Solar Energy 262 (2023) 111826

Contents lists available at ScienceDirect
SOLAR

ENERGY

Solar Energy

FI. SEVIER

journal homepage: www.elsevier.com/locate/solener

Check for

A methodology to assess the dynamic response and the structural e
performance of floating photovoltaic systems

Rubén Claus, Mario Lépez -

DyMaSt Research Group and Dept. of Construction and Manufacturing Engineering, University of Oviedo, Polytechnic School of Mieres, 33600 Mieres-Asturias, Spain

ARTICLE INFO ABSTRACT

Keywords: This study presents a comprehensive methodology for evaluating floating photovoltaic (FPV) structures, focusing
Solar energy on the impact of wind and wave conditions from hydrodynamic and structural perspectives. The methodology is
Photovoltaics applied to a Class 1 pontoon-type structure with rigid and hinged configurations. A total of 558 simulations are
Efo\;tovoltaics conducted, considering various environmental actions, configurations, and mooring line chain sections. The

results provide essential data on loads and motion time series for subsequent structural analysis. Wind forces
primarily influence surge and sway motions, while wave forces dominate other motion components. Comparing
the hinged configuration to the rigid one, a significant reduction in maximum yaw motions of 32% to 76% was
observed, depending on the mooring chain section employed. This reduction in yaw motions may positively
impact the energy yield. However, an inverse trend was observed for pitch motions. Hence, a comprehensive
assessment of wave-induced motions is crucial for selecting the optimal FPV configuration. Furthermore, heavier
chain sections effectively limited surge, sway, and yaw motions, with variations of up to 75% observed in the
hinged configuration when comparing different chain options. Structural analysis highlights the importance of
wave characteristics, mooring system configuration, and system flexibility. The findings emphasize the need to
consider environmental conditions, structural aspects, and energy efficiency in optimizing FPV configurations.

Numerical modelling

1. Introduction decade, with an impressive annual growth rate of 133% [2]. These
systems offer several advantages, which are outlined below:
1.1. Floating photovoltaic systems overview

e Large-scale ground-mounted PV (GPV) systems require substantial

Solar photovoltaic (PV) energy is projected to become the dominant
renewable energy source soon. Its potential to meet global energy de-
mand, coupled with the decreasing costs of PV technology, has
contributed to this forecast [1]. Floating PV systems (FPV) established
on inland water bodies have exhibited remarkable growth over the past

land areas, leading to conflicts with various land uses, including
agriculture, recreation, mining, and infrastructure development. FPV
systems can help mitigate these conflicts [3].

e The water cooling effect can potentially improve the efficiency of PV
modules [4], although the extent of this effect is still not well

Abbreviations: A, Reference area [m?]; BEM, Boundary element method; CFD, Computational fluid dynamics; CoG, Centre of gravity; Cp, Drag coefficient [-1; Cy,
Lift coefficient [-]; Cp, Inertia coefficient [-]; Cs, Sheltering coefficient [-]; D, Characteristic dimension of a structural element [m]; DoF, Degree of freedom; FEM,
Finite element method; FPV, Floating Photovoltaic; FRP, Fibre-reinforced polymers; F,,q,, Wave force [N]; F,,4, Wind drag force [N]; F,;, Wind lift force [N]; f, total
forces and moments vector [N or Nm]; f,, connection forces and moments vector [N or Nm]; f;, diffraction forces and moments vector [N or Nm]; fr, Froude-Krylov
forces and moments vector [N or Nm]; f,, Gravitational forces and moments vector [N or Nm]; f;, Hydrostatic forces and moments vector [N or Nm]; fy;, Morison
forces and moments vector [N or Nm]; f,, Radiation forces and moments vector [N or Nm]; f,,, Wind forces and moments vector [N or Nm]; H, Wave height [m];
HDPE, High-density polyethylene; h, Water depth [m]; L., Element size [m]; M, Structural mass matrix [kg]; PV, Photovoltaic; S,,, Wind-exposed surface [m?]; T,
Wave period [s]; t, Time [s]; U, Wind Speed [m/s]; U;p, Mean wind speed averaged for 10 min; u, Flow velocity [m/s]; V, Volume of a body [m®]; X, Cartesian
coordinate system [m]; x, Position matrix [m]; z, Height above the ground or ocean surface [m]; z.y, Reference height above the ground or ocean surface [m]; a,
Terrain roughness [-1; y, Surface roughness coefficient [-]; %, Wavelength [m]; ©, Wave propagation direction [deg]; p, Fluid density [kg/m®]; ®, Velocity potential
[mz/s]; @, Velocity potential expressed as a function of the spatial coordinates [m?/s] ; @, Angular frequency [rad/s].
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understood [5]. The higher wind speeds experienced over water
bodies also contribute to the cooling effect [6].

e Regular cleaning of PV modules is ensured due to the presence of
water [7].

e The nature of water bodies minimizes shadows cast on the PV
modules [8].

e Evaporation losses in water reservoirs are reduced [9].

e Excessive algae growth is prevented [10].

e Synergies with hydroelectric plants are possible [11].

However, it is important to note that the installation and mainte-
nance costs of FPV systems are still higher than those of GPV plants [12].
Furthermore, the potential expansion of FPV applications on freshwater
is limited by the available surface area of existing water bodies. Seasonal
variations in water levels further restrict their suitability, especially in
the case of artificial dams [13]. As a result, there has been a proposal to
explore the solar resource on the vast and unoccupied ocean surface
through the deployment of marine FPV systems [14]. Marine FPV sys-
tems offer the potential for strong synergy with other marine activities
[15], and can play a significant role in decarbonizing the shipping in-
dustry [16].

FPV installations typically consist of the following key components:
PV modules for capturing solar energy, floats for buoyancy, optional
support structures for the PV modules, a mooring and anchoring system,
and the necessary electrical components and storage systems. Over time,
various typologies of FPV systems have been successfully commercial-
ized, with many others currently in development or proposed for future
implementation. While different criteria can be used to classify these
typologies, the structural arrangement is widely acknowledged as one of
the most prominent and influential factors in differentiating FPV sys-
tems (Fig. 1) [17].

1.2. State-of-the-art in FPV structure design

Despite the recent advances in FPV systems, to date, only a recom-
mended practice on the design, development, and operation of

Pontoon
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freshwater plants has been published [19]. There are no specific stan-
dards nor well-established design methodologies to assess the surviv-
ability of FPV systems against rough environmental conditions. Various
models are being applied to analyse and design FPV systems, which can
be grouped into loading models, response models, and structural
models.

Among the different types of loads, the environmental ones — mainly
wind, waves and currents — are the most hindering aspect of FPV design
[20]. These loads are commonly estimated using analytical or numerical
methods. Analytical methods involve the use of semi-empirical linear
models, such as the Morison formula [21,22], and the Maruo formula
[23] for wave loads, as well as generic formulae for wind loads. These
methods require empirical coefficients, which can be obtained from
recommended practices and codes (e.g., [22-26]), or through experi-
mental testing in wave tanks or wind tunnels (e.g., [23,27]). Numerical
methods, specifically Computational Fluid Dynamics (CFD), are capable
of simulating the dynamic and non-linear nature of the environmental
loads, albeit with a higher computational cost. Several authors have
employed CFD approaches to model wind loads on FPV structures
[28-31]. However, for a balance between computational efficiency and
accuracy, wave loads are often obtained using models based on the
potential flow theory and the Boundary Element Method (BEM)
[32-36].

The design of the FPV system influences its conversion efficiency, as
the movements of the floating body can cause variations in tilt and az-
imuth angles. Although these changes may be insignificant in freshwater
and small bodies of water, reductions in insolation of up to 2.52% have
been reported in offshore FPV systems [37]. The study also indicated
that pitch variations may have a greater impact compared to yaw and
roll. Therefore, conducting response analysis is crucial, not only for the
structural design but also for accurately estimating the energy yield of
the system.

The response model of a FPV plant can be either static or dynamic. In
a static response model, loads are applied slowly, and inertial forces are
not relevant. Although wind and wave loads are usually estimated with
analytical methods [21-23,34], these environmental loads can also be
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Fig. 1. Classification of FPV systems (based on references [17,18]).
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simulated through displacement loads [24], or CFD [29], providing
alternative approaches for their modelling. The behaviour of the FPV
system is usually assessed as a single 3D rigid body, but it can also be
evaluated as a group of independent, yet connected, rigid bodies
[34,35]. The rigid body dynamics analysis of a FPV design can be per-
formed in the frequency [31-35] or time domain [38,39]. Depending on
the geometry and the boundary conditions, the dynamic response may
be simplified through a 2D approach [36].

For the structural analysis of FPV systems, the Finite Element Method
(FEM) is widely used, although classic analytical methods can be used
for beams and slender FPV structures [33,38]. FEM analysis can be static
or transient, depending on the importance of the inertia effects. For a
static response of a FPV structure, a static FEM analysis is usually per-
formed (e.g. [22,24,29,40]). A static analysis may also be performed for
a single time step of a rigid solid dynamic analysis, if the structural
deformation and stress variations are sufficiently small. The FEM model
is commonly independent from the dynamic analysis, but the loads and
boundary conditions are retrieved from the latter. The same approach
may be adopted for a transient FEM model [31], which can be coupled
with a dynamic response model in a hydroelastic analysis. Although
hydroelasticity is preferable in the design of flexible FPV systems, which
have been recently studied for the marine environment [41-43], it has
been applied to analyse rigid and pontoon-type designs with a specific
focus on the fluid-structure response [44], as well as the structural
analysis [45,46]. Nonlinear 2D models for strong hydro-elastics have
also been proposed to analyse FPV structures [47,48]. However,
hydroelastic models present a very high computational cost for design
and engineering purposes.

1.3. Aims and scope

The review of the literature reveals the absence of standardized
methodologies for analysing the complex and diverse nature of FPV
structures, presenting a significant challenge in the field. Existing
studies have focused on specific aspects, resulting in a fragmented un-
derstanding of FPV systems. Furthermore, the differentiation between
rigid and flexible systems has necessitated distinct approaches. Thus,
there is an urgent need for a comprehensive and standardized procedure
to effectively analyse and optimize the performance of FPV systems.

This article addresses this gap by presenting a significant contribu-
tion in the field of FPV systems. It introduces a standardized procedure
that integrates hydrodynamic and structural analysis for both rigid and
flexible designs, aiming to establish a comprehensive methodology for
understanding and enhancing the performance of FPV systems.

The study primarily focuses on a pontoon-type FPV system and sys-
tematically investigates its response under various wind and wave
conditions. Two configurations, rigid and hinged, are considered,
providing valuable insights into their influence on the design of FPV
structures. Additionally, three different sections of mooring chains are
analysed to further enhance the understanding of their impact on the
system.

To achieve a comprehensive analysis, the study combines hydrody-
namic and structural analysis. Rigid body dynamics are employed to
model the system’s response, while a combination of BEM and semi-
empirical formulae is used to estimate the loads. In the case of the
hinged configuration, a multibody approach is adopted to accurately
capture the behaviour of the system. The positions, velocities, and ac-
celerations obtained from the response model serve as inputs for sub-
sequent structural analysis using the FEM. This integrated approach
allows for a thorough assessment of the FPV structure, optimizing the
mooring lines and evaluating the main structural components.

1.4. Organization of the paper

The remainder of this paper is structured as follows. In section 2, the
methodology is illustrated and disclosed. The analysed FPV and its
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configurations are described, the environmental conditions and their
combination are defined, and the applied numerical model is explained.
In section 3, results are presented and discussed in the form of motions,
forces acting on the structure, mooring line forces, and forces and
stresses in the structural elements. In section 4, conclusions are drawn
and discussed.

2. Materials and methods
2.1. General methodology

The proposed methodology for the design of FPV systems is illus-
trated in Fig. 2. It begins with the estimation of environmental loads,
which can be achieved using analytical formulations or numerical
methods. Considering that most FPV systems require a dynamic
response model, a rigid body dynamics approach is required to assess the
position, velocity, acceleration and forces acting on the FPV structure.
This analysis assumes small deformation under the applied forces and
excludes structures that display fluid, highly elastic or plastic behaviour,
making it unsuitable for flexible FPV designs (Fig. 1). As the response
analysis may influence the boundary conditions of the loads acting on
the body, the loading and response models are analysed altogether. Once
the response of the structure is obtained, a subsequent structural anal-
ysis and optimization are conducted. The stages of this methodology are
disclosed hereafter.

First, the geometry of the FPV system is numerically modelled as an
assembly of either slender 1D bodies or diffracting 2D bodies, depending
on their characteristic size (D) with respect to the wavelength (A) of the
considered waves (Fig. 3). If D/A < 0.05, the prevailing forces are drag
and/or inertia and the element is considered slender (wave force re-
gimes I, Il and V in Fig. 3). Thus, it is modelled by a 1D body for which
appropriate drag coefficients (Cp) and inertia coefficients (Cy,) should be
defined. If D/ > 0.05, the prevailing forces are diffraction and radia-
tion, and the structure is considered a large volume element (wave force
regimes II and IV in Fig. 3). This element is thus modelled by means of
diffracting panels. If both diffraction and drag forces are relevant, drag
coefficients may be assigned to the diffraction bodies as well. The FPV
components that do not interact with the water (e.g. the PV modules) are
modelled by means of mass points and aerodynamic coefficients. The
first summarizes the mass and inertial properties of the component and
the second provides information required to estimate wind loads.

Once the hydrodynamic model is defined, if the FPV structure has
diffracting elements, a frequency domain rigid body analysis is carried
out. This is performed through potential flow theory assuming an ideal
fluid, and irrotational flow. This theory is approached through different
numerical methods, with the three-dimensional panel methods being
the most extended among them [49]. This analysis describes the linear
behaviour of floating bodies against regular waves for a defined range of
wave frequencies and directions. Certain nonlinear effects, such as cable
dynamics, wind drag, or forces on slender elements, can be incorporated
into the analysis after linearization. The motion of the fluid around the
modules is defined by the velocity potential:

$(X,1) = Re[p(X)e "] €h)

where: t is the time, o is the angular frequency and ¢ is the velocity
potential expressed as a function of the spatial coordinates.

If diffracting elements are not included in the design, the frequency
domain analysis can be skipped. Instead, a time domain analysis is
performed, which requires defining the design environmental
conditions.

The wind action is characterised by the wind speed (U) as well as its
time and spatial variability. For short-term stationary wind conditions,
the mean wind speed is often used as a rough estimate of wind intensity.
For a more accurate analysis it is possible to use a wind speed spectrum,
which considers the variations in wind speed over time. Additionally,
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Fig. 3. Wave force regimes according to [50].

direction variations in the wind gust can be considered to capture the
full range of wind behaviour. The mean wind speed Ujp is commonly
measured at a reference height of z..f = 10 m and usually needs to be
adjusted to the height of the PV modules or the freeboard of the FPV
structure through a wind profile model, such as the power law:

() = Ui (i) @

Zref

where v is the surface roughness coefficient.

Waves are generally characterized by the wave height (H) and the
wave period (T) as well as their time and spatial variability. The Airy
wave theory is widely used and considered the simplest approach.
However, depending on the water depth and the wave climate at the FPV
plant site, a different theory could be more suitable (Fig. 4).

Regular wave conditions are suitable for the preliminary design of a
FPV plant. However, for an accurate design, irregular wave conditions
and non-linear wave theories should be considered. The irregular wave
conditions (i.e., their short-term variability) can be defined in terms of a
parametric model such as the Pierson-Moskowitz spectrum and the
JONSWAP spectrum [25]. Again, direction variations can also be
accounted for through directional spreading functions.

Once the frequency domain analysis is completed, the next step is the
time domain solution. The motion of the FPV system can be described in
the time domain as follows:

M-X(t) = £,(t) +£7(¢) +£,(6) +£.(2) +Ear (1) +£.(0) +£,.(2) + £, (1) 3)

with: x(t), the position of the floating body; fx(t), the hydrostatic
force; f(t), the Froude-Krylov forces; f4(t), the diffraction forces; f.(t),
the radiation forces; fy(t), the Morison forces; f.(t), the connection
forces; f;,,(t), the mooring forces and £,,(t), the wind forces.

The Morison forces are obtained through the Morison equation [52],
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Fig. 4. Ranges of applicability of several wave theories.
Adapted from [51].

that reads as follows:
1
Fwav = EpCDA,.Efu|u\ +pVCMM (4)

where p is the fluid density, Cp is the drag coefficient, Cy, is the inertia
coefficient, V is the volume of the body, u is the flow velocity and A is
its reference area.

The connection forces f.(t) are those transferred between connected
floating bodies. These result from the restriction of DoFs the connection
establishes and are computed through the stiffness of the connection and
the relative motions of the involved floating bodies. The mooring forces
fn(t) are those transferred by the endpoint of the mooring line to the
floating structure. The mooring lines are slender elements subject to
gravitational forces, buoyant forces, structural inertia forces, radiation
forces, drag forces, as well as tensions and bending moments.

The wind forces f,,(t) are estimated through an analytical approach.
Most analytical expressions contemplate the dynamic nature of the
environmental actions through parameters and simplify the estimation
of loads through a static approach [23]. In the case of FPV plants, wind
loads should be considered on the PV panels and any other relevant
exposed elements. The forces on the structure due to a steady wind load
can be divided into drag forces F,4 and lift forces F,; and estimated
through the following formulae [26]:

1
Fua =35pCiCiS.s U’ 5)
and

1 2
Fu =5pCCS,U (6)

where Cg is the drag coefficient, C; is the lift coefficient Cs is the shel-
tering coefficient, and S,, is the wind-exposed surface. Specific drag and
lift coefficients for FPV structures are not available in the specifications
and therefore should be obtained through numerical and/or experi-
mental testing, especially in the case of complex shapes. In the time
domain analysis, if the boundary conditions of the FPV structure vary
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over time, so does the wind force, even if the wind gust is constant in
intensity and direction. This is because the values of Cy, C;and S,, vary if
the FPV structure rotates in any of its degrees of freedom. Note that, in
this methodology, dynamic effects such as vortex shedding, galloping or
flutter are not accounted for.

Once all the forces are obtained for a time step, the dynamic problem
can be solved through the integration of Equation (3). This is performed
through a 2-stage predictor—corrector algorithm. In the first stage, the
forces on the structure are calculated as a function of time, position, and
velocity. The position and velocity of the floating body for the next time
step are then predicted in accordance with those forces. In the second
stage, forces are obtained again as a function of the new values of time,
position, and velocity. Then, the velocity and position are corrected
through Taylor’s theorem. The structure adopts its new position, and the
algorithm starts over.

Upon completion of the time domain analysis, results may be
retrieved in the form the motions and forces acting on the structure for
the complete time series. These forces are the input for the subsequent
structural verification. This analysis can be static or dynamic and can be
carried out through a FEM model. For this methodology, since de-
formations are assumed sufficiently small, a static analysis is performed
for each time step of the simulation. For a complete analysis, a FEM
model with a specific modelling and meshing strategy is required. The
boundary conditions for the static FEM analysis of a moving floating
structure should provide sufficient, yet minimal constraints to prevent
rigid body motions. To do so, the rigid body motions should be balanced
by inertial forces with minimum constraints. This can be referred to as

Ml

/
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inertial relief, where the applied forces and torques are precisely
balanced by the inertial forces induced by the previously computed
acceleration field. The 3-2-1 constraint principle may be applied to
properly define the constraint points [53]. After the analysis, the reac-
tion forces in these points must be checked, to verify they are sufficiently
small when compared to the applied forces.

2.2. Pontoon-type FPV design

The studied technology is a Class 1 pontoon-type FPV design,
partially based on the design proposed by Lee et al. [45]. The raft can
hold up to 70 crystalline silicon PV panels with a 30° inclination and
covers a total horizontal area of 36 x 7 m? (Fig. 5). This floating plant
consists of 10 rows of cylindrical floats connected and aligned by 18
main beams and held in place by a mooring system. The spacing of the
floats of the plant is 4 m while the module row spacing is 2.27 m. The PV
panels are installed over the cylinders through a supporting structure.
This plant has been analysed for two configurations: i) a rigid plant with
continuous main beams and ii) a multi-float assembly, achieved through
4 hinged connections. These connections divide the FPV plant into 5
independent floating modules, each consisting of two rows of floaters.
Each module is able to float independently and is connected to the
contiguous one through a flexible connection, which is an approach that
has been adopted in real-field applications [54]. This connection system
behaves as a bending moment free system on the fluctuating water
surface and has been already applied in other FPV designs [40]. Note
that, since the applied methodology accounts for float interactions in

47
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Fig. 5. Schematics of the pontoon-type FPV design and environmental actions. Measurements in m.
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multi-body assemblies, it could be considered to assess Class 2 FPV
plants.

Based on the design proposed by Lee et al. [45], the floats are made
of high-density polyethylene (HDPE) pipes and the supporting structure
is constructed from fibre-reinforced polymer (FRP), which offers low
density and high corrosion resistance. The mechanical properties of the
HDPE pipes and the FRP are summarized in Table 1 (retrieved from
[55;45], respectively).

The structure is kept in place by a mooring system consisting of 4
catenary lines tied to each corner of the arrangement. Each mooring line
has a total length of 40 m and is anchored to a fixed point in the seabed.
Three different mooring line sections were adopted to perform an
optimization of the mooring system (Table 2, [56]).

2.3. Test conditions

This design was analysed for a generic environment defined by a
constant wind gust and regular waves modelled through the Second
Order Stokes wave theory (Fig. 4), both coming from multiple di-
rections, and a constant water depth, d.

This design was tested for 558 different scenarios, resulting from
combining:

e 5 environmental parameters: wind speed, wind direction, wave
height, wave period and wave direction (Fig. 5). Due to the nature of
the environmental loads, wind and waves were not combined in
opposing directions.

e 2 FPV configurations: rigid and hinged (Fig. 5).

e 3 chain sections, namely: Chain 1, Chain 2 and Chain 3 (Table 2).

The values considered for each parameter are summarized in
Table 3.

The wind loads were analytically estimated through Equation (5)
and Equation (6). The required wind speed corresponds to the height of
the PV modules, which stands about 1 m above the water level. Applying
Equation (2) and a surface roughness y = 0.12, the wind speed at the
height of the panels is U (z = 1 m) = 20 m/s. The wind forces were
estimated for the surface of the PV panels (Sy), since the contribution of
the exposed freeboard of the floats or the FRP members was considered
negligible.

Drag and lift coefficients were adopted from a previous experimental
study performed by You et al. [27] and are summarized, for each wind
direction, in Table 4. Sheltering coefficients were adopted from Ikhen-
nicheu et al. [23] and are summarized in Table 5.

2.4. Methodology implementation

The proposed methodology was applied to the FPV design described
in section 2.2 by means of different numerical environments. The
frequency-domain and time-domain hydrodynamic response analyses
were solved in Ansys Aqwa Line and Aqwa Naut, respectively. Aqua
Naut was used since it allows solving the time-domain response of

Table 1
Geometry and mechanical properties of the floats and beams. Source: [55] and
[45].

Property Floats Beams

Length (m) 7 4

Section dimensions (mm) Circular (91000 w30) 1(150 x 150 x 10)
Section (cmz) 914 43

Inertia (mm*) 1.6 x 10'° 1.7 x 107, 5.6 x 10°
Material HDPE FRP (polyester + E-glass)
Density (kg/m®) 960 1800

Young’s module (GPa) 1.25 30.76

Poisson’s coefficient 0.4 0.3

Tensile yield strength (MPa) 33 415.3
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Table 2
Geometry and mechanical properties of the catenary chain sections. Source:
[56].

Property Chain 1 Chain 2 Chain 3
Length (m) 40 40 40
Linear density (kg/m) 2.2 5.2 10
Equivalent section (cm?) 2.8 6.6 12.8
Equivalent diameter (mm) 18 29 40
Material Steel Steel Steel
Break load (kN) 50 132 251
Table 3

Possible values for the environmental parameters considered.

Parameter Test values

Wind speed, Uyer (m/s) 0, 30

Wind direction, 6 N, NE, E, SE, S, SW, W, NW
Wave height, H (m) 0,051

Wave period, T (s) 57

Water depth, d (m) 20

Table 4

Drag and lift coefficients for different wind directions. Based on [27].
Wind direction Cq C
N 0.6 0.5
NE 0.4 0.5
E 0.1 0.0
SE 0.3 -0.5
S 0.5 -1.0
SW 0.3 -0.5
w 0.1 0.0
NwW 0.4 0.5

Table 5

Sheltering coefficients for the rows of
PV modules. Based on [23].

Row Cs

First 1.0
Second 0.4
Third 0.3
Rest 0.1

floating structures and their mooring system by including nonlinear
Froude-Krylov and hydrostatic wave forces on the instantaneous wetted
surface, which is relevant considering the relative dimensions of the FPV
system to the minimum considered wavelength (1 = 39 m). This
approach has already been implemented with success to study other
multi-body floating structures, and more details can be found previous
studies (e.g. [57]).

The floats of the FPV system were modelled as 2D diffracting ele-
ments (since D/A > 0.05), whereas the beams and mooring lines were
modelled as 1D Morison elements (since D/ < 0.05). The cylinders were
meshed through 17,152 quadrilateral elements, of which 8,571 were
considered diffracting, with an element size of L, = 0.2 m (Fig. 6). Each
test case had a time step of 0.01 s and a duration of 500 s.

The mesh size is sufficiently small when compared to the minimum
wavelength of the considered wave conditions (7L, < 1). The values
adopted for the Morison coefficients were Cp = 0.75 and Cy = 2, which
are standard values for a cylinder tube [58]. The beams of the structure
were modelled as rigid elements, whereas the mooring lines were
modelled as a concatenation of spring elements with a longitudinal drag
coefficient of Cp = 0.025. The mass and inertia of the cylinders as well as
the PV modules and secondary members were modelled through 5 mass
points, each associated to every floating body in the hinged
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Fig. 6. Meshed floats and main beams of the pontoon-type FPV.

configuration and merged into one in the rigid assembly. The indepen-
dent floating modules in the hinged configuration are connected
through pairs of hinges, located at the centre of the beams that connect
the floating modules. These connections restrict all DoF except rotations
around the axis of the floating cylinders. Aerodynamic coefficients were
assigned to each floating body, according to the parameters previously
specified in Table 4 and Table 5.

The structural analysis of this FPV design was performed through a
FEM model, using Ansys Mechanical. Levels of stress were obtained for
the floats, which were modelled as shell elements, and the main beams,
which were modelled as beam elements. The floats were meshed
through 10,320 mostly quadrilateral elements, while the beams were
discretized into 486 elements. The 3-2-1 method was used as a boundary
condition and inertia relief was applied. The hydrodynamic loads were
imported from the time domain BEM analysis, and the wind forces and
the forces of the mooring lines were applied as external forces. The PV
modules were again modelled as external mass points.

ey
o

3. Results and discussion
3.1. Response analysis

Results from the hydrodynamic response analysis were obtained in
the time domain in the form of motions (6 DoF) and forces on both the
floating structure and its mooring system. These results were registered
for all the test cases and were used as inputs of the subsequent structural
verification. To better illustrate the findings of this analysis, a test case is
disclosed as an example. Then, the motions of the floating structure and
the overall environmental forces acting on it, as well as the test cases
that led to them, are summarized and discussed.

A mesh sensibility analysis was carried out to ensure the indepen-
dence of the results from the mesh. Several control values (maximum
wave force on the floats, maximum force on M1 and maximum surge
motion) are plotted against the number of diffracting elements in Fig. 7,
for the wave scenario that registered the highest wave forces (H=1m, T
=5s, = S and the rigid configuration). As shown, the mesh refinement
did not affect the control values.

Fig. 8 shows an example of the motions of the FPV structure and the
forces on the mooring system for the rigid configuration and Chain 3.
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Fig. 7. Mesh sensibility analysis for H=1m, T = 5 s and 6§ = S. The square marker represents the selected number of elements.
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Fig. 8. Example of motions and mooring forces of the FPV plant (environmental conditions: H=0.5m, T=5s, U = 30 m/s, ¢ = N and § = NW).

For clarity, only a short time of the simulation after the ramping period
is displayed (note that the obtained response is harmonic). Motions are
shown with respect to the centre of gravity of the floating structure and
the surge direction corresponds to the N direction according to Fig. 5.

The maximum 6-DoF motion amplitudes of the device (measured as
variations of the CoG of the structure with respect to its starting posi-
tion) for all the analysed conditions with H = 1 m are shown in Fig. 9.

In terms of translational motions, the largest surge motions were
observed when the wind and waves were aligned in the N direction. This
outcome was anticipated due to the N direction having the highest wind
drag coefficient. The wind force is the primary contributor to this
displacement. It is worth noting that the motion was limited using
heavier chain sections, while both hinged and rigid configurations
exhibited similar results.

As for the maximum sway motions, they occurred in the test case
where waves from W and wind from NW (and their symmetric coun-
terparts) were present. This is because the wind drag coefficient for the
NW direction was higher than that of the SW or W directions. Further-
more, the sway motions were weakly dependent on the wave direction
since the main driving force was the wind. Sway motions are also limited
by using heavier chain sections.

The heave motions demonstrated similarities across all test cases
involving waves, irrespective of the wave direction. Wind exerted
minimal influence on the heave motions, and neither the chain section
nor the FPV configuration had a significant impact on them.

Regarding rotational motions, the maximum roll values were regis-
tered for side waves (W or E directions according to Fig. 5) and N wind.
In this case, the waves were the main contribution to this motion, as

Rigid FPV Hinged FPV
10 T " w 10 . ,
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—_ I Chain 2| 4 8t | Chain 2 |-
E [IChain 3 [IChain3
2 1 6
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>
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Fig. 9. Maximum motions of the FPV plant for H = 0.5 m. Note that, for the hinged configuration, the maximum values were gathered for every floating body.
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similar values were achieved in the absence of wind. Both rigid and
hinged configurations exhibited similar behaviour in terms of roll.

The highest pitch motions were observed when waves originated
from SW, although comparable values were observed for wave di-
rections with a N or S component. The effectiveness of varying the chain
section in reducing the pitch motions was found to be limited, similar to
the findings for heave motions and roll. Notably, in the hinged config-
uration, up to four times higher maximum values were recorded when
compared to the rigid configuration. Note that these values were ob-
tained for each floating body.

The environmental conditions that led to the highest yaw motions
were S wind and NE waves, although most oblique wave directions
yielded similar results. Maximum yaw values are severely diminished by
the weight of the mooring chains. Chain 1 registered the highest yaw
values, with a maximum of 9° for the rigid configuration. Chain 2
reduced the maximum yaw motions with respect to Chain 1 by 33% in
the rigid configuration and by 75% in the hinged configuration (Fig. 9).
Chain 3 limited this motion by 54% in the rigid configuration and by
75% in the hinged configuration. These yaw motions affect energy yield
of FPV systems, since they deviate the PV modules from their ideal
alignment.

In terms of yaw motions, the flexible configuration may be more
advantageous. The hinged configuration reduced maximum yaw mo-
tions by 32% for Chain 1, by 76% for Chain 2 and by 62% in Chain 3.
This reduction in yaw motions can positively impact the energy yield of
the FPV system. However, it is important to note that the opposite holds
true for pitch motions. The hinged configuration, while effective in
reducing yaw motions, also results in an increase in pitch motions. These
pitch motions can lead to deviations in the ideal tilt of the PV panels,
which can negatively affect the energy yield. Therefore, a careful
consideration of the trade-offs between yaw and pitch motions is
necessary when selecting the FPV configuration for optimal
productivity.

As for the overall environmental forces acting on the floating struc-
ture, they can be divided into wind induced forces (due to the contri-
bution of drag and lift forces) and wave induced forces (due to the
contribution of Froude-Krylov, radiation and diffraction forces). The
maximum environmental forces on the floating structure with respect
from its CoG as well as the test case that led to them, are presented in
Table 6. These correspond to the rigid configuration. The maximum
wind forces and moments were registered when the wind was coming
from the S, as expected for a higher lift coefficient in this direction. The
maximum wave force was registered for side waves (E and W directions)
since that is the most exposed direction from the perspective of the
floating system. As expected, the highest wave height yielded the
highest results.

3.2. Structural analysis

3.2.1. Mooring lines

The maximum forces on the mooring lines for extreme wave condi-
tions are presented in Fig. 10. Each mooring line supports tension when
it restrains a particular motion of the floating structure. Depending on
the distance each fairlead moves away or towards its anchorage point,
some lines tighten while others loose. The rigid configuration shows

Table 6
Maximum environmental loads on the FPV platform and corresponding test
conditions.

Type Loads Test conditions

(kN or kNm) U (m/s) 0 H (m) T (s) S
Wind force 9 30 S 1 7 S
Wind momentum 73 30 S 1 7 S
Wave force 326 30 N 1 7 E
Wave momentum 2787 30 N 1 7 NE
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overall higher mooring force values.

As for chain sections, a sharp increase in the mooring forces was
registered for Chain 1. This is due to instantaneous peak loading which,
in the case of the rigid configuration, surpasses the breaking load limit
(Table 7). These values are dangerously close to the breaking load limit
in the hinged configuration. Moreover, even if the lightest mooring line
could survive the loads, a slightly heavier mooring line would spare the
floating structure from unnecessary loading. Since the forces in Chain 2
and Chain 3 are similar, it can be concluded that adopting Chain 3 would
result in an oversized mooring system. Therefore, Chain 2 proves to be
the most suitable chain section for this design from a structural stand-
point. Given the weight of the selected mooring line, the use of synthetic
rope or elastic cables should be studied in future works, from both a
structural and productivity perspective. The maximum values were
registered in the same scenarios responsible for the maximum surge
motions: winds and waves aligned and coming from the S (for M1 and
M4) or from the N (for M2 and M3).

An example of peak loading in Chain 1 can be seen in Fig. 11. The
heavier chain sections display a harmonic behaviour, with mooring
forces oscillating below 5 kN. However, for the lighter chain section,
several force peaks or snaps are detected.

3.2.2. FPV components

The results of the hydrodynamic response analysis were the inputs of
the structural analysis that was performed through a static FEM
approach for every time step of the evaluated test cases. This analysis
was performed for Chain 2, since it was proven to be the most suitable in
the previous section. The results were stresses in the different structural
components of the device, that are to be compared with the mechanical
properties of the materials that make them up.

An example of the Von Misses stress in the floats for a particular test
case and time step are shown in Fig. 12 as an example. In this case, the
stress on the floats is directly related to the hydrodynamic pressure on
the cylinders. The stress pattern the floats display means that the
structure is currently in the wave through. The extreme cylinders are
completely supported by the water, while the middle cylinders are
partially surfaced (note that the wavelength is greater that the length of
the FPV plant).

The influence of the wave direction on the beam elements is shown,
for two periods of the oncoming waves, in Fig. 13. Due to the harmonic
nature of the analysed waves, this pattern repeats itself throughout the
full simulation, after the ramping process. The waves coming from the N
yielded the highest values of stress and showed a greater amplitude of
variation and stress gradient. This was the expected result, considering
the alignment of the beams with respect to the wave front. Several peaks
can be observed in a full cycle. These correspond with the instances the
plant is required to rotate to overcome or dismount a crest, resulting in
an uneven support by the water.

The highest peak occurs because, once per cycle, an extreme float
becomes partially suspended, resulting on a high bending moment on
the beam at the position of the next floater, which is completely sup-
ported (Fig. 14). On the other hand, when the wave front was coming
from the W, a close to constant value of maximum stress was obtained,
which also resulted in the lowest stress level. The alignment of the wave
front with the beams ensured a constant support, which resulted in
reduced stresses. A middle ground between both scenarios was found
when waves were approaching the structure form the SW.

The structural verification of the main components, as well as the test
cases that led to them, are presented in Table 8. This maximum values
were obtained for the rigid configuration.

The stress on the floats was obtained through the von Misses yield
criterion. The maximum stress values were reached for the wave front
perpendicular to the panels, but oblique wave fronts yielded similar
results. Most of the stress was circumferential, due to the pressure of the
PV panels that sit on the floating system as well as the hydrostatic and
hydrodynamic pressures acting on the cylinders. Some axial stress was
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Fig. 10. Maximum mooring forces for H = 1 m. The red dotted line represents the breaking load of Chain 1.

Table 7
Initial forces, maximum forces and safety factor for the studied chain sections.
Configuration  Chain Initial tensile Maximum tensile Safety
section force (kN) force (kN) factor
Rigid 1 0.5 64.2 0.78
Rigid 2 1.1 12.6 10.48
Rigid 3 2.2 7.1 35.35
Hinged 1 0.5 36.5 1.37
Hinged 2 1.1 3.2 41.25
Hinged 3 2.2 3.7 67.84

also registered due to the wave pressure exerted on the flat end caps of
the floating cylinders. Deformations were very small (<1 cm). However,
since external forces caused compression stresses, a buckling collapse
analysis may be required. A very high safety factor is reached, which
means that the limiting design factor for this floating system could be
related to material degradation or punching shear loads.

50

The maximum stresses on the beams were registered for the wave
directions aligned with them. Note that, due to the size of the plant and
the slope of the analysed waves, at no time is a floater fully suspended.
This results in low bending loads since the main gravitational loads rest
directly in the floating system. The maximum axial stresses were
reached due to a combination of bending moments and axial forces.
Deformations were very small (<0.5 cm) Safety factors are quite high,
which means these beams have a margin for structural optimization for
the considered environmental conditions. Cheaper, less resistant alter-
natives to FRP should be studied, bearing corrosion resistance and
weight in mind. Shear stresses were overall small.

4. Conclusions

This study proposed a comprehensive design methodology for eval-
uating floating photovoltaic (FPV) structures subjected to environ-
mental conditions, particularly wind and waves, from hydrodynamic
and structural perspectives. The methodology was applied to a Class 1

o
(=]
T

Mooring force [kN]
b [ae]
ISEYY
T T

wn

f—
(=)

(%]

——Chain 1
——Chain 2|
- Chain 3

0
200

220

240

250

260 270 280 290 300

t[s]

Fig. 11. Forces on mooring line M1 for the rigid configuration (environmental conditions: H=1m, T=5s, U=30m/s, § =S and 6 = S).
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Fig. 14. Maximum bending stress in the beams (environmental conditions: H=1m, T=5s, U= 30 m/s, § = N and § = N).

Table 8
Structural verification of the main components of the FPV plant.
Component Verification Maximum value Safety factor Test conditions
U 0 H (m) T(s) 5
Floats Von Misses (MPa) 3.1 10.64 30 N 1 5 N
Beams Flexion — axial(MPa) 2.9 143.21 30 N 1 5 N
Beams Shear - torsion (MPa) 0.5 146.60 30 N 1 5 N
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pontoon-type structure with two configurations: rigid and hinged. A
total of 558 simulations were conducted, combining various environ-
mental actions, configurations, and mooring line chain sections,
providing essential data on loads and motion time series for subsequent
structural analysis. Although the methodology was implemented in
Ansys Mechanical and Aqwa software, other finite element method
(FEM) and boundary element method (BEM) solvers could be utilized.

The analysis revealed that wind forces primarily influenced surge
and sway motions, while wave forces played a dominant role in other
motion components. Comparing the hinged configuration to the rigid
one, a significant reduction in the maximum yaw motions ranging from
32% to 76% was observed, depending on the chain section employed.
This reduction in yaw motions positively impacted the energy yield.
However, an inverse trend was observed for pitch motions, which could
potentially impact the optimal tilt of PV panels and their energy yield.
Hence, a comprehensive assessment of wave-induced motions is crucial
for selecting the optimal FPV configuration.

Furthermore, heavier chain sections effectively limited surge, sway,
and yaw motions, with variations of up to 75% observed in the hinged
configuration when comparing different chain options. Careful selection
and optimization of the chain weight are important for minimizing yaw
motions and maximizing FPV system productivity. The study also
identified that the lightest chain section experienced peak loads
exceeding its breaking load limit with a safety factor of 0.78, high-
lighting the need for a heavier mooring line to ensure structural
integrity.

Structural analysis indicated that beam elements experienced mainly
flexural stresses during wave loading, while the floating systems
endured mostly circumferential stresses. Adequate safety factors were
observed, but alternative materials with corrosion resistance and weight
considerations should be explored. The results emphasized the signifi-
cance of wave characteristics, mooring system configuration, and
overall system flexibility in the successful deployment of FPV systems.
Future work should include analysing current loads in addition to wind
and wave loads, conducting physical experiments to validate numerical
simulations, and integrating energy efficiency assessment into the
structural design optimization.

In conclusion, this research contributes valuable insights into the
design and performance evaluation of FPV systems. The findings un-
derscore the importance of considering environmental conditions,
structural aspects, and energy efficiency in optimizing FPV configura-
tions. The proposed methodology and recommendations for future work
serve as a foundation for further advancements in the field of floating
photovoltaic structures.
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