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9  Abstract
10
11 Floating photovoltaic (FPV) systems offer a viable renewable energy solution due to easy installation and cost-

12 effectiveness compared to other renewable energy generation methods. On the other hand, land-based solar
13 photovoltaics face challenges such as space scarcity and environmental impacts. Shifting to nearshore locations
14 unlocks vast ocean space potential, though waves expose significant challenges to FPV systems. Several novel
15 FPV system designs are proposed, inspired by high-speed vessel multihulls, including catamaran, trimaran,
16 quadrimaran, and pentamaran configurations, as floating supports for solar panels. Simulations were conducted
17 to determine Response Amplitude Operators (RAOs) under various irregular wave spectrum conditions in a free-
18 floating initial state. The FPV motion problem was solved using linear potential-flow theory with the Boundary
19 Element Method (BEM) with Green-Function approach. Superposition of wave spectral energy and motion RAOs
20 was used to obtain spectral structural responses. Motion in heave, roll, and pitch modes was evaluated across wave
21 spectrum types. Results show that adding hulls reduces the significant amplitude response in all motion modes.
22 In summary, valuable insights into floater designs and the hydrodynamic evaluation of FPV systems are presented.
23

24 Keywords: BEM, Floating photovoltaic; Multihull structures; Nearshore technology; Seakeeping performance;

25  Wave spectrums.

26 1. Introduction
27 1.1. Background
28 The global evolution of photovoltaic technology indicates a growing optimistic outlook. According to the

29 IEA (2023) from 2018 to 2022, a rapid increase in the photovoltaic (PV) technology market has been observed,
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Eleciricity Production (GWp)

with China leading as the top global market, followed by other countries (Figure 1a). By the end of 2022, the

global minimum total installed capacity is projected to reach 1185 GWp, as depicted in Figure 1b.
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Figure 1. Annual (a) & cumulative (b) photovoltaic (PV) installations throughout time, redrawn from (IEA,

2023).

By 2022, global emissions of carbon dioxide (CO2) gas from energy combustion and industrial processes
grew by 0.9% or about 321 metric tons (abbreviated as Mt hereinafter) to an all-time high of 36800 Mt (IEA,
2022). This underscores the critical urgency for advancing renewable energy technologies, particularly PV
systems. PV technology, which saved approximately 1399 Mt of CO2 emissions annually in 2022, plays a pivotal
role in mitigating these emissions and reducing the carbon footprint associated with electricity generation
(Bosnjakovi¢ et al., 2023).

Although PV cells have improved in efficiency, they still generate less electric power per unit area
compared to geothermal power plants (Xie et al., 2022; Yan et al., 2022). The issue of land availability presents
a substantial obstacle to the establishment of PV power plants, especially in countries with limited land capacity
(Vyas et al., 2022). For instance, setting up a 1 MWp power plant requires approximately 10000 square meters
(abbreviated as m? hereinafter) of land area, assuming a solar panel efficiency of 15%. While the efficiency of PV
modules has improved to 20%, the fundamental challenge of land use and the environmental impact associated
with their deployment remains unchanged (Ghosh, 2023). Furthermore, a study by Pimentel Da Silva and Branco
(2018) highlighted environmental concerns related to PV installations, including deforestation, habitat loss
leading to bird extinction, erosion, runoff, and microclimate changes. These factors emphasize the complex

considerations involved in land-based PV technology deployment.
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The importance of redesigning land-based PV installations towards spatial strategies that provide greater
flexibility, such as deploying photovoltaic systems over water bodies—a concept known as Floating Photovoltaics
(FPV)—is emphasized. FPV systems are increasingly preferred in urban areas due to their ability to mitigate high
land costs. The presence of natural water bodies enhances the efficiency of photovoltaic systems by providing
additional cooling and encountering fewer shading obstacles. Moreover, reduced dust accumulation is experienced
by FPV systems compared to ground-based PV systems.

The efficiency of FPV technology can be significantly improved when deployed in near-shore areas, as
ocean spaces offer a much larger technical area compared to the limited surface area of water dams. Additionally,
according to a study by Wang et al. (2019), nearly 50% of the world's population lives within 100000 meters
(abbreviated as m hereinafter) of the ocean coastline, making the installation of FPVs a viable solution to meet
their energy demands.

Nevertheless, understanding the challenging conditions in which FPV systems interact in the ocean is
crucial. Liu et al. (2018) identified various external variables that impact FPV systems, including wind, waves,
currents, biofouling, and long-term UV deterioration. Hence, proper design is necessary for FPV systems to
withstand strong winds and hydrodynamic forces generated by the interaction between waves and currents. Wave-
induced motion can alter the tilt angle of solar panels, impacting energy production. Additionally, significant wave
loads could jeopardize the structural integrity of FPV systems . (Delacroix et al., 2023; Wei et al., 2023; Zhang et
al., 2024). High salinity concentrations can also lead to corrosion, potentially reducing the lifespan of the support
structure. Therefore, Figure 2 will illustrate the key considerations in coherence with the pros and cons of using

FPV technology.
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Figure 2. An illustration demonstrating the primary benefits and possible drawbacks of

FPV systems, redrawn from (Pouran et al., 2022)

1.2. A Review of Numerical Models Applied to Floating Photovoltaic Systems in Offshore

Environments

This section provides a summary of notable contributions in numerical computing with the CFD approach
that has advanced in this field. In the study conducted by Trapani & Millar (2016), the motion and stress on a
flexible thin-film PV system caused by regular waves were analyzed using CFD techniques. Xu & Wellens
(2022a) evaluated the nonlinear interaction between waves and offshore FPV systems, focusing on the hydro-
elastic wave model and deriving related analytical solutions. Xu & Wellens (2022b) further developed their
investigation by conducting third-order analytical solutions, showcasing the engineering practicality of their
technique for designing FPV structures in different water depths.

Several investigation studies by Hu et al. (2013) and Friel et al. (2020) examined the impact of
environmental and platform characteristics on the hydrodynamic performance of FPVs. The numerical findings
were validated using model experiments. It was found by Zheng et al. (2020) that the hydrodynamic performance
of FPV platforms utilizing innovative semi-submersible designs is generally favourable. This indicates that such
designs can effectively manage hydrodynamic forces, enhancing the stability and performance of floating

photovoltaic systems.
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As FPV projects progress, their installed capacity increases, resulting in larger platforms that are more
exposed to significant wave loads. To tackle these difficulties, modular floating platforms are presently the focus
of efforts described by Essak & Ghosh (2022) and Wang & Lund (2022). Modularization offers an economically
efficient option for the entire process, including manufacturing, transportation, and installation. These modular
solutions offer both scalability and simplified installation and maintenance for localized components - in the event
of a minor issue, it is possible to fix this without dismantling the entire FPV system. Moreover, as indicated by
Cazzaniga et al. (2018), this idea can mitigate hydroelastic structural problems compared to integrated single-
structure solutions.

Additionally, the safety and reliability of components in large-scale floating solar power plants are
emphasized by Choi & Lee (2015). Thus, the examination by Cao et al. (2021) and Li et al. (2023) focuses on the
appearance of nonlinearities due to hydrodynamic effects from multiple objects and their internal interactions in
ocean waves and modular solar systems. New design solutions to address challenges posed by extreme
environmental conditions are consistently being developed by multiple studies. The research conducted by
Cazzaniga & Rosa-Clot (2021) and Michailides et al. (2013) investigates the design technique for Modularized
Floating Solar (MFS) and has improved its design to enhance performance and efficiency, considering various
module layouts (grid types) and mechanical properties based on performance criteria. This technique involves the
utilization of FPV modules with identical specifications and joint connectors to develop a multi-body FPV
platform system. A significant focus of the study on MFS has been on the design of the joint connector, a crucial
structural element that affects sensitivity to dynamic motions. Consequently, studies by Zhang et al. (2022, 2023)
have been conducted on the single-array arrangement, examining both free-floating structures and those with
hinged connections. CFD methodologies and model testing in a towing tank at Inha University for the MFS FPV
model were utilized in a study by Lee et al. (2022). The study focused on analyzing the dynamic response of a
multi-body FPV platform under different sea conditions with complex motion characteristics when subjected to
hinged connector boundary conditions (BC).

The advanced study by Wei et al. (2024) focused on bridging a research gap in the field of MFS.
Specifically, MFS configurations of different sizes, such as 7 x 7,9 x 7, 11 x 7, and 13 x 7, were examined,
highlighting the challenges of simulating complicated interactions between individual floating bodies using
multibody dynamics principles. An innovative parameterization was introduced in their study, which considers
the correlation between the ratio of structural length to wavelength and the motion of floating objects. This

alternative method has fascinating implications for predicting and reporting the motion characteristics of solar
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farms in wave conditions. Unfortunately, a lack of research on the hydrodynamic efficiency of multi-body FPV
platforms was discovered by Song et al. (2022). This observation is supported by a limited number of well-
documented successful installation efforts in this scope. Yan et al. (2023) have identified that the obstacle arises
from a limited understanding of the hydrodynamic effects experienced by multi-body marine FPVs in challenging
situations. Their limited comprehension has hindered commercial development in addressing ocean spatial
requirements. Therefore, design structural analysis recommendations are crucial to ensuring the safety and

efficient operation of these connectors in MFS systems.

1.3. A Review of Numerical Technique Solver Approaches for Seakeeping

In naval architecture and ocean engineering, accurate seakeeping analysis—predicting ship motions and
wave loads—is essential for optimizing marine structures. As stated by Li & Li (2019), computational methods
for this analysis are typically categorized into potential flow theory-based approaches and Reynolds-Averaged
Navier-Stokes (RANS) methods. Among potential flow methods, Green’s function techniques are widely used
for solving boundary value problems around a ship’s hull, particularly for free-surface interactions. These
techniques are effective in capturing the dynamic interactions between the ship and surrounding fluid, especially
in environments with wavy-free surfaces (Newman, 1979). The Boundary Element Method (BEM) combined
with the free-surface Green function has received considerable attention in recent research. X. Chen & Liang
(2016) demonstrated that this combination simplifies the boundary integral equation to an integral over the ship’s
body surface (including the waterline if required), thus reducing computational complexity and the number of
unknowns. Additionally, Sclavounos & Nakos (1990) showed that using the free-surface Green function reduces
dispersion errors associated with free-surface discretization. The free-surface Green function, representing a unit-
strength source potential, inherently satisfies both free-surface and far-field radiation conditions (Wehausen &
Laitone, 1960). Applied within a BEM framework, it provides a comprehensive solution that accurately meets all
relevant boundary conditions, making it a crucial tool in advanced seakeeping analysis.

Another widely used method for seakeeping analysis is the Rankine panel method, which is favored for its
flexibility in managing complex free-surface conditions. However, based on He & Kashiwagi (2014), it requires
discretizing the free surface around the body, which increases the number of unknowns and can lead to numerical
dispersion, dissipation, and instability. In time-domain 3D seakeeping methods, the Rankine panel method often
offers advantages over the free-surface Green-function method (He, 2014), especially for ships with forward

speed, due to its simpler application despite the need for a damping zone and extensive free surface discretization
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(Ten & Chen, 2010). Higher Order Boundary Element Methods (HOBEM) have become popular due to their
efficiency in handling complex geometries and multibodies. Unlike traditional constant panel methods, HOBEM
uses higher-order elements to discretize boundary surfaces, reducing the stepwise discretization problems. This
results in a smoother representation of the velocity potential and its derivatives, requiring fewer elements and
simplifying the evaluation of spatial flow derivatives. Additionally, ITTC (2012) stated that HOBEM has
maintained computational efficiency without complicating the code. HOBEM has been effectively used to assess
wave loads and body motions at both zero speed (He, 2014) and forward speeds (Kashiwagi & He, 2014). Shao
& Faltinsen (2014) introduced a time-domain HOBEM utilizing cubic shape functions to tackle second-order
problems related to wave steepness and tangship motions. This method, formulated in a body-fixed coordinate
system, addresses numerical challenges associated with higher-order derivatives and was applied to study second-
order wave excitation and ship springing for a modified Wigley hull in monochromatic and bichromatic waves.

In the Rankine-Green matching method, the flow field is divided into two regions: an inner domain and an
outer domain. The Rankine function is employed in the inner domain, as described by Tang et al. (2021), while
the free-surface Green function is applied in the outer domain. An artificial control surface, represented by a
simple regular wall, is utilized to prevent numerical divergence of the Green function at the free surface, as noted
by (Tang et al., 2020). This method leverages the advantages of both functions. Specifically, the Rankine source
is utilized within the inner domain, which includes the ship’s hull and part of the free surface, applying the
boundary element method to address free-surface conditions. In the outer domain, extending from the control
surface to infinity, the Green function is used to satisfy linear boundary conditions on the free surface. The control
surface is modeled as a vertical cylindrical surface, where the velocity potential and its radial derivative are
expanded using Laguerre and Fourier series. This setup allows the boundary integral equation to relate the velocity
potential to its radial derivative, as demonstrated by (Liang & Chen, 2017).

Lagemann (2019) examined computational fluid dynamics (CFD) methods, which solve the Navier-Stokes
equations and are referred to as “computational flow methods.” Unlike potential flow methods, CFD methods
incorporate viscous effects, necessitating significantly more computational resources. These methods include
Reynolds-Averaged Navier-Stokes (RANS), which averages turbulent fluctuations over time, as well as Large-
Eddy Simulations (LES) and Direct-Eddy Simulations (DES), offering detailed turbulence resolution (Bertram,
2012). Despite ongoing advancements in LES, the RANS method remains the primary approach for industrial
seakeeping simulations. Additionally, inviscid flow modeling using Euler-type equations provides an alternative

approach. Complex flow phenomena such as separation and viscous effects cannot be adequately modeled using
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potential flow theory alone. With advancements in computer science and technology, CFD methods utilizing
RANS equations have become increasingly mature and popular, offering significant potential for enhancing ship
design and evaluation. These methods effectively address strongly nonlinear issues arising from high forward

speeds, large amplitude motions, and intense free surface interactions (Jiao et al., 2021).

2. Highlighting the Scope and Novel Aspects of the Paper

An innovative design for FPV platforms, specifically for ocean environments, has been introduced by
integrating the multihull concept from naval engineering design principles related to high-speed vessels. Various
floating structure designs have been proposed, ranging from catamarans (two hulls), trimarans (three hulls), and
quadrimarans (four hulls) to pentamarans (five hulls), arranged laterally to provide floating space for solar
installations. This geometric design aims to provide a relatively large deck space while utilizing hull
configurations and dampers to enhance stability. The primary motivation for selecting this design is the potential
shift towards nearshore locations, where marine loads are directly exposed. The floating structure must be
strengthened and improved to withstand the harsh hydrodynamic conditions of waves, currents, and wind, which
represent a significant difference from the existing common models used in the relatively calm waters of lakes.

The initial assessment involves analyzing a free-floating state to determine the impact of natural oscillation
motion caused by wave propagation in regular waves within the frequency domain.

Additionally, this paper focused on analyzing the significant amplitude response motion ({s) of single-
array FPV systems as well as accommodating sensitivity to various types and modifications of wave spectra,
including Pierson-Moskowitz (PM), JONSWAP y =2, JONSWAP y =2.5, JONSWAP y= 3.3, ITTC - 1975, and
ISSC - 1964. Hydrodynamic motions have been examined across sea states ranging from sea states 2 to 5,
providing valuable insights into performance and correlations among all aspects considered.

Therefore, Figure 3 presents a comprehensive scheme characterized by several variables: independent
variables, dependent variables, and control variables. Each variable has significance for the results of the study.
The independent variables account for various aspects of variation implemented in the study. The dependent
variables represent the qualitative objective values for each aspect within the independent variables. Meanwhile,

control variables are parameters that are maintained constant as equal components of comparison.
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A Study into the Correlation between Single Array-Hull Configurations
and Wave Spectrum for Floating Solar Photovoltaic Systems
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Figure 3. Scope of Research

3. The Limitations and Strengths of this Study

As outlined in Section 2, the novelty of this study lies in its approach to assessing seakeeping performance.
An initial rapid assessment was conducted to evaluate the quality of the generated motions across various
combinations of variables, as depicted in Figure 3. This preliminary evaluation serves as a critical step in
determining the viability of the proposed method.

According to Bunnik et al. (2010), frequency-domain potential solvers provide the advantage of rapid
computation, significantly reducing processing time. This efficiency makes them highly effective for obtaining
an initial, accurate assessment of a system's response characteristics. It is important to recognize that the numerical
method employed in this study — 3D panel Green Function with BEM method has certain limitations, particularly
when compared to other techniques like CFD for viscous fluid simulations and time-domain approaches. These
advanced CFD methods are more effective at capturing the dynamics of large waves, near-resonant frequencies,
and significant viscous forces, though they may require substantial computational resources and time (Alves,
2016). Tables 1 and Table 2 provide an overview of the limitations and strengths associated with the chosen

numerical method.
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Table 1. Strengths of the present study

Strengths

Description

Speed and efficiency

Allows for quicker problem-solving compared to the time domain method,

providing responses in a shorter time (Orcina Ltd, 2024)

Suitable in linear systems

As observed by Faltinsen (1990) and Newman (1977), this approach is
particularly suitable for systems that can be accurately modelled as linear and
stationary, where both the dynamic loading and the response exhibit a linear
relationship by an underlying stochastic process (Orcina Ltd, 2024).
Additionally, it is assumed that the statistical properties remain constant over

time.

Simplicity for regular

waves

The analysis is simplified for situations involving small amplitude ship motions
or regular waves, especially when the ship is moving at zero or low speeds in

wave excitation is assumed to be a simple harmonic motion (Ballard, 2002).

Table 2. Limitation of the present study

Limitation

Description

Non-linear interaction and
steady state wave model

limitations

This approach neglects the effects of wind and currents, which can lead to drift
forces, as well as the nonlinear interactions between waves and currents. These
factors can significantly influence the motion and stability of floating structures.
Particularly in moored conditions, non-linear time-domain simulations are
crucial for accurately capturing the force-deflection characteristics of the

mooring lines (Lewandowski, 2008).

Limitations in time-

dependent problems

Not suitable for time-dependent nonlinearity and transient problems, whereas
the time domain methods are particularly effective for addressing time-
dependent and nonlinear issues in floating systems. These include transient
hydroelastic effects, nonlinear hydrostatic coefficients, nonlinear roll damping
using semi-empirical methods, transient behaviours of steady forces, nonlinear
cable forces, manoeuvring under unsteady motions, large amplitude motions,

water on deck, and variations in forward speed. (Kara, 2022).
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Limitation Description

Potential flow models have inherent limitations in accurately representing real
fluid dynamics, particularly in capturing effects like flow separation and
boundary layers. To address these limitations, CFD solutions using Reynolds-
Limitations in realistic fluid | Averaged Navier-Stokes (RANS) equations are preferred, as they account for
applications viscous and turbulent interactions with wave-making (Wackers et al., 2011).
While potential flow solvers are efficient for scenarios where viscous effects
can be neglected, RANS-based methods are more suitable for comprehensive

analysis where viscous effects are significant (Lagemann, 2019).

Although the BEM based on frequency domain analysis has certain limitations, it nonetheless provides
valuable insights and has significant applications in naval engineering, particularly in the performance assessment
of advanced marine vehicles, which are partially related to the scope of this study.

Seakeeping analysis is a crucial aspect of naval engineering, and the methodologies employed in this study
offer substantial benefits. These include the calculation of wave-induced forces, motion responses in pure
oscillatory motion, irregular wave spectrums, structural spectrum responses, and significant amplitude motion
derived from the frequency domain by Root Mean Square (RMS) of stochastic calculations. By leveraging panel
methods or using the BEM model, a robust framework for efficiently assessing these critical factors is provided
(Xu et al., 2020).

While panel methods assume potential flow, which inherently limits their ability to model viscous effects
like boundary layers and flow separation, they remain highly effective for early-stage design processes. In
particular, potential flow solvers like AQWA have demonstrated both accuracy and computational efficiency,
making them invaluable tools in the preliminary design phases of naval vessels. In conclusion, the methodologies
and findings from this study offer valuable insights and practical tools that can be directly applied to the naval

engineering community.

4. Methodology
The 3D panel diffraction solution, based on the Boundary Element Method (BEM), provides a robust
numerical approach for solving linear partial differential equations formulated as integral equations. BEM is

highly effective in addressing seakeeping problems across both frequency and time domains, incorporating both

11
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first and second-order effects (Pasquale, 2016). By discretizing the hull surface into small panels, the 3D-panel
method accurately captures the complex geometry of a vessel (Lagemann, 2019). The subsequent subsection
contains data about each proposed design, including initial main dimensions, electrical output capacity, and weight
distribution, followed by an isometric view of 3D modeling. Significant response spectra (Cs [z}, Cs (rx), Gs [rY]) are
used to evaluate seakeeping performance followed by stochastic calculation to determine the area under the

spectrum curve within various sea state conditions.

4.1. Model Description & Material Properties

The structure of the FPV floater remains consistent across all proposed design configurations. Variations
in design configurations arise from the number of hulls utilized as supporting structures, with the technique
involving lateral duplication of these hulls. Subsequently, symbols for various parameters related to the primary

dimensions of the FPV floater structure are presented in Figure 4.

M3
»

€S>

(-0.0) J7ANY >
1 0= Nanp
5
B
(a)
Note:
(X. Y. Z) axis
it G —F 1, = Surge (1 mode - translation) & = Roll (4" mode - rotation)
712 = Sway (2" mode - translation) ~ ¢= Pitch (5" mode - rotation)
Anzd 113 = Heave (3 mode - translation) = Yaw (6" mode - rotation)
€:;>
=3
0.0, y7a\ UL It @
us - B |S
¢l —
o
LoA
(b)

Figure 4. The sketch of the main dimension symbol in the FPV structure: (a) front view, (b) aerial view
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The dimensions and hydrostatic parameters of each proposed floater design are listed in Table 4. Due to
the similar geometry of the floater structures, most hydrostatic properties are identical, except for displacement.
Additionally, the FPV structure design must be optimized to withstand harsh aquatic environmental conditions
while maintaining lightweight material properties for economic feasibility. Therefore, High-Density Polyethylene
(HDPE) material is employed, which facilitates easy implementation, reduces tension on the floating object due
to hydrodynamic forces (Claus & Lépez, 2022; Oliveira-Pinto & Stokkermans, 2020; World Bank Group, 2019),

and is detailed in Table 3.

Table 3. Mechanical Properties of HDPE

Mechanical Properties Value Unit
Density 947 Kg/m?
Tensile strength at yield 25 MPa
Elongation at yield 9 %
Modulus of elasticity in tension 1000 MPa
Modulus of elasticity in flexure 1000 - 1400 MPa

The 3D engineering design for various types of floaters in the FPV system is presented in isometric views
in Figure 5. These designs, developed by Jifaturrohman et al. (2024) during the early phase of their research on
nearshore energy generation, incorporated rigid connections using HDPE beams to support solar panels on each
hull with identical main dimensions. The total installed power capacity for each proposed model, along with the

specifications of the mono-crystalline technology utilized, is detailed in Table S.

(a) (b)
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Nt
N
(© (d)
282
283 Figure 5. Isometric view of novel design in FPV: (a) catamaran, (b) trimaran, (c) quadrimaran, (d) pentamaran
284
285 Table 4. Main dimension and hydrostatic properties
Parameter Catamaran Trimaran Quadrimaran  Pentamaran Units
Lengthover All (LoA) 3.24 3.24 3.24 3.24 m
Breadth (B) 3.54 6.34 9.14 11.94 m
Height (H) 0.30 0.30 0.30 0.30 m
Draft (T) 0.12 0.12 0.12 0.12 m
Demihull Width (B1) 0.74 0.74 0.74 0.74 m
Spacing (S) 2.80 2.80 2.80 2.80 m
Hydrostatic values
Displacement (A) 437.31 655.31 874.74 1094.17 kg
Block coefficient (Cb) 0.75 0.75 0.75 0.75 -
Prismatic coefficient (Cp) 0.76 0.76 0.76 0.76 -
Keel to buoyancy (KB) 0.06 0.06 0.06 0.06 m
Longitudinal Center of Buoyancy (LCB) 1.62 1.62 1.62 1.62 m
286
287 Table 5. Power output electrification energy
Parameter Value Unit Remarks
PV capacity 665 Watt peak (Wp)

(CSI Solar Co. Ltd, 2021)
Module efficiency 21.40 %
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Parameter Value Unit Remarks

Length of PV 2.38 m
Width of PV 1.30 m
PV module weight 34.40 kg

Total installed capacity

Catamaran 665 Watt peak (Wp)  These calculations are based
Trimaran 1330 Watt peak (Wp) on the ideal capacity of the

Quadrimaran 1995 Watt peak (Wp)  considered mono-crystalline
Pentamaran 2660 Watt peak (Wp) PV system.

4.2. Potential Flow Governing Equations

In seakeeping simulations, hydrodynamic forces (added masses, damping coefficients, wave forces) are
computed using potential flow theory with Boundary Element Methods (BEM). Haug et al. (2018) described this
approach assumes an ideal fluid environment characterized by inviscid (dynamic viscosity, u = 0), irrotational (V
x v =0), and incompressible fluid properties (V - v =0). This theoretical framework aims to determine the potential
velocity function, crucial for analyzing fluid characteristics such as velocity and pressure. The computation of
RAOs within BEM techniques was detailed in (Ansys, 2012). Equation (1) expresses the potential velocity, where

1, j, and k representing the unit vectors along the x-, y-, and z-axes, respectively, as follows:

- dp . d¢p 09 ¢))
grad¢ 7 ox dy
The assumption that the fluid remains incompressible, indicating a constant mass within the flow entering

and leaving a control surface, formulates the Laplace equation as expressed in equation (2). This equation governs

the fluid's motion as described by:

0? 9? 92 2
L i i @
dx?  0dy? 0z?
When analyzing an FPV system in a wave field, it is crucial to apply suitable boundary conditions at the
free surface, seabed, and the FPV body. Equation (3) addresses the seabed boundary condition, crucial for

diffraction analysis. Equation (4) represents the impermeability condition of the FPV body, indicating that fluid

does not penetrate the body, as shown below:
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318

¢ . 3)
E= 0,withz= —hy,

a9 o )

V. = - Vepv boay -1
Both kinematic and dynamic boundary conditions must be satisfied at the free surface. Linearized
conditions are taken about z = 0. The kinematic condition ensures the free surface is a streamlined and there is
no velocity flux through the surface, while the dynamic condition become equal with the water pressure at the
surface to constant atmospheric pressure. Equation (5) provides the linearized formulations for these conditions,

assuming small waves, zero current, and zero forward speed of the body, as follows:

29 4 42 = ®)
sz t95,=0 onz=0

All relevant boundary conditions in this study concerning BEM 3D Diffraction with Green-Function are
depicted in Figure 6. These include seabed boundary conditions, free-surface boundary conditions, and kinematic

boundary conditions on the oscillating body surface.

Kinematic boundary condition on the oscillating body surface Free-Surface boundary condition (At the mean free surface)

2 o8 _

2 a3, 0 onz=0

The linearized formulations. assuming
small waves, zero current, and zero
forward speed of the body

Z=h,

' Kinematic Free-surface
Boundary Condition

9 _ M \ith z=h,
dz dt

. Dynamic Free-surface
Boundary Condition

% 4+ gn=0 withZ=h,

Z=-h,

ap )
Seabed boundary condition T = 0 with Z=-hg
Water with finite depth

Figure 6. Boundary Condition
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For a free-floating state of FPV, the wave field generated by the FPV body's motion must be considered.
At some distance far away from the FPV body, the potential function must account for the radiating waves from
FPV sources.

As elaborated in the previous subsection and consistent with Wei et al. (2024) explanation the panel method
is employed to address the hydrodynamics of the floating photovoltaic (FPV) structure (at zero-speed) in the
waves field. The propagation of incident waves influences the isolated space-dependent potential component (¢),
which can be separated into contributions from the incident wave potential (¢;), the radiation wave potential

(¢,), and the diffraction wave potential (¢4), as outlined in the equation (6) as follows:

d=0¢;+ ¢+ g 6)
i, O, g representing the potential functions for the incident wave, radiation wave, and diffraction wave,
respectively. ¢; is computed using Airy linear theory, while the derivation of ¢, and ¢, relies on the application
of diffraction theory. In diffraction theory, the potential function is determined by solving the Laplace equation,
considering relevant boundary conditions, and subsequently calculating the pressure and resulting forces acting
on the body. Additionally, pressure is extracted using the Bernoulli equation, and the potential function is

determined as following equation (7), as follows:

_ op 39, 39 @
p__pgz_p(at LT +T)

In conclusion, the integration of pressure over the entire wet surface area produces wave excitation forces,

which are then utilized in the AQWA software.

4.3. Seakeeping Equation

In the following step, within equation (8), the linearization of the incident wave velocity potential is
described as the result of originally solving regular waves. Irregular waves can be conceptualized as a
superposition of infinitely linear regular waves. According to the linear potential flow theory and employing the
variable separation method, the planar incident velocity potential can be formulated using the following

expressions (8) — (9), detailed below:
@, (x,y,2,t) = Re{p;(x,y,z)e” "t} ®)
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A.g coshk (z+ h)
—e

¢1(xy,2) = " "w  coshkh

ik(xcosB+ycospB) (9)

The variables in equation (9) are defined as follows: A represents the wave amplitude (m), k denotes the
wave number, B signifies the wave incident angle (°), h stands for the water depth, and g represents the
gravitational acceleration. From the boundary conditions in free surface can then be derived from equation (10)

as dispersion relationship for linear theory wave, as detailed in the following:

w? = g ktanhkh (10)

The method utilized the green function to compute both the radiation and diffraction potentials as described
by (Guha, 2016). This method, also known as the BEM, operates on the principle of determining the function G
instead of directly solving the equations. By distributing source points across a finite number of grids on the
discretized boundary, control points are arranged within each mesh to simultaneously fulfill the boundary
conditions. This arrangement establishes the surface source intensity. Once the surface conditions are determined,
the surface source intensity is resolved, enabling the computation of both the radiation velocity potential and the
diffraction velocity potential. This approach allows the velocity potential in the flow field to be expressed as the

integral of G along the body surface boundary of the floating object as following equations (11) — (12):

v an
o)=Y — [a@c@0as

Jj=1 AS]'

v (12)
0® =y o oG p0as

Jj=1 ASj

Following this, the equations for computing forces and determining RAO will be derived from Green
Function. The wave excitation force, considering both incident and diffracted waves, is expressed through the

following equations (13) — (14):

E& = f J- ipw (q,')i(l) + <;bél))ei“’t n;'dS
AS]' (13)
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Fr(l)zf fipa) an‘(”¢]’.‘(” et n,'dS
=

a5, (14)
fori=1~6

Where 11’ = (n,’,n,’,n3") for translational motion and 7 X 1" = (nj, ng,ng) = (yny — znj; zn; — xnj ; xnj, —

yni)

Finally, this equation is essential for determining the RAO related to the system's motion of floating object. The

equation used to calculate the motion RAQO is presented in Equation (15) below:

o (15)
2[—0)2(Mij + M) + iwBy; + Cyln P = f fipw (& + ¢5”) m;'ds
=1

AS]'

Where M;;is vessel mass matrix, Miajd is vessel added mass matrix, Bj;j is radiation damping coefficient, C;; =

hydrostatic stiffness coefficient, nj= jth vessel motion amplitude in j mode motion, n; ' denotes the unit normal
pointing outward from the floating object surface.

Finally RAO is a function of the dynamic motion of a structure induced by waves within a specific frequency
range. RAO serves as a tool to convert wave forces into the dynamic motion response of the structure. Translation

and rotational RAOs are defined by Equations (16) and (17) respectively, as shown below:

ko (16)
RAO(k:x,y,z) = a
(ko (17)
RAOGe=6.04) = 7o
()%

4.4. Irregular Wave Spectrum

The random ocean wave is characterized by an energy density spectrum, which describes the energy content of
the wave and its distribution across a frequency range (Chakrabarti, 2005). This wave energy spectrum is crucial
for understanding the behavior of random waves, particularly in the context of designing FPV systems. The
method of designing with random waves is essential as it accounts for the inherent variability and unpredictability
of ocean conditions. Typically, random waves are described using their statistical parameters, providing a more
comprehensive and realistic approach to design compared to deterministic wave models. Therefore, a study on

wave spectral sensitivity was conducted using several spectral equations, including the Pierson-Moskowitz and
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JONSWAP spectra with peak enhancement factors (y) ranging from 2.0 to 3.3. Additionally, wave spectral
formulations such as ITTC and ISSC were employed to enhance the sensitivity analysis of the motion response to

various wave energy conditions.

4.4.1. Modified Pierson Moskowitz and JONSWAP

The Pierson-Moskowitz (PM) spectrum, established by Pierson & Moskowitz (1963), provides a comprehensive
description of a fully developed sea in deep water and unlimited wind-generated fetch ocean. This condition is
characterized by wind blowing consistently for an extended period (6-18 hours) over a fetch length of 200-600
km, allowing the ocean surface to achieve a steady state. The PM spectrum is empirically derived, with the wind
speed, Uy, measured at a height of 19.5 m above mean sea level, serving as the single parameter defining the
energy spectrum. Thus, to address specific spatial ocean areas and fresh wind seas, Bretschneider (1952, 1963)
developed a two-parameter version of the PM spectrum, utilizing significant wave height and peak frequency.
This modified PM or Bretschneider spectrum is comprehensively detailed in (Lewis V, 1988). Then, for the Joint
North Sea Wave Program, a major international study conducted off the island of Sylt in the German Bight with
offshore winds, resulted in the development of the JONSWAP (Joint North Sea Wave Project) spectrum
(Hasselmann et al., 1973). The JONSWAP spectrum is more peaked than the Pierson-Moskowitz (P-M) and
Bretschneider spectra, reflecting a more accurate representation of wave energy distribution in the North Sea. This
spectrum incorporates modifications to the P-M spectrum to better accommodate the characteristics of ocean
waves. According to various studies, it is advisable to use a smaller y parameter, typically around 2.0 to 2.5, for
Indonesian waters (Djatmiko, 2012). This adjustment aims to reduce the dominance of energy contributed by
specific wave frequencies, making the JONSWAP spectrum suitable for application in Indonesia’s archipelago.
The recommended parameters and equations for this application, based on Det Norske Veritas (2010), are

provided in equations (18) — (22) as follows:

Sj(w) = Ay Spu (w)yexp[—o.s(“;'T“;O) ] (18)
5 5 -4
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_ 0.161g (20)

A, =1-0.287In(y) (21)
o = 0.07 for w < w, (22)

or g = 0.09 for w > w,

Where, S; (®) is the JONSWAP spectrum, Spum () is the Pierson-Moskowitz spectrum, oo is the peak frequency,

g is the gravitational acceleration, Hy is the significant wave height, A, is the normalizing factor, V is the non-
dimensional peak shape parameter, and ¢ is the spectral width parameter.

44.2. ITTC - 1975

At the 14" International Towing Tank Conference (ITTC) held in Ottawa, Canada, in 1975, Mirokhin and
Kholodilin proposed a new formula for wave spectra, incorporating the latest data available at the time (ITTC,
1975). Hydrodynamics experts from various laboratories worldwide, affiliated with ITTC, participated in this
conference. This formulation was widely accepted as the fundamental standard for various ship motion testing in
random waves. Consequently, ITTC collaborated with the International Ship and Offshore Structures Congress
(ISSC), and both organizations decided to adopt the recommended formulation. Thus, this formulation became

known as the ITTC/ISSC spectrum (ITTC, 2023), represented by equation (23) as shown below:

0.0081 . g2 —-3.11 (23)
S = <= -
1rrc (@) 05 X exp <Hsz_w4)

Where Sitrc (o) is the ITTC wave spectrum, o is the wave frequency, g is the gravitational acceleration, H; is

desired the significant wave height.

4.4.3. ISSC - 1964

Bhattacharyya (1978) explained that the International Ship Structure Congress (ISSC) in 1964 established
recommendations for using a spectrum equation that is a slight modification of the Bretschneider spectrum (1959).
This equation incorporates two variables: the significant wave height, denoted H; and the mean frequency, w. The

recommended formulas are given as equations (24) and (25) as detailed below:

2 @ @\* (24)
Sissc(w) = 0.1107. H % X exp |—0.4427 (5)
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w = 1.296 .w, (25)
4.5. Spectral Response Structure
The responses of a floating structure in irregular waves shall be obtained by correlating the RAO with the wave
spectrum within transforming wave energy into response energy with the following equation (26). Subsequently,
the amplitude significant response is calculated as equation (27) as follows:

s = 2\/m, 27)

Where S (®) is the response spectrum, S¢ (®) is the waves spectrum and my is the area under the response

spectrum curve as shown in the following equation (28) and detailed in equation (29), as follows:

© oo (28)
my = Z.S}(w)&u = f Sz(w)dw
n=1 0

1

The sum of £, as the baseline for calculating the area under the response spectra curve. This calculation will be
performed by applying Simpson's rule and factoring in the frequency increment within a particular interval of

second wave frequencies minus with first wave frequencies, Aw.

4.6. 3-D Diffraction Numerical Setup
The three-dimensional (3D) models of FPV were developed using dynamic 3D modelling software and were
exported in .step format to conduct seakeeping analysis using AQWA. Then, there are three analysis stages are

required to calculate the hydrodynamics FPV using AQWA as depicted in the following Figure 7.
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Figure 7. Stages of AQWA numerical analysis, redrawn from (Ansys, 2012)

4.6.1. Grid Independency Studies (GIS)

Grid independence studies involve two types: static and dynamic independence. For static independence, a

comparison between AQW A-hydrostatic results and the baseline of manual calculations was conducted, with the

requirement that the results remain within a 2% threshold for all considered parameters, including hydrostatic and

mass inertia properties. The detailed results, as recommended by Suastika et al. (2021), are presented in Figure 8

(a) — (f). The figures illustrate that the primary Y-axis (left) displays various hydrostatic parameter values, with

the AQWA model represented by blue bars and manual calculations by red bars. Additionally, a line chart

indicates the error percentage, showing the differences between the AQWA model and manual calculations. The

error percentages are marked by the secondary Y-axis (right).
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Figure 8. Static independence parameters: (a) displacement, (b) water plane area, (c) longitudinal center of

gravity, (d) inertia moment, X-axis, (e) inertia moment, y-axis, (f) inertia moment, z-axis

Furthermore, dynamic independence in diffraction systems involves conducting simulations to compute the area
under the RAO graph across wave frequencies for specific motions while utilizing varying grid resolutions.
Improving simulation precision requires deploying finer grid resolutions around the model to capture interaction
phenomena accurately. This strategic mesh arrangement optimizes computer performance while enhancing result
accuracy. The grid analysis encompassed two types of motion: translational (global-Z) and rotational (global-
RY), as shown in Figure 9 (a) — (h).

The figures consist of two lines, blue and red. The blue line represents the parameter values considered in dynamic
independence for each mesh size variation and corresponds to the primary Y -axis (left). The red line indicates the
differences in parameter values between the two considered mesh sizes, shown as percentage error, and

corresponds to the secondary Y-axis (right).
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477  4.6.2. Mass moment of inertia distribution

478 These values, which align with those computed using dynamic 3D modeling software (see Section 4.1), are
479 detailed in Table 6. The FPV model incorporates mass characteristics through a point mass and mass moments of
480 inertia, defined by the radii of gyration, as presented in equation (30) as follows:

481

(30)

482 Where k;; is radius of gyration of FPV, [; is the inertia moment of FPV, and w; is the mass distribution along the
483 discretization point, i denotes in a specific axis. The intersection of the three symmetry planes of the multihull
484 configuration, shown in Figure 4, served as the reference point designated as (0,0,0) at the centre line of the FPV

485 body in Aft Perpendicular (AP). This point was used to reference the offsets of the global centre of gravity (CoG).

486
487 Table 6. Radii of gyration of FPV
Component unit K (X-Axis) K,y (Y-Axis) Ky (Z-Axis)

Catamaran m 1.15 0.68 1.33
Trimaran m 2.02 0.67 2.12
Quadrimaran m 2.86 0.70 2.94
Pentamaran m 3.69 0.70 3.75

488
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489 Calculations of pressures and forces on each numerical element discretization in the hull surface geometry are
490 provided by the generated mesh within the diffraction system (Bosma et al., 2012). A fine mesh was employed

491 for the entirety of the FPV models, as depicted in Figure 10.

—

492

(a) (b)
(©) (d)
493 Figure 10. Mesh vizualization: (a) Catamaran, (b) Trimaran, (¢) Quadrimaran, (d) Pentamaran

494

495 Additionally, visualizations of the progressive mesh sizes are included in Figure 11, focusing specifically on the
496 catamaran model as a representative example. It is important to emphasize that higher mesh quality enhances the
497 discretization process, especially in regions with complex body curvature. Inadequate discretization in panel

498 methods can impact numerical simulations.

499
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Figure 11. Progressive mesh sizes

5. Result and discussion

The results and discussion in this paper are structured into several subsections: structural motion and the sensitivity
of wave spectra at different sea states, including the FPV response spectra of the structure. 3-D surface plots within
the extension file .xyz illustrate the quality of motion response for each natural oscillatory mode, providing a
comprehensive visualization of the dynamic behaviour of the FPV system. Various wave spectra are applied and
combined with several proposed design components, ranging from catamaran to pentamaran configurations, to
show the relationship between the influences of FPV floating structure geometries and their sensitivity to wave
spectra at specific water locations — sea-state. The section presents comprehensive findings of these objectives.
The analysis of FPV structures involves considering wave propagation to capture the dynamic behavior caused
by hydrodynamic loads. This analysis includes head seas (¢ = 0°), quartering seas (¢ = 45°), and beam seas (¢ =
90°), as shown in Figure 12. This consideration results from the symmetrical geometry of the stern and bow in
all the proposed designs. Consequently, wave loads on one heading produce identical responses on the opposite

heading due to this symmetrical plane.
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5.1. Structural motion in regular waves

The motion analysis graphs for each heave, roll, and pitch mode of the proposed design model have been detailed
in the frequency range (o) of 0.05 - 3.00 rad/sec. Heave RAO graphs are examined for headings ¢ = 0°, ¢ = 45°,
and ¢ = 90°. Roll RAO graphs are analysed for headings ¢ = 45° and ¢ = 90°, whilst pitch RAO graphs are

evaluated for headings ¢ = 0° and ¢ = 45°.

5.1.1. Heave motion

The analysis of the graphs reveals that at a 0° wave heading, all hull designs perform similarly in regular waves,
with the pentamaran exhibiting the lowest response. Generally, the heave motion remains consistent as the hulls
move together when waves comes from the forward (FP) or aft position (AP), due to their side-by-side
configuration. The heave response reaches its peak in following or head seas (¢ = 0° / 180°), with waves from
behind causing increased vertical motion in the FPV. This observation supports findings by (Murdijanto et al.,
2011).

Figure 13 (a) — (c) shows that the heave response of the catamaran model under all wave headings exhibits

relatively conservative motion. The addition of hull configurations results in damping effects on the structure,
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534 shifting the curve towards lower wave frequencies (long waves) with a significant decrease. At a regular wave

535 frequency, w = 2.53 rad/sec or Lg ~ 1.45 |, particularly at a beam seas (¢ = 90°) wave heading, reveal that

LoA

536 the catamaran model shows a heave response of approximately iﬁ ~ 0.62. This response decreases in the trimaran
()

537 model to c(k—° ~ 0.19 and further decreases in the quadrimaran model to (g—° ~ 0.10. However, the pentamaran

538 model exhibits a slight increase to ?—" =~ 0.20, characterized by a peak followed by a decrease in the motion
o

539 pattern. This behaviour is attributed to hydrodynamic interactions among the multiple hulls of the pentamaran.
540 Specifically, the interaction of fluid between the hulls creates strong resonant effects. As noted by Chen et al.
541 (2021), this is due to the limitations of potential flow theory, which does not account for viscosity and energy
542 dissipation. This limitation can lead to unrealistic wave resonances in the gaps between adjacent hulls. Complex
543 wave patterns with multiple crests may appear when these gaps are large. These observations are consistent with
544 the findings of Tajali & Shafieefar (2011), which indicates that heave transfer functions (RAQO) exhibit similar

545 patterns in multi-body floating structures.
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Figure 13. Global-Z (1)3) transfer function based on wave heading: (a) ¢ = 0°, (b) ¢ =45°, (c) ¢ =90°

5.1.2. Roll motion

Further analysis of roll response, as illustrated in Figure 14 (a) — (b), indicates that wave heading, ¢ = 90° (beam
seas) plays a crucial role in generating more conservative roll motions compared to wave heading, ¢ = 45°
(quartering seas). This observation aligns with the study by Pacuraru et al. (2020) which explains that beam seas
cause the vessel to move more extremely from side to side, a motion known as roll, and roll motion is highly
sensitive to beam sea conditions. As the vessel moves further from the beam waves, the roll motion of the ship
decreases.

The graphs demonstrate that increasing the number of hulls results in a substantial reduction in maximum roll
response for both wave headings (¢ = 45° and 90°). As the wave propagation shifts towards beam seas, the gap
distance of each line in the graph between configurations widens, indicating the increasing impact of hull
configuration on roll reduction, which is related to the increase in damping.

The study by Bhattacharyya (1978) and Zhao et al. (2023) supports these findings. They identified that increasing
the number of hull configurations enhances the metacentric height, leading to a notable reduction in excitation
force due to roll motion. This reduction is related to the natural period of motion, lateral acceleration, and
improved transverse stability. This finding is also relevant to the work of Tajali & Shafieefar (2011), who explains
that an increase in the mass of the floating structure and its structural width (as seen in this study with the addition

of more hulls) leads to a reduction in motion amplitude.
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Figure 14. Global-RX (0) transfer function based on wave heading: (a) ¢ = 45°, (b) ¢ = 90°

5.1.3. Pitch motion

Several key points arise from the graphs in Figure 15 (a) — (b). In the pitch motion mode, all proposed designs
exhibit identical responses when regular waves impact the structure from a ¢ = 0° heading (head or following
seas), with the pentamaran consistently showing the lowest response. This occurs because all models consistently
provide identical response values throughout the specified wave frequency range when stimulated by waves from
the dominant pitch motion direction (¢ = 0°). This indicates that adding hull configurations to the FPV structure
does not significantly influence performance (Jifaturrohman et al., 2024).

The graphs show that pitch motion (RY-axis) is dominated by wave headings at ¢ = 0° or 180°, with the Y-axis
peaks occurring during following/head seas. These peaks are 41.2% higher than those observed in quartering seas
(9 =45°).

However, significant differences appear at a ¢ = 45° wave heading, where the catamaran model shows a more
conservative pitch motion. The effect of adding hull configurations side-by-side as shown by the widening gap

into lower response between the model configuration lines in the graph, indicates improved motion stability.
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Figure 15. Global-RY (¢) transfer function: (a) ¢ = 0°, (b) ¢ = 45°
5.2. 'Wave spectra and sea-state characterization.
The International Classification Society, American Bureau Shipping, ABS (2016) provides insight into
categorizing the continuously changing waves into various sea states, utilizing short-term wave statistics for
individual sea state depiction and long-term wave statistics to provide an overview of wave behaviour over
extended periods. The fundamental concepts derived from these theoretical advancements include defining a sea
state as a spectrum consisting of numerous individual wave components and using spectrum moments to
determine parameters like significant wave height (Hs) and peak periods (Tp).
A wave spectrum delineates the energy distribution among wave components of different frequencies within a sea
state. While wave spectra can be directly obtained from measured data, mathematical formulations have been
developed based on data analysis. These formulations, such as the ISSC Wave Spectrum, Bretschneider Spectrum
(also referred to as the Pierson-Moskowitz (P-M) spectrum), JONSWAP spectrum, and ITTC spectrum, provide
several analytical methods for wave behaviour characterisation.
Therefore, analysing the wave spectrum is the subsequent process in evaluating the effect of the hull configuration.
Figure 16 (a) — (d) illustrates several types of wave spectrum in sea states 2—4 for the conservative marine
environment in the near-shore application, as seen in Table 7.
Sea-state 1 was not considered since its significant wave height (Hs) was too low, resulting in very weak wave
energy spectrum values. There is no significant difference among the various types of spectra offered in this
research. Hence, a more conservative range of alternatives for spectrum selection is recommended for this study

investigation.
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Table 7. Sea-State Codes with reference by (Huston, 2010) within maximum range in Hs

Sea-State

Description of sea

Significant Wave Height (m)

Modal Period (s)

2 Smooth (wavelets)
3 Slight
4 Moderate

5 Rough

0.50 4.2-13.8

1.25 5.1-154
2.50 6.1 -16.2

4.00 7.2-16.6
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Figure 16. Irregular wave spectrum: (a) Hy = 0.50 m, (b) Hy = 1.25 m, (¢) Hy = 2.50 m, (d) Hy; = 4.00 m

From Figure 16, it can be observed that as the significant wave height (Hs) increases, the peak of the wave

spectrum also rises. This peak spectrum is a crucial parameter for generating hydrodynamic excitation forces,

which directly affect the motion quality of the FPV in each sea-state condition. As a result, associating the
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mathematical equations of each wave energy spectrum with the motion characteristics of the FPV in irregular
waves produces stochastic motion quality values that are uniquely relevant to the sensitivity of the given wave
energy spectrum.

Figure 16 (a) shows that the ITTC spectrum exhibits a more conservative effect compared to other wave energy
spectra. This is due to the ITTC spectrum not being associated with the parameter @y, which determines the peak
frequency of the generated spectrum. In contrast, the remaining proposed spectra related to the wo parameter have
their peak spectrum at an estimated wave frequency of 3.16 rad/sec in sea-state 2.

Figure 16 (b) indicates that the wave energy spectrum curve begins to form more accurately in sea-state 3, with
the peak of the spectrum shifting to a wave frequency range of 1.11-1.26 rad/sec. The PM and ISSC spectrum
curves are closely aligned, with a difference of only £0.03% (ABS, 2016; Djatmiko, 2012; ITTC, 2023). Despite
the JONSWAP y=3.3 spectrum having a higher peak, the wave energy generated is slightly lower than the ITTC
spectrum, as indicated by the relatively narrower curve of JONSWAP y=3.3 compared to the wider ITTC spectrum
curve, resulting in a difference of approximately £0.23% in the area under the curve.

Figure 16 (c) demonstrates that all spectra continue to shift towards lower frequencies (longer waves) in the range
of 0.63-0.82 rad/sec, with relatively narrower curves compared to previous sea-states. A notable observation is
that although the JONSWAP y=3.3 spectrum has a peak value 2.7 times higher than the ITTC spectrum, the area
under the ITTC spectrum curve is 2.24% more conservative compared to the JONSWAP y=3.3 spectrum. This
significantly impacts the root mean square (RMS) motion values for each FPV motion mode.

Lastly, Figure 16 (d) shows that the peak spectrum shifts again to a wave frequency range of 0.39—0.64 rad/sec,
with even narrower curves, but the peak concentration rises to 3.98 times higher than in the previous sea-state.
However, the quantity of wave energy spectra of the PM or ISSC types is more conservative compared to the
ITTC or JONSWAP y=3.3 spectrum, when considering the area under related curves.

In conclusion, analyzing these figures shows that each wave energy spectrum has distinct characteristics and
impacts on the FPV's motion response, highlighting the importance of selecting appropriate spectra for

hydrodynamic analysis.

5.3. Significant response amplitude of oscillatory motion in wave sensitivity analysis.

This subsection discusses the relationship between the various wave spectra and several proposed FPV design

configurations, focusing on their influence on significant amplitude responses in heave, roll, and pitch motion
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modes. The use of 3D surface plots will effectively illustrate the gradient changes for different wave spectral types

and design configurations, showcasing the motion quality values as colour gradients.

5.3.1. {sResponse Global Z-Axis (n3) with ¢ = 45°
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Figure 17. {; of heave in wave heading 45°: (a) Hy = 0.50 m, (b) Hy = 1.25 m, (¢) Hy=2.50 m, (d) H;=4.00 m

In general, Figure 17 illustrates that as sea-state conditions become more extreme, the heave motion values

increase correspondingly. This is evidenced by the maximum Z value reaching almost 2.01 m for the catamaran

model under conservative conditions. Additionally, it can be observed that moving to the right on the X-axis (hull
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configurations), the average heave motion values tend to decrease, indicating an improvement in heave motion
quality.

Starting with Figure 17 (a), under the second sea-state condition with Hs = 0.50 m, it can be concluded that the
conservative values are observed for the catamaran model with the ITTC wave spectrum. In contrast, other wave
spectrum types generate relatively weak heave motions, ranging from approximately 0.02 to 0.08 m, due to
insufficient wave energy generation at frequencies below 3 rad/sec.

Figure 17 (b) demonstrates the third sea-state condition with Hs = 1.25 m, here conservative values remain for
the catamaran with the ITTC wave spectrum. However, the average heave motion differences among the various
wave spectrum types are not significantly different. Additionally, the graph shows a linear negative trend in heave
motion values with the addition of hull configurations across all wave spectrum types.

Next, Figure 17 (c) illustrates the fourth sea-state condition with Hs = 2.50 m, where the maximum heave motion
values are observed for the catamaran configuration but with the PM or ISSC wave spectrum. This is because, in
this sea state, the peak spectrum values for PM or ISSC are slightly higher than the ITTC spectrum, resulting in a
minor difference in heave motion quality, approximately 0.8%, 1.6%, 2.5% and 3.58% in the catamaran, trimaran,
quadrimaran and pentamaran models respectively.

Finally, Figure 17 (d) presents the fifth sea-state condition with Hs = 4.00 m, where conservative heave motion
values are still found in the catamaran configuration with the PM or ISSC wave spectrum. The lowest values are
associated with the JONSWAP vy = 3.3 wave spectrum. This is due to the smaller area under the curve for the

JONSWAP y = 3.3 spectrum compared to the other types.

5.3.2. {;Response Global Z-Axis (n3) with ¢ = 90°

(, Response Global Z-Axis g = 90" (2" Sea-State) (, Response Global Z-Axis ¢ = 90° (3" Sea-State)
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Figure 18. {; of heave in wave heading 90°: (a) Hy = 0.50 m, (b) Hs = 1.25 m, (¢) Hy=2.50 m, (d) H;=4.00 m

Figure 18 illustrates the impact of significant heave amplitude at a wave heading, ¢ = 90°. There is no significant
difference in the contour pattern, and the values of heave motion amplitude are considerably lower compared to
the previous case (¢ = 45°).

Starting with Figure 18 (a), under sea-state 2 conditions, the maximum heave motion is observed in the catamaran
configuration with the ITTC wave spectrum, reaching a value of 0.19 m. Higher peak enhancement factor, y values
result in a smaller area under the curve within the wave frequency range of 0.05-3.00 rad/sec. Thus, the contour
graph along the Y-axis gradually decreases, then rises again for the ITTC spectrum, and finally declines once
more for the ISSC spectrum.

Figure 18 (b) illustrates sea-state 3 conditions, where the heave motion amplitude ranges from 0.40 to 0.59 m,
with the maximum value occurring in the catamaran configuration with the ITTC spectrum. In contrast to the
previous sea-state, higher y values in this scenario correspond to increased heave motion amplitude. This is due
to the wave spectrum being fully developed and within the 0.05-3.00 rad/sec frequency range.

Figure 18 (c) presents sea-state 4 conditions, with the maximum significant heave motion amplitude of
approximately 1.24 m observed in the PM or ISSC wave spectrum for the catamaran configuration. The lowest

value, around 1.11 m, occurs in the pentamaran configuration with the ITTC spectrum.
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Finally, Figure 18 (d) illustrates sea-state 5 conditions, where the maximum heave motion reaches 2.01 m in the
catamaran configuration with the PM or ISSC spectrum. The lowest amplitude, around 1.89 m, is found in the

pentamaran configuration with the JONSWAP y = 3.3 spectrum.

5.3.3. {sResponse Global RX-Axis (0) with ¢ = 45°
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Figure 19. {; of roll in wave heading 45°: (a) Hs = 0.50 m, (b) Hs = 1.25 m, (¢) Hy =2.50 m, (d) H;=4.00 m

Figure 19 illustrates the roll motion quality at a 45° wave heading, indicating that increasing the number of hull
configurations in the design generally enhances motion quality. Additionally, analysis of the Y-axis (wave
spectrum) shows that a higher y value correlates with improved roll motion quality in all sea-state conditions.
However, a distinct pattern is observed in sea-state 3 with a significant wave height (Hs) of 1.25 m, where the

ITTC spectrum indicates a decrease in motion. In contrast, sea-states 2, 4, and 5 exhibit an upward trend in motion.
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Figure 19 (a) shows that in sea-state 2, the conservative value is found in the catamaran configuration with the
ITTC spectrum at approximately 3.80°, while the minimum value is in the pentamaran configuration with the
JONSWAP y = 3.3 spectrum at around 0.63°.

Figure 19 (b) highlights a marked contrast in the FPV response for sea-state 3. The catamaran configuration
records the highest value of 6.84° under the Pierson-Moskowitz (PM) or ISSC wave spectrum. In contrast, the
pentamaran configuration shows the lowest value of 4.33°, observed under the ITTC spectrum.

In Figure 19 (c), sea-state 4 shows the peak value in the ITTC wave spectrum is 7.28°, while the JONSWAP
spectrum with y = 3.3 has a minimum value of 3.79°. This is notable because the quantitative value distinction is
1.92 times higher.

Finally, Figure 19 (d) for sea-state 5 indicates a similar trend to the previous conditions, but the maximum
significant motion amplitude is around 8.18°, and the minimum is about 3.17°, showing a difference of

approximately 2.58 times higher.

5.3.4. {;Response Global RX-Axis (0) with ¢ = 90°

¢, Response Global RX-Asis ¢ = 80° (2" Sea-State) ¢, Response Global RX-Axis ¢ = 80° (3" Ses-State)

Response Giobal

(a) (b)
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Figure 20. {; of roll in wave heading 90° : (a) Hs = 0.50 m, (b) Hy = 1.25 m, (c) Hy = 2.50 m, (d) H; =4.00 m

Figure 20 presents a general trend consistent with the previous matter (¢ = 45°), but with higher amplitude
responses due to the dominance of roll motion in the wave heading, ¢ = 90°.

In Figure 20 (a), for sea-state 2, the ITTC wave spectrum shows the most conservative trend with a response
amplitude of 5.35°, whereas the JONSWAP spectrum with y = 3.3 presents a minimum value of approximately
0.38°.

A notable contrast is observed in Figure 20 (b), which represents sea-state 3. In this case, the most conservative
value is found in the PM or ISSC wave spectrum for the catamaran configuration, with an amplitude of 9.65°,
while the minimum response is recorded at 5.05° for the pentamaran configuration under the ITTC spectrum.

In Figure 20 (c), sea-state 4 shows the peak value in the ITTC wave spectrum as 10.29°, while the JONSWAP
spectrum with y = 3.3 has a minimum value of 4.95°. This is notable because the quantitative value distinction is
2 times higher.

Finally, Figure 20 (d) depicts sea-state 5, where the trend is similar to previous conditions, but with a significant
difference in maximum amplitude. The peak response reaches 11.56°, while the minimum value is around 4.28°,

representing a notable difference of about 2.70 times higher.
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Figure 21. {; of pitch in wave heading 45°: (a) Hy = 0.50 m, (b) Hy = 1.25 m, (c¢) Hy = 2.50 m, (d) Hy; =4.00 m

Figure 21 provides an overview of the pitch motion trends, which generally have a similar pattern to those
observed in roll motion in all proposed models and wave spectrums. This section specifically focuses on a wave
heading, ¢ = 45°, as the RAO values across all models exhibit similar behaviour in regular waves within wave
heading, ¢ = 0°.

In Figure 21 (a), sea-state 2 reveals the most conservative trend in the ITTC wave spectrum, with an amplitude
of 3.49°. In contrast, the JONSWAP spectrum with y = 3.3 shows a minimum value of approximately 0.46°.
Figure 21 (b) highlights a significant difference for sea-state 3, where the most conservative value is observed in
the PM or ISSC wave spectrum for the catamaran configuration, with an amplitude pitch motion is 6.46°. Then

for the minimum value is recorded at 3.68° for the pentamaran configuration under the ITTC spectrum.
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In Figure 21 (c), sea-state 4 is illustrated. The peak value in the ITTC wave spectrum is 7.03°, whereas the
JONSWAP spectrum with y = 3.3 exhibits a minimum value of 3.54°. This significant difference is noteworthy,
as the peak value is more than 1.98 times higher than the minimum one.

Lastly, Figure 21 (d) illustrates sea-state 5, where the trend remains similar to previous sea-state conditions but
with a significant difference in maximum amplitude. The peak response reaches 7.96°, while the minimum value

is around 3.05°, indicating a notable difference of about 2.60 times higher than the minimum one.

6. Conclusions

An investigation was conducted to explore the influence of platform configuration, environmental conditions, and
the sensitivity of different types of wave spectra on the performance of FPV structures. Numerical simulations
using BEM techniques, based on the 3-D panel diffraction method, were employed to analyze the pure oscillatory
motions in heave, pitch, and roll for all proposed designs. The results show that the FPV structure with five floating
hulls (pentamaran) exhibits the lowest pure oscillatory motion response compared to other configurations under
all sea state scenarios and different types of wave spectra. Numerical results show that the FPV structure with a
five-hull configuration has the lowest motion response during pure oscillatory motion when compared to other
configurations across various sea state scenarios. Additionally, there is a negative linear trend in the motion
response of the FPV structure from catamaran to pentamaran configurations. This trend is due to the lateral
addition of hulls, which increases the metacentric height and significantly reduces the excitation forces caused by
roll motion. This reduction is associated with the natural period of motion, lateral acceleration, and enhanced
transverse stability, ultimately improving the structure's stability during rolling motion at each respective type of
proposed wave spectrum. Generally, the ITTC wave spectrum provides more conservative results compared to
the PM, JONSWAP, and ISSC spectrums. This conservative trend is particularly evident in heave motion under
sea-state conditions 2 and 3, and in roll and pitch motions under sea-state conditions 2, 4, and 5. This is influenced
by the quantity of the area under the wave energy spectrum curve, which is associated with the RAO curve to
form the FPV structure's response energy curve. The PM, JONSWAP, and ISSC spectra have relatively narrower
shapes with higher peaks, compared to the wider ITTC curve. Therefore, the wave energy in the ITTC spectrum
is capable of generating a more conservative excitation motion. Future research should focus on selecting mooring
configurations and optimizing floater design for FPV technology. Optimization efforts can involve geometry
modifications that reference various forms of offshore floating structures such as semi-submersible, SPAR, and

others. It aims to advance sustainable development by optimizing the floater geometry to achieve optimal motion
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compatibility compared to previous designs. In addition, the investigation of the hydrodynamic response of the

mooring lines and FPV structure through time domain analysis is also recommended.
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