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Abstract

The ocean offers abundant wind and wave energy resources. This paper proposes an
integrated concept that co-locates a semi-submersible floating wind platform with wave
energy converters (WECs) to exploit the geographical consistency of these resources. By
sharing the platform foundation and power transmission infrastructure, this integrated
system enhances the utilization efficiency of marine space and renewable energy. Inspired
by the principles of the Tuned Mass Damper (TMD) and leveraging mature hydraulic
technologies from wave energy conversion and offshore drilling heave compensation
systems, this study introduces a novel scheme. This scheme integrates a heave plate
with a hydraulic Power Take-Off (PTO) system, functionally acting as a wave energy
converter, to the floating platform. The primary objective is to mitigate the platform’s
motion response while simultaneously generating electricity. The research investigates
the motion performance improvement of this integrated platform under South China Sea
conditions. The results demonstrate that the proposed WEC-PTO system not only improves
the platform’s wave resistance and adaptability to deep-sea environments but also increases
the overall efficiency of marine energy equipment deployment.

Keywords: semi-submersible platform; heave plate; PTO system; Tuned Mass Damper
(TMD); wind-wave cogeneration; hydrodynamic analysis

1. Introduction

With the rapid development of offshore wind power generation, the concept of wind
and wave energy integrated power generation structures has been proposed in recent
years. This type of integrated wind and wave energy power generation structure mainly
leverages the high geographical correlation between wind and wave energy. In the field
of integrated structure research, the Marine Renewable Integrated Application Platform
program launched by the European Commission began relatively early. Among these
efforts, Moan et al. from the Norwegian University of Science and Technology proposed a
wind-wave energy integrated structure, namely the Spar-Torus Combination (STC) [1-6],
in 2012, as shown in Figure 1a. The STC is composed of a circular float surrounding the
column of a Spar-type floating wind turbine.
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Figure 1. Schematic Diagrams of STC and SFC Models.

The wave force causes the float and the column to produce relative heaving motion,
thus driving the hydraulic PTO system to generate electricity. This structure is suitable for
installation in deep-sea areas. However, due to both its high construction cost and the small
phase difference between the motion of the wave energy device and that of the platform,
the power generation capacity of the wave energy device remains significantly limited.

Moan'’s team also proposed the Semi-submersible-Flap Combination (SFC) structure [7-10]
in 2014, as shown in Figure 1b. The SFC connects three pendulum wave energy devices to the
bottom of CSC type semi-submersible platform. The wind turbine is located in the central tower
column, and the platform obtains restoring moments from the three offset columns. Compared
with the STC, the wave energy device of the SFC can generate more electricity, but at the same
time, it transfers part of the horizontal wave load to the platform.

Ren et al. (2018) proposed a wind-wave energy integrated power generation structure
based on a Tension Leg Platform (TLP)-type platform [11,12], as shown in Figure 2. This
structure is based on the principle of an oscillating float-type wave energy device. When
waves come, it enables the platform and the wave energy device to generate relative motion
in the heaving direction, thus driving the PTO system to generate electricity. Its pulley and
slide structure ensures that the wave energy device does not produce relative motion in
other degrees of freedom. This endows the integrated device with better stability, and the
output power of the wave energy device is larger compared with that of the STC and SEC.

Hu et al. (2020) proposed to arrange several point-absorbing wave energy converters
between the pontoons of the platform [13], as shown in Figure 3. They study the power
generation performance of wave energy converters with different sizes and layouts, as well
as their effects on the platform’s hydrodynamic characteristics. In this integrated system,
the higher the damping of the wave energy devices, the greater the power generation.
However, at the same time, the heaving force acting on the platform also increases.

Wang Yapo (2021) carried out frequency and time domain analyses of the hydro-
dynamic response of the platform based on the integrated structure of the CSC type
semi-submersible platform under different wave incidence angles, obtained the hydrody-
namic characteristics of the platform after integrating the PTO system, and investigated
the power generated by the PTO system with different damping values [14]. The struc-
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ture of the integrated system and the working principle of the PTO system are shown in
Figures 4a and 4b, respectively.

NREL SMW
wind turbine

PTO system

wave energy power generation device

Tension Leg Platform

Figure 2. TLP-type platform and WEC integrated structure.

Figure 3. Semi-submersible platform and heaving WEC integrated structure.

Wang Yu (2021) conducted a study on the influence of different PTO damping values
on the power output of the PTO system of the pontoon-heaving float integrated structure
under regular and irregular waves [15]. The pontoon structure is shown in Figure 5.

In 2021 and 2022, respectively, Ghafari et al. proposed the structure Floating Offshore
Wind Turbine-WaveStar (FOWT-WaveStar) [16-18], which combines the DeepCwind type
and CSC type semi-submersible platforms, as shown in Figure 6a,b. They summarized the
characteristics of several existing wave energy—wind energy integrated structures, calculated
the power of the PTO system for different numbers of wave devices and power generation
damping values, and investigated the effects of wave energy devices on the heaving and
pitching performances of the platform. Additionally, they compared these performances with
those of semi-submersible platforms without integrated wave energy devices in both the
time domain and frequency domain under regular waves. The results show that the power
generation efficiency of the wave energy devices mainly depends on the damping coefficient.
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Deploying more WaveStar devices can improve the platform’s pitching performance to a
certain extent, but has little effect on improving other degrees of freedom.
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(a) CSC type wind and wave integrated structure (b) PTO working principle

Figure 4. CSC type semi-submersible platform and wave energy integrated structure.

Figure 5. Pontoon-heaving float integrated structure.

(a) DeepCwind-WaveStar (b) CSC-WaveStar

Figure 6. FOWT-Wavestar Structure.
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Homayoun et al. (2022) proposed another wave energy converter structure, the Semi-
submersible Wave-Wind Converter (SWWC), installed on the CSC type semi-submersible
platform [19], as shown in Figure 7. They investigated the Response Amplitude Operators
(RAOs): the ratio of a floating structure’s motion amplitude to the incident wave amplitude,
reflecting the structure’s dynamic response sensitivity to waves of the platform for each
degree of freedom under different wave and wind directions. Moreover, they considered
the hydrodynamic effects on the platform caused by three sea states and three different
PTO system damping values, and calculated the power generated by the PTO system under
ideal wave conditions.
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(a) SWWC visualization (b) SWWC schematic diagram

Figure 7. SWWC Structure Model.

Zhou et al. (2023) conducted a study on the influence of different wave energy device
damping on platform resonance for STC structures, taking different mooring stiffnesses
into account [20]. They proposed an integrated system (HWEC) based on a Windfloat
platform and an arbitrary number of cylindrical wave energy arrays, and investigated the
hydrodynamic performance of the platform with different numbers and arrangements
of wave energy devices in this integrated system. In the same year, a numerical model
was proposed for this structure to study the impact of HWEC on the mooring system and
platform foundation [21]. The results show that HWEC does not have a negative impact
on the heaving and pitching motions of the platform main body caused by wind-induced
surges, and that the HWEC can generate more than 500 kW of power to supplement wind
power generation.

The integrated structure of wave energy-floating wind power platform proposed in
recent years has, on the one hand, improved the economic efficiency of wave energy devices.
On the other hand, the wave energy devices arranged around the periphery of the platform
also play a certain role in wave dissipation. However, at present, the relevant research is
still in the conceptual design stage, and the following problems remain:
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(1) All the related research focuses on power generation efficiency and the influence
on platform movement in the case of the coupling between the wave energy de-
vice and the platform, and there are few cases of research specifically on its wave
dissipation effect.

(2) In the research related to vibration and roll reduction of platforms, there are few
studies that consider different floating platforms, different heave plate structures,
arrangement depths, and arrangement areas as variables for comparison at the same
time. As a result, there is a lack of experience in the design and optimization of
wave-energy and wind-energy integrated platforms with practical economic benefits.

The heaving performance of deep-sea platforms is one of the factors restricting marine
operations. In this paper, by adding a heave plate structure as a vibration damping
measure, the heaving performance of three types of floating platforms with different areas
and arrangement depths of the heave plate is investigated. The platform structure with the
greatest integrated benefit is selected, and the integrated oscillating float platform structure
is proposed. The RAO computation method of the coupled model of the wave-energy and
wind-energy integrated platform combined with the heave plate is introduced, and the
improvement of platform motion under different PTO system stiffnesses is analyzed. In
addition, in order to obtain the adaptability of the PTO stiffness to the sea conditions in the
South China Sea, the motion performance of four different PTO stiffnesses under different
sea states in the time domain is also studied.

2. Study on the Improvement of Hydrodynamic Performance of
Semi-Submersible Platforms

Semi-submersible platforms have a wide range of applications. They are not only
used as foundations for offshore floating wind turbines but also widely used for offshore
oil and gas platforms. To identify an economically viable integrated structure, this study
adopts the combination of a heave plate and a semi-submersible platform. Specifically,
three types of semi-submersible platforms are selected as case studies for analysis. The
DeepCwind type semi-submersible platform, developed by the National Renewable Energy
Laboratory (NREL) in the United States, is one of the mainstream platforms for current
offshore floating wind turbine systems. The other two are the CSC type semi-submersible
platform released by Marintek (Trondheim, Norway) and more mature dual-pontoon and
four-column semi-submersible platform. The models of these three types of platforms are
shown in Figure 8.

Heave plate structures can significantly increase the additional mass of a floating
platform and provide radiation damping, thereby reducing the heaving response of the
floating platform. Halkyard proposed adding a retractable heave plate structure to semi-
submersible platforms, which can provide a greater heaving radiation force for the plat-
form [22]. Moreover, some scholars have studied the influence of the size, thickness,
number, and spacing of the heave plates, as well as the shape of the central opening of the
heave plate on the drag force coefficient, additional mass coefficient, and heaving response
of the heave plate, focusing on the damping effect of the heave plate [23-28].

This paper establishes hydrodynamic models with heave plates for three types of
platforms, respectively. Considering the impacts of the heave plates on the structural mass,
center of gravity, and moment of inertia, it conducts research on the heaving vibration
damping effect of different semi-submersible platforms combined with heave plates.
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(a) CSC type semi-submersible platform (b) DeepCwind type semi-submersible platform

(c) Dual-pontoon and four-column semi-submersible platform
Figure 8. Installation models of three types of floating platforms.

2.1. Influence of the Depth of Heave Plate Arrangement on the Platform Motion

At present, heave plates are mainly used in Spar platforms. However, due to the deeper
draught of the Spar platform, the corresponding depth of the heave plate arrangement is
also greater. Thus, the wave-induced force on the heave plate, located hundreds of meters
below the water surface, becomes negligible. For semi-submersible platforms, though,
because of the relatively shallow draft of the platform main body, arranging the heave plate
too deep increases the manufacturing cost.

To control these variables, the area of each added heave plate is set to 1000 m2. The
influence of the drag force of the truss structure of each platform is ignored, and the Morison
unit is not established for the trusses. Instead, the Discs unit is used to establish five models:
models with the heave plates at depths of 30 m, 60 m, 90 m, 120 m underwater, respectively,
and a model without a heave plate. The wave incidence direction is 0°. To enhance the
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tuning and damping effect of the integrated structure, a heave plate structure without holes
is established. Figure 9 shows the grid model of each platform when the arrangement depth
of the heave plate is 60 m. For the grid meshing of these models: unstructured tetrahedral
grids are adopted to fit the complex structures of platform columns and heave plate trusses;
local refinement is applied to wet surfaces (e.g., platform columns, heave plate) to ensure
the accuracy of hydrodynamic calculations, while relatively coarser grids are used for
non-wet structural parts to balance calculation precision and efficiency. All grids meet
the quality requirements for marine hydrodynamic simulations, with skewness < 0.8 and

aspect ratio < 5.

(a) CSC type semi-submersible platform grid model (b) DeepCwind type semi-submersible platform grid model

(c) Dual-pontoon and four-column semi-submersible platform grid model

Figure 9. Models of three types of floating platforms with a 60 m heave plate.

The heaving unit amplitude responses of the three types of platforms at different
depths are shown in Figures 10-12 below.

From the results of hydrodynamic analysis, it can be seen that the deeper the heave
plate structure is arranged, the greater the heaving response of each platform in certain
intervals of high wave periods. However, in the low frequency band or the working
frequency band, increasing the depth of the heave plate significantly reduces the heaving
response of the platform. When the arrangement depth of the heave plates of the three
types of platforms reaches 60 m, the heaving response of the platforms can be effectively
reduced, and this result is generally consistent with Chen C Y et al.’s study [29].
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Figure 10. RAO of CSC type semi-submersible platform with different depths of heave plates.
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Figure 11. RAO of DeepCwind type semi-submersible platform with different depths of heave plates.

Moreover, as the arrangement depth of the heave plates increases, the rate of improve-
ment of the damping effect begins to slow down. The above phenomenon can be explained
by the Airy wave theory. As the heave plate is arranged deeper, the wave-induced force
acting on the heave plate decreases rapidly, and the restraining effect on the platform
gradually increases. Once the wave-induced force approaches the radiation force provided
by the platform’s motion, the effect of further increasing the arrangement depth of the

heave plate starts to decrease.
When comparing the three types of platforms, arranging heave plates on the dual-
pontoon and four-column semi-submersible platform yields the best results, and the heave

plates play a positive role within the working frequency band.
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Figure 12. RAO of dual-pontoon and four-column semi-submersible platform with different depths
of heave plates.

2.2. Influence of the Area of Heave Plates on the Platform

Combined with the previous results, heave plates with areas of 600 m?, 1200 m?,
1800 m?, and 2400 m? were added to the three types of platforms at a depth of 60 m
underwater, as shown in Figures 13-15.

RAOS-Z (m/m)
o

-0.5 . . . T T T T
0 10 20 30 40 50 60 70

Wave Period

Figure 13. RAO of CSC type semi-submersible platform with different heave plate areas.

The above results indicate that within the working cycle, increasing the area of the
heave plates has an insignificant effect on both CSC type semi-submersible platform and
DeepCwind type semi-submersible platform. However, under severe sea conditions, the
heave plates actually increase the heaving response. For the dual-pontoon and four-column
semi-submersible platform, the effect of increasing the area of the heave plates is relatively
uniform up to 1200 m?, but it starts to decline after approaching 1800 m2. Moreover, a
larger area of the heave plate leads to a significant increase in the complexity of the truss
structure. When compared with the three types of platforms, increasing the area of the
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heave plates for the dual-pontoon and four-column semi-submersible platform is more

economically beneficial.

2.0

———=—o without heave plate
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Figure 14. RAO of DeepCwind type semi-submersible platform with different heave plate areas.
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Figure 15. RAO of dual-pontoon and four-column semi-submersible platform with different heave

plate areas.

3. Oscillating Float-Type Wave Energy Device and Semi-Submersible
Platform Integrated Structure Scheme

Since Frahm proposed the TMD, it has been widely applied in aerospace, construction,
machinery, and other industries [30]. Structures prone to severe pitching and rolling
(e.g., wind turbine nacelles) and super high-rise buildings (e.g., the Shanghai World
Financial Center and Taipei 101) are equipped with TMD dampers. Ordinary TMDs
dissipate energy in the form of heat during the energy absorption process. However,
over the past decade, some scholars have replaced TMD devices with power generation
structures, thereby achieving the goal of energy collection [31-35]. Among these efforts,
Nerubenko et al. (2019) proposed using TMDs in conjunction with generators to reduce
the dynamic load on ocean buoys [36].
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In practical engineering, a large number of floating structures are constantly subjected
to wave impact loads, which is detrimental to both the normal operation of personnel and
the fatigue life of the platform. The hydraulic PTO system can be regarded as a power-
generating TMD, as it exhibits damping during power generation and the spring within
the hydraulic cylinder can provide restoring stiffness. If the hydraulic PTO system can
be used rationally to absorb vibration energy for power generation, it will be possible to
reduce platform rocking while harnessing wave energy.

3.1. Principle of Vibration Damping of the PTO System

If the setting depth of the heave plate is too large, it will drastically increase the cost; if
it is too shallow, the desired effect will not be achieved. Based on the above conclusions,
considering the aspects of cost and construction convenience, the heave plate is arranged at
a depth of 60 m underwater. According to the position of the columns of the dual-pontoon
and four-column semi-submersible platform, and for the convenience of arranging the
truss structure, the area of the heave plate is selected to be 1200 m?2.

Based on the principle of tuned damping, in forced vibration, the heaving period
of the platform and the period of the incoming waves tend to be equal. Moreover, the
wave-induced force acting on the underwater heave plate is much smaller than that at the
water surface. This makes it possible to adjust the phase difference between the motion of
the heave plate and that of the platform by adjusting the rigidity of the PTO system.

According to the reciprocating heaving motion of the platform, the hydraulic PTO
system connects the floating platform and the heave plate. This not only reduces the motion
of the platform but also captures a significant amount of wave energy. Due to the pitching,
rolling, and other motions of the floating body in different degrees of freedom, multiple
PTO systems are arranged at different positions to reduce the bending moment. Taking
four PTO systems as an example, the PTO system is simplified into a spring-damping form,
and the simplified structural model of the integrated platform is shown in Figure 16.

AN
E'E:i b 7 72077
%

Ci2 Cis

C, Cio

Figure 16. Model diagram of wind-wave energy integration system.

The arrangement position and working mode of the hydraulic PTO system are shown
in Figure 17. The PTO system connects the heave plate truss structure with the main body
of the platform. For a stationary floating platform, the mass of the heave plate is balanced
by its buoyancy, which has little impact on the structure. For a moving platform, the mass
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of the heave plate itself and the mass of the water it needs to drive will greatly reduce the

platform’s motion response.

platform
\ m “=———~_accumulator |
~— "] [I | —"" o |
| - e generator |
e —
I I E \
e - 4 = = |
L] | e - valve group ydraulic motor |
hydraulic cylinder
L _ = =

heave plate

l

Figure 17. Schematic of the Semi-Submersible Wind-Wave Energy Platform Integration System.

3.2. RAO Calculation Method for Semi-Submersible Platform with Integrated PTO System

If the coupling effect of motions in other directions is ignored, the heaving model of

this integrated platform structure under a single PTO system can be further simplified.

Figure 18a shows the traditional fixed heave plate platform model, and Figure 18b shows

the model of the platform after it is connected to the heave plate by the PTO device.

The numerical simulation method for the heaving response of the integrated platform is

different from that for the response calculation of a platform with a fixed heave plate.

M+M, M+Ma
2 Kl Cl : Kl Cl PTO
/ / /
V L/ i
/ ; €t 2k
" A
" /
A A
" %

m+ma m+ma

C, C,
S/ S S

(a) Motion model of the fixed heave plate structure

(b) Motion model of the integrated structure

Figure 18. Motion models of the traditional fixed heave plate platform and the integrated platform.
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If M; and M, are used to denote the effective mass of the platform structure and the
heave plate structure for numerical calculations, respectively, then the matrix form of the
equations of motion of the system in the heaving direction is:

M 0 Zl CGi+C2 —Cp2 Z1 Ki+Ky —Kaof|Z1| _ |R 1)
0 M| |Z, —Cn Cpt+C| |2, —-K; K> | | Zo B
where:

Mj—computational mass of the platform, which consists of the platform structure
mass M and the additional mass M,, i.e., M1 = M + M,;

Mj—computational mass of the heave plate, which consists of the heave plate structure
mass m and the additional mass m,, i.e., My = m + my;

C1p—damping of the PTO system. Since its effect on the tuning frequency is small, the
existence of damping is not considered for the time being, and Cj; is taken as 0;

C1—damping coefficient of the platform structure, including radiation damping C,q
and viscous damping C,1, s0 C; = Cy + Cyy;

C,—damping coefficient of the heave plate structure, including radiation damping
Cyp and viscous damping Cp, so Cy = Cyp + Cpp;

Kji—heaving hydrostatic restoring stiffness of the platform structure, which is propor-
tional to the waterplane area of the platform;

Ky—equivalent PTO system stiffness;

Z1—heaving displacement of the platform structure;

Zr—heaving displacement of the heave plate structure;

F1—vertical wave-induced force acting on the platform structure, which is determined
by the lower wet surface of the platform and the water depth. It can be considered equal to
the wave-induced force acting on a fixed floating platform;

Fy—uvertical wave-induced force acting on the heave plate structure, which is deter-
mined by the outer surface of the heave plate and the water depth. It can be considered
equal to the wave-induced force acting on a fixed heave plate.

The effective mass, the total damping coefficient, and the vertical wave-induced
forces F{* and F5*¢ of the dual-pontoon and four-column semi-submersible platform
structure and the heave plate structure used for numerical calculations can be calculated
and determined based on the wet surface geometry of the platform and the geometry of
the heave plate. The hydrostatic restoring stiffness of the platform is determined by the
waterplane area of the platform columns. The viscous damping of the platform and the
heave plate can be expressed as:

Co = gﬂwzwpswl, Co2 = §7TWZ20PSWZ 2)
where:
Z10—Amplitude of the vertical displacement of the floating platform;
Zyo—Amplitude of the vertical displacement of the heave plate;
Swi1— Vertical projected area of the wet surface of the platform;
Swa—Vertical projected area of the heave plate.
Then, the wave-induced force in the vertical degree of freedom can be expressed as:

Flexc — Ple(a)cceiwt, Pzexc — ergceiwt (3)

where:
Fy“—Amplitude of the vertical wave-induced force of the platform;
F5y¢—Amplitude of the vertical wave-induced force of the heave plate.



Energies 2025, 18, 5778

15 of 24

M,

wW? + pw3 — w? + 2iw (& wy + uépws) —pw? = 2ipgpwrw
—pwj — 2iugpwrw pw3 — pw? 4 2ipgpwrw (& — &12)

If the viscous resistance of water is ignored, and assuming that the center of gravity of
the heave plate and the center of gravity of the platform coincide in the vertical projection,
the wave-induced force F{*¢ acting on the platform and the wave-induced force F5** acting
on the heave plate have the same frequency and phase. Define wy, wy, §1, ¢2, and &1, as
follows, respectively:

K K G G G2
w1 = E/wz— ﬁz, C1—m,§z—m,§12—2M2w2 4)

If the mass ratio of the heave plate to the platform, the ratio of the natural frequency

of the heave plate to that of the platform, and the ratio of the incident wave frequency to
the natural frequency of the platform are defined as follows, respectively:

_Mz w

wy
= —, = —, = — 5
# Mla wlﬁ w1 ®)

Since the steady-state period is the same as the excitation period in forced vibra-
tion, and only the phase is different, the platform displacement Z; and the heave plate
displacement Z; can be set as follows, respectively:

Zl — Zloei(WtJrGl)/ZZ — Zzoei(wt+92) (6)

Thus, Equation (1) can be rewritten as:

Zl _ F 10 eia)t (7)
Z Fxo
If the additional mass coefficient is defined as follows:

A1l = Wi + pwi — w* + 2iw(G1w1 + p1ws)
Ay = Ag = —pw3 — 2ipgpwrw (8)
Axm = pw3 — pw? + 2ipwrw (& — €12)

Then, the solution to Equation (6) is:

Zq
Zy

Thus, the modulus of the amplitude of the heaving response of the platform body and

et [ (AnFsy — AnFiy©)/ (A}, — AnAz)

9
(Ar2F{y® — AnFgy©) / (AL, — AnAn) ©)

the heave plate of this integrated system is:

Z1o
Zo

In the first step of the solution, set the vertical viscous damping of the floating platform

(10)

1| (AnF5 — AnFige) / (A}, — Andz)|
My [[(AnFf5© — AuFgi) / (A7, — Andn)|
and the heave plate to 0 first. After solving Equation (6) to obtain the amplitudes of the
vertical motion responses of the platform and the heave plate, use Equation (2) to correct
the viscous damping. Then, substitute the obtained viscous damping into Equation (6) and
iterate again until the solution accuracy requirements are met. If the JONSWAP spectrum

is denoted as S(w), the heaving displacement response spectra S,,1 and S,.; of the floating
platform and the heave plate can be expressed as follows, respectively:

(11)
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3.3. Optimization of the Equivalent PTO System Stiffness Under Specific Sea States in the South
China Sea

The calculated natural period of the platform is about 23 s, which avoids the spectral
peak period of waves (10 s) in the maximum working sea state of the South China Sea.
This separation from the wave energy period indicates a rational design to avoid resonant
motions. Next, the PTO system stiffness needs to be selected with the aim of adapting to the
sea state of Level 5. Taking the maximum working sea state parameters near the Dongsha
Islands in the South China Sea as an example, the PTO system stiffness, K3, is studied to
account for the resonance of the coupled system of the heave plate and the platform. Under
this sea state, the results of solving the heaving response spectrum S, (w) of a conventional
dual-pontoon and four-column semi-submersible platform are shown in Figure 19. The
results show that the heaving response spectrum of the platform peaks at approximately
0.6 rad/s, which is close to the period of the sea state and exhibits the characteristic of a
narrow wave frequency band. Therefore, the heaving response of the platform within this
period range needs to be adjusted.

Heaving response spectrum of Dual-pontoon and four-
column semi-submersible platform without heave plate
~~
e
<
-
~
2]
)
=
N
N
N
wn 1 ]
0 T 1 T T 1 N I

0.4 0.6 0.8 1.0 1.2 1.4
Frequency(rad/s)

Figure 19. Heaving response spectrum of dual-pontoon and four-column semi-submersible platform
without heave plate.

Next, under the sea state near the Dongsha Islands in the South China Sea, the
damping effects of different stiffness values of the PTO system, Kj, are studied according
to Equations (1)-(11). If slack mooring is adopted and the coupling effect between the
restoring force provided by the mooring system and the motions in other directions is
ignored, and if the ratio of the equivalent PTO system stiffness to the hydrostatic restoring
stiffness of the platform is defined as K, /K; = p, the responses of the platform and the
heave plate for different ratios of the equivalent PTO system stiffness, K, to Kj, are shown
in Figure 20. The heaving response of the platform main body is the smallest when the ratio
of the equivalent PTO system stiffness to the hydrostatic restoring stiffness of the platform,
p =~ 0.15, and the response amplitude is approximately 0.84 m. When 0.3 < p < 0.6, the
integrated system actually increases the extreme value of the platform response. As the
stiffness ratio increases, the difference between the heaving displacements of the floating
platform and the heave plate decreases and tends to a certain value.
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Figure 20. Relationship between response extremes and stiffness ratio.

Figure 21 shows the variation of the heaving response of the integrated platform with

the wave period for stiffness ratios p of 0.15 and 0.3, respectively. It can be seen that for

high-frequency waves, the heaving response of the platform with a stiffness ratio of p = 0.3

is better than that with p = 0.15, while the opposite is true for low-frequency waves.

2.5
=== « = Heaving response amplitude of Dual-pontoon and four-
i column semi-submersible platform with p=103
=== = = Heaving response amphtude of Dual-pontoon and four-
column seni-submersible platform with p=0.15
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Figure 21. Heaving RAO versus incoming wave frequency for different PTO stiffnesses.

Wave frequency(Rad/s)

4. Motion Response of the Integrated Platform Under Different Sea
Conditions in the South China Sea

Wave height is generally considered a zero-mean Gaussian stochastic process. The

response of the platform to random waves is usually considered the sum of the responses
under each component wave. The ANSYS (2024R1) AQWA-DRIFT module (a dedicated
hydrodynamic analysis tool for marine structures) calculates the dynamic response under

random waves using interpolation.
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Taking the ratio of the equivalent PTO system stiffness to the hydrostatic restoring
stiffness of the platform, p = 0.15, as an example, the sea state with a return period of
one year in the Xiwei Trough Sea area of the South China Sea is selected as Sea State
2. The parameters of the working sea state and the long-period sea state of Level 6 are
selected as Sea State 1 and Sea State 3, respectively. Then, the heaving performances of the
dual-pontoon and four-column semi-submersible platform without a heave plate, the fixed
heave plate platform, and the floating platform integrated with the wave energy device are
compared under these three sea states. Also, to verify the correctness of the conclusions in
the previous section, the stiffness ratio p = 0.5, which has a negative effect, is chosen for
comparison. The parameters of the three sea conditions are shown in Table 1.

Table 1. Sea State Conditions.

Irregular Wave Spectrum (JONSWAP Spectrum)

Sea State Peak Period Peak Shape Factor  Significant Wave Height
1 5 3.3 22
2 10 3.3 2.7
3 15 3.3 6.5

Neglecting the restoring force provided by the mooring system, the displacement
time-history curves within 3000 s for each type of platform under each sea state are solved.
The results are summarized based on the heaving displacement curves and probability
distributions of each platform in the time domain.

The time-domain heaving curves of each type of heave plate platform under Sea State
1 are shown in Table 2 below. The displacement distributions of the time-domain curves of
each platform are statistically analyzed, and the statistics of the mean value, variance, and
response extremes of the displacements of each platform are shown in Table 3 below.

Table 2. Time—-domain response curve of each platform under sea state 1.

Various Types of Platforms Time-History Curve of the Platform Body Response
05 ‘ Without Heave plate
g
Platform without heave plate E
0.5
0 500 1000 1500 2000 2500 3000
Time(s)
0.5 Without PTO
g
=
£o0
Traditional heave plate platform 2
0.5
0 500 1000 1500 2000 2500 3000
Time(s)
G - PTO K,;=0.5K,
E
E=1
£oo0
Platform with a stiffness ratio of p = 0.5 2
0.5
0 500 1000 1500 2000 2500 3000

Time(s)
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Table 2. Cont.

Various Types of Platforms Time-History Curve of the Platform Body Response

PTO K,=0.15K,

Position(m)
o ©
(=} W

,

<

W
!

Platform with a stiffness ratio of p = 0.15

(=}

500 1000 1500 2000 2500 3000
Time(s)

Table 3. Extreme values and variances of the response of each platform under sea state 1.

. . Platform Without Traditional Heave Platform with a Stiffness Platform with a Stiffness
Time-Domain Results

Heave Plate Plate Platform Ratio of p = 0.5 Ratio of p = 0.15
Mean value 0.0241 0.0246 0.0244 0.0241
Variance 0.152 0.062 0.034 0.080
Response extreme value 0.780 0.500 0.368 0.567

The time-domain analysis and simulation of various types of platforms under Sea
State 2 are shown in Table 4 below.

Table 4. Time—-domain response curve of each platform under sea state 2.

Various Types of Platforms Time-History Curve of the Platform Body Response
1.54 Without Heave plate
1.0 T T
£0.5
£ 0.0
Platform without heave plate £00
-15
0 500 1000 1500 2000 2500 3000
Time(s)
1.5+ Without PTO
~1.0
£0.51
£ 0.0
Traditional heave plate platform 2059
-1.5]
0 500 1000 1500 2000 2500 3000
Time(s)
1.5 PTO K,=0.5K,
- 1.0
£ 0.5
£0.0
Platform with a stiffness ratio of p = 0.5 2051
-1.51
0 500 1000 1500 2000 2500 3000
Time(s)
1.51 PTO K,=0.15K,
= 1.0]
= 0.5
£0.0
Platform with a stiffness ratio of p = 0.15 2051
-15]
0 500 1000 1500 2000 2500 3000
Time(s)

The displacement distribution of the time—-domain curve of each platform is statistically
analyzed, and the mean value, variance, and response extreme value of the displacement
of each platform are shown in Table 5 below.
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Table 5. Extreme values and variances of the response of each platform under sea state 2.

Time-Domain Results

Platform Without Traditional Heave Platform with a Stiffness Platform with a Stiffness

Heave Plate Plate Platform Ratio of p = 0.5 Ratio of p = 0.15
Mean value 0.0562 0.0654 0.0496 0.0374
Variance 0.515 0.307 0.374 0.182
Response extreme value 1.434 1.109 1.222 0.849

The time—-domain analysis of various types of platforms under Sea State 3 is carried
out for a duration of 3000 s, and the statistics are shown in Table 6 below.

Table 6. Time—domain response curve of each platform under sea state 3.

Platform without heave plate

Traditional heave plate platform

Platform with a stiffness ratio of p = 0.5

Platform with a stiffness ratio of p = 0.15

Various Types of Platforms Time-History Curve of the Platform Body Response
3 : ‘ ‘Without Heave plate
E1]
£0]
2
-34 ’ . b } .
0 500 1000 1500 2000 2500 3000
Time(s)
31 Without PTO
—_ 2 ]
E 11
£0]
-2
-3 . . . | .
0 500 1000 1500 2000 2500 3000
Time(s)
31 PTO K,=0.5K
A2, 2=U0K,
E 11
£o]
-2 4
0 500 1000 1500 2000 2500 3000
Time(s)
; PTO K,=0.15K,
E 1]
£0]
21
~ 4
-3 . . . L .
0 500 1000 1500 2000 2500 3000
Time(s)

The heaving displacement curves and their distributions of each type of platform
under Sea State 3 are shown in Table 6. The displacement distribution of the time-domain
curve of each platform is statistically analyzed, and the mean value, variance, and extreme
value of the displacement of each platform are shown in Table 7 below.

The response extreme values and displacement variances of each platform under
the three sea states are shown in Figures 22 and 23. Under Sea State 1, the seakeeping
performance of each platform is good. The response of the platform without a heave plate
is significantly weaker than that of various platforms with heave plates. The vibration
damping effect of each platform with a heave plate is obvious. The fixed heave plate
reduces the heaving motion by more than 35%, and the heaving motion of the platform
structure with a stiffness ratio of p = 0.5 for the PTO system and the platform is reduced
by more than 50%. In addition, in the sea state with a lower period, the response of the
platform with a stiffness ratio of p = 0.15 is slightly weaker than that of the platform with a
fixed heave plate.
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Table 7. Extreme values and variances of the response of each platform under sea state 3.

Time-Domain Results

Platform Without Traditional Heave Platform with a Stiffness Platform with a Stiffness

Heave plate Plate Platform Ratio of p = 0.5 Ratio of p = 0.15
Mean value 0.1010 0.0776 0.0716 0.0729
Variance 2.152 1.382 1.572 2.020
Response extreme value 2.934 2.352 2.508 2.842

a4
]

‘ Platform without heave plate —

‘ Fixed heave plate platform

Platform with a stiffness ratio of p=0.5

Platform with a stiffness ratio of p=0.15

(3]
I

Response extreme value
]

ARl

1 2

Sea state

(S

Figure 22. Extreme values of the heaving response of each platform in three sea states.

-
3
Platform without heave plate
Fixed heave plate platform
Platform with a stiffness ratio of p=03
3 Platform with a stiffness ratio of p=0.15
B
w2
a1
o 1 -
oy
P
=

s

Sea state

Figure 23. Displacement variances of each platform in three sea states.

Under Sea State 2, the response of the platform with a stiffness ratio of p = 0.15 is
better than that of the platform without a heave plate, but the vibration damping effect is
slightly reduced compared with Sea State 1. Among them, when p = 0.5, the response curve
has a wider distribution of positions on the time-domain curve, which is similar to that of
the platform without a heave plate, and the expected negative effect is not produced.

In Sea State 3, in terms of the damping ratio, the effect of all types of heave plates is
weaker than that in Sea State 2 and Sea State 1. This may be because a large wave period
leads to a small acceleration change of the heave plate, which in turn causes a gradual
decrease in the ratio of the additional mass to the wave-induced force. The reason for
the reduced damping effect of the integrated PTO system may be that it cannot play the
role of tuned damping in long periods. In a single upward or downward cycle, the elastic
force gradually increases as the relative displacement increases. During this period, it is
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equivalent to a platform without a heave plate, and it can only be equivalent to the fixed
heave plate platform after reaching a certain extreme value.

5. Conclusions

This study proposes an integrated deep-sea platform with wave energy converters
based on the principle of tuned damping, deduces the RAO calculation method for the
integrated system, and analyzes the damping effect under different PTO stiffnesses. The
main conclusions are as follows:

(1)  For the three types of semi-submersible platforms, the heave RAO is most significantly
improved when the heave plate is installed at 60 m depth within the operational wave
period. Beyond 60 m, the improvement effect declines; when the wave period exceeds
255, the heave plate negatively affects the platform’s heave response. Among the three
platforms, the dual-pontoon and four-column semi-submersible platform achieves
the best heave performance improvement after adding a heave plate.

(2) Anintegrated structural scheme combining the floating pontoon platform with an
oscillating float-type wave energy converter is proposed, and the RAO calculation
method for this scheme is derived.

(3) In the Xiwei Trough of the South China Sea, when the ratio of PTO stiffness to
the platform’s restoring stiffness (p = 0.15), the platform has the smallest response
extreme value. When 0.3 < p < 0.5, the PTO system negatively impacts the platform’s
heaving performance.

(4) Comparative analyses are conducted for the platform without a heave plate, the
traditional fixed heave plate platform, the integrated platform with a stiffness ratio
of p = 0.15, and the integrated platform with a stiffness ratio of p = 0.5. Under the
Xiwei Trough Sea state, the integrated platform with p = 0.15 exhibits better heave
performance than the fixed heave plate platform, and the integrated platform with
p = 0.5 shows a heave response similar to that of the platform without a heave plate.
Under the Level VI sea state, the heave response of all platforms increases significantly,
the damping effect of the heave plate diminishes notably.

(5) Under more severe sea conditions, the negative impact of the heave plate in the
integrated PTO system becomes more pronounced. The wave energy PTO system
should be used to switch the wind-wave energy integrated system among three
modes—no heave plate, fixed heave plate, and tuned mode—to adapt to different
sea conditions.
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