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Abstract: The comprehensive utilization of offshore renewable energies is an effective way to solve
the intermittency and variability of power supply. This paper aims to present a hybrid floating
system (HFS) based on a modular buoyancy-distributed floating foundation (BDFF) that can be
equipped with a horizontal-axis wind turbine, solar panels, and wave energy converters (WEC).
A simplified test model with a Froude scale ratio of 1/10 is employed to perform the experiments
in a deep-water basin to validate the numerical results computed from the code program ANSYS
AQWA based on the potential flow theory. The Response Amplitude Operators (RAOs) under regular
waves are compared to evaluate the hydrodynamic performance. There is a good agreement in the
surge, pitch, and heave RAOs for experiments and the numerical simulation, with a maximum of
6.45 degrees per meter for the pitch motion. Furthermore, the mooring tensions in the time domain
are analyzed under different wave conditions.The tension RAOs from simulations are slightly higher
than those from measurements with a maximum value at the period of 3.416 s. The mooring line on
the windward side has a more considerable mooring tension that is far less than the allowable tensile
strength, especially under the wave height of 2 m and the wave period of 2.873 s. The influence
of loaded weight representing solar panels is weak, and the impact of winds is acceptable, as the
platform deviates 1.3 degrees from the equilibrium state under the test wind speed. Eventually, the
effect of irregular waves on the HFS is presented with the critical parameters of mooring tension and
pitch motion. The results show that the HFS has a good motion performance.

Keywords: hybrid floating system; comprehensive utilization; modular design; buoyancy-distributed
floating foundation

1. Introduction

Offshore renewable energy has great potential for achieving carbon neutrality in
the near future. Wind energy is considered to be one of the most promising renewable
energy resources and is expected to generate more than 20% of global electricity by 2050 [1].
The power of ocean waves, wind, and the Sun can be utilized to generate electricity
without air pollution by virtue of energy converters such as WECs, wind turbines, and solar
panels. This marine equipment needs to be installed on offshore foundations, including
fixed and floating foundations. In shallow water areas below 50-60 m in water depth,
fixed supports such as monopiles, tripiles, and multipods (tripods, jackets) are the main
foundation types. With the increase of water depth, the floating kind of foundation is
more economical considering construction and installation costs [2]. The percentage of
costs required for “substructures and foundations” out of the capital investment costs at
different sites, including onshore (3.5%), shallow-water(14.7%), and deep-water (36.2%),
was researched by Maienza et al. [3]. The floating foundation is now attracting increasing
numbers of scholars and researchers who aim to improve the hydrodynamic performance
and decrease these kinds of costs.

Current floating foundation concepts have mainly originated from the traditional oil
and gas industry. Based on their static stability, the TLP (tension-leg platform), the SPAR
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(Single Point Anchor Reservoir), and the semi-submersible floating foundation (SSFF)
are three general categories used to construct the floating foundation stability triangle,
in which all floating foundations can be classified [4,5]. Taking offshore wind turbines
as an example, various floating foundations have been designed, tested, and even put
into commercial application. For the TLP type, the Bluewater Floating Wind TLP [6],
the Iberdrola TLPWIND [7], and the PelaStar TLP [8] are TLP floating foundations with
three to five taut mooring lines, respectively. For the SPAR type, the first commercial
full-scale floating wind farm in the world, called “Hywind Scotland Pilot Park”, has been
put into operation off Scotland’s northeast coast since 2017 [9,10]. For the semi-submersible
type, the Dutch Tri-floater [11,12] and the WindFloat [13] are both floating foundations
stabilized by three columns connected with each other with bracing members, while the
OC4-DeepCWind [14] and the NAUTILUS [15] are configured with four columns.

Wind energy, solar energy, and wave energy cannot maintain a continuous supply at
peak values. The combination of renewable energy is an efficient and promising solution
that can achieve synergistic effects, such as increasing energy conversion efficiency and
reducing operation and maintenance [16]. Most hybrid floating foundations combine wind
turbines with wave energy converters. The Poseidon P37 (37 m width) developed by
Floating Power Plant A /S is an SSFF configured with 311 kW two-bladed wind turbines
and 103 kW multi-point-absorber wave energy converters [17]. It is the world’s first floating
foundation to have achieved the grid-connected power generation of hybrid wind-wave
energy. Moreover, with the mature technology of SSFFs, some hybrid floating concepts
have been proposed by integrating WECs directly into an existing floating foundation
supported for a wind turbine. The floating foundation of the InSPIRE project, led by
TechnipFMC and Bombora, is inspired by the WindFloat, which has been applied in the
world’s second commercial full-scale floating wind farm, named WindFloat Atlantic. Using
the pressure of waves, special WECs with air-inflated rubber membranes are installed
between three columns [18]. Similarly, W2Power, designed by Enerocean, carries multiple
oscillating buoys parallel with three columns. Continuous tests of the W2Power from TRL
2-6 have been carried out since 2009 [19].

Solar energy has been considered less frequently since solar panels require a large
upper deck on a floating foundation. The Offshore Energy Farm Project (OEFP), with
a modular design, was proposed by Kyushu University in Japan. Each module is a
hexagonal SSFF consisting of six hollow prestressed concrete columns and prefabricated
concrete frames. An 18 m prototype platform equipped with 2 kW solar panels and two
3 kW Windlens turbines was installed in Hakata Bay [20]. The Ocean Hybrid Platform
(OHP) developed by SINNPOWER combines wind energy, wave energy, and solar energy.
The buoys of WECs provide buoyancy for the whole platform and can slide along the
wind turbine [21,22]. In addition, the European Union’s Seventh Framework Program
(EU-FP7) has funded several projects such as H2Ocean, TROPOS, and MERMAID, with the
aim of developing offshore floating foundations to promote the comprehensive utilization
of renewable energy and ocean space in a more effective way [23,24]. A synthesis of the
floating solutions mentioned above is given in Table 1.

Table 1. The synthesis of floating solutions for offshore energy.

Energy Type Applications
TLP: Bluewater, TLPWIND, PelaStar;
Wind SPAR: Hywind;
SSFF: Dutch Tri-floater, WindFloat, OC4-DeepCWind, NAUTILUS
Wind + Wave Poseidon P37, InSPIRE, W2Power, H2Ocean
Wind + Solar OEFP
Wind + Wave + Solar OHP

Comprehensive TROPOS, MERMAID
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From the above analysis, the authors have found that most of the literature available
on the combined utilization of offshore renewable energy is on the utilization of wave and
wind energy rather than solar energy. On the one hand, the water cut plane of the TLP and
SPAR is too small to carry solar panels; on the other hand, the SSFF does not have enough
space to add a large deck (e.g., the Dutch Tri-floater with three columns) and cannot be
easily manufactured modularly (e.g., the OEFP with prefabricated concrete parts).

This paper provides and tests a novel floating foundation that can carry solar panels,
wind turbines, and WECs. In Section 2, the design of major components of the HFS is
followed by the conceptual design of the BDFF. The experiment site and the layout of the
tested model are described in Section 3 as well as the wave conditions and the measuring
facilities. The hydrodynamic performance of the HFS, including RAOs, mooring tensions,
and the influence of platform weights and wind, is discussed in Section 4 for regular waves.
The impact of irregular waves on the HES is also investigated in this section.

2. Model Descriptions

The capital cost of the foundation, assembly, and installation in deep water is the major
component that corresponds to most of the overall cost [3]. We conceived a novel BDFF
characterized by a modular design and good extensibility to decrease the manufacturing
and installation cost. In this section, the conceptual design of the BDFF is first presented;
then, the specific parameters of the HFS are described.

2.1. Modular Conception of Floating Foundation

The BDFF is designed to carry renewable energy equipment such as wind turbines.
The BDFF is an application migration of the grid structure from the construction field
to offshore structures. In order to provide large buoyancy, poles and nodes of the grid
structure are hollow structures fabricated with a larger diameter. A buoyancy module
named the five-pole unit with one sphere node and five cylindrical poles was devised as
shown in Figure 1a. By matching the five-pole units in certain rules, the BDFF—a bi-layer
structure—can be obtained as shown in Figure 1b.

(b)

Figure 1. (a) The module named the five-pole unit; (b) a combination of multiple modules.

The BDFF comprising identical five-pole units distributes the whole buoyancy evenly
over each module. We are of the opinion that the strategy of buoyancy distribution is an
easy and low-cost way to build a floating foundation. The size of the BDFF is determined
by five parameters: D, d, h, m, n, where D is the diameter of the sphere node, d is the
diameter of the cylindrical pole, & is the height of the cylindrical pole, and m and n are the
module numbers along the length and width directions, respectively.

Length = 3mh,m > 2 @
Width = 2nsin(60°) + dsin(30°),n > 2 ()
Height = 2h + 21 sin(60°) ®)

Moreover, the whole rigidity of the BDFF, as a grid structure, is superfluous without
considering the structure deformation caused by gravity and corner constrained force.
The honeycomb structure is formed by tightly connecting buoyancy modules through
flanges and bolts, as presented in Figure 2. Hexagons with solid and dotted lines are
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sketched on different layers. In this way, the BDFF can make full use of the advantages of
honeycomb structures, such as being lightweight, requiring fewer materials, and having a
high strength and stiffness. The size of the BDFF used for experiments is also illustrated in
Figure 2. The Froude scaling ratio between the prototype and the test model is chosen as
10:1.
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Figure 2. The BDFF with parameters D =2.0m, d =0.8 m, h = 6.7 m, m =4, n = 5. Three black dots
means the model can be expanded freely in this direction. (a) The front view; (b) the top view.

The main characteristics of the proposed BDFF are listed as follows:

* A minimalist design is mainly used to keep the BDFF as simple as possible;

®  The unique module can be mass-produced in the factory and assembled near the
harbor, which could significantly cut the manufacturing and installation cost while
shortening the construction time of the platform;

*  The waves with various wavelengths can easily propagate through the BDFF without
hogging and sagging as shown in Figure 3.

NE NN HE | 9.

T TEET N

(2) (b) )
Figure 3. (a) Hogging; (b) sagging; (c) the BDFF floating in waves.

2.2. Specification of the Superstructures

The superstructures of the developed hybrid floating system consist of different wave
converters, such as a wind turbine, solar panels, and WECs, as shown in Figure 4a. Wind
and waves do not always exist or merely appear in low energy density, and solar energy
can only be collected on sunny days. Therefore, the energy complementarity of winds,
waves, and solar radiation is an effective way to provide a continuous energy output.
A conventional HAWT with three blades is located at the center of the BDFF. The solar
panels are arranged on the upper deck of the BDFFE. In our initial design, point absorber
WEC:s like the prototype-based linear generators developed by SINN Power GmbH [25]
are adopted and are evenly distributed around the BDFF to make full use of the up-and-
down movements of the waves. However, considering the experiment cost, the WECs
were neglected, and the solar arrays were replaced by standard weight blocks which were
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capable of adjusting the draft. Since the wind generator in the lab is limited in space
and size, the hub height of the HAWT is set to 2 m (20 m for the prototype) to keep the
rotor center aligned with the nozzle center of the wind generator used in the following
experiments. Considering that this study mainly focuses on the feasibility verification of
the conceptual design of the BDFFE, in order to cut costs, the rotors were replaced by a plastic
disc of 0.5 m (5 m for the prototype) radius instead of a wind turbine with locked blades
whose initial position may influence the gravity center. Moreover, a porous disc mimicking
the flow through the blade passage is not considered to guarantee a uniform wind speed
on each sector, as it will have a dimension that is much larger than the wind nozzle size.
Long-term averaged wind profile in the South China Sea [26] and western nearshore area
of Taiwan [27] are used for reference. The wind speed was roughly distributed between
8.07 and 8.89 m/s at height from 10 m to 30 m. The extrapolate wind speed of 8.59 m/s at
20 m is utilized to calculate the output power of a HAWT, which can be expressed as:

1 D%\ _,

where Cj, is the power coefficient, p is the air density, D is the rotor diameter, and V is the
wind speed. When the maximum power coefficient of 40% is adopted, the output power of
the HAWT is 1.4 KW. The final simplified experimental model is presented in Figure 4b.

(a) / (b) C—
] Tower height IHub height

- -5
I 20000

Figure 4. (a) Concept of the hybrid floating system; (b) simplified floating system.

2.3. Specification of the System

The BDFF using a Froude scale ratio of 1:10 and that is 21.6 m long, 16 m wide,
and 6.7 m in depth was designed as shown in Figure 2. Some key features are listed in
Table 2. The BDFF is partially submerged in water, and the upper part and superstructures
are exposed above the waterline.

Table 2. Particulars of the floating system.

Item Value Unit
Mass of rotors and hub 2 x10° kg
Mass of tower 2 x 103 kg
Total mass including wind turbine and ballast 1.245 x 10° kg
Depth of Center of gravity (COG) below the MWL 3.5 m
Roll Inertia relative to COG 8.425 x 10° kg-m?
Pitch Inertia relative to COG 9.036 x 10° kg-m?
Yaw Inertia relative to COG 7.490 x 10° kg-m?

2.4. Specification of the Substructures

The floating system is constrained by four identical catenary lines with spread mooring
as sketched in Figure 5. The Cartesian coordinate system o-xyz is defined to describe the
platform motions and the location relationship between structures and waves. The positions
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of fairleads and anchors are presented in the o-xyz frame. The open link anchor chains of
75 min length and 0.3 m in diameter are connected to the fairleads and anchors, respectively.
The mooring line mass per unit (in water) is 16.3 kg/m, and the minimum breaking load is
1150 KN. The waves and winds propagate from left to right.

(—55,35, —50) (55.35, —50) %

(Mquarter PR
2 (6,£6.8, —11.8)

> (—6,+6.8, —11.8)

\ﬂ\m\qganer
(—55, —35, —50) (55, —35, —50)
(a) (b)

Figure 5. Mooring line configuration: (a) top view; (b) side view.

3. Experimental Set-Up

In this section, the water basin for tests is presented in detail, as well as the measuring
instruments. The incident regular and irregular waves used are also described.

3.1. Water Basin

The experiment was conducted in a deep wave basin with an effective water depth of
5 m. The wave basin is equipped with a paddle wave maker at the left and a damping zone
at the right, as presented in Figure 6. Meanwhile, the wind generator has a large nozzle of
2m x 1.5 m and is hung two meters above the water plane by a steel jacking truss. Thus,
the generated waves below are not affected by the generated winds above.

Wind D
generator —>— 1 — Q

1] TTEE EET2
Wavd z "*”;x MWL A
maker} Wave .
gauges Water basin Damping zone gl o
| \©
vy
<t 4 m -
= 6m > 25 m

Y

Figure 6. The layout diagram of the water basin.

3.2. Measuring Instruments

The optical measuring system QUALISYS, consisting of four cameras and nine target
points, was utilized to obtain the motion responses in six DOFs. The spherical target points
covered with special reflective materials were fixed on the deck as shown in Figure 7. The
QUALISYS system was calibrated before tests. Three wave probes on the windward side
were placed along the wave propagation direction to record the wave elevation. Load cells
with a maximum value of 100 N were attached to the port bow side (mooring line 1) and the
port quarter side (mooring line 3) near the fairleader due to the symmetric arrangement.
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Figure 7. (a) motion capture cameras for non-contact measuring; (b) target points on the deck;
(c) wave probes.

3.3. Incident Waves

The waves are supposed to propagate in the x-axis direction at all times. In this paper,
wave heights of 0.5-2 m were selected along with wave frequencies between 0.127 to
0.348 Hz with an interval of 0.055 Hz, as listed in Table 3.

Table 3. The regular wave parameters used for tests.

Case Wave Periods, s Wave Height, m Winds
1 2.873, 3.416, 4.213, 5.495, 7.897 051,2 Without winds
2 2.873,3.416, 4.213,5.495, 7.897 1 With winds

Furthermore, irregular waves were utilized to obtain the hydrodynamic response and
mooring force for the comparison of simulation and experimental results. The JONSWAP
(Joint North Sea Wave Project) spectrum represents a fully developed sea, as expressed in
the following equation:

2 —4
e Y b
5(w) =5, exp[ (=) ]7 ®
where S(w) is the wave density spectrum (power spectral density) in [m? s]. The irregular
wave defined by a JONSWAP spectrum was selected with a peak spectral period T of
4.213 s, significant wave height Hs of 1 m, and peak enhancement coefficient v of 3.3.
The power spectral density is plotted in Figure 8.

8 .

0O 05 1 15 2 25 3 35 4 45 5 55 6
w(rad/s)

Figure 8. The used JONSWAP spectrum.

Taking into account the experimental cost, only one irregular wave was selected.
The time history of the measured stable wave elevation is plotted in Figure 9.
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Figure 9. The time history of the wave elevation for the used JONSWAP spectrum.

4. Results

In order to investigate the hydrodynamic performance of the hybrid floating system,
scaled model tests were carried out with the system subjected to regular waves combined
with steady winds and irregular waves without winds. The following data are given
without scaling.

4.1. Response Amplitude Operator

The RAO is a significant parameter reflecting the system response.The motion ampli-
tude in each direction is divided by the incident wave amplitude {, to be dimensionless.
The indicators are listed in Table 4.

Table 4. The RAOs resulting from the analysis.

Direction Expression RAO
Surge x(t) = xqcos(t +€7) Xa/Ca
Pitch P(t) = Py cos(t + €5) Ya/la
Heave z(t) = z4 cos(t + €3) 24/ Ca

The numerical hydrodynamic responses on the HFS were derived in the diffraction
and radiation solver ANSYS AQWA with the potential flow theory. This has been uti-
lized extensively in the offshore engineering domain, integrating both frequency and
time-domain analysis. The geometry model of our floating platform was designed in
the Solidworks software and then imported to the AQWA as a surface body. In total,
35,769 elements represented the structure surface, which were a series of diffraction panels
in the three-dimensional panel methods. Since the potential theory ignores the viscosity, 5%
of the critical damping was confirmed from the empirical value and the decay test and then
used as viscous damping to calculate the hydrodynamic performance. The motion response
was obtained by solving dynamic equations, where the exciting wave force comes from the
potential theory, assuming the floating system was restricted. The Froude-Krylov force and
hydrostatic force were also added in the motion dynamic equations. The numerical results
were cross-validated by the far-field and near-field solutions in the preliminary stage.

The results of the comparison in Figure 10 are plotted as a function of frequency for
three wave heights, and a good agreement of the numerical simulation results compared
to measured data is gained, revealing that the numerical model can give an accurate
prediction of the fierce interaction between the HFS and the wave. For surge motion,
the surge response decreases with the increase of wave frequency. For pitch motion,
the pitch response reaches its peak value when the incident frequency arrives at 0.112 Hz—
slightly higher than the natural frequency of 0.111 Hz. For heave motion, the heave
response reaches a peak at 0.101 Hz and then drops, except for a local rebound at 0.143 Hz.
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Figure 10. RAOs for (a) surge motion; (b) pitch motion; (c) heave motion.

However, the simulation results of pitch motion in the high-frequency range (e.g.,
0.182 Hz) are overestimated. The reason for this observation is the wave attenuation that is
caused by standing waves, as shown in Figure 11. To distinguish the results more clearly,
two dotted circles are drawn to mark the standing waves. The wavelength in the current
sea state is greater than the diameter of the sphere node but less than the over-length of the
BDFF. Therefore, it can be observed that, in the high-frequency condition, the transmitted
waves and the reflected waves meet and collide; then, the standing waves appear between
internal cavities formed by the distributed floaters. On the contrary, for long-period waves,
the waves can easily propagate through the BDFF, which mitigates the interaction effect

between waves and structures.
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Figure 11. Instantaneous profile of the HFS under regular waves coming from the left (wave
frequency: 0.182 Hz, wave height: 1 m).

4.2. Mooring Force

The investigated offshore platform is a semi-submersible floating platform with a
spread catenary mooring system. The mooring lines are coupled with the floating platform.
In order to ensure the reliability of the mooring system, it is necessary to analyze the
mooring tension RAOs of mooring lines under different wave conditions. Each mooring
line is discretized into a number of 100 rod elements to compute the mutual interaction
force between mooring lines and the floating platform. Each segment of the mooring line
can be regarded as uniform and unstretched. The drag loads and added mass effects of
mooring lines were included to solve the mooring line dynamics. The numerical simulation
lasted 3000 s with a time step of 0.1 s for each case. Load cells of mooring lines 1 and 3
were employed to evaluate the mooring force. The variation in the tension amplitude is
normalized with the incident wave height, as can be seen from Figure 12. The tendencies
of experimental results are observed to be similar to those of the numerical computations
for both fore and rear mooring lines. All the tension RAOs from simulations are slightly
higher than those from measurements. The discrepancies between the experimental and
numerical data may be due to the non-viscous assumption. Meanwhile, it is seen that
tension magnitudes on the seaside are greater than that on the leeside in the low period
range, indicating that the seaside movement of the HFS is fiercer. It is also seen that the
tension RAO first increases and then decreases with increasing wave periods, showing
a local valley value at the period of 4.213 s, which appears both in the fore and rear
mooring lines. This can be attributed to the characteristic size of the sphere node and
the over-length of the BDFFE. Although the buoyancy-distributed design of the floating
foundation greatly reduces the cut water-plane area, the wave-structure interaction still
exists. The wavelength corresponding to 2.873 s and 3.416 s is greater than the sphere
node’s characteristic size but less than the over-length of the BDFFE, which causes a fierce
wave-structure interaction. The wavelength corresponding to 4.213 s is greater than the
over-length of the BDFF, which determines that a complete wave can pass through with a
weak interaction effect. However, with the increase of the wave period, the wave energy
increases, resulting in a more significant tension RAO. Therefore, the valley value of the
tension RAOs appears at 4.213 s, which is a transition period.

When the wave comes from the left in parallel with the basin side, the maximum
mooring force appears in the mooring system. The tensions of the most loaded mooring
line are picked out to prevent mooring line failure. The peak mobilized tension as a function
of the wave period for the kinds of wave conditions of the mooring line in the port bow
side is presented in Figure 13. The peak tension of mooring line 1 exhibits large values
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in the low period range and decreases remarkably when the wave period increases. This
is because the long-period waves could easily pass through the BDFF without causing a
large response. Instead, a larger wave height brings about a larger peak tension, which is
evident in the low period range. The measured peak tension is far less than the allowable
tensile strength of the selected mooring chain.
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Figure 12. Comparison of mooring tension RAOs between measurements and simulations in port
bow and port quarter lines: (a) the port bow tension RAOs; (b) the port quarter tension RAOs.
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Figure 13. The peak tension of mooring line 1 under 0° waves.

4.3. Influence of Platform Weights

Floating foundations for multiple purposes often can carry new energy equipment,
such as wind turbines, solar arrays, WECs, and so on. For the BDFF, a wind turbine
and solar arrays are considered. Solar arrays can be mounted on the top of the floating
foundation depending on the demand. Here, the influence of solar arrays is studied on
the model at the particular wave period of 4.213 s with a wave height of 1 m. In our
test, solar arrays are replaced by standard mass blocks. The increasing standard mass
on the platform will cause the COG to move up slightly. Figure 14 reveals the motion
response as a function of dimensionless time under different weight conditions. The mass
blocks considered for this study are 0, 2, 4, and 6 tons. As presented, the motion response
periods are not influenced by adding additional loads. Furthermore, the differences in
roll and heave response amplitudes observed by loading different mass blocks are fairly
small. On the other hand, the effect of varying platform weights on the pitch motion
is evident. The pitch stability keeps improving gradually with the increase in platform
weights. Around 0.3 degrees of pitch angle is declined when the additional mass added
increases to 6 tons; that is, 4.8% of the total displacement as listed in the main parameters of
the floating platform in Table 1. At the current wave period, increasing the mass increases
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the ability to resist wave impact. It is easily concluded that the floating foundation is
suitable for carrying solar arrays.

(a) 0.04 ]
0.03 4,
0.02
% 0017 +0t
3 0.00 +2t
= +4t
5 —0.01 - ot
—0.02
—0.03
—0.04
0 12
b 15
1.0
0.5 +0t
) . 42t
S 0.0 ] +4t
e 054 +6t
—1.0 A
—1.5 T T T T 1 T T T T
0 2 3 4 5 6 7 8 9 10 11 12
t/T
(c) 0.06
0.04
E 0.02 +0t
£ o0+ 2t
> ] +4 1
2 —0.02 tot
—0.04 H U
—0.06 — T T T T T T T 1 T I

0 1 2 3 4 5 6 7 8 9 10 11 12
t/T

Figure 14. Motion response of the HFS in the roll, pitch, and heave direction by loading different mass
blocks (H =1m, T = 4.213 s): (a) roll response; (b) pitch response; (c) dimensionless heave response.

4.4. Influence of Winds

In order to investigate the influence of winds, a simplified wind turbine was installed
on the test model. According to the Froude scaling law, a wind velocity of 3.16 m/s was
utilized, which corresponds to 10 m/s. The influence of winds is studied on the model at the
particular wave period of 4.213 s with a wave height of 1 m. The wave direction is aligned
with the wind direction. The test model’s roll, pitch, and heave motions are presented in
Figure 15 with and without wind conditions. There are no significant differences in the
roll and heave response. Although the roll angle is small, the fluctuation of peak values
appears with the wind. Obviously, the influence of wind load on the pitch response is
significant. Under the load of the wind, the dynamic balance position does not line up with
the initial position, with a position 1.3 degrees away from the equilibrium state. However,
the pitch amplitudes are roughly identical for both cases, apart from some exceptions for
the wind situation. The exceptions could be explained by the tower and the rotor disc not
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being rigid enough. The vibration mode of the disc induced by the wind is complicated, as
well as that of the tower. In addition, from the graph, it can be seen that the pitch deviation
does not affect the heave motion. The reason for this is the weak coupling effect between
the pitch and heave motion.
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Figure 15. Motion response of the HFS in the roll, pitch, and heave directions with and without
winds (H =1m, T =4.213 s): (a) surge motion; (b) pitch motion; (c) heave motion.

4.5. Irregular Waves

The hydrodynamic response under irregular waves using the JONSWAP spectrum
described earlier is obtained. The computation methods of mooring forces in irregular
waves are the same as in regular waves. The real-time motion of the floating system takes
the sum frequency, the difference frequency, and slow-drift motions into account. All the
forces are estimated under each instantaneous time step. Figure 16 presents the time series
of the mooring force of the mooring line in the port bow side, showing a good agreement
between the measured mooring tension and the simulation results. Five stable periods of
mooring tension are selected to present peak and valley tension values. Although there
exist local irregularities, the entire tendency of the time history of each cycle is similar.
Furthermore, the mooring tension of simulation results is slightly greater than that of
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experimental results. The initial mooring tension is 10.5 KN on each mooring line without
wave-structure interactions. When subjected to irregular waves, the mooring lines on
the windward side are lifted with the HFS moving forward. As illustrated in Figure 16,
the tension magnitude is small, as in the regular waves, since the dominant wave frequency
transits from low to high periods. The time series of the mooring tension reveals that
the simulation model can present a relatively accurate prediction of the mooring tension,
although the wave-structure interaction is fierce.
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Figure 16. The instantaneous experimental and simulation mooring tension in the port bow moor-
ing line: (a) mooring tension from the experimental results; (b) mooring tension from the simulation
results.

The time series of simulation and experimental results concerning the dynamic pitch
motions of the HFS are plotted in Figure 17 since the pitch angle is the most crucial param-
eter. It can be seen that the measured maximum pitch magnitude reaches 1.84 degrees per
unit wave height, while the simulated maximum pitch magnitude reaches 1.68 degrees per
unit wave height. In the case of irregular waves, the instantaneous pitch angle is strongly
influenced by wave frequencies due to the coupling effect between the HFS and waves.
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Figure 17. The instantaneous experimental and simulation pitch RAOs: (a) pitch motion response
from the experimental results; (b) pitch motion response from the simulation results.

5. Conclusions

This paper first gives a brief review of the hybrid floating system both in the academic

and industrial field. Then, an innovative concept design of an HFS that integrates renewable
energy converters, a BDFF, and a mooring system for a water depth of 50 m is proposed.
The HFS can harness different kinds of energy, including wind, wave, solar energies, etc.
The detailed findings in this paper are summarized as follows:

Fifteen wave conditions are used to evaluate the hydrodynamic performance. The nu-
merical results based on the potential theory are generally in good agreement with
those of experiments. The maximum pitch angle is acceptable under the long-wave
excitation.

The simulation and experimental results of mooring tension RAOs have the same
trend. The peak mobilized tensions of fore and rear mooring lines are far less than the
breaking load.

As concerns the influence of platform weights, the pitch motion can be reduced
effectively by properly adding mass blocks on the deck of the BDFF. Meanwhile,
the corresponding heave motion is independent of the additional loads.

The experiment indicates that at a constant wind speed of 10 m/s, the wind substan-
tially influences the pitch motion. The balance position has a tilt angle of 1.4 degrees.
However, the influence on the heave motion is limited.

It can also be found that the coupling effect of the roll, pitch, and heave motion is
weak due to the symmetrical design.

Regarding the irregular wave tests, the mooring tensions and instantaneous motion
responses are compared with simulation results, showing similar characteristics.
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The HFS is considered to be a better solution for a floating platform that requires rapid
deployment due to its shorter assembly time and lower manufacturing cost. In the future,
we will focus on a large floating platform which is able to carry a larger wind turbine.
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Abbreviations

The following abbreviations are used in this manuscript:

BDFF  Buoyancy-distributed floating foundation
COG  Center of gravity

DOF  Degree of freedom

HFS Hybrid floating system

MWL  Mean water line

RAOs Response amplitude operators

SPAR  Single Point Anchor Reservoir

SSFF Semi-submersible floating foundation
TLP Tension-leg platform

WEC  Wave energy convertor
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