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ABSTRACT: Offshore Floating Photovoltaic structure (OFPV) represents a promising solar energy technology characterized by
high conversion efficiency and suitability for large-scale deployment. However, the safety and economic synergy problems of
floating structures restrict the industrialization and large-scale development of OFPV. We propose a novel OFPV with elastic
connection and modularizable HDPE float blocks. The numerical wave tank is established by the turbulence model in FLOE-3D,
based on the Navier-Stokes equations. Hydrodynamic analysis of the OFPV is conducted by using the Generalized Mode-Order
(GMO) approach. Furthermore, the dynamic responses and mooring loads of the OFPV with elastic and rigid connections are
compared. The results show that the average pressure of the photovoltaic support structure with the elastic connection is positively
correlated with the wave height. The tension value of the elastic cable is higher at the outermost peak tension. The OFPV with the
elastic connection structure has more obvious advantages in extreme wave state conditions than the rigid connection. This study
provides theoretical support for the design and engineering application of OFPV.
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1. Introduction

Among renewable energy sources, solar energy is the most promising due to its advantages, such as a huge total
amount, easy development, and environmental friendliness [1-3]. Offshore solar photovoltaics offer relatively high
power generation efficiency [4]. Additionally, offshore solar installations can be deployed on a large scale. Offshore
Floating Photovoltaic (OFPV) structures have become a focus of renewable energy research. At present, the standard
floating box type floating structures applied in inland water bodies cannot meet the load requirements of the marine
environment [5]. It is urgent to develop an OFPV suitable for the marine environment. Environmental factors such as wind,
waves, and currents significantly influence the motion response of offshore floating structures. This paper provides a
comprehensive review of OFPV systems, focusing on their hydrodynamic behavior and connection structure characteristics.

At present, the hydrodynamic studies of OFPV include two methods: numerical simulation and physical
experiments. In terms of numerical simulation research, Cazzaniga et al. [6] proposed a modular raft platform reinforced
with steel cylinders. The steel pipes not only served as compression energy storage tanks but also as buoyancy structures
to ensure the safety of OFPV. Magkouris et al. [7] proposed a novel hydrodynamic analysis model for floating double-
shell structures based on the Boundary element Method (BEM), which was designed to study wave responses and their
influence on power generation performance, but the analysis was restricted to two spatial dimensions. Choi et al. [8]
used Computational fluid dynamics (CFD) software (ANSYS CFX 19.0) for numerical simulations to explore the
motion conditions of frame-type floating photovoltaic bodies and photovoltaic modules under different wind and wave
load conditions. By analyzing the stress distribution under different wind directions and wave conditions, the part with
the maximum stress in the system was determined, providing an important basis for the design and improvement of the
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floating photovoltaic body. Furthermore, in the research on array-type floating photovoltaic structures. Xiao et al. [9]
conducted a systematic study on the overall wind, wave, and current loads of the floating photovoltaic power station
array for the first time through SESAM (v3.6.3) software. The variation law of the wave load on the floating box array
with the position of the rows and columns was revealed, and it was found that the wave load exhibited a linear
relationship with the number of square array columns. Ikhennicheu et al. [10] employed OrcaFlex (11.4a) software to
construct a numerical model of a 3x3 array of floating bodies and proposed a modeling method for the motion constraint
chain between the floating bodies. The feasibility of this method was verified in terms of the calculation results and
calculation time. However, it is a simulation of specific environmental conditions and lacks the dynamics of float
interactions. Liu et al. [11] conducted a hydrodynamic performance analysis of a hybrid modular floating structure
system using Advanced Quantitative Wave Analysis (AQWA 2020R2) . The results indicated that the outer modules
serve effectively as floating breakwaters, thereby mitigating the motion response of the inner modules. Li et al. [12]
studied the influence of the number of hinge connections and incident wave conditions on the bending moment and
vertical deflection of the structure, and obtained the hydroelastic response of the floating structure. Shi et al. [13] also
proposed a frequency-domain hydroelastic analysis method. This method extends the discrete-module-beam
hydroelastic approach to a discrete-module-finite-element hydroelastic approach, addressing the limitation of the beam
model. The non-uniform wind load and the combined effects of wind and waves were fully considered, and the motion
response of the photovoltaic structure was calculated more accurately

In terms of physical experiment research, Dai et al. [14] conducted experimental studies on Singapore’s first
floating box modular floating photovoltaic structure, and the structural performance of both the floating modules and
their connecting components was assessed. In addition, Kong et al. [15] proposed a 2.5D calculation method, conducted
numerical studies on the wind load and flow load of the floating array, and carried out scaled wind tunnel tests, thereby
obtaining the distribution law of the flow load. Sree et al. [16] calculated the stress and displacement of the floating
photovoltaic floating box array structure by using COMSOL Multiphysics, and carried out the wave water tank test for
verification. Lee et al. [17] conducted a numerical analysis of the motion response of the floating semi-submersible
photovoltaic structure through CFD numerical simulation (STARCCM+) and water tank tests. The research finds that
the vertical and longitudinal swaying movements of floating bodies are the most dominant. Delacroix et al. [18]
performed the water- tank test on floating box array structures. It was observed that when the wavelength was
approximately twice the length of the floating box, the load at the connection of the floating box increased, and the
floating box array had a shielding effect on short waves. Ou et al. [19] employed CFD software (STAR-CCM+
19.04.007) to perform hydrodynamic simulations and water-tank experiments on FPV systems with barge float and
double-boat float configurations under regular wave conditions. The study analyzed the motion response characteristics
of the floating structures without considering the motion responses of the floating body structure under irregular waves,
large wave heights, and other configurations. It provided the quantitative guidance for the selection of floating body
configuration and the design of spacing.

The mechanical characteristics of the connection between the floating bodies in OFPV influence both motion
response and structural safety. Scholars adopted various methods to analyze the influence of connection methods on the
dynamic response of floating structures under different sea conditions. At present, the connection structure of offshore
floating structures are mainly divided into two types: rigid connections and elastic connections. Rigid connections
primarily include rigid support beams, steel tubular connectors, fixed connectors, and welded connections. Elastic
connections generally consist of elastic ropes, flexible rubber joints, adjustable spring devices, and telescopic connectors.
Rigid connections mainly ensure the stability of the structure through fixation and support, while elastic connections
reduce the relative motion between floating bodies by absorbing the energy brought by waves and wind, thereby
enhancing the adaptability and durability of the OFPV. When choosing a connection structure, the stability of the
structure, its motion response, and safety should be comprehensively considered. In the research of rigid connections,
Kim et al. [20] introduced rotational constraints to design the connection structure of the floating body and explored the
influence of the rotational stiffness of the connection structure on the dynamic response of the floating body. Gao et al.
[21] adopted the modal expansion method to solve the fluid-structure coupling problem, and combined the boundary
element method and the finite element method to study the effects of connection position and stiffness on the dynamic
behavior of floating bodies, but the situation of multiple connections was not considered. The research found that hinges
and semi-rigid connections reduced the water elastic response and stress of the floating body. Otto et al. [22] found via
simulation that horizontal loads on the connectors increase as the floater draft becomes deeper. Moreover, Zhang et al.
[23] used AQWA to calculate the influence of different sea conditions on the loads of the connection of the four-module
offshore floating structure, which indicated that the longitudinal load amplitude was relatively large. In the research of
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elastic connections in OFPV, Kim et al. [24] designed a fiber-reinforced polymer connection structure and explored its
failure modes. For large-scale floating structures, Shi et al. [25] studied the influence of the stiffness of the hinged parts
of the flexible base on the load of the connection and the response of the floating body, and calculated the optimal
stiffness value. Wu et al. [26] reduced the hydrodynamic response caused by extreme sea conditions by adjusting the
stiffness of the flexible connection appropriately. Lu et al. [27] proposed a super-large modular floating platform system
in which different components adopt different connection methods to suppress the oscillation of the floating platform.
They also introduced an optimization method for the connection stiffness configuration that considers both the
connector load and the response amplitude simultaneously. Xia et al. [28] also proposed an adjustable stiffness
connector to achieve vibration control of multi-module floating bodies, thereby reducing the motion response of the
floating body and the load of the connections. Importantly, this control method can eliminate the resonant response by
changing the system stiffness. Claus et al. [29] used AQWA to calculate the hydrodynamic responses of rigid connection
and hinged high-density polyethylene (HDPE) OFPV under different environmental loads such as wind, waves, and
currents. They found that the hinged connection could reduce the yaw motion, but the pitch motion increased. Jiang et
al. [30] designed an OFPV with elastic connections. It was found that the response differences among each module of
the floating photovoltaic structure were small through OrcaFlex simulation. Building on the study [30], Saitov et al.
[31] further carried out physical experiments on scale reduction. Through detailed comparison with the numerical results,
they found that rope stiffness had minimal influence on the modal frequencies of the FPV array. An increase in rope
stiffness caused the tension of the rope to increase during peak and off-peak periods. It revealed the influence of rope
stiffness on dynamic response, providing a new perspective for the design of FPV systems. Zheng et al. [32] evaluated
the motion characteristics and power generation capacity of OFPV arrays based on potential flow theory. They
innovatively studied the influence of the relationship between wavelength and structural length on the motion response
and connectors, and effectively suppressed the floating body motion by optimizing the hinge system. The actual marine
environment has not been fully considered, such as the impact of ocean currents and other factors. Wang et al. [33]
proposed a new type of tensioned floating island photovoltaic system. They adopted AQWA to comprehensively
consider the influence of waves and connector parameters on the dynamic response of the system, and studied the
tension distribution and cooperative response mechanism of the connection between floating bodies and the mooring
system. The length of the flexible connector influenced the tension in the connector. Ding et al. [34] analyzed the
influence of three different configurations of flexible spring connectors on the load of the connectors and the motion
response of the floating body through the water tank test. Ji et al. [35] designed three types of connections for a multi-
module semi-submersible OFPV. They used AQWA to analyze three key metrics: motion response, mooring line
tension, and inter-panel spacing. Based on these results, the optimal connector parameters were identified. The above
research focuses on the design and performance optimization of connectors for floating structures at sea, laying the
foundation for the application of this technology.

The technology of OFPV remains in an early exploratory stage. The motion responses of OFPV with different
structural types and connection structures vary under marine conditions. Firstly, based on the traditional HDPE floating
blocks PV structure, we propose a novel OFPV with elastic connection and the modularity HDPE float blocks. Then,
based on the Navier—Stokes (N-S) equation, the numerical water tank is constructed by using the turbulence model in
FLOW-3D. Next, the dynamic responses of the floating structures with rigid and elastic connections were simulated
and calculated by using the Generalized Mode-Order (GMO). The analysis examined the displacement, velocity, and
mooring force variations of the structures under different wave conditions for OFPV with different types of connection.
Finally, a comparative analysis of the motion responses of the OFPV with two types of connectors is conducted. The
content arrangement of the paper is as follows: Section 2 describes the geometric configuration and theoretical modeling
of the OFPV. Section 3 presents simulation validation and analyzes the dynamic behavior of OFPV with different
connection types. Section 4 summarizes the conclusions.

2. Theoretical and Model Setup
2.1. Geometric and Structural Parameters

The novel OFPV with the elastic connection and the HDPE float blocks is proposed in Figure 1a. It is composed
of the floating body of the operation and maintenance channel, load-bearing floaters for PV modules, and the elastic
connection structure of the floating body. Figure 1b is the OFPV with a rigid connection structure for comparison, with
the floating blocks connected by steel structures. The overall structure is 8 m long and 6 m wide, and it supports 9
photovoltaic panels.
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Figure 1. OFPV with elastic and rigid connections. (a) Elastic connection, (b) rigid connection.

There are two sizes of operation and maintenance channel floating blocks in the OFPV. Both are hexahedral
floating bodies with rounded corners and a thickness of 0.4 m. Among them, one is 1.7 m in length and 0.4 m in width,
and the other is 1.3 m in length and 0.6 m in width. The floating body, which supports the photovoltaic modules, is
ring-shaped. Its external contour is a rectangle with dimensions of 1.3 m in length and 1.05 m in width. At each of the
four corners of the rectangle, the cutting radius is 0.45 m. The floater cross-section is a square with a side length of 0.2
m. In this paper, the internal steel frame structure of the OFPV is replaced by an elastic cable, which is located at the
four corners of the internal floating block. The stiffness and strength requirements of the elastic cable ensure that the
elastic deformation state is maintained under the design load without damage. The two types of OFPV in Figure 1a,b
only differ in the connection method of the HDPE float blocks, while the rest of the structures are the same.

The new floating body structure proposed in this study uses HDPE as the main material of the floating body and
adopts a catenary mooring system. The relevant parameters of the structure are detailed in Table 1.

Table 1. Key design parameters of the OFPV structure.

Parameter Numerical Value
Material Density (kg/m*) 945
Elastic Modulus (Pa) 8.4 x10®
HDPE Poisson’s Ratio 0.38
Yield Strength (MPa) 15
Unstretched Length (m) 30
Axial Stiffness per Unit Length 1.41 x 10’
Diameter (m) 0.014
. Normal Drag Coefficient 1
Catenary Mooring System Tangential Drag Coefficient 0.5
Linear Mass Density (kg/m) 2
Net Material Density (kg/m®) 6825
Tensile Strength (kg/mm?) 163
Unstretched Length (m) 0.21
o Compressed Length (m) 0.021
Resilient Connector Elasgc Stiffness z%kg/(sz) 6000
Damping Coefficient (N-s/m) 170.6

A numerical pool model was constructed based on the aforementioned parameters. The dimensions of the pool are
28 m in length, 10 m in width, and 9 m in height. The boundary conditions are set as Figure 2. The wave entrance Xuin
adopts the wave incident boundary. The incident wave is simulated based on the fifth-order stokes wave, and the
parameters of average water depth, wave height, and wave period are input. The wave exit Xwmax is defined as the free
Outflow boundary. The length of the numerical beach should be set to at least two wavelengths to prevent the occurrence
of reflected waves. The numerical beach technology is adopted for wave dissipation. Given the extended length of the
numerical wave tank, the bottom boundary Zwi, is defined as a symmetry boundary. This setting reduces wave height
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attenuation caused by bottom friction. The top boundary Zw.x is set as the specified pressure boundary, and the pressure
value of the free water surface is 0. Both the Ywmin and Ywmax of the front and rear walls adopt Symmetry boundaries. It
is assumed that fluid is present on both sides of the symmetry boundaries during the simulation process.

Numerical Beach g, ¢flow
Pressure Boundary

Offshore Floating Photovoltaic

Wave
Incident
Boundar

Catenary Mooring

Figure 2. Numerical simulation of the OFPV.

2.2. Simulation Condition Setup

The wave characteristics of the central Bohai Sea are summarized in [36] as follows: Moderate waves, with heights
ranging from 1.25 to 2.5 m, have an annual probability of occurrence of 7.1%. Waves with a period of 4 to 5 s have a
16.5% probability of occurrence, while for waves with a period between 5 and 6 s, the occurrence probability is 7%.
Although, the combined working condition of the above-mentioned wave height and wave period is a low-occurrence
event. Its occurrence probability is relatively high within the category of extreme wave working conditions. Therefore,
wave conditions with similar parameters are selected for numerical simulation in this study.

An orthogonal experimental design approach is employed to investigate the hydrodynamic behavior of OFPV with
different types of connections under varying wave conditions. Wave height parameters range from 1 m to 2 m in 0.2-
meter increments, and wave periods are 4 s, 5 s, and 6 s. The analysis focuses on the motion responses and mooring
force characteristics of the floating structures. Comparative analysis is conducted between the OFPV with elastic and rigid
connection structures under different wave conditions. The orthogonal design experiment (Table 2) includes a total of 36
working conditions, with each working condition lasting for 60 s. Detailed working conditions refer to Table 2.

Table 2. Orthogonal Test Condition Matrix.

Structural Configuration Wave Height 1.0 m 1.2 m 14 m 1.6 m 1.8m 2.0m

4s

OFPV with Rigid Connection Wave Period 5s
6s

4s

OFPV with elastic Connection Wave Period 5s
6s

Total Number of Test Conditions 36

2.3. Theoretical Basis for Numerical Modeling

CFD simulation has the advantages of short computation time and saves research costs. Moreover, it allows for
iterative model design, analysis, and optimization. The Multi-Block Grid technology is adopted to encrypt the local
grids of the computing area. Based on the complete discrete N-S equation, the Volume of Fluid (VOF) method has
advantages when dealing with problems such as multi-valued free surfaces, rollover, and wave fragmentation. It is
characterized by high computational efficiency and minimal memory requirements. This study employs FLOW-3D to
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perform numerical simulations of the coupled interaction between the floater and wave dynamics. The governing
Navier—Stokes equations are:

Dv 1 1

D—t+V—FAvV'U——EVp+G+f (1)
where [37] Vris the fractional volume of open flow; p is the fluid density; P is the pressure of the fluid; the area fractions
are A, A, and Az; v is the velocity vector, with u, v and w are its components in the X, Y and Z directions. G is the
gravitational acceleration vector, with directional components G,, G,, G: in the X, Y, and Z directions. f'is the viscous
acceleration vector, with components £, f;, /- in the respective directions.

The VOF method consists of three primary components: the fluid volume fraction F, mechanisms to maintain the
interface clear during advection, and boundary conditions of the free surface. The F represents the ratio of fluid volume
to the total volume of a computational cell at a specific time and location. When a computing unit is completely filled
by the fluid, the value is 1; If there is no fluid in the unit, the F value is 0. When F' takes a value between 0 and 1, it
indicates the presence of a free surface within the cell, and at least one of its neighboring cells must have a value of F'= 0.
The fluid volume fraction F satisfies the following transport equation:

8F+6uF+8vF_O 5
ot ox dy B 2)

The governing equation describing the complex evolution of the free surface in the VOF method is:

oF 1 a(FAxu){_6(FAyv)4_6(FAzm0 _ o
at Vg | ox dy 0z B

3)

In the study of the kinematics and dynamics of floating bodies in this paper, floating bodies are treated as rigid
bodies. Standard analysis indicates that the motion equations of any rigid body can be decomposed into the motion
equation of the center of mass and the independent dynamic equation of rotation around the center of mass is:

1
VC M

dt

where 7, denotes the velocity of the rigid body’s center of mass relative to the inertial reference frame; M s the

M

:ﬂ+ﬂ+@+2$ (4)

total mass of the rigid body; F,, F'and, F/ represent the environmental, control, and hydrodynamic forces applied in
the model, respectively; Fg' is the force produced by the action of gravity.

Since the research object of this paper is a multi-floating structure and mainly analyzes the hydrodynamic response
characteristics of the floating structure. Therefore, the GMO model, which supports the independent control of multiple
moving objects, is adopted for numerical simulation. When the floating body experiences six degrees of freedom (6-
DOF) motion, the origin of the floating coordinate system is defined at the position of the object’s center of mass. This
coordinate system is fixed on the moving object and performs translational and rotational motion synchronously. The
coordinate transformation relationship between the spatial coordinate system and the floating coordinate system is as follows:

xs = R X x, + xg (5)
where:
Ri1 Rz Rys
R={(Rz1 Rz Ry (6)
R31 R3; Rsj

In the formula, x; and x; are respectively the position vectors of a certain point in the spatial and random coordinate
systems; x¢ is the position vector of the object’s center of mass in the global coordinate system; R is the orthogonal
transformation (rotation) matrix; R;Rjx = 8i, Six denotes the Kronecker delta symbol. The matrix R is equal to both its
inverse and its transpose. For a spatial vector A, the transformation between the global coordinate system and the body-
fixed coordinate system is expressed as follows:

A;=RxA, (7)

where A, and A4, respectively represent the vector of 4 in the spatial coordinate system and the floating coordinate
system, respectively.
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The mathematical formulation for computing R is:

Z—I: =QXR (8)
where:
0o -Q, Q
Q= Q, 0 -0 9)
—Q, O 0

where Q, Q,, and Q, denote the angular velocity components of the object along the x-, y-, and z-axes in the spatial
coordinate system, respectively.

In kinematics, the motion of a rigid body can generally be divided into translational motion and rotational motion.
The speed of any point on a rigid body is equal to the speed of any selected base point on the object plus the rotational
speed around that base point. For objects with six degrees of freedom, the center of mass is commonly adopted as the
reference point for motion analysis. The velocity of any point P on the rigid body can be expressed in terms of the
center of mass velocity ¥ and the angular velocity w as follows:

Vp =Vt wXTpsg (10)

where [37] rp/ represents the displacement vector from the center of mass G to point P; V¢ indicates the translational
motion of the center of mass; @ denotes the rotational of the center of mass. Q is an attribute of a moving object and
has nothing to do with the choice of the base point. The equations of motion controlling two independent motions are:

v,
_ 1
F=m It (11

and
d
To = ] x 2=+ 0 X (] X @) (12)

where [37] F denotes the total external force acting on the rigid body; m is the mass of the rigid body; T represents the
total torque with respect to point G, [J] is the inertia tensor in the rigid body coordinate system.

11 ]12 ]13
U]:[]21 ]22 ]23]

31 ]32 ]33

(13)

where [37] the elements Ji1, J2, and J33 are the moments of inertia, while the other elements are the products of the
moments of inertia.

3. Results

Numerical simulations of novel OFPV with elastic and rigid connections were conducted using FLOW-3D (v11.2)
software. The influence of wave parameters on the pressure and elastic connection force of the floating structure of the
supporting component was analyzed. Then, the floating body displacement and mooring force of the OFPV with two
different connection methods were compared.

3.1. Verification

To verify the reliability and accuracy of the calculation results of the numerical method, numerical simulations
were carried out using the floater model proposed by Han et al. [38], and the simulation outcomes were compared with
both experimental and numerical results by Han et al. [38]. The verification numerical model is shown in Figure 3, the
numerical wave tank is 3 m wide, 1.4 m high, and 60 m long, with a water depth of 0.8 m. The floater model is in a
cylindrical structure, with a height of 0.4 m and a diameter of 0.8 m. Place the float model at a position more than three
times the wavelength from the wave boundary and more than six times the wavelength from the outflow boundary to
reduce the boundary interference received by the model. The wave height of the incident wave is set at 0.154 m, and
the period is 1.83 s.
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Figure 3. Model configuration and comparison of heave amplitude response. (a) Top view of the computational mesh of the
numerical wave tank and the floater structure; (b) Side view of the mesh of the numerical wave tank and the floater structure; (c)
Comparative of floater heave displacement responses.

Regarding the boundary condition settings, the pressure limit at the top boundary of the numerical wave tank is set
to standard atmospheric pressure; the bottom is defined as the boundary of the no-slip wall, and this setting conforms
to the basic law of fluid motion near the wall surface in fluid mechanics. Both sides are set as symmetrical boundaries,
and zero-gradient and zero-velocity conditions are applied at this boundary to simulate the real symmetrical flow
environment. In addition, the absorbing layer with a length of 20 m was set before the outlet boundary. By applying an
artificial linear damping force, this absorbing layer can dissipate the energy of wave motion.

The comparison of the displacement data of the cylindrical float is shown in Figure 3c, which is consistent with
the experimental and numerical simulation results of Han et al. [38]. The displacement results of the first four periods
of motion were highly consistent. After that, the maximum value of the Z-direction displacement was slightly smaller
than the experimental data, showing a slight deviation within a reasonable range. This deviation can be attributed to
two main factors: (1) The wave height of the numerical wave slightly decreased during its forward movement under the
action of the viscous force of the liquid. (2) Although the absorbing layer has a good effect, it cannot completely
eliminate the reflected waves, and it reduces the displacement. Overall, the numerical results exhibit good agreement
with both the experimental data and the numerical results of previous studies, thereby confirming the feasibility of
applying the present numerical approach to investigate the hydrodynamic behavior of OFPV.



Marine Energy Research 2025, 2, 10011 9 of 18

3.2. Effect of Wave Parameters on Pressure and Connection Forces in the OFPV

Firstly, Section 3.2 fixes the wave period and wave height parameters and calculates the dynamic response of the
OFPV with elastic connection under different wave parameters. Then, the changes in pressure, displacement, and
mooring force of the photovoltaic support structure of the OFPV with an elastic connection were explored under
different wave conditions. Finally, the differences in motion responses of the floating body with two types of
connections were analyzed from the perspectives of displacement, velocity, and mooring force.

3.2.1. Effect of Wave Parameters on Pressure

For marine structures, the average pressure can estimate the overall effects of wave loads or hydrostatic pressure,
providing a basis for designing structural strength. Figure 4 shows the variation in average pressure on the photovoltaic
support structure under different wave parameters.

Firstly, the average pressure of the photovoltaic support structure is positively correlated with the wave height;
with an increase in wave height, the average pressure value of the photovoltaic support structure gradually increases.
Among them, the average pressure on the floating body in the second column of the first row was always the smallest,
with the minimum value being 503 N, which occurred under the working conditions of a wave height of 2 m and a
period of 4 s. Secondly, the wave period had a notable impact on the magnitude of the mean pressure. Except for the
working condition with a wave height of 1 m, the greater larger wave periods led to an increase of average pressure on
supporting structures in rows 2 and 3. At a wave height of 2 m and a wave period of 6 s, the mean pressure reached its
peak value of 661.4 N, which occurred at the location of row 1, column 3. Within the wave height range of 1 to 1.4 m,
the average pressure difference between row 2 and row 3 was relatively small. In the wave height range of 1.6-2.0 m,
the gap between the two widen significantly, and the average pressure on the second row of support structures was
always less than that on both sides of the support structures.
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Figure 4. Average pressure distribution on the supporting structure of OFPV under varying wave conditions. (a) Wave height of 1 m; (b)
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Wave height of 1.2 m; (¢) Wave height of 1.4 m; (d) Wave height of 1.6 m; (e) Wave height of 1.8 m; (f) Wave height of 2 m.

3.2.2. Effect of Wave Parameters on Connection Forces

Under the action of wave loads, the multi-floating body system with elastic connections had obvious relative
displacements among the floating bodies (Figure 5). As the relative displacement increased beyond a certain threshold,
the tension in the elastic connectors increased correspondingly, and these locations were subjected to sustained cyclic
loading over time, which led to fatigue-induced damage in the elastic cables. Therefore, it was necessary to conduct a
systematic analysis of the elastic cable tension between the floating bodies of the OFPV.

Relative Displacement

Figure 5. Three-dimensional view of the floater structure of the OFPV at the instant of wave crest.

Figure 6 shows the distribution cloud diagrams and their projections of the maximum tensile force of the elastic
connection of 9 photovoltaic support structures under different wave parameters. The maximum tensile force of the
elastic cable on the outermost side of the OFPV was relatively high. Among them, the maximum value reached 1085
N, which occurred at the sixth column of the elastic cable in the third row under the working condition of wave height
1.6 m and period 4 s. Regardless of the wave height, the maximum tensile force in the elastic cables decreased with
increasing wave period. For instance, under a wave height of 1.6 m, the maximum tensile force reached 1085 N at a
wave period of 4 s, decreased to 473 N at 5 s, and further dropped to 304 N at 6 s. At a wave period of 4 s, the maximum
tensile force of the elastic cables is concentrated in the central connectors of rows 1 and 6. When the wave period
increases to 5 or 6 s, the peak values remain in columns 1 and 6, but also emerge in the central region of the last row
(row 6) facing the incoming waves. The blue and purple regions indicated that the maximum tensile force of the elastic
cable was relatively low, and these regions were distributed in the center of the structure. It was indicated that the wave
force acting on the elastic cable of the middle floating body was small, and its mechanical structure enabled the tensile
force of the elastic cable to be better dispersed. Under the working conditions of a wave height of 2 m and a period of
4 s, the minimum tensile force of the elastic cable in the middle area was 280 N, which was notably higher than the
corresponding minimum values observed under other wave conditions. The tensile force of the elastic cable in the
middle area under this wave condition needed to be further analyzed.

The extreme working condition with a wave height of 2 m and a wave period of 4 s was selected. The elastic cables
in rows 3, 4, and 5 of the first column were analyzed to explore the time-domain response characteristics of the tensile
force of the elastic cables under extreme wave conditions, and to analyze the reasons for the maximum values at these
points. A shorter wave period indicates a higher frequency of wave motion, which caused multiple successive impacts
on the OFPV supporting structure over a short period of time.
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Figure 6. Contour plots of peak tensile forces in elastic cables under various wave conditions. (@) H=1.0m, T=4s; (b) H=1.0
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In Figure 7, each floating body of the OFPV continuously adjusted its force states under the action of high-
frequency external forces, causing the connection force of the elastic cable to change frequently and thus resulting in
oscillation. The time-domain graph revealed that the tensile force of the elastic cables fluctuates periodically with the
wave, and the fluctuation range of the tensile force values of the elastic cable at different positions varied greatly. The
tensile force of the elastic cable in the fourth row of the first column reached the maximum value at about 14 s, and the
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maximum value was 707 N. When the floating body was at the crest position, it was lifted by the upward force of the
wave. During this process, changes in floater positions caused relative displacements among the elastic connections of
the OFPV support structure. As a result of this relative displacement between adjacent floaters, the elastic cables linking
the structural components undergo increased tension, and the tensile force in the elastic cables reaches its peak at that
time. This tensile force distribution had a critical effect on the stability and durability of the OFPV supporting system.
The tensile force of the weak parts of the structure was greater. Long-term exposure to high tensile force may lead to
problems such as fatigue and damage to the elastic cable. These critical locations should receive particular attention
during both the structural design and maintenance phases, with targeted reinforcement measures implemented to
enhance their strength and reliability.

800

—=— The third row
The fourth row
The fifth row

600 A

4004

Pulling force (N)

(a) (b)

Figure 7. Time-domain variation of elastic cable tension and the numerical model. (a) Time-domain variation of elastic cable
tension at the central location; (b) Transient numerical model snapshot at the moment of peak tensile force.

3.3. Comparative Analysis of the Effects of Different Connection Types on Floater Motion

Section 3.3 focused on a comparative analysis of the effect caused by different types of connections. Firstly, the
influence of different forms of connection parts was compared on the floating body velocity. Then, the influence on the
floating body displacement and mooring force was analyzed, and the influence of different connection forms on
different response values was summarized.

3.3.1. Comparative Analysis of Floater Velocity

Figure 8 presents a comparison of floater velocity between the two connection types under a wave height of 1.8 m
and a wave period of 4 s. Figure 8a illustrates the velocity in the X-direction, while Figure 8b presents the velocity in
the Z-direction. Both the x-direction and Z-direction velocities of the two structures show periodic changes with the
waves. At the beginning, the speed of the floating body movement is slightly larger. The mooring cable gradually tenses
with the action of the wave, and the speeds in the X and Z directions gradually decrease. The period of speed change
was consistent with the wave. The maximum X-direction velocity of both was 1.75 m/s, and then stabilized at about 0.5
m/s; The maximum Z-direction velocity was 1.3 m/s, and the rear floating body was stable at about 0.5 m/s. Overall, there
was no significant difference in the velocity response of the lower floating body under the two different connection forms.

Rigid connection ———&——  Elastic connection
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Figure 8. Velocity comparison under a wave height of 1.8 m. (a) X component of velocity; (b) Z component of velocity.
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3.3.2. Comparative Analysis of Floater Displacement

Figure 9 compares the X-direction displacement characteristics of OFPV with elastic and rigid connections under
various wave conditions. The X-direction displacements of the floating structures with two different forms of connectors
are different. Under the same wave height with shorter wave periods, the structure with elastic connections exhibited
smaller X-direction displacement than that with rigid connections. However, as the wave period increased, the X-
direction displacements of the two gradually tended to be consistent. For example, under wave conditions of 2 m in
height and 4 s in period, the elastic connection structure exhibited a maximum X-direction displacement of 8.15 m and
an average value of 5.13 m, whereas the rigid connection structure reached a maximum of 8.25 m and an average
displacement of 5.81 m. When the wave period increased to 6 s, the maximum X-direction displacement and the average
value of the elastic connection structure were 7.92 m and 5.03 m. The rigid connection structure reached a maximum
X-direction displacement of 8.07 m and an average value of 5.09 m, indicating that the displacement differences
between the two structures diminished with increasing wave period.

There was a phenomenon where the wave period was increased with the increase in wavelength, and the wave
resistance effect of the elastic connection declined. The matching degree between the low-frequency energy carried by
long-period waves and the dynamic response characteristics of the elastic connection structure decreased. Elastic
connections had a more effective energy absorption and buffering effect on high-frequency waves. However, when
facing long-period waves, the deformation adjustment ability of elastic connections was difficult to fully adapt to the
low-frequency variation of wave loads, resulting in a decrease in the wave dissipation effect. In the working condition
with a shorter wave period, the elastic connection structure improved the wave-following performance of the floating
body relying on the elastic deformation mechanism.
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Figure 9. Comparison of X-direction displacement under different connection configurations.

Figure 10 presents a comparative analysis of the Z-direction displacement of floating structures with elastic and
rigid connections. Under wave conditions with a height of 2 m and a period of 4 s, the maximum Z-direction
displacement and the average value of the floating body structure with elastic connections were 1.89 m and 0.94 m. The
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maximum Z-direction displacement and the average value of the rigidly connected floating structure were 1.93 m and
0.88 m. The Z-direction displacement of the elastic connection structure was slightly greater than that of the rigid
connection floating structure. Both structures showed periodic fluctuations around the zero point, and obviously shifted
towards the positive direction. The Z-direction motion displacement increased with the increase of the wave height.
With the increase of the wave period, the number of wave actions per unit time decreased, and the Z-direction
displacement wave frequencies of the two structures decreased.
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Figure 10. Comparison of Z-direction displacement under different connection configurations.

Under wave trough conditions, the displacement of the floating structure with elastic connections was smaller than
that of the structure with rigid connections, which also indicated that the motion amplitude of the OFPV with elastic
connections was smaller than that of the OFPV with rigid connections. Because the elastic connection structure absorbed
the wave force. This trend is strongly influenced by the wave period, with a difference in motion amplitude observed
under short-period wave conditions. The difference in the motion amplitudes of the two gradually decreased with the
increase of the wave period, which also indicated that the OFPV with elastic connection had more obvious advantages
over the OFPV with rigid connection under the condition of a short wave period.

3.3.3. Comparative Analysis of Mooring Forces

Given the substantial volume of simulation data, representative working conditions with wave heights of 1.6, 1.8,
and 2.0 m were selected to analyze the maximum and average mooring forces for the two connection configurations
under different wave periods.
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In Figure 11, under identical catenary mooring configurations and wave period conditions, both the elastic and
rigid connection structures exhibited an overall increasing trend in mooring force as the wave height increased from 1.6
to 2 m. From the comparison of mooring force values, in most cases, the maximum and average mooring forces of the
elastic connection structure were lower than those of the rigid connection structure. Furthermore, when the wave period
was small, the mooring force of the OFPV with elastic connection was significantly smaller than that of the OFPV with
rigid connection. As the wave period increased, the difference between the average mooring forces of the two gradually
decreased. The flexibility of the connection system enabled it to deform and respond more flexibly under wave action,
thereby enhancing the wave-following performance of the OFPV, allowing it to dissipate wave energy effectively.
However, the maximum mooring force of the elastic connection structure was not consistently lower than that of the
rigid structure. For example, when the wave height was 2.0 m and the wave period was 5 s, the maximum mooning
force of the elastic connection structure at catenary 1 reached 4098.55 N, while that of the rigid connection structure
was 3320.84 N. This indicated that under specific combinations of wave parameters, the mooring forces of some
catenary lines of the elastic combination of wave parameters, the mooring forces of some catenary line of the elastic
connection structure were higher than those of the rigid connection structure.
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Figure 11. Comparison of mooring forces under elastic and rigid connection configurations.

For the design of elastic connection structure, it is necessary to focus on the characteristics of large mooring force
fluctuations, and equip mooring cables with higher elasticity and adaptability to cope with dynamic changes in load.
For the design of rigid connection structures, emphasis should be placed on optimizing the mooring layout to improve
the overall stability of the structure.

4. Conclusions

This study proposes a novel OFPV with elastic connection and modularizable HDPE float blocks. The numerical
wave tank is constructed by using the turbulence model in FLOE-3D, and the dynamic responses of the floating
structures with elastic and rigid connections are calculated by using the GMO method. The motion characteristics of
the two connection types are compared in terms of displacement, velocity, and mooring force, and the conclusions are
summarized as follows:

(1) The mean pressure acting on the OFPV supporting structure with elastic connections shows a positive correlation
with wave height. Except under the 1 m wave height condition, the mean pressure increases with longer wave periods.
(2) The maximum tensile force of the elastic cable varies significantly in the structural space distribution. The
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maximum tensile force of the outermost elastic cable is relatively high and shows a decreasing trend with the
increase of the wave period. The elastic cables connected to central floaters experience relatively lower tensile
forces, indicating that the wave-induced loads on the central floaters are relatively minor. The OFPV system
achieves effective force distribution through its elastic cable arrangement.

(3) The X-direction displacement of the elastic connection structure is smaller than that of the rigid connection
structure, but as the wave period increases, the displacement responses of the two structures gradually converge.
In terms of Z-direction displacement, the OFPV with elastic connection exhibits a smaller motion amplitude than
with the rigid connection structure. Under the short-wave period, the difference in the motion amplitudes of the two is
obvious. However, as the wave period increases, the difference in the motion amplitudes of the two gradually decreases.

(4) The elastic connection structure exhibits lower maximum and average mooring forces compared with the rigid
connection structure, and the difference is more obvious when the wave period is small. However, under specific
parameter conditions, the mooring force of the elastic connection structure is greater than that of the rigid
connection structure, because the mooring force is comprehensively affected by wave parameters, structural forms,
and mooring system parameters. In summary, the OFPV with elastic connection structure demonstrates more
pronounced advantages under extreme wave conditions.

Besides, Subsequent research can be carried out from multiple aspects: Optimizing the design of the connector and
mooring line to enhance the stability of the system further; The complex marine environmental factors, wind, waves,
and currents, will be considered. This study investigated the hydrodynamic responses of OFPV with elastic and rigid
connections under various wave conditions. It reveals the regularity of floater motion and mooring forces with different
connection configurations. It provides theoretical guidance for the design and engineering application of OFPV.
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