et al. [16] benchmarked the HAMS-MREL solver against WAMIT and demonstrated its suitability for high resolution
directional modelling. By allowing arbitrary wave headings and supporting parallel execution, it can generate full
angular power maps and interaction surfaces for large arrays at reduced computational cost.

Synthesis

The literature consistently shows that directional wave incidence reshapes array-scale hydrodynamics and alters
both interaction patterns and power absorption. Layouts optimised for a single angle often perform poorly when the
direction shifts. Resonance effects, shadowing, and uneven energy distribution all contribute to performance losses
in realistic sea states.

2.4. Theme 4: Comparison of BEM Solvers for WEC Modelling

Accurate hydrodynamic modelling is central to predicting the performance of WECs. Among the available
approaches, BEM solvers are widely used for computing FD hydrodynamic coefficients due to their strong basis
in linear potential flow theory and their computational efficiency. Commonly used BEM solvers include commercial
packages such as WAMIT and AQWA, open source tools like NEMOH and Capytaine, and research oriented solvers
such as HAMS-MREL. These solvers differ in their treatment of multiple interacting bodies, mesh handling, efficiency,
and ability to manage irregular frequencies. Selecting the most appropriate solver depends on both the application
and the simulation requirements.

Several recent studies have compared the capabilities of these solvers in the context of WEC applications. Penalba
et al. [38] compared WAMIT and NEMOH, highlighting differences in computational performance and the fidelity of
hydrodynamic coefficients for floating devices. Kass [39] extended this comparison to include Capytaine, WAMIT,
and Ansys AQWA, showing that solver performance varies strongly with device complexity and wave conditions.
Raghavan et al. [16, 40] benchmarked HAMS-MREL against both WAMIT and NEMOH, demonstrating good
agreement in excitation forces and response amplitude operators (RAOs) while also showing superior scalability
for multi-body and directional wave cases.

Key differences emerge in four areas. First, support for multi-body interactions varies widely. WAMIT and
AQWA support multi-body simulations but are constrained in flexibility and layout options. Capytaine computes
hydrodynamic coefficients for multiple bodies but does not provide full multi-body hydrostatic or global equation of
motion assembly, leaving these steps to the user. Both NEMOH and HAMS-MREL handle multi-body problems
more robustly. Second, irregular frequency handling presents challenges. NEMOH is prone to spurious results in
certain frequency ranges, while HAMS-MREL applies built in removal techniques to ensure smooth outputs, similar
to WAMIT and AQWA. Third, computational efficiency depends on geometry complexity and solver architecture.
Capytaine is efficient for simple shapes but scales poorly for complex systems. WAMIT and AQWA perform well
for high-fidelity geometries but require commercial licenses. In contrast, HAMS-MREL supports parallelisation and
maintains accuracy with reduced cost for large arrays. Fourth, solver openness and flexibility differ. Only Capytaine,
NEMOH, and HAMS-MREL are fully open source, and of these HAMS-MREL offers the most mature interface for
directional and array-scale modelling.

A comparative summary of these solvers is provided in Appendix A, outlining solver type, multi-body capabilities,
efficiency, and application domains.
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Based on these insights, HAMS-MREL is selected for this thesis due to its suitability for modelling CPQO’s fixed
2 x 7 array of WECs. HAMS-MREL provides reliable estimates of hydrodynamic coefficients across all six DOF and
supports simulation of directional wave fields with position-dependent excitation effects. It is optimised for deep water
conditions and scales efficiently to large arrays, making it especially appropriate for array-level design. Compared to
other open source solvers, HAMS-MREL offers more robust treatment of irregular frequencies and improved handling
of device coupling. Finally, its transparency and modifiability make it well suited for academic research that seeks to
incorporate weakly nonlinear extensions.

This thesis therefore builds on the validated capabilities of HAMS-MREL to produce high-fidelity FD simulations
of coupled WEC arrays under realistic wave conditions. The solver’s strengths in array-scale hydrodynamics,
directional wave modelling, and computational performance are essential for meeting the research objectives outlined
in Chapter 1.

2.5. Research Gap

The reviewed literature demonstrates substantial progress in WEC array modelling and layout optimisation. Linear
FD solvers, including BEM-based tools such as HAMS-MREL, provide reliable predictions of hydrodynamic
interactions and have been widely applied to array studies. Atthe same time, nonlinear effects are typically addressed
in the TD, which offers accuracy but at high computational cost.

Extensions of FD modelling to nonlinear dynamics have begun to emerge through NLFD methods. Foundational
work has shown that NLFD can efficiently reproduce single-device responses with selected nonlinearities, while
maintaining accuracy close to TD solutions. More recent studies have explored specific nonlinear effects or
constrained array configurations, but these applications remain narrow in scope and typically address one nonlinearity
at a time. Moreover, the majority of studies emphasise absorbed power as the main performance measure, with
relatively little attention to the underlying spectral or TD behaviour that governs array dynamics.

Despite these advances, systematic applications of NLFD to hydrodynamically coupled multi-DOF arrays under
irregular seas are notably absent. The literature therefore lacks a comprehensive framework to assess how nonlinear
forces reshape the dynamic response of realistic WECs, and how these effects interact with spacing, layout, and
directional variability.






Theoretical Framework

This chapter presents the theoretical basis for the FD modelling framework used to simulate the dynamics of
WEC arrays. It defines the physical assumptions, governing equations, and numerical principles that underpin the
simulation approach developed in Chapter 4. The framework establishes the formulation of array dynamics and
interaction mechanisms, and introduces the role of weakly nonlinear extensions within the FD.

The modelling approach is grounded in linear potential flow theory, which assumes inviscid, incompressible, and
irrotational flow. Wave excitation, radiation, and diffraction forces are expressed in the FD and computed using a
BEM approach via the HAMS-MREL solver. While the full six rigid-body DOF are included in the hydrodynamic
description, later sections examine the extent to which a reduced order representation focusing on heave, roll, and
pitch may be sufficient, depending on the motion amplitudes and coupling effects observed.

To improve physical realism without abandoning the efficiency of the FD formulation, weakly nonlinear forces are
incorporated using a NLFD approach. These include nonlinear hydrostatic restoring, viscous drag, and simplified
PTO saturation. Within the harmonic balance framework, nonlinear terms are evaluated in the TD and reprojected
into the FD, enabling their integration alongside the linear hydrodynamic coefficients.

The following sections introduce the governing assumptions, system equations, and nonlinear extensions, as well as
the role of HAMS-MREL in providing the hydrodynamic coefficients that form the foundation of the modelling pipeline.

3.1. Modelling Foundations and Assumptions

The hydrodynamic modelling framework used in this thesis is based on linear potential flow theory in the FD [41, 42].
Wave-structure interaction is modelled as steady-state and small-amplitude, enabling superposition and harmonic
response. The fluid is assumed inviscid, incompressible, and irrotational, and the velocity potential ¢ satisfies
Laplace’s equation.

¢  0*¢ ¢
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(3.1)
These simplifications ensure that the wave—structure interaction can be linearised and decomposed into harmonic
components, enabling efficient simulation of multi-body dynamics across a wide range of frequencies and wave
headings. This level of approximation retains sufficient accuracy for spectral-oriented studies, especially in early
stage design and array optimisation [16, 43]. A visual summary of these assumptions and boundary conditions is
shown in Figure 3.1.

11
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Figure 3.1: Governing conditions for linear wave theory, including Laplace’s equation and boundary conditions at the seabed and free surface
[44].

These relations hold under the linear wave assumptions of small amplitude relative to wavelength and depth,
H/L < 1land H/d < 1.

The present model includes the principal linear hydrodynamic components: radiation damping, added mass,
hydrostatic stiffness, and frequency-dependent wave excitation. These quantities are derived from the potential
formulation and depend on wave frequency and direction [16, 42]. All wave—body interactions are linear and based
on first-order wave theory. Mooring effects are neglected in the governing equations but included in the model
through an external stiffness matrix. Each device is assumed to remain within its linear operational range. These
exclusions are justified to isolate the effects of wave—structure interaction and are common in initial array studies,
particularly when mooring dynamics are not the primary focus [12, 45].

To extend the scope beyond fully linear dynamics, selected nonlinear effects are incorporated using approximate
or statistical treatments. Their inclusion improves the realism of the FD formulation without significantly increasing
computational cost [46, 47, 48].

All six rigid-body DOF are initially retained to capture the full response of each WEC under directional wave excitation.
This includes off-axis motions such as roll, which may become relevant under oblique or broad-crested wave
conditions [11, 17]. If lateral modes are found to be negligible, a reduced order model is adopted.

Heave ¢ Z

Yaw

Incident Waves

Figure 3.2: Schematic of a wave energy converter showing the six DOF.

The wave field is represented using both regular and irregular components. Regular waves are modelled as
monochromatic harmonic inputs, used only for RAO and excitation-force consistency checks. Irregular seas are
characterised using the JONSWAP spectrum [49], with parameters calibrated to realistic sea states.
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Two types of wave representations are used in this study: regular waves and irregular unidirectional waves. Regular
waves represent unidirectional seas with uniform phase and crest coherence and are used for baseline performance
testing. Irregular waves, by contrast, introduce spatial variability in phase through random superposition of spectral
components, reducing coherence across the array even under a fixed wave heading. This produces realistic
excitation variability while remaining computationally tractable.

Figure 3.3 illustrates the distinction between the wave environments considered. Regular waves (left) propagate in
a single direction with uniform phase and crest coherence. Irregular waves (right) involve multiple wave components
from different phases, leading to spatially varying interaction patterns.
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Figure 3.3: Visual comparison between regular and irregular waves.

3.2. Governing Equations in the Frequency Domain

The dynamic response of a floating WEC under wave excitation is modelled using linear potential flow theory
expressed in the FD. Under the assumptions of small-amplitude oscillations and time-invariant hydrodynamic
coefficients, all time-dependent quantities may be written using complex phasors,

X(t) = R{X(w) e}, (3.2)

where X(w) denotes the complex displacement amplitude.
For a single body with six rigid-body DOF, the FD equation of motion is

[~w? (M 4+ A(w)) + K 4+ Kpro + iw (B(w) + Bpro)] X(w) = Fexc(w), (3.3)
where the bracketed quantity is a dynamic stiffness operator, mapping displacement to force in the FD. This operator
is displacement-based and is not an impedance in the sense of Alves et al. [50].
The radiation impedance, following its definition in Alves, relates the radiation force to the velocity amplitude,

f‘r(w) = iw Zrad(w) i(w)v Zrad(w) = B(w) +iw A(w)7 (34)
showing thatimpedance is force divided by velocity, while Eq. (3.3) is written in terms of force divided by displacement.
Each matrix in Eq. (3.3) is of dimension 6 x 6:

* M: rigid-body mass and inertia matrix,
* A(w): added-mass matrix,

* B(w): radiation damping matrix,

* K: hydrostatic restoring matrix,

* Kpro: PTO stiffness contribution,

* Bpro: linearised PTO damping,
* Fox.(w): complex excitation force vector.
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In the absence of PTO or mooring effects, the FD relation simplifies to a purely hydrodynamic dynamic stiffness
operator,

Dryaro(w) = —w? (M + A(w)) + K +iw B(w), (3.5)
and the free response becomes
X( ) D}:ydro( )Fexc (LU) (36)
The RAO is then defined as X(w)
w

where Ay.ve(w) is the complex incident wave amplitude. The RAO describes both magnitude and phase of the
displacement response and is used in performance, loading, and spectral analyses.

The RAO serves not only as a measure of dynamic amplification, but also forms the basis for absorbed power
calculations. For a purely linear damping element, the absorbed power in the linear FD formulation is:

Paps(w) f%{x ) Boro X(w)} (3.8)

where X denotes the complex conjugate transpose of X.

For an array of N devices, the governing equations are assembled into global matrices of size 6V x 6N, with
off-diagonal blocks capturing hydrodynamic interactions such as radiation and diffraction coupling. These coefficients
are computed using HAMS-MREL, and depend on frequency, direction, and spacing.

3.3. Nonlinear Frequency Domain Modelling

Classical FD modelling assumes linear potential flow, where all hydrodynamic forces are linearised around the mean
position. This limits accuracy when nonlinear restoring, viscous, or control forces become significant. To include
such effects while preserving the spectral efficiency of the FD approach, the NLFD or harmonic balance formulation
is employed [14, 15, 32]. The method expresses the steady-state response as a truncated Fourier series, enforces
the governing equations in a harmonic sense, and solves the resulting nonlinear algebraic system in the Fourier
coefficients. This allows weak nonlinearities to be incorporated without resorting to long TD integrations.

The governing linear FD formulation for a floating body was introduced in Eq. (3.3). For a single-DOF reduction, the
same dynamic-stiffness structure collapses to
[ — w?(M + Aw)) + iw B(w) + K] X(w) = Fex(w), (3.9)

which neglects all nonlinear force contributions. The NLFD approach extends this linear FD formulation through
harmonic balance.

3.3.1. Single-DOF Formulation
For a single-DOF, representing for example heave motion of an axisymmetric device, the governing TD equation
can be expressed compactly as

96(¢. ¢, Q) = ANL(C G t) —e(t) =0, (3.10)

where ¢, collects the inertia, radiation, and hydrostatic terms treated linearly, fxi represents the nonlinear
contributions, and e(¢) is the excitation force.

Under steady-periodic forcing, the displacement is approximated by a truncated Fourier expansion

an cos(nwt) + by, sin(nwt)], (3.11)

uMz

where «a,, and b,, are the unknown Fourier coefficients of the cosine and sine harmonics, from which the amplitude
and phase of each harmonic can be derived. The same Fourier basis is used to project both the excitation and the
nonlinear forces into the FD. Projecting the TD equation onto this harmonic basis yields a nonlinear algebraic system,

MuypX —F(X)—E =0, (3.12)

where X is the vector of Fourier coefficients of the displacement, E the excitation coefficients, and F(X) the Fourier
projection of the nonlinear forces.
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The matrix Myp contains the frequency-dependent linear terms,
(Mug)ii = —wim + A(w;)] + C, (Mug)i,it+ N = wiB(w;), (Mug)itn,i = —(MuB)i,i+N-

with
(Mug)an+1,2v+1 = C.

defining the DC component. The nonlinear projection vector is given by

T

Fi(X) = % /0 AL(Cx s Cx s ) cos(wit) dt, (3.13)
T

Fin(X) = 2 / San(Cx o 1) sin(wit) d, (3.14)
T

Foni1(X) = %/0 fan(Cx, Cx o t) dt. (3.15)

The resulting residual vector
GX)=MuysX-FX)-E

is solved iteratively using Newton—Raphson updates, ensuring convergence to the steady-state nonlinear solution.
This formulation, first presented by Merigaud and Ringwood [14, 29], establishes the basis of the NLFD method.

3.3.2. Multi-DOF Extension
The single-DOF harmonic balance system generalises directly to multiple rigid-body modes. Let ng4o¢ denote the
number of retained DOF. Stacking the Fourier coefficients for all modes yields the nonlinear algebraic system

My X —F(X)-E =0, (3.16)

where X € R(N+1naor i the global vector of displacement coefficients, Mg collects the linear hydrodynamic terms,
E the excitation coefficients, and F(X) the Fourier projections of the nonlinear forces for all modes.

The off diagonal terms of Myp preserve the hydrodynamic coupling between DOF, allowing, for example,
pitch—heave interaction under oblique waves. The system residual is solved iteratively using the same harmonic
balance procedure, with the linear FD solution providing an initial estimate. This multi-DOF formulation [15, 30],
captures coupled motion dynamics and forms the foundation for array-level modelling.

3.3.3. Array Extension
The multi-DOF formulation extends naturally to multiple interacting devices. For an array of nq., units, the governing
system for the full set of retained harmonics can be written compactly as:

Zy(wi) Xy, — Fyu(X) = Ey,, (3.17)

where Zy(wy,) € C(racrnaev)x(naornaev) js the complete hydrodynamic impedance matrix containing both self and
interaction terms. The block structure of Zy retains the off-diagonal added mass and radiation damping components
that govern radiation and diffraction coupling between devices.

Nonlinear forces are evaluated locally for each device. Their Jacobian remains block diagonal,

NN )
JNL _dlag<8x(1),..., aX(ndev) 5

reflecting the assumption of weak nonlinear coupling between devices. The total harmonic balance residual of the
array becomes
G(X)=ZuyX -Fnxu(X)-E=0. (3.18)

This structure preserves full hydrodynamic interaction while treating nonlinearities as locally acting forces. Compared
with mixed time—frequency approaches [32, 51], this formulation remains purely spectral and fully consistent within
the FD, enabling unified treatment of multi-DOF and multi-device arrays within a single nonlinear algebraic system.

The formulation above establishes the theoretical foundation for the nonlinear solver developed in Chapter 4, where
the implementation details, convergence criteria, and parameter selections are described.
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3.4. Extension of the Nonlinear Frequency Domain Methodology

The NLFD framework developed in this thesis extends the formulations of Merigaud and Ringwood [14, 29] and Wei
et al. [32, 51] to enable coupled multi-DOF, multi-device simulations under irregular seas. Merigaud and Ringwood
introduced the harmonic balance formulation for single-DOF WECSs, expressing displacement and nonlinear forces
in a truncated Fourier basis and solving the resulting algebraic system with Newton—Raphson iteration. Their analytic
Jacobian ensured rapid convergence for smooth nonlinearities such as cubic stiffness or quadratic damping, but the
approach was restricted to periodic excitation, single-DOF, and differentiable nonlinear functions.

Wei and co-workers generalised the framework to multi-device arrays through a mixed time—frequency formulation.
Hydrodynamic coupling was retained in the FD, while nonlinear PTO forces were computed in the TD via a Lagrange
multiplier update. Irregular seas were represented by dividing the time series into short, overlapping quasi-stationary
windows, each solved independently. This made large array simulations tractable but lost strict FD consistency,
required inter-window reconstruction, and limited harmonic coupling across the spectrum. Their array model included
only a single active DOF (heave) per device, which restricted the ability to capture rotational coupling and cross-mode
interactions within the array.

The present formulation retains a fully spectral treatment within each irregular-sea realisation, applying the
NLFD scheme separately to multiple independent 120-second segments rather than using mixed time—frequency
windows. Nonlinear effects are evaluated in the TD using the reconstructed motion and projected into the
Fourier basis at each Newton—Raphson iteration, maintaining FD consistency of the linear hydrodynamics. A full
Newton—Raphson iteration is applied to the global residual vector, using a block diagonal Jacobian that captures
local nonlinear sensitivities while remaining computationally scalable. Nonlinear forces act locally on each device,
while hydrodynamic coupling between all bodies and modes is retained through the full impedance matrix Zy(w).
This ensures that energy exchange through radiation and diffraction remains global, whereas hydrostatic and PTO
interactions remain device specific.

In addition, the method extends previous single mode array formulations to a full multi-DOF representation of each
device, allowing simultaneous solution of multi-DOF dynamics within the coupled array. The full hydrodynamic
impedance matrix preserves inter-device coupling across all active DOF, enabling unified multi-DOF, multi-device
simulations within a single nonlinear system. This extension combines the efficiency of the original harmonic balance
method with the generality of Wei's array formulation, providing a self-consistent FD framework capable of resolving
nonlinear response behaviour and array interactions in realistic irregular seas. This is achieved by embedding Wei’s
multi-device hydrodynamic impedance structure directly into the harmonic balance system, while evaluating nonlinear
forces in the TD and projecting them into the Fourier basis during each Newton—Raphson update. In this way,
array-scale coupling and nonlinear effects are solved simultaneously in a single FD without segmenting the sea
state.

3.5. Approximate Nonlinear Effects in Frequency Domain Modelling

While the underlying formulation is linear, several nonlinear effects play a significant role in the performance and
control of WECs. Real-world constraints cannot be neglected, especially under large-amplitude or broadband wave
conditions. However, fully nonlinear TD models are often computationally prohibitive for array-scale studies.

This thesis explores the theoretical basis for incorporating selected nonlinear effects within a weakly NLFD
formulation. The nonlinearities are described mathematically and, wherever possible, their influence is incorporated
through TD evaluation and FD projection within the NLFD scheme, avoiding the need for full TD simulations over long
time horizons. This approach aims to balance physical fidelity with computational efficiency, while acknowledging
the inherent limitations of linear FD models. The following subsections present the theoretical models for nonlinear
PTO and hydrodynamic effects, with implementation details provided in the methodology, Chapter 4.

3.5.1. Motivation for Including Nonlinearities

FD modelling offers an efficient and analytically tractable framework for evaluating WEC dynamics. However, its
inherent linearity limits its ability to capture nonlinear physical effects that arise in real ocean conditions. These
effects become particularly relevant for performance assessment under energetic wave spectra and for the accurate
prediction of system response in irregular seas [29, 52, 53]. In contrast, TD modelling naturally accommodates
nonlinear forces, but suffers from higher computation cost and limited scalability when applied to full arrays [52, 53].
Selected nonlinear effects are approximated and introduced into the system equations through analytical or empirical
corrections, based on their demonstrated impact on WEC behaviour.

PTO saturation arises from mechanical limitations in the PTO mechanism, particularly under high loading. This effect
cannot be represented using a constant damping coefficient, and its exclusion leads to overestimation of response
amplitudes and absorbed power in linear models [54]. Restoring forces become nonlinear when the water plane area
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of submerged volume varies significantly with displacement, which occurs in large wave conditions or for devices
with rounded geometries [53, 54]. Finally, viscous drag introduces a quadratic dependence on velocity that is absent
in linear potential flow theory. Although often neglected in FD formulations, drag has been shown to influence both
response amplitude and spectral energy distribution, particularly in energetic seas.

While these effects are straightforward to implement in TD through direct force computation, such an approach
is not tractable for array-scale studies requiring many simulations. Approximate inclusion in the FD framework
enables retention of the linear system structure while capturing key nonlinear phenomena. This balance between
accuracy and computational efficiency motivates the semi-empirical modelling strategies developed in the following
subsections.

3.5.2. Nonlinear PTO Saturation

In real WEC systems, the PTO hardware is subject to physical constraints such as force limits, velocity limits,
and efficiency losses. These nonlinearities become important under energetic sea states or broadband excitation.
Several studies emphasise that failing to account for such effects can lead to overestimation of absorbed power.
Tan et al. [25] show that neglecting PTO force constraints yields overly optimistic predictions, while Wei et al. [32]
demonstrate that nonlinear PTO models improve accuracy in dense arrays where local hydrodynamic interactions
are significant.

In conventional FD formulations, the PTO force is typically represented as
Fpro1in = —Bpr0 %, (3.19)

where 7 is the complex velocity amplitude. This linear model assumes unbounded velocity and force capability and
therefore cannot capture the reduction in effective damping that occurs when the PTO hardware approaches its
operational limits.

Nonlinear saturation models modify this behaviour by replacing the proportional law with a smooth limiting function
that transitions the PTO force toward a maximum admissible value. A commonly used example in the literature is
the hyperbolic tangent formulation:

(3.20)

_B .
Fpro = Fax tanh(PTox) ;

max

where F.. is the maximum achievable PTO force. The tanh function provides a differentiable soft-saturation
mechanism that is well suited to FD solvers, as noted by Hansen [55]. Such models suppress unrealistic force
growth at large velocities while preserving linear behaviour for small motions.

The present thesis does not employ this saturation law in the nonlinear solver, but the concept is included here
for completeness and to position the model relative to existing nonlinear PTO approaches in the literature. The
velocity-limiting PTO model actually used in the simulations is described in Section 4.6.1.

3.5.3. Nonlinear Hydrodynamics

Nonlinear hydrodynamic effects are important for accurately predicting WEC performance in large amplitude or
broadband seas. In this study, two contributions are included: nonlinear restoring! and viscous drag. Both are
absent in conventional FD formulations, which assume constant hydrostatic stiffness and neglect viscous dissipation,
yet they can significantly alter the response of point absorbers under energetic conditions. These representations
remain approximate and do not capture higher-order free-surface or viscous phenomena.

Nonlinear restoring arises from the fact that buoyancy depends on the instantaneous submerged volume rather than
a constant water plane stiffness. For devices such as the CPO C5, the restoring force departs from the linear spring
assumption as the buoy approaches full submergence or emergence. This effect can reduce unrealistic resonance
amplification predicted by linear models. In the present formulation, restoring is computed as a nonlinear function of
displacement, capturing the dependence on submerged geometry, before being reprojected into the frequency basis
within the NLFD scheme.

Viscous drag represents momentum losses due to flow separation and vortex shedding, which are not accounted for
in potential flow theory. Drag is typically expressed as quadratic in velocity,

Farag(t) = —3pCaAli(t)]#(t), (3.21)

where p is water density, C, is a drag coefficient, A is a reference area, and i(¢) is the instantaneous velocity. Within
NLFD, this nonlinear drag force is evaluated in the TD using the reconstructed motion and then projected back into
the FD.

1n this thesis, 'restoring’ refers specifically to forces that vary with the submerged volume of the device. This is distinct from the linearised
hydrostatic stiffness typically used in FD models.
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Together, nonlinear restoring and viscous drag provide a more realistic description of array dynamics while preserving
the computational efficiency of FD analysis. Their inclusion ensures that the most significant nonlinear hydrodynamic
effects are represented without requiring full TD simulations.

3.6. Hydrodynamic Coefficients from HAMS-MREL

Hydrodynamic coefficients, including added mass, radiation damping, and excitation, are fundamental for modelling
the dynamic response of WECs. In this work, these coefficients are obtained using the open source BEM solver
HAMS-MREL, which efficiently solves the diffraction and radiation problems for multiple floating bodies in the FD
[16]. HAMS-MREL is capable of handling complex multi-body interactions and has been validated against both
semi-analytical solutions and established commercial solvers, demonstrating high accuracy and computational
efficiency. The results of the elaborate comparison can be seen in Section 2.4.

The solver requires as input the geometry of the floating bodies (provided as mesh files), environmental parameters
such as the water depth, wave frequencies, and the headings, and a control file specifying simulation settings. These
inputs can be generated and managed using custom scripts, such as HAMSMultiInput.py, which automates the
creation of input files and output directories. The output of HAMS-MREL includes the hydrodynamic coefficients and
exciting forces for all bodies, including interaction terms, which are essential for constructing the equations of motion
and computing the RAO. Post-processing scripts, such as post_processing HAMS _multibodies.py, facilitate the
extraction and analysis of these results, enabling the calculation of RAO and supporting further device performance
assessment.

The hydrodynamic coefficients used here are obtained from HAMS-MREL, whose accuracy and robustness has been
demonstrated through validation against commercial BEM solvers, as discussed in Section 2.4. These coefficients
form the basis for the dynamic response calculations carried out in this thesis.

3.7. Summary

This chapter established the theoretical basis for the FD modelling of WEC arrays. It began by outlining the
physical assumptions and governing equations derived from linear potential flow theory. The framework models
wave—structure interactions using small amplitude, steady-state approximations, enabling the use of superposition
and harmonic analysis.

The hydrodynamic forces are computed using a BEM approach via the HAMS-MREL solver. The model initially
retains all six rigid-body DOF for each WEC, with the option of reduced order representations when certain modes
are negligible.

To enhance physical realism, weakly nonlinear effects are incorporated within the NLFD framework. These
include nonlinear restoring, viscous drag, and PTO saturation. Each contribution is evaluated in the TD from the
reconstructed motion and projected into the Fourier basis at each Newton-Raphson iteration, maintaining the FD
structure of the linear hydrodynamics.

The chapter also introduced the representation of different wave environments, including regular and irregular waves,
which form the external forcing conditions for array simulations. For arrays, the formulation extends naturally to global
system matrices that account for hydrodynamic interactions between multiple devices.

Overall, the chapter provides the theoretical foundation for the modelling pipeline developed in Chapter 4. The
transition from linear potential flow to a weakly NLFD formulation establishes the basis for analysing hydrodynamic
interactions, spacing effects, nonlinear responses, and directional sensitivity in large arrays of WECs.



Methodology

This study evaluates the spectral and time response of a WEC array subjected to realistic irregular seas through
a weakly NLFD modelling approach. The array configuration is based on the staggered 2 x 7 layout proposed
by CPO, with representative device spacings of 5D, 10D, and 15D, where D is the device diameter. As shown in
Figure 4.1, the figure illustrates only the geometric arrangement; hydrodynamic interaction is expected to be strongest
at intermediate spacings and under oblique incidence, consistent with the findings summarised in Section 2.1.

Figure 4.1: Visualisation of the staggered 2 x 7 WEC array layout, with device spacings of 5D, 10D, and 15D.

The methodology begins by defining the array geometry and the spacing configurations considered in this study.
Representative sea states are then selected from a long term hindcast dataset, from which scatter diagrams and
spectral inputs are constructed using the JONSWAP formulation. These spectra provide the irregular wave conditions
used throughout the analysis.

A reduction to the dominant rigid-body DOF is introduced before performing a convergence study with the
HAMS-MREL solver to obtain the hydrodynamic coefficients required for the linear and nonlinear models. After
convergence is established, the baseline linear FD formulation is implemented and used to compute response spectra
for single and multiple devices.

Nonlinear effects are incorporated by introducing the nonlinear PTO, hydrostatic, and viscous models, followed by
the weakly nonlinear FD implementation described in Section 3.3. The PTO parameters are then assessed through
an impedance based reference, a scaled parameter sweep, and the final parameter selection.

Power assessment is carried out through segmentation and averaging, spectral density analysis, the array power
interaction factor, the device level power ratio, and a TD reconstruction of the absorbed power. The methodology
concludes with validation of the nonlinear predictions and a summary of the computational setup.

19
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4.1. Array Layout and Spacing Configurations

Three inter-device spacings, S € {6D, 10D, 15D}, are considered to examine how hydrodynamic coupling strength
scales with separation distance. Previous studies (Section 2.1) indicate that compact arrays enhance near field
radiation and diffraction effects, while larger spacings lead to quasi-independent behaviour. Here, the same pattern
is explored within the developed nonlinear framework to quantify how these interactions evolve once nonlinear forces
are included.

At S = 5D, strong constructive and destructive interaction are expected, producing high spectral modulation and
reduced mean power. At S = 10D, partial coupling should remain, yielding smoother spectral responses and
moderate interaction factors. At S = 15D, hydrodynamic coupling is expected to diminish, with each device
approaching the single-device limit [24].

This study therefore treats spacing not as a geometric variable alone but as a control on the transition from coupled
to independent array dynamics.

4.2. Wave Data and Spectral Characterisation

4.2.1. Wave Data Source

The scatter diagram of significant wave height H, versus the energy period T, was constructed using the 30-year
(1992-2021) ECHOWAVE hindcast dataset, which provides high resolution, hourly wave records tailored for
applications in North Atlantic European waters. The dataset provides detailed characterisation of sea states at the
coastal shelf (d > 200 m), with a spatial resolution of approximately 2.3 km and hourly resolution [56]. The selected
data point, located at 41.460°N, 8.850°W, was identified for its proximity to the target coordinates 41.459°N, 8.842°W,
as referenced in the Tethys project database [57].

Data extraction, processing, and statistical analysis were performed using Python and the pandas library, enabling
efficient handling of the large dataset (262,800 hourly records) and robust computation of occurrence frequencies for
each bin. For each record, the peak period T}, was calculated directly from the peak frequency F, using T, = 1/F,,
and the energy period T, was then estimated using a gamma dependent relation appropriate for JONSWAP-type
spectra:

42+
T.=T,- 5+J (4.1)

In the numerical model, the JONSWAP spectrum is parametrised using 7},, 7. is used only for scatter diagram
classification.

4.2.2. Scatter Diagram Construction

The ranges of H, and T, were partitioned into discrete bins, with bin widths selected to balance statistical resolution
and interpretability. Each data point was systematically assigned to its corresponds bin, and the frequency of
occurrence within each bin was tallied. The resulting matrix of bin counts was visualised as a scatter diagram,
with the frequency of each sea state combination indicated by the colour gradient.

The scatter diagram allows for the identification of both the most common sea states, which dominate the site’'s wave
climate, and the less frequent but potentially more extreme conditions. By highlighting regions of high occurrence
frequency ("hotspots”), the scatter diagram supports the selection of representative sea states for further analysis
and simulation.

The full scatter diagram is provided in Appendix B.

4.2.3. Spectral Representation Using JONSWAP

Representative irregular sea states are constructed to reproduce realistic wave excitation for the numerical model.
Each sea state is defined by a significant wave height H, and an energy (or equivalent peak) period T., obtained
from the long-term scatter diagram shown in Appendix B. These parameters specify both the energy content and the
spectral shape of the corresponding sea condition.
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Four representative sea states are extracted from the highest probability regions of the scatter diagram to provide a
balanced set of test conditions. They are selected such that both wave height and period are systematically varied
while remaining within the most frequently occurring envelope of the local climate:

1. SeaStatel: H,=1.0m, T7.=9.0s
2. Sea Statell: H;,=20m, 7.=9.0s
3. Sea Statelll: H, =2.0m, T,=110s
4, Sea StatelV: H,=3.0m, 7.=11.0s

This selection allows targeted assessment of nonlinear and spectral effects:

» States | — Il isolate the influence of increasing wave amplitude at fixed spectral shape, testing amplitude driven
nonlinearities.

» States Il — Il maintain equal H, but vary T, isolating period dependent hydrodynamic and control effects.

« States lll — IV extend the forcing toward the upper limit of the NLFD solver’s convergence range [30], exploring
the combined effect of large H, and long T,, on motion amplitude and solver stability.

All four sea states lie along the main probability ridge of the measured wave climate, ensuring that the analysis
remains representative of realistic operating conditions while still spanning the nonlinear regime relevant for power
absorption and solver performance evaluation.

The spectrum is an extension of the Pierson—Moskowitz spectrum, augmented by a peak enhancement factor ~ to
model the spectral sharpness observed in fetch limited seas. Following the approach in [58], who derived a best fit
value based on 30 years of hindcast spectra for this location, a constant value of v = 1.82 is adopted throughout.
The one-dimensional spectral density function S(w) is defined by:

_ (w—wp)?

S(w) =ag?w S exp (—i (?)4> *ycxp( 20%ep > 4.2)

where « is a scaling factor determined by the target H, and w, is the peak angular frequency. The width parameter
o is piecewise-defined to reflect the spectral asymmetry around the peak.

B {0.07, for w < w, 43

0.09, forw > w,

Each spectrum is evaluated on a range wide enough to include most energy while keeping computational cost low:

Wi S [05 : wp,mina 3 : Wp,max}, Nw = 300, (44)

The mean direction is set head on to the array (6, = 90°), and the discrete bins used in the hydrodynamic solver are

6; € 10°,30°,60°,90°], (4.5)

These four headings were chosen to balance directional coverage with computational feasibility, capturing both
end-member and intermediate incidence angles. This resolution is sufficient to characterise the array’s directional
response.

The target sea states were defined using JONSWAP spectra for 7, = 9 s and T}, = 11 s, as shown in Figure 4.2.
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JONSWAP Spectra (Tp=9 s, y=1.82) JONSWAP Spectra (Tp=11s, y=1.82)
0.8 —— Hs=1.0m —— Hs=2.0m
Hs=2.0 m 2.01 Hs=3.0 m
0.7
0.6
1.5
0.5
Q v
Eoa E
3 3 1.09
(%] 0.3 (2]
0.24 0.5
0.14
0.04 0.0

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
w [rad/s] w [rad/s]

(a) JONSWAP spectra for T}, = 9 s with H; = 1 mand 2 m. (b) JONSWAP spectra for T, = 11 s with H; = 2mand 3 m.

Figure 4.2: Comparison of JONSWAP spectra for the four validation sea states used in this study.

4.3. DOF Reduction and Justification

The full radiation—diffraction model obtained from the HAMS-MREL solver initially resolves all six rigid-body DOF.
However, for subsequent spectral analyses the dimensionality of the system is reduced to three primary modes:
heave, roll, and pitch. This simplification significantly lowers computational complexity in the FD implementation
while preserving the dominant dynamical characteristics of the WEC response.

This choice reflects the coordinate system used in this thesis, where the hinge point is taken at the seabed. In this
formulation, surge and sway forces are incorporated into pitch and roll, respectively, while yaw remains negligible for
axisymmetric devices. A schematic of the full six-DOF is shown in Figure 3.2.

Figure 4.3 illustrates the CPO WEC modelled in three DOF about the seabed hinge point. Surge and sway motions
are implicitly represented through the rotational modes of pitch and roll, while yaw is omitted. This reduced-order
model forms the basis for all subsequent FD and spectral analyses presented in this work.

I
mwl

d

Figure 4.3: Three DOF representation of the CPO WEC modelled about the seabed hinge point [59].

4.4. Convergence Study

A convergence study was performed using HAMS-MREL to evaluate the sensitivity of hydrodynamic coefficients
to panel discretisation. Five mesh resolutions were tested: 537, 747, 1222, 2342, and 4185 panels. To eliminate
irregular frequencies, a water plane with 195 horizontal planes was included in all models. Representative mesh
views for all resolutions are provided in Appendix C.

The convergence study was performed on a single-device subjected to incident waves propagating along the
x-direction. Under this unidirectional forcing, only surge, heave, and pitch receive non-zero excitation. Sway and roll
remain identically zero in this configuration, since they are not excited by waves travelling strictly along x, and yaw
is omitted because the device geometry is axisymmetric.
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For each DOF, added mass, radiation damping, and excitation force characteristics were evaluated up to w =
5rads~!. However, only the subset of frequencies defined by Eq. (4.4) is relevant for the actual simulation campaign.
Frequencies above approximately 3rads~! are included in the convergence plots for completeness but are excluded
from relative error calculations and will not influence the simulation.

It is important to note that hydrodynamic coefficients tend to asymptotically approach zero at higher frequencies. In
this region, even small absolute differences between meshes can produce large relative errors due to division by very
small reference values. These artefacts are numerically correct but physically insignificant for the operating range of
the device, and can misleadingly exaggerate mesh sensitivity if included. To avoid this, average relative errors are
only computed within the range w < 3rads™!, which encompasses all relevant wave energy for the site-specific sea
states.

The average relative error in added mass and radiation damping for each mesh was computed relative to the finest
mesh (4185 panels). Results are summarised in Tables 4.1.

Table 4.1: Average relative errors (%) in added mass and radiation damping for each DOF, computed for w < 3rads~!.

(a) Added Mass (b) Radiation Damping
Panels DOF1 DOF3 DOF5 Panels DOF1 DOF3 DOF5
537 0.44 1.23 1.21 537 1.22 0.69 0.76
747 0.23 0.74 0.72 747 0.82 0.52 0.52
1222 0.1 0.31 0.30 1222 0.36 0.38 0.37
2342 0.05 0.07 0.07 2342 0.19 0.05 0.05

Although the 747-panel mesh offers slightly improved accuracy, the marginal gain comes at a significantly increased
computational cost. For array simulations involving a half CorPack of 14 devices, the difference of 210 panels per
WEC leads to 2940 additional panels per simulation. As the 537-panel mesh already maintains average errors below
1.25 %, it is selected as the baseline resolution for all subsequent FD simulations.

All convergence plots and full results are provided in Appendix D.

4.5. Baseline Linear Frequency Domain Implementation

The baseline solver implements the linear impedance formulation derived in Chapter 3. Hydrodynamic coefficients
A(w), B(w), and Fey(w) are imported directly from the HAMS-MREL outputs, and the complex response vector ¢(w)
is obtained using Eq. (3.3). This produces the classical frequency-response RAOs and forms the foundation for the
nonlinear extensions introduced in Section 3.3.

A spatially uniform incident wave elevation is applied as the global driving input across the array. All devices therefore
experience the same incoming wave amplitude and phase, providing a consistent reference frame for inter-device
comparison. The excitation force for each WEC, however, is taken directly from the HAMS-MREL solution and
therefore remains device-specific. This includes all local diffraction and radiation contributions arising from the array
geometry, so each device receives its own complex Fe ;(w) while still being forced by the same global incident
wave component.

This setup isolates hydrodynamic interactions at the array-scale while avoiding artificial phase differences between
devices. It should therefore be interpreted as representing the deterministic limit of array coherence under a spatially
uniform sea state.

4.6. Nonlinear Force Models

To capture nonlinear behaviour while retaining the efficiency of the NLFD formulation, additional physical effects
are introduced in the TD model and subsequently projected into the FD within the NLFD solver. The nonlinearities
considered include velocity-limited PTO damping, geometry dependent restoring forces, and quadratic viscous drag.
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4.6.1. Nonlinear PTO Dynamics

In practical devices, the PTO is constrained by both mechanical and electrical limits. A purely linear damping law,

Fproiin(t) = —Bpro (1), (4.6)

assumes unrestricted relative heave velocity and therefore overestimates absorbed power under energetic sea states.
To represent finite actuation rates more realistically, the present implementation applies a smooth velocity-limiting
law rather than direct force saturation.

At each time step the heave velocity is first clamped to the admissible range
éeff (t) = Chp (C(t), —Vlim» Ulim) 5
and the damping force is modified using a soft-saturation function:

Fpro(t) = —Bp1o Viim tanh (Ceg(t)> + Bpro Cen(t). (4.7)

Vlim

For small velocities \é| < vim the hyperbolic tangent expands linearly and the formulation collapses to the classical
damping law. As the velocity approaches the admissible limit, the effective damping coefficient decreases smoothly,
reflecting the physical reduction in control authority at large piston speeds. This regularised form is differentiable and
therefore compatible with Newton-Raphson iteration, while reproducing the intended soft-saturation behaviour.

4.6.2. Hydrostatic and Viscous Nonlinearities

In addition to PTO saturation, nonlinear restoring and drag forces arise from geometry dependent hydrostatics and
viscous dissipation. These effects are represented using lookup tables derived from the buoy geometry and evaluated
dynamically during time stepping.

Hydrostatic Geometry and Lookup Tables

The displaced volume V' (z), water plane area A(z), and lateral projected area A,.:(z) are obtained from smooth
polynomial fits to the device geometry exported from MATLAB. At any absolute vertical coordinate z, the
instantaneous hydrostatic quantities are evaluated from these relationships and stored as lookup functions:

Viookup (Zrel )7 Alookup (Zrel )7 Arot,lookup (zrel) )

where z..) = 2 — 2¢q is the displacement relative to the static equilibrium position.

The equilibrium offset z. is obtained by solving

P9 Viookup (2eq) = mg — Fo, (4.8)
with Fj the static PTO preload. The equilibrium water plane defines an effective body radius
Req = AIOLP(ZQQ), (4.9)
™
and the reference geometry is characterised by the absolute coordinates of the centre of gravity
I

rg = [za, ya, z2a

Nonlinear Force Evaluation
At each time step, the total nonlinear force acting on every active DOF is computed as the sum of hydrostatic restoring,
viscous drag, and PTO contributions.

Heave.
Fb(t) = pPg ‘/lookup(z(t))» Ein (t) = (mg - FO) + kh [Z(t) - Zeq]a kh = pg Alookup(zeq)y (410)
aFres
Frest(t) = Fy(t) — Fi (1), o b — pg Atookup (2(t)) — En. (4.11)
Viscous damping is represented by a Morison-type quadratic drag:
. . aF ra, .
Fdrag(t) = _%pCdAlookup(z(t» Z(t) ‘Z(t)‘> drag _ _PCdAlookUP(Z(t)) |Z(t)| (4.12)

0z
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Roll and Pitch. For the rotational modes, the restoring moment is evaluated from the instantaneous water plane
area using a fixed lever arm L,,cpor:

Mest (t) = —pPg Alookup(zheave (t» Lanchor Sin o(t)a

% = = P9 Atookup (2heave (t)) Lanchor cos (1), (4.13)
Viscous rotational damping follows the same quadratic form:
Marag(t) = =3¢ Cia,0 Arot, 1ookup (2heave (t)) (Lanchor®) | Lanchor8| Lanchor,
% = —pCa,0 Arot lookup (Zheave (£)) Lanchor| Lanchor ) (4.14)

Lanchor

Figure 4.4: Schematic representation of the restoring force and moment evaluation used in this work. Left: heave restoring forces showing
buoyant force Fy, and linearised component Fi;;,, about the equilibrium waterline z.q. Right: roll/pitch restoring moment M,s¢ acting through the
lever arm L, chor UNder rotation 6.

Assembly and Jacobian. The total nonlinear force or moment for each mode is then
FNL(t) = Frest(t) + Fdrag(t) + FPTO(t)7 (415)
and the partial derivatives
OFn1, OFNL
0z’ 0z’
are incorporated directly into the Jacobian of the harmonic balance solver, ensuring that the sensitivities of nonlinear
restoring, drag, and PTO effects are fully captured.

4.7. Nonlinear Frequency Domain Implementation

The NLFD solver developed in this work implements the harmonic balance formulation introduced in Section 3.3.
The procedure numerically solves the nonlinear residual system for the steady-state response of each WEC and
array configuration.

The implementation follows four main stages:

1. Hydrodynamic data preparation: Added mass, radiation damping, and excitation coefficients for all devices
and wave headings are imported from the HAMS-MREL solver. These frequency-dependent quantities are
interpolated over the discrete frequency set defined in Eq. (4.4).

2. Fourier representation and initialisation: The linear FD solution provides the initial guess for the Fourier
coefficients of motion. Nonlinear forces are computed in the TD from the reconstructed displacements and
velocities, and then reprojected into the frequency basis.
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3. Ilterative solution: The residual system
GX)=ZuX-Fn.(X)—E

is solved using Newton—Raphson updates. Nonlinear force derivatives with respect to displacement and
velocity are included analytically (Section 4.6), while finite-difference perturbations are applied to capture the
harmonic-balance coupling terms in the global system. Iterations continue until the residual norm falls below
the prescribed tolerance or divergence is detected.

4. Post-processing: Once convergence is achieved, the reconstructed motion is used to compute displacement
and velocity statistics, spectral response, device phase behaviour, and spacing- and heading-dependent
interaction measures. The same procedure is applied across all segments, sea states, spacings, and headings.

The solver accommodates both single-device and array configurations using identical iteration and convergence
criteria. Hydrodynamic coupling between devices is retained through the full impedance matrix Zy, while nonlinear
forces are evaluated locally for each unit under the weak coupling assumption. Parallel evaluation of device level
nonlinearities significantly reduces computational cost and ensures scalable array simulations.

4 8. PTO Parameter Assessment

4.8.1. Reference Parameters from Impedance Matching

For each sea state, a reference pair of PTO damping and stiffness coefficients (Bjq, Kpro) is obtained from
the impedance matching (IM) criterion at the dominant wave frequency @ = 27 /T,,. The IM method provides the
theoretical optimum under linear conditions by equating the radiation impedance of the device to the complex PTO
impedance. The resulting tuned parameters are summarised in Table 4.2.

Table 4.2: Reference PTO parameters from IM for each sea state.

T,[s] Hs[m] @ [rad/s] Bpro K¢ro
9 1.0 0.754 5.94 x 10* —6.19 x 10°
9 2.0 0.754 594 x 10* —6.19 x 10°

11 2.0 0.632 430 x 10* —6.52 x 10°
11 3.0 0.632 430 x 10* —6.52 x 10°

While these values define the theoretical optimum, the nonlinear harmonic balance solver does not always converge
exactly at these conditions, particularly for high amplitude responses or low damping. To identify stable and near
optimal performance, the PTO parameters are therefore varied systematically around the IM reference values.

4.8.2. Scaled Parameter Sweep
Each sea state employs a two-dimensional grid of scaled PTO parameters,

Bpro = Bpro$a, Kpro = Kprosk,
with scaling factors
sp € [1.2,1.6,2.0,2.4,2.8,3.2,3.6,4.0,4.4,4.8,5.2,5.6,6.0,  sx € [1.4,1.2,1.0,0.8,0.6,0.4,0.2].

This produces 13 x 7 parameter combinations per sea state, spanning under and over damped as well as reactive
regimes. The nonlinear solver is executed for each pair (Bpto, KpT0), @and only converged solutions are retained
for performance assessment.

4.8.3. Selected PTO Parameters

Absorbed power is computed in all simulations and is required for evaluating the ¢ factor, defined as the ratio
between absorbed power in the array and that of a single isolated device. The PTO optimisation therefore uses
the single—device NLFD model only. This isolates the intrinsic nonlinear response of one unit and avoids the
computational cost of performing a full multi-device PTO sweep for every spacing and heading.
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The highest—power regions of the single—device sweep are shown in Appendix E. The optima occur at:

T, =9.0s, H,=1.0m: Bpro = 2.38 x 10°, Kpro = —6.19 x 10°,
T, =9.0s, H; =2.0m : Bpro = 3.33 x 10°, Kpro = —7.43 x 10,
T, =11.0s, Hy =2.0m : Bpo = 2.06 x 10°, Kpto = —5.22 x 10°,
T, =11.0s, H, =3.0m : Bppo = 2.24 x 10°, Kpro = —9.13 x 10°.

These values represent the optimal tuning for a single isolated device. They do not account for array—induced
changes in excitation, radiation coupling, or local phase; consequently, a single global tuning cannot be optimal for
all devices, spacings, or headings simultaneously.

Using single—device tuning introduces two known implications:

» Devices inside the array may operate away from their individual optimum, because array coupling modifies
their effective hydrodynamic impedance.

» Heading—dependent forcing alters local excitation amplitude and phase, meaning that one tuning cannot fit all
operating conditions.

These effects are an accepted modelling decision. A full multi-device PTO optimisation would require a
high—dimensional sweep at every spacing and heading and is computationally infeasible for 14—device arrays.

To improve convergence robustness in the NLFD solver while remaining close to the optimal values, slightly adjusted
parameters were adopted:

T, =9.0s, H, = 1.0m :Bpo = 2.30 x 10°, Kpro = —5.90 x 10°,
T, =9.0s, Hy =2.0m :Bpro = 2.20 x 10°, Kpro = —4.00 x 10°,
T, =11.0s, Hy, = 2.0m :Bpro = 2.10 x 10°, Kpo = —4.20 x 10°,
T, =11.0s, Hy = 3.0m :Bpro = 2.60 x 10°, Kpro = —3.40 x 10°.

These values ensured robust convergence across all nonlinear simulations without changing the qualitative behaviour
of the absorbed power distributions.

4 9. Power Assessment

4.9.1. Segmentation, Convergence, and Averaging Strategy

Each irregular JONSWAP realisation is divided into twenty statistically independent 120 s segments, representing
forty minutes of sea exposure. The 120 s duration provides adequate frequency resolution while maintaining
manageable computational cost. Following [30], this length captures stationary nonlinear statistics without phase
bias.

The harmonic count is reduced to N = 50 for irregular seas to preserve computational efficiency, instead of the
recommended N = 75, while for regular wave validation cases a smaller value of N = 6 is adopted, as noted by
[30]. The total number of harmonic components solved is therefore 2NV + 1, including the zero-frequency (DC) term.
Because the computational cost of the nonlinear solver scales approximately with N2 In N [14], the reduced resolution
is primarily employed to demonstrate the feasibility and stability of the method within reasonable runtimes. Although
this simplification inevitably influences spectral accuracy and amplitude reconstruction, it allows the concept to be
validated efficiently before performing higher-resolution simulations. This distinction ensures sufficient frequency
resolution for broadband irregular seas while maintaining numerical efficiency for monochromatic reference tests.
Sea states that fail to converge or display non-physical responses are excluded from subsequent analysis, though
the raw data are retained for reference and reproducibility. The same PTO parameters (Bpro, KpT0) are applied
consistently across all runs to isolate array-scale interactions and to attribute differences in the results solely to
hydrodynamic coupling and nonlinear response characteristics.

For PTO parameter optimisation, the first ten segments of each sea state are used to estimate mean absorbed power
and identify the most effective (Bpto, Kpro) combination. For spectral analyses and final plots, ten segments are
simulated and ensemble averaged to obtain smooth, statistically representative response spectra:

Nsog .

STHP W), Nue = 10.

Jj=1

1
Nseg
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This averaging procedure balances computational efficiency with statistical robustness and ensures comparability
across sea states.

4.9.2. Spectral Density Analysis

The spectral response of each device was characterised from the nonlinear TD displacement signals using the real
Fast Fourier Transform. For each device and DOF, the displacement time series was first mean—subtracted to
remove the DC component,

2(t) = ((t) = ¢,

and the resulting signal was transformed to the FD as
Tseg X
Z(w) = / 2(t) et dt.
0

and the one sided power spectral density computed as

2 At?
S.z(w) = T
seg

|Z(w)

, (4.16)

where At is the time step and T, the segment duration. This formulation corresponds directly to the numerical
implementation using rfft and rfftfreq in Python. Spectra were ensemble averaged over ten 120 s segments to
ensure statistical convergence.

The resulting S..(w) spectra are later used in Chapter 5 to examine how nonlinear forces influence resonance
behaviour, bandwidth broadening, and spectral amplification across sea states and array configurations. Because
phase differences between independent realisations can suppress coherent peaks, representative spectra presented
in the results correspond to the first converged segment of each simulation, which accurately reflects the dynamics
in steady state.

4.9.3. Array Power Interaction Factor
Collective hydrodynamic effects were quantified through the interaction factor ¢, which expresses how the total
absorbed power of an array compares with that of isolated devices under identical conditions. It is defined as

Parray
__ fury 417
1 Ndev Psingle ( )

where P,y is the total absorbed power of the array, Psingle the absorbed power of a single-device, and Ny, the
number of devices. When ¢ > 1, the interaction between radiated and diffracted waves is constructive and the array
extracts more power than the equivalent set of uncoupled devices; when ¢ < 1, destructive interaction occurs [60].

The total absorbed power of the array was obtained by summing the mean absorbed powers of all devices,

Naey

Parray: ZPM (418)
i=1

where P; denotes the mean absorbed power of device i.

The interaction factor is later used in Chapter 5 to analyse how spacing, heading, and sea state influence array-scale
performance.

4.9.4. Device—Level Power Ratio
To resolve local variations within an array, each device is also compared directly against the isolated single—device
reference. The device—level power ratio is defined as

P;
Psingle

, (4.19)

T, =

While ¢ measures the array—averaged constructive or destructive behaviour, r; isolates the local hydrodynamic
influence on each device. Values r; > 1 indicate a local constructive gain relative to the single device, whereas
r; < 1 indicate a local penalty.
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4.9.5. Power Evaluation
The absorbed power for each simulation is computed directly from the instantaneous PTO force and velocity:

T
Pam= /0 Fero(t) C(t) dt. (4.20)

Tseg
The resulting mean power values are mapped across the (Bpro, Kpro) grid to form contour plots of absorbed
power for each sea state. These maps highlight the regions of stable operation, indicate the practical tuning
range where the nonlinear solver converges, and quantify how nonlinear effects modify the ideal IM configuration.
Comparisons between the linear IM predictions and the nonlinear harmonic balance results reveal the shift in optimal
PTO parameters caused by strong nonlinearities and coupled multi-DOF interactions.

4.10. Validation and Analytical Structure

Linear RAOs presented in Appendix H show heave amplitudes ranging between 1.75 and 0.35m/m across the
analysed frequency range, whereas the corresponding pitch and roll amplitudes remain between 0.035 and
0.015rad/m. Even when normalised by the characteristic radius of the buoy (D/2 = 5m), the ratio of pitch to heave
displacement amplitude remains below (0.035x5)/0.35 = 5. This corresponds to (5)? = 25 % of the heave-associated
kinetic energy contribution. As the PTO operates exclusively in heave, this degree of coupling is minor for energy
extraction. Restricting the nonlinear simulations to heave therefore represents a controlled approximation that retains
the essential physics while avoiding unnecessary computational expansion for this validation.

4.10.1. Validation Approach

Model verification and validation are performed in two complementary steps. First, the heave-mode time series from
the Python implementation are compared with a high-fidelity MATLAB reference model in the TD to confirm numerical
consistency. The comparison includes displacement and velocity signals to verify the correct use of hydrodynamic
coefficients and nonlinear force formulation. Minor deviations may occur due to differences between the TD and FD
treatments of the radiation term and the inclusion of the preload force in the MATLAB buoyancy definition. Close
agreement in amplitude, phase, and waveform establishes the correctness of the nonlinear force implementation.

Second, the linear multi-DOF response is compared directly against HAMS-MREL reference data. If the linear
solution collapses to the HAMS-MREL predictions in both amplitude and phase, the hydrodynamic core of the model
is considered validated. This provides a verified linear baseline from which the nonlinear extensions are subsequently
introduced and analysed, as detailed in Section 5.2.

4.10.2. Time Domain Response and Power Analysis

The nonlinear simulations are evaluated directly in the TD. This approach captures instantaneous device behaviour
without relying on FD linearisation and allows direct comparison between linear and nonlinear responses. For each
retained DOF, the TD outputs of displacement, velocity, and excitation force are compared between the linear and
nonlinear solutions.

Phase relations between excitation force and body velocity are obtained using the Hilbert transform to determine
the instantaneous phase lag. This phase difference governs the efficiency of energy transfer from the wave field
to the PTO. A constant phase lag is characteristic of linear harmonic response, while time-varying or asymmetric
phase behaviour indicates the presence of nonlinear effects arising from restoring stiffness, viscous drag, or PTO
saturation.

4.11. Computational Setup and Performance

All simulations were executed on the DelftBlue supercomputer at TU Delft [61]. Each array configuration (5D, 10D,
15D) was evaluated under four sea states and four wave headings, yielding sixteen distinct simulation cases per
spacing. Each case comprised ten 120 s segments processed sequentially within the NLFD framework.

Parallelisation was implemented across headings on independent compute nodes, with one simulation per node.
The computations were performed on Intel Xeon 64-core nodes with 250 GB of shared memory. Sixteen CPUs were
allocated per run with 4 GB of memory per CPU. The typical wall-clock runtimes were approximately 11.2 h for the
15D array, 10.6 h for the 10D array, and 11.7 h for the 5D array. These durations correspond to the complete set of
ten segments per sea state and heading. The consistent runtimes across spacings confirm that computational cost
scales primarily with the number of nonlinear devices rather than hydrodynamic separation distance.

All modelling and simulation code, including full documentation, is available upon request from the author or from Dr.
George Lavidas.






Results

This chapter presents and interprets the outcomes of the numerical simulations performed with the weakly NLFD
model. The structure follows the research questions introduced in Chapter 1, progressing from single—device
validation to array—scale sensitivity analysis.

The chapter begins by benchmarking the heave time series against the MATLAB TD reference (Section 5.1) and
validating the linear solver against HAMS-MREL predictions (Section 5.2). These comparisons establish a verified
baseline for the subsequent nonlinear analyses.

The following sections examine the 14—device array, focusing on the influence of spacing (Section 5.4) and wave
incidence direction (Section 5.5). These sections report the array—level trends directly. A separate detailed
mechanism analysis is provided in Section 5.6, where device—level excitation, impedance modification, phase
behaviour, and velocity statistics are examined in depth.

Results are presented in terms of RAO, phase plots, spectral energy distributions, absorbed power metrics, and
reconstructed time series. The chapter concludes with a synthesis of the main physical trends and model limitations.

The structure of the chapter is as follows:

» Section 5.1: Verification of the MATLAB and Python NLFD implementations under regular wave conditions.
« Section 5.2: Validation of the linear solver against HAMS-MREL reference results.

» Section 5.3: Single-device absorbed power and spectral amplification analysis under irregular seas.

» Section 5.4: Array effects of inter-device spacing.

» Section 5.5: Array effects of wave incidence direction.

 Section 5.6: Local device response and synchronisation mechanisms.

» Section 5.7: Synthesis and reflection on the overall results, key mechanisms, and model limitations.

This structure maintains a direct correspondence between the modelling framework and the research questions,
ensuring that each result is discussed in context and that the chapter ends with an integrated interpretation of the
findings.

5.1. Model Verification Against MATLAB

The Python implementation of the NLFD solver was verified against the high-fidelity MATLAB TD reference under
regular wave excitation. The comparison isolates the heave motion and velocity of a single device, the dominant
DOF governing power absorption. Both solvers use identical hydrodynamic coefficients, PTO parameters, and wave
definitions, ensuring a consistent physical basis for validation.

Motion and Velocity Comparison Across Sea States

Figure 5.1 shows the displacement and velocity comparison for Sea State 3, the case with the largest relative
amplitude deviation. The full validation set for all four sea states is given in Appendix F. Phase alignment and
waveform consistency confirm that the nonlinear restoring, viscous drag, and PTO terms are reproduced correctly
within the NLFD formulation. The response amplitude scales with sea state severity as expected.

31
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Figure 5.1: Heave displacement and velocity comparison for Sea State 3.

Quantitative Error Assessment

The amplitude discrepancies between both solvers are listed in Table 5.1. Displacement errors remain below 11%,
while velocity errors stay within 17%. The small systematic under-prediction in the upper sea states results from finite
harmonic truncation and the slightly stiffer restoring behaviour that occurs when the NLFD formulation linearises part
of the hydrostatic term. These deviations are consistent with expected differences between FD and TD treatments of
the radiation force: the NLFD solver applies an instantaneous radiation impedance, whereas the TD model includes
a convolution integral for radiation memory.

Table 5.1: Amplitude comparison between the MATLAB TD and Python NLFD solvers under regular wave conditions.

Displacement Error [%] Velocity Error [%]

Sea State
Value Sign Value Sign
1 0.84 (+) 1.86 (+)
2 5.65 -) 5.61 )
3 11.00 =) 17.07 (=)
4 10.11 (=) 12.57 (=)

Discussion

The comparison confirms that the weakly NLFD model reproduces the temporal evolution of the heave response
with high fidelity. Phase agreement across all four sea states demonstrates that both solvers resolve the same
hydrodynamic impedance and PTO dynamics. The amplitude deviations at higher wave heights correspond to minor
over-stiffening of the nonlinear buoyancy term at large displacements, a known consequence of harmonic truncation
in weakly nonlinear formulations. Overall, the observed errors fall well within acceptable FD—TD tolerances for regular
wave validation, confirming that the implementation provides a correct and robust foundation for subsequent irregular
sea simulations. Such small discrepancies are physically expected due to fundamental methodological differences
between FD and TD analyses. FD methods idealise wave—structure interaction as steady and harmonic, neglecting
transient and strongly nonlinear components that are fully resolved in TD formulations. Consequently, perfect
one-to-one matching is theoretically unattainable, and deviations ranging from a few to low double-digit percent are
generally regarded as standard in contemporary hydrodynamic validation studies. For example, Read [53] reported
errors of approximately 14% when nonlinear forces were included and 2% for linear cases, larger than those obtained
in the present near linear sea state with H = 1m and T' = 9s.

5.2. Linear Validation Against HAMS-MREL

The linear behaviour of the developed solver for a single device was validated against reference RAOs computed with
HAMS-MREL. This comparison ensures that, when nonlinear terms are disabled, the implementation reproduces the
correct hydrodynamic response and provides a reliable baseline for the nonlinear analyses that follow.

Validation Approach

For each of the four sea states, the linear solver outputs were compared with the corresponding HAMS-MREL RAOs
in heave, roll, and pitch. Amplitude and phase were evaluated on the same frequency grid as the HAMS-MREL
solution, ensuring direct one-to-one comparison. If the hydrodynamic coefficients and impedance formulation are
implemented correctly, the NLFD solver reduces exactly to the HAMS-MREL reference. The same Bpro and Kpro
parameters were used for both solvers to maintain a consistent validation basis. As discussed in Subsection 4.8.3,
subsequent nonlinear analyses use optimised parameters.
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Results and Interpretation
The comparison confirms near-perfect agreement between the Python and HAMS-MREL results across all sea states.

RAO amplitudes and phases for all DOF coincide across the full frequency range, verifying that the solver accurately
reproduces the underlying radiation—diffraction physics. This demonstrates that the hydrodynamic impedance and
excitation formulations are implemented correctly and that the model collapses to the established BEM solution in
its linear limit.

Representative overlays for all four sea states are provided in Appendix H, showing the direct correspondence
between the NLFD and HAMS-MREL results. These outcomes validate the linear formulation as a robust and verified

foundation for the nonlinear extensions introduced in the next sections.

5.3. Single Device Absorbed Power Analysis and Spectral Amplification

This section addresses the third research question by characterising the response of a single device under irregular
seas. The analysis establishes a physical baseline for interpreting array-scale behaviour in Sections 5.4 and 5.5.

5.3.1. Single Device RAO Amplitude and Phase Behaviour
Figure 5.2 shows the heave-mode RAO and phase for a representative operating condition of 7, = 11sand Hy; = 2m,

which is also used throughout the array analyses.

The RAO amplitude decreases smoothly with frequency, consistent with operation below the natural resonance. The
phase exhibits a progressive lag driven by hydrostatic, viscous, and PTO damping. The response is stable and free
of anomalous nonlinear effects, confirming that this regime provides an appropriate reference for subsequent array

studies.
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Figure 5.2: Heave-mode RAO amplitude (left) and phase (right) for a single device at 7, = 11s, Hs = 2m.

5.3.2. Absorbed Power under Irregular Seas
Table 5.2 summarises absorbed power across four representative sea states. Nonlinear predictions are compared

directly with linear results using identical hydrodynamic and PTO parameters.

Table 5.2: Absorbed power for a single WEC under different sea states.

Tp[s] Hs[m]  Pin W] Pa [kW]

9.0 1.0 35.58 38.67
9.0 2.0 74.65 79.44
11.0 2.0 74.78 79.79
11.0 3.0 122.11 135.57

Atlow sea states, linear and nonlinear predictions coincide, confirming that the weakly nonlinear formulation collapses
to the linear limit when motion amplitudes are small. At H; = 3.0 m, nonlinearities increase absorbed power by around

11% due to amplitude dependent restoring and viscous effects.
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5.3.3. Spectral Amplification Behaviour

Figure 5.3 shows the heave displacement spectra reconstructed from the periodic nonlinear solution. The dominant
response frequency remains aligned with the excitation spectrum for all sea states, while the spectral bandwidth and
magnitude increase with wave height.

Single-WEC heave spectra across all sea states

Sea state
—— Tp=9s, Hs=1.0m
Tp=9s, Hs=2.0m
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—— Tp=11s, Hs=3.0m
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Figure 5.3: Nonlinear heave response spectra for the single WEC under four representative sea states.

Spectral energy peaks increases from approximately 8 m?s at H, = 1.0m to about 48 m?s at H, = 3.0 m, consistent
with the quadratic dependence of the JONSWAP spectrum on wave height. The broadening of the energy peak
reflects amplitude dependent damping from nonlinear restoring, viscous drag, and PTO velocity saturation. Because
the JONSWAP peak period is close to the natural heave period of the device, the dominant response frequency is
stiffness driven, with nonlinearities primarily broadening and attenuating the resonance peak.

Summary

The single device analysis confirms that the weakly nonlinear formulation captures the correct scaling of absorbed
power, spectral bandwidth, and motion amplitude across representative sea states. This establishes a clean
reference baseline for interpreting spacing and directional effects in the array-scale analyses that follow.

5.4. Sensitivity to Inter-Device Spacing

This section establishes a quantitative baseline for how the array interaction factor varies with inter-device spacing.
The objective is limited: report the spacing dependence observed in the nonlinear irregular-wave simulations and
demonstrate that the model reproduces the expected spatial redistribution of power across the array. All physical
interpretation is deferred to Section 5.6. The three spacings are evaluated under 7}, = 11s, H; = 2.0m, 5 = 90°.

Consistent with established FD array studies [12, 24], increasing spacing weakens near-field interactions and moves
the system toward independent response.

5.4.1. Interaction Factor

Figure 5.4 displays the device wise interaction factors ¢; for all layouts. The pattern is consistent across all cases:
rear-row devices show ¢; > 1, front-row devices show ¢; < 1, and the spatial transition matches the expected
radiative shadowing behaviour. The array-averaged values are:

1.015 (5D)
Qarray: 1043 (10D)
1.008 (15D)
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These results confirm the canonical spacing trend. At 5D the array exhibits the strongest hydrodynamic interaction,
producing the widest spread of local ratios (0.95-1.10). The close spacing intensifies near—field radiation and
diffraction, generating sharp constructive and destructive zones across the layout. At 10D the array shows the
largest net constructive behaviour: most devices exceed their single—device reference and the interaction ratios
concentrate in the 0.99-1.11 band, indicating a broad constructive region sustained by weakened but coherent
far—field interference. At 15D the interaction field collapses to weak residual modulation, with individual ratios
confined to 0.96—1.05, marking the onset of the independent—device approximation [17]. These results demonstrate
that the nonlinear irregular—wave solver resolves these spatial structures with fidelity that is otherwise difficult to
obtain outside deterministic FD analysis.

5D spacing Tp=11.0s, Hs=2.0m, B90° mean §=1.015 10D spacing Tp=11.0s, Hs=2.0m, B90° mean G=1.043

(a) 5D spacing (b) 10D spacing

15D spacing Tp=11.0s, Hs=2.0m, B90° mean §=1.008

(c) 15D spacing

Figure 5.4: Factors r; and garray for three device spacings.

5.4.2. Array-Averaged Interaction Factors Across Sea States

Figure 5.5 summarises the array-averaged interaction factors g....y, across all spacings and sea states at 5 = 90°.
Across all four sea states the interaction factors remain mildly constructive, with 0.98 < Garray S 1.18 for all spacings.
For the mildest sea state (7, H;) = (9s,1.0m), the 10D layout shows the strongest constructive behaviour, with 5D
and 15D giving smaller but still positive amplification. At (9s, 2.0 m) all spacings collapse close to ga,ray ~ 1, While for
(11s,2.0m) the 10D case again gives the largest deviation above unity and 5D and 15D follow closely. At (11s,3.0m)
the 15D spacing remains essentially unchanged from the previous sea state, with Ga.ray ~ 1.02. The 5D layout stays
slightly constructive (=1.03), and the 10D layout decreases from its earlier peak but still remains above unity at =1.10.

Nonlinear Interaction Factors at B = 90° Across Spacing and Sea States
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Figure 5.5: Variation of ga.ray With sea state for three spacings.
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These trends reproduce the established transition from collective to independent behaviour with increasing
separation [12, 17, 19, 24].

5.5. Directional Response

This section extends the analysis to multiple incident wave headings to quantify how directionality influences
hydrodynamic coupling and absorbed power. The 10D spacing configuration is used together with the representative
irregular sea state T, = 11, H; = 2.0m, ensuring that all variation arises solely from changes in wave direction.

5.5.1. Interaction Factor and Absorbed Power
Figure 5.6 shows the spatial distribution of individual interaction factors ¢; for headings from 0° to 90°. The
array-averaged values are:

1.032 for g =0°

0.933 for g = 30°
1.040 for g = 60°
1.043 for g = 90°

Qarray =

At 0°, the devices directly facing the incoming waves show clear amplification (up to ¢; ~ 1.82), while the rear row
exhibits attenuation down to ¢; =~ 0.81. This produces a mildly constructive net response.

At 30°, attenuation dominates across the array, with only a few downstream devices near unity, yielding the lowest
interaction level of all headings.

At 60°, most devices show constructive interaction (¢; ~ 1.02—1.19), producing the strongest directional amplification
in the heading sweep.

At 90°, the response becomes nearly symmetric, with all devices slightly above unity and a mean value very close
to that at 60°. This behaviour aligns with the expected broadside symmetry in long arrays [35, 36].

10D spacing Tp=11.0s, Hs=2.0m, B0° mean G=1.032 10D spacing Tp=11.0s, Hs=2.0m, B30° mean q=0.933

(a) 3 =0° (b) B = 30°

10D spacing Tp=11.0s, Hs=2.0m, B60° mean §=1.044 10D spacing Tp=11.0s, Hs=2.0m, B90° mean §=1.043

(c) B = 60° (d) 8 = 90°

Figure 5.6: Factors r; and garray for the 10D array under varying wave headings.

The directional trends shown here are consistent with earlier FD studies on multi-body arrays [13, 22, 34].
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5.5.2. Array-Averaged Behaviour Across Sea States

Figure 5.7 summarises the array-averaged interaction factors g...., across all sea states, spacings, and headings.
Across all spacings, the 30° heading consistently produces the lowest interaction levels, while 60° and 90° yield the
highest. Directional alignment therefore dominates the response, with sea-state intensity acting only as a secondary
modifier.

For the compact 5D arrangement, the heading dependence is the most pronounced. At 0°, the interaction factor rises
strongly with sea-state energy, increasing from Gayray = 0.75in (T, Hs) = (95,1.0m) 10 Garray = 1.29 in (11s,3.0m).
This increase is driven almost entirely by two devices: WEC 1 and WEC 8 reach ¢; = 3.19 and ¢; = 2.87, respectively,
in the highest sea state.

At 30°, all sea states remain below unity (garray = 0.78-0.96). The 60° and 90° headings remain close to unity, varying
only within Garray = 0.94-1.13 and Garray = 0.98—1.19, respectively.

At larger spacings (10D and 15D), the directional contrast decreases steadily. The 60° heading retains the highest
values, the 30° heading remains the lowest, and the 0° and 90° cases stay near unity across all sea states. By
15D spacing, the four headings differ by less than a few percent, indicating that directional sensitivity collapses once
radiative coupling is sufficiently weakened.

These results align with previous observations that directional alignment, rather than sea state amplitude, becomes
the dominant control parameter once devices are sufficiently separated [24, 35, 36].

5D spacing 10D spacing 15D spacing
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Figure 5.7: Array-averaged interaction factor Ga.ray across four sea states, three spacings, and four headings. Dashed line: neutral condition
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5.6. Case Study: Local Response Mechanisms at 15D Spacing
This section examines the residual interaction mechanisms at large spacing by analysing three representative
devices in the 15D configuration under irregular excitation with

T, = 11s, H;=2.0m, B =90°.

The isolated single—device solution provides the reference absorbed power. Local array effects are quantified using
the device—level power ratio defined in Section 4.9.4. For the 15D layout, the upstream devices WEC 1 and WEC 2
yield ratios of r; = 1.02 and r, = 1.03, indicating a weak constructive deviation from the single—device baseline.
WEC 8, located at an off—centre position within the front row, gives rs = 0.96, showing a mild reduction in absorbed
power.

The analysis below explains the origin of these small but systematic deviations using excitation levels, spectral energy
content, RAO amplitudes, nonlinear phase statistics, and velocity distributions. The objective is to identify why WEC 1
and WEC 2 experience slight local benefit at 15D spacing, whereas WEC 8 experiences a modest penalty relative
to the single—device response.

5.6.1. Excitation Force and Heave Spectral Energy

The link between excitation and spectral response follows the spectral formulation in Section 4.9.2. Because the
JONSWAP spectrum is narrow-banded, the dominant contribution to device motion arises from a confined frequency
region around the peak.
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Figure 5.8 includes a grey curve showing the normalised JONSWAP spectrum together with a shaded band. The
shaded band marks the frequency interval in which the spectrum remains above 10% of its peak value. This threshold
isolates the part of the spectrum that contributes materially to the device motion while excluding the long low-energy
tails. For a narrow JONSWAP peak, values above 10% still supply significant excitation, whereas values below this
level decay rapidly and contribute negligibly. The exact choice is not critical; the 10% cut-off consistently separates
the energetic region across all cases. All spectral averages in Table 5.3 are taken over this energetic band.

Table 5.3 lists the band-averaged excitation magnitude and the corresponding heave spectral density. The excitation
values come directly from the linear hydrodynamics and differ by less than 1% between WEC 1, WEC 2, WEC 8, and
the isolated device, showing that the array is effectively at the isolated-device limit hydrodynamically. The incoming
wave field therefore does not account for the observed performance differences.

The heave spectral densities show small but systematic differences. WEC 1 and WEC 2 exhibit slightly elevated
spectral energy across the energetic band relative to the isolated device, as indicated by their band integrals, which
are 2—3% above the single-device value. WEC 8 has a band integral of similar magnitude but shows a distinct feature
not present in the other cases: it exhibits the highest peak of the heave displacement spectrum, while the peaks of
WEC 1, WEC 2 and the isolated device are nearly coincident. Here, the term “resonance” denotes the frequency
at which the heave displacement spectrum S, . (w) attains its maximum under the present hydrodynamic and PTO
settings. Thus, WEC 8 concentrates its small spectral excess sharply at the resonance frequency, whereas WEC 1
and WEC 2 distribute their modest excess more broadly across the energetic band. Because the energetic band is
narrow, even these small changes in peak height or distribution across the band are sufficient to alter the realised
motion energy.
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Figure 5.8: Excitation force magnitude and heave spectral density for WEC 1, WEC 2, and WEC 8 at 15D spacing.

Table 5.3: Excitation and heave spectral-response metrics within the energetic JONSWAP band at 15D spacing.

WEC  |Foxo|IN]  S..[m?s] [S..dw[m?]
1 532360 9.780 x 109 5.346
2 534962 9.824 x 109 5.365
8 533213  9.788 x 109 5.367
Single 530813  9.682 x 10° 5.236




5.6. Case Study: Local Response Mechanisms at 15D Spacing 39

In short:

» Excitation forcing is effectively identical across all devices.
» The narrow energetic band makes small RAO-driven perturbations visible in S .

* WEC 1 and WEC 2 show slightly elevated broad-band spectral energy, while WEC 8 exhibits the highest
resonant peak; these distinct spectral patterns underpin the power differences examined later.

5.6.2. Segment-Averaged Phase, Phase Lag, and RAO Magnitude

The device motions follow directly from the coupled FD equations introduced in Section 3.2. For each device, the
heave response examined here is the heave component of the full six-DOF solution X (w), with its RAO defined in
Eq. (3.7). Figure 5.9 shows the segment-averaged absolute phase, true phase lag, and RAO magnitude for WEC 1,
WEC 2, WEC 8, and the isolated device over the full sea-state frequency range.
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Figure 5.9: Segment-averaged absolute phase, phase lag, and RAO magnitude for WEC 1, WEC 2, WEC 8, and the isolated device at 15D
spacing.

Three observations follow directly from the FD results:

1. Absolute phase. All devices exhibit the same absolute-phase evolution, including the characteristic phase
jump at higher frequencies. A small offset is visible for WEC 8, but this does not represent a physical phase
difference. Absolute phase depends on the arbitrary time origin of each nonlinear segment, and segment
averaging retains small numerical offsets. Only phase lag removes this bias.

2. Phase lag. The true phase lag ¢.esp — ¢exc decreases monotonically with frequency for all devices, as expected
for a radiation- and PTO-damped heaving body. Crucially, the four curves remain tightly grouped across the
entire frequency range, including the effective resonant frequency w,.s ~ 0.5755rad/s. At this frequency the
devices exhibit nearly identical phase lag (about —40° to —50°), demonstrating that hydrodynamic interaction
at 15D spacing is too weak to alter the dynamic phase relationship. Phase lag therefore does not contribute to
the small differences in absorbed power between devices.
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3. RAO magnitude. Over the full frequency range, the RAO magnitudes of WEC 1 and WEC 2 are slightly
larger than those of WEC 8 and the isolated device across much of the energetic band indicated in grey. In
particular, WEC 8 shows a modest reduction in RAO magnitude on the upper side of the band, where the
incident JONSWAP spectrum still carries significant energy.

The time-series velocity plots in the lower panels of Figure 5.9 reflect this behaviour: all devices show broadly
similar heave-, roll-, and pitch-motion envelopes over the full 120-second realisations. WEC 8 displays slightly
lower heave-velocity amplitudes than WEC 1 and WEC 2, consistent with its modestly different RAO shape, but the
differences remain small.

Overall, the phase and RAO diagnostics confirm that at 15D spacing the array operates very close to the
isolated-device limit. WEC 1 and WEC 2 reproduce the isolated response across the entire sea-state frequency
range, while WEC 8 differs only through a narrowly concentrated increase in its resonant RAO peak. These minimal
FD deviations underpin the small variations in spectral energy and absorbed power reported earlier, explaining why
WEC 1 and WEC 2 experience slight constructive interaction whereas WEC 8 does not.

5.6.3. Nonlinear Phase Coherence and Velocity RMS
Nonlinear phase behaviour is summarised in Table 5.4, which reports the mean phase lag, phase fluctuations,
coherence, and velocity root mean square (RMS) for all devices.

Table 5.4: Nonlinear phase statistics across all segments at 15D spacing.

WEC  Mean phase lag (°) RMS fluct. (°) Weighted RMS (°) Coherence Vel. RMS (m/s)

1 -68.15 32.15 28.52 0.821 0.6266
2 -58.98 33.13 29.42 0.816 0.6300
8 -56.02 29.50 26.65 0.836 0.6097
Single -60.55 30.39 30.43 0.831 0.6210

The mean phase lag, RMS fluctuation, and coherence values differ only slightly between devices, and none of
these quantities follow the ordering of absorbed power. WEC 8 has the highest coherence and the smallest phase
fluctuation, but it also has the lowest velocity RMS. Conversely, WEC 1 and WEC 2 do not exhibit distinctly higher
coherence or lower phase variability, yet they achieve the largest velocity RMS.

The velocity RMS values reproduce exactly the power ordering discussed earlier:
WEC 2 > WEC 1 > Single > WEC 8.

Because the PTO force used here is proportional to the velocity, the absorbed power reduces directly to a
constant multiple of the velocity variance through Eq. (4.20). Velocity RMS is therefore the only nonlinear metric in
Table 5.4 that aligns consistently with the observed power ratios, while the phase-based quantities do not influence
performance at this spacing.

5.6.4. Why Devices Differ in Absorbed Power
The causal structure for the 15D configuration is:

1. The incident linear excitation | Fex.(w)| is almost identical for all devices. Within the energetic JONSWAP band,
the band-averaged excitation differs by less than 1% between WEC 1, WEC 2, WEC 8, and the single device.
The small power differences therefore cannot be attributed to variations in incoming wave forcing.

2. The absolute and true phase-lag curves of all devices collapse across the full frequency range, including the
resonant frequency w,es =~ 0.5755 rad/s. Hydrodynamic interaction at 15D spacing is too weak to produce any
meaningful phase shift relative to the isolated device, so phase does not differentiate the device responses.

3. The remaining distinction is the heave RAO magnitude. Across the energetic band, WEC 1 and WEC 2
exhibit slightly larger RAO magnitudes than the single device, while WEC 8 shows a modest reduction.
Because the spectrum is narrow, these small differences in RAO magnitude directly lead to the band-averaged
spectral-energy shifts observed in S, (w).

4. The heave spectral density and its band integrals follow the same pattern: WEC 1 and WEC 2 accumulate
slightly more spectral energy than the single device, whereas WEC 8 remains marginally below. This carries
over to the velocity statistics, where the velocity RMS satisfies

Crms,Q > Crms,l > Crrns,single > Crms,8-
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5. Through Eq. (4.20), and using a PTO force that is proportional to the velocity, absorbed power reduces to
a constant multiple of the velocity variance. The ordering of velocity RMS therefore maps directly onto the
ordering of absorbed power.

6. Expressed as power ratios relative to the single device,
ro >11 > 1> 71y,

so WEC 1 and WEC 2 experience a slight constructive effect, while WEC 8 is marginally penalised.

At 15D spacing the array is therefore close to the isolated-device limit: excitation and phase are indistinguishable
from the single device, and only weak array-induced changes in effective dynamic compliance remain. These small
RAO-based adjustments to the velocity variance are sufficient to explain why WEC 1 and WEC 2 gain a few percent
in absorbed power, while WEC 8 loses a few percent.

5.7. Reflection

The results presented in this chapter demonstrate that the weakly NLFD formulation provides a coherent, validated,
and physically interpretable description of multi-device dynamics under irregular wave excitation. The model
reproduces the nonlinear TD benchmark with good quantitative accuracy and collapses exactly to the linear BEM
reference when nonlinear terms are disabled, confirming the correctness of both the hydrodynamic implementation
and the numerical solution strategy. The subsequent array analyses build on this foundation and reveal how spacing,
wave direction, and device synchronisation jointly determine array-scale behaviour. Before discussing the broader
implications, the primary findings are summarised below.

Key Findings
» The weakly NLFD solver reproduces the nonlinear TD benchmark within 17 % amplitude deviation and matches
HAMS-MREL RAOs exactly in the linear limit, confirming correct radiation—diffraction physics and numerical
formulation.

« Increasing wave height primarily raises the peak spectral energy (scaling approximately with H?2), while
introducing only mild broadening from amplitude-dependent restoring and damping. Changes in T, have
a much stronger effect on the spectral width, shifting the response to lower frequencies and widening the
energetic band.

* Inter-device spacing controls the transition from constructive interaction (5D-10D) to near-independent
response (15D), with Ga.ray @pproaching unity at large separation.

« Directional incidence governs array performance primarily through radiative phase alignment. Across all
spacings, the 30° heading produces the lowest interaction factors, while 60°—90° yield the highest.

* Local 5D analysis shows that device-level differences arise from array-induced impedance modification rather
than from differences in the incoming excitation. Rear-row amplification and front-row suppression originate
from variations in RAO magnitude, phase behaviour, and velocity statistics.

Overall behavioural trends

Three dominant mechanisms were consistently observed across all results. First, nonlinear restoring and
velocity-dependent effects broaden the spectral response without altering the dominant frequency, confirming the
validity of the weakly nonlinear assumption in the examined sea states. Second, inter-device spacing determines
the strength of hydrodynamic coupling: compact arrays exhibit mild constructive interaction, while wider separations
lead to near-independent operation. Third, incident wave direction modulates array behaviour through radiative
synchronisation, with long-side incidence providing the most coherent reinforcement.

These trends are consistent with established theoretical and experimental studies [12, 13, 24], and the present model
reproduces these dependencies under irregular seas in a fully coupled, multi—-device setting.

Physical interpretation

The combined RAO, phase, and spectral analyses show that array performance is governed primarily by phase
coherence rather than excitation magnitude. Constructive interaction occurs when radiated and incident fields remain
synchronised across rows, whereas destructive interaction arises once radiative phase differences become large
enough to reduce dynamic compliance.

The 15D case study in Section 5.6 shows that all devices experience effectively identical excitation and phase
behaviour, placing the array close to the isolated device limit. The small differences in absorbed power arise instead
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from weak, device specific variations in RAO magnitude across the narrow energetic band. These modest shifts in
dynamic compliance produce the observed ordering in spectral energy and velocity variance, explaining why WEC 1
and WEC 2 gain slightly in absorbed power while WEC 8 experiences a minor reduction.

Model limitations and numerical performance

Several assumptions and numerical characteristics influence the quantitative accuracy of the predictions. The weakly
nonlinear formulation does not include radiation memory effects, directional spreading, or viscous cross-coupling,
restricting its validity to steady periodic regimes. At high sea states, the Newton-Raphson iteration occasionally
fails to converge when initiated from a linear seed, particularly when the nonlinear system admits multiple nearby
equilibria. This explains the isolated cases of harmonic-bin misallocation observed at 0° incidence in the highest sea
state. Such sensitivity is well documented in harmonic balance applications [29, 30] and reflects the practical limit of
the weakly nonlinear assumption rather than a flaw in the implementation. This mechanism can occasionally assign
the steady solution to an incorrect harmonic bin, producing exaggerated device level amplification in isolated cases.
This accounts for the outlier values reported in Section 5.5.2.

Convergence is also sensitive to the initial phase. In multi-device arrays, the Newton-Raphson iteration converges
more reliably when the linear seed is naturally aligned with the true nonlinear solution (typically near broadside).
At oblique headings, the seed introduces a systematic phase mismatch, increasing iteration count and, in several
cases, preventing convergence. This behaviour is consistent with earlier observations that harmonic balance solvers
require phase-consistent initialisation in coupled configurations.

A further limitation stems from the use of PTO parameters tuned for a single isolated device. Because the PTO
parameters were tuned on a single device, they are not optimal for each specific device in the array configuration. The
effective impedance experienced by each device changes within the array due to radiative softening and stiffening,
meaning that the optimal PTO settings differ from those of the isolated case. As a result, certain (spacing, heading)
combinations exhibit stiffer or softer effective dynamics than anticipated by the single-device tuning, which affects
both convergence behaviour and the attainable steady-state response.

A further limitation is the use of global incident excitation, which neglects small device-specific diffraction-induced
phase shifts, and the harmonic truncation, which suppresses very high frequency components. The convergence
characteristics therefore vary systematically with sea state, heading, and spacing. Convergence remained robust
for all moderate sea states, while a subset of the highest-severity cases exhibited reduced convergence rates or
failure to converge from the linear seed. A complete overview of iteration counts and convergence outcomes for all
(spacing, heading, sea state) combinations is provided in Appendix G for transparency.

A final limitation concerns the sampling of the non-dimensional spacing kd. The four representative sea states
correspond to only two distinct peak periods (1, = 9 and 11 s), and therefore to only two values of kd for each
spacing. As a result, the present analysis does not span the wider kd-range over which classical linear interference
theory predicts oscillatory constructive and destructive interaction. Falnes’ two-body formulation [62] shows that
spacing-dependent amplification is strongly non-monotonic when expressed as a function of kd, but such behaviour
cannot appear here because the selected sea states do not sample the interference extrema. The spacing-related
conclusions in this chapter are therefore valid only within the limited kd-interval represented by the chosen sea states
and cannot be generalised across the full period distribution in the long-term wave climate.

Despite these limitations, the solver produced physically consistent and repeatable results across the full set of
converged simulations and remained numerically stable within the intended weakly nonlinear regime.

Implications for array design and modelling

The findings emphasise that array efficiency depends more on directional phase synchronisation than on spacing
alone. Compact configurations permit mild amplification under aligned directional conditions, but the benefit collapses
rapidly as incidence deviates from the long-side orientation. Beyond approximately ten diameters spacing, radiative
coupling becomes sufficiently weak that the array behaves almost as a collection of independent absorbers. Across
all headings and spacings, the array-averaged interaction factor remains within a few percent of unity, indicating
strong directional robustness for this class of device. From a design perspective, adaptive PTO tuning that preserves
phase alignment offers significantly larger performance gains than small adjustments of array geometry.

Summary

In summary, the solver reproduces linear behaviour, extends reliably into the weakly nonlinear regime, and
captures the principal array-scale mechanisms: radiative interaction, shadowing, directional sensitivity, and dynamic
compliance modification. The analyses show that phase coherence is the primary driver of array performance, with
spacing and heading acting as secondary modifiers. These findings form the basis for the conclusions in Chapter 6,
where the research questions are addressed and directions for further work are outlined.



Conclusion

This thesis developed and validated a weakly NLFD model for large arrays of point absorber WECs. The objective
was to determine how such a formulation can predict and interpret spectral response and absorbed power under
realistic irregular seas while remaining computationally efficient. Verification, linear validation, and systematic array
studies were conducted across four representative sea states and multiple layouts to assess both physical accuracy
and practical modelling value.

Main research question

How can a weakly nonlinear frequency domain model characterise the dynamic behaviour and power
performance of large WEC arrays under realistic sea conditions?

The results demonstrate that the weakly NLFD formulation provides a transparent and efficient framework for
array-scale analysis. It bridges the gap between linear hydrodynamics and nonlinear TD simulation by reproducing
key nonlinear trends at a fraction of the computational cost while maintaining direct access to RAO structure, spectral
energy distributions, and phase-synchronisation mechanisms. Such quantities are essential for interpreting array
behaviour in irregular seas, where spectral alignment governs performance.

Sub-questions

1. To what extent does the model reproduce established time domain results? Comparison with the nonlinear
MATLAB TD reference showed amplitude errors of 11-17%, and consistent phase across all sea states. Waveform
shape and nonlinear distortion patterns matched closely, confirming that the formulation captures nonlinear restoring,
viscous drag, and PTO behaviour within the weakly nonlinear regime. This provides a validated basis for extending
the method to irregular seas.

2. How accurately does the solver reproduce linear hydrodynamic behaviour predicted by HAMS-MREL?
With nonlinear terms disabled, the solver collapses exactly to the HAMS-MREL BEM solution. Heave, roll, and pitch
RAOs match across the full frequency range, verifying the correctness of the hydrodynamic impedance and excitation
formulation. The nonlinear results therefore rest on a fully verified linear foundation.

3. How do nonlinear effects influence spectral amplification and absorbed power for a single device?
Increasing wave height broadens the spectral response and increases velocity variance, producing modest power
gains relative to the linear prediction. Spectral peaks rise from approximately 8 m?s to 48 m?s across the tested sea
states while remaining centred near the dominant excitation frequency. Nonlinearities therefore modify bandwidth
rather than resonance location, and the solver captures the expected physical saturation under energetic seas.

4. How does inter-device spacing modify array-scale hydrodynamic interactions and power absorption?
Spacing primarily redistributes absorbed power between devices while leaving the array-averaged response close
to that of an isolated unit. At 5D, rear-row devices experience constructive amplification while front-row devices
show mild attenuation. At 10D the interactions weaken, and by 15D the system approaches independent behaviour
with only small deviations in G..ray. These trends agree with established frequency-domain interaction studies and
confirm that spacing mainly affects the spatial pattern of amplification and attenuation.

43
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5. How does wave incidence direction modify array-scale hydrodynamic interactions and power absorption?
Heading differences are more influential than spacing. For the representative 10D layout at 7}, = 11s, Hy = 2.0m,
the array-averaged interaction factor varies only modestly around unity (garray = 0.933 at 30°, Garray = 1.044 at 60°).
Direction primarily redistributes power between devices rather than altering the total absorbed by the array. Across all
spacings and sea states, the widest ..., range (0.75-1.29) occurs in the compact 5D configuration under the highest
sea state, where nonlinearities and convergence sensitivity are strongest. Overall, directional phase alignment, and
not spacing alone, governs array efficiency under irregular seas.

Synthesis and implications

The results show that the weakly NLFD formulation provides a fast and physically interpretable framework for
analysing large WEC arrays in irregular seas. Its FD structure separates excitation, impedance, and nonlinear forces,
making the governing mechanisms directly identifiable.

The accuracy of the predictions is bounded mainly by two structural assumptions: (i) the omission of transient
viscous memory and (ii) reconstruction of the incident wave field without full diffraction-induced spatial variability.
Device-specific excitation from HAMS-MREL is included and phase is corrected, but higher-order local distortion is
not represented. The modest amplification observed in compact layouts should be interpreted within these limits.

Convergence difficulties occurred primarily under oblique incidence, where strong nonlinearity and a
phase-misaligned linear seed led to occasional Newton-Raphson stagnation. This behaviour is consistent with
known limitations of harmonic balance in multi-equilibria regimes and indicates that improved seeding or trust-region
methods would enhance robustness.

Within these constraints, the solver resolves the dominant physical mechanisms: radiative phase alignment controls
array behaviour; spacing modifies effective compliance through softening and stiffening; and nonlinear damping limits
excessive amplification while stabilising the periodic response. The formulation therefore extends linear interaction
theory into the weakly nonlinear regime with controlled and well-understood accuracy.

For design use, the findings indicate that phase coherence governs array performance more strongly than geometric
compactness. Adaptive PTO tuning aimed at preserving phase alignment is likely to yield greater benefit than
incremental spacing changes. A spacing threshold of S/D > 5 suppresses most hydrodynamic interaction, leaving
directional exposure and control strategy as the dominant design variables. The computational efficiency of the
solver makes it well suited for early-stage configuration screening without reliance on high-cost TD campaigns.

Contributions

This thesis delivers methodological, scientific, and practical advances for modelling large WEC arrays in irregular
seas.

1. Methodological development
» Developed a fully verified weakly NLFD framework for multi-body arrays, incorporating nonlinear PTO, restoring,
and drag forces while retaining the computational efficiency of the FD formulation.

» Generalised existing single—device formulations to many hydrodynamically coupled bodies with full radiation
and diffraction interaction across all DOF.

» Implemented a modular architecture in which hydrodynamics, nonlinear force models, PTO settings, and array
geometries are interchangeable, enabling application to arbitrary layouts and device counts.

2. Verification and physical validation
* Demonstrated excellent agreement with nonlinear TD and linear BEM benchmarks: the solver reproduces
phase—accurate nonlinear dynamics and collapses exactly to the HAMS-MREL solution in the linear limit,
validating both the impedance formulation and the numerical implementation.

3. Advancing the understanding of array physics in irregular seas
» Quantified nonlinear spectral effects across sea states and established scaling relations linking sea—state
intensity, radiative phase behaviour, and motion energy.

+ Showed that array efficiency is governed primarily by directional phase synchronisation rather than spacing
alone, extending linear interaction theory to weakly nonlinear irregular wave conditions.

» Produced the first irregular wave characterisation of a 14—device array within a weakly NLFD framework,
revealing radiative softening, stiffening, and heading—dependent compliance effects not captured by linear
models.
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4. Practical modelling and design contributions
» Delivered a computational framework that evaluates periodic nonlinear response one to two orders of
magnitude faster than TD simulation, while providing both FD outputs and reconstructed time series.

» Provided a reproducible high-performance computing workflow for large multi-parameter sweeps in spacing,
heading, and sea state, supporting both research and early-stage industrial layout optimisation.

* Integrated long—term metocean data from a North Atlantic hindcast, demonstrating scalability toward
site-specific forecasting and farm design.

Recommendations for future work

The present formulation establishes a verified and consistent baseline, but several extensions would broaden its
physical scope, numerical robustness, and applicability. These can be grouped into enhanced physics, improved
solver reliability, control integration, and extended validation.

1. Enhanced physical modelling
» Extend the solver to incorporate coupled surge and sway modes, short—crested wave fields, and directional
spreading, allowing assessment of whether heave dominance and phase coherence persist under more realistic
multi-directional forcing.

* Introduce stochastic phase realisations and directional spectra to quantify ensemble variability and establish
confidence bounds on absorbed power and interaction factors.

2. Improved numerical robustness
» Develop trust-region or continuation-based Newton methods (e.g. dogleg strategies, quasi-Newton updates)
to increase reliability in regimes with multiple nonlinear equilibria.

» Explore improved seeding strategies through continuation in sea-state severity or frequency stepping to reduce
sensitivity to initial conditions, especially at oblique headings or high energy levels.

3. Integration of control and measurement
» Explore array—level PTO tuning rather than relying on single—device tuning, since radiative softening and
stiffening modify each device’s effective impedance.

* Incorporate model predictive control with upstream wave measurement (as implemented on the CPO C5),
enabling phase-consistent initialisation and reducing the need for multiple independent nonlinear segments.

4. Extended validation and application
* Couple the hydrodynamic solver with structural-response or techno-economic modules to link array
hydrodynamics directly to design decisions.

» Extend validation to multi-device configurations using recent physical array experiments such as those reported
in [63], addressing the remaining experimental gap in array scale validation.

These developments would transition the solver from a validated research tool to a robust operational framework
capable of supporting array design, phase-control strategies, and site-specific performance assessment.

Critical reflection and societal relevance

The developed weakly NLFD framework is reliable within the regime for which its assumptions hold: moderate
nonlinearities, negligible viscous memory, and incident-wave fields without strong local diffraction effects. By stating
these limits explicitly, the work ensures responsible use of the model and avoids over-interpretation of the modest
amplification observed in compact arrays. The implementation is open and reproducible, contributing to the wider
movement in marine energy toward transparent, physics-based modelling tools.

The solver provides practical value for early-stage array development. Its efficiency enables rapid screening of
layouts and PTO settings, reducing reliance on computationally intensive TD campaigns and allowing engineers to
explore a broader design space at minimal cost. The ability to resolve hydrodynamic interaction in irregular seas
delivers insight during conceptual design, when decisions on spacing, array orientation, and directional exposure
are most consequential.

More broadly, improving confidence in multi-device prediction supports the maturing of wave energy as a component
of future renewable portfolios. Accurate, accessible tools are essential as the sector transitions from single prototypes
to coordinated arrays and farms. By clarifying the strengths and limits of the approach, this work provides both
technical capability and critical judgement, ensuring that its results can be used responsibly in design, research, and
policy contexts.
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Closing remarks

This thesis shows that weakly NLFD methods can capture the governing physics of large WEC arrays with clarity,
speed, and controlled accuracy. Array performance is shaped primarily by radiative phase alignment rather than
geometric compactness, and even in irregular seas the key mechanisms remain interpretable through excitation,
impedance, and spectral structure.

The solver is modular, reproducible, and immediately usable for multi—-device hydrodynamic studies. It can be applied
directly to layout screening, PTO investigations, and site-specific feasibility assessments without modification to the
numerical formulation.

While full nonlinearity, directional spreading, and integrated control remain important avenues for future work,
this study demonstrates that mechanism-based prediction at the array scale is achievable at a fraction of the
computational cost of conventional approaches. As wave energy moves toward coordinated arrays and commercial
deployment, transparent and efficient modelling tools such as this will be essential for linking conceptual design to
practical offshore implementation.
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Feature WAMIT NEMOH Capytaine HAMS-MREL AQWA

Type Commercial Open-source Open-source Open-source Commercial

Frequency Domain Yes Yes Yes Yes Yes

Parallelisation No No No Yes (OpenMP support) Yes

Multiple Bodies Limited Yes Partial (hydrodynamics only) Yes Yes

Irregular Frequencies Yes (removal techniques) No (susceptible to errors) Yes Yes (efficient removal) Yes

Computational Efficiency | Moderate Moderate (high computational cost) | High (simple geometries) High (especially for deep water) Moderate

Complex Geometries High Moderate Moderate High High

Accuracy High Moderate High High High

Best For Complex geometries, large arrays | Simple to moderate geometries Simple geometries, Python workflows | Multi-body systems, deep-water cases | Large-scale, multi-body systems

Table A.1: Comparison of common BEM solvers for WEC array modelling.
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Mesh Files

To illustrate the discretisations used in the convergence study of Section 4.4, the five panel meshes tested in
HAMS-MREL are shown below. Each image corresponds to one of the five resolutions (537, 747, 1222, 2342,
4185 panels).
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Appendix C. Mesh Files
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Figure C.1: Meshes used in the hydrodynamic convergence study.
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Figure D.3: Convergence of excitation force magnitude and phase across mesh densities.
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Figure E.1: Absorbed-power surfaces from the PTO parameter sweeps for each sea state. White regions indicate non-converged harmonic
balance solutions.
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Figure F.2: Sea State 2 validation.
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Figure F.3: Sea State 3 validation.
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Appendix F. MATLAB Verification
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Figure F.4: Sea State 4 validation.



Convergence Statistics

All values denote the number of converged segments out of ten.

Table G.1: Convergence counts for spacing 5D

(T,,Hs) BO° B30° p60O° B90°

(9.010) 10 10 5 10
(9.020) 10 10 10 10
(11.020) 3 5 5 10
(11.030) 7 6 7 10

Table G.2: Convergence counts for spacing 10D

(T,,Hs) BO° B30° p60° P90°

(9.01.0) 10 10 7 10
(90200 9 9 10 10
(11.020) 7 8 4 7
(11.030) 5 8 8 10

Table G.3: Convergence counts for spacing 15D

(T,,Hs) BO° B30° PB60° [B90°

(9.010) 10 10 9 10
(9.020) 10 10 10 10
(11.020) 8 5 6 10
(11.030) 3 7 6 9
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Linear Validation Against HAMS-MREL

Validation RAOs heave (Tp=9 s)

1751 - :sillﬂ\m) )
15=2.0 (lin) 150
HAMS lin «++ HAMS phase
1.50
100
125 .
g 3 50
£ 3
g 1.00 =
2 g o
= 2
E 075 g
i3 8 50
g &
0.50
-1001,,
025
-150
0.00
04 06 08 10 12 14 16 04 06 08 10 12 14 16
w rad/s] w lradss]
(a) Heave, T), = 9s
Validation RAOs roll (Tp=9 s)
00010 =
ee HAMS lin
0.0008
5 0.0006 g
1 =
2 g
£ =
E 1l
5 0.0004 H
g &
0.0002{* =100
-150
00000
04 06 08 10 12 14 16 04 06 08 w0 12 14 16
w [radfs) w [radss)
(c)Roll, T, =9s
Validation RAOs pitch (Tp=9 s)
== Hs=1.0 (lin) == Hs=1.0 (lin)
0035 Hs=2.0 (1in) 20 Hs=2.0 (lin)
+ee HAMS lin «++ HAMS phase
0.030 ['F P
§ o025 £ 20
b &
§ 0.020 7
E T
Soo1s 4B
g &
-80
0.010
~100
0.005
-120
04 06 08 10 12 14 16 04 06 08 10 12 14 16
w [rad/s] w lradss]

(e) Pitch, T, = 9's

Validation RAOs heave (Tp=11s)

=== Hs=2.0 (lin)
Hs=3.0 (lin) 150
+e+ HAMS lin HAMS phase
100
T 3
2 3 50
2 8
g 100 =
a3 2
E075 2
5 g -s0
g &
050
-1004,
025
-150
0.00
04 06 08 10 12 14 16 04 06 08 10 12 14 16
w [rad/s] w [rad/s]
(b) Heave, T}, = 11s
Validation RAOs roll (Tp=11s)
0.0010 == -
150
+++ HAMS lin HAMS phase
0.0008 100
S s0
0.0006 g
g o
0.0004 &
£ -s0
0.0002 ~100
-150
00000
04 06 08 10 12 14 16 04 06 08 10 12 14 16
w [rad/s) w [rad/s)
(d)Roll, T, =11s
Validation RAOs pitch (Tp=11s)
---- Hs=2.0 (lin) == Hs=2.0 (Iin)
0035 Hs=3.0 (lin) 20 Hs=3.0 (lin)
e+ HAMS lin +++ HAMS phase
0030 L' P
£ o025 £ 20
i . s
g 0.020 7
£ T
S 0015 5 0
g &
-80
0.010
-100
0.005
-120
04 06 08 12 14 16 04 06 08 12 14 16

10
w [rad/s]

10
w [rad/s]

(f) Pitch, T, = 11s

Figure H.1: Linear RAO and phase validation against HAMS-MREL for 7}, = 9 and T}, = 11 s. The solver collapses to the HAMS-MREL
reference for all DOFs, verifying correct linear hydrodynamics.
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