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Abstract
Energy shortages and environmental pollution are becoming increasingly severe globally. The exploitation and utilization of
renewable energy have become an effective way to alleviate these problems. To improve power production capacity, power output
quality, and cost effectiveness, comprehensive marine energy utilization has become an inevitable trend in marine energy develop-
ment. Based on a semi-submersible wind–tidal combined power generation device, a three-dimensional frequency domain potential
flow theory is used to study the hydrodynamic performance of such a device. For this study, the RAOs and hydrodynamic
coefficients of the floating carrier platform to the regular wave were obtained. The influence of the tidal turbine on the platform
in terms of frequency domain was considered as addedmass and damping. The direct load of the tidal turbine was obtained by CFX.
FORTRAN software was used for the second development of adaptive query workload aware software, which can include the
external force. The motion response of the platform to the irregular wave and the tension of the mooring line were calculated under
the limiting condition (one mooring line breakage). The results showed that the motion response of the carrier to the surge and sway
direction is more intense, but the swing amplitude is within the acceptable range. Even in the worst case scenario, the balance
position of the platform was still in the positioning range, which met the requirements of the working sea area. The safety factor of
the mooring line tension also complied with the requirements of the design specification. Therefore, it was found that the hydro-
dynamic performance and motion responses of a semi-submersible wind–tidal combined power generation device can meet the
power generation requirements under all design conditions, and the device presents a reliable power generation system.

Keywords Power generation device . Coupling hydrodynamic analysis . AQWA . Mooring line tension . Motion response .
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1 Introduction

Research on the multi-power complementary ocean plat-
forms has virtually just begun. Most of the work is still in
the conceptual design or pre-project demonstration stage.
At present, many early explorations of multi-power com-
plementary designs have come upon a common core prob-
lem, i.e., resolving the interaction mechanisms between
the multiple subsystems. In response to this problem,
some preliminary research results have emerged: Zhou
Nianfu studied the load and efficiency of turbines in os-
cillating floating platforms (Sheng et al. 2015). Li Yan
studied the influence of the turbine array arrangement on
turbine power generation efficiency (Li 2017b). Li
Tengfei explored the coupling interaction mechanism be-
tween turbine and floating tidal platform (Li 2017a).
Tomasicchio’s numerical results on floating platforms
(Tomasicchio et al. 2017) and Riefolo’s numerical results
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on fixed platforms (Riefolo et al. 2016) showed the ad-
vantages and disadvantages of fixed platforms and float-
ing platforms. The fixed platform is more stable but less
flexible and has a greater impact on marine ecosystems.
The floating platform is flexible and easy to dismantle,
thus having little impact on the marine ecosystem.

Based on the relevant research results (Christensen
et al. 2015; Chozas 2012; Greaves et al. 2014; Tuitman
et al. 2012; Lin and Yue 1991; Mohanty et al. 2016), this
paper considers the interaction between the turbine system
and the carrier platform in the process of hydrodynamic
analysis. In the analysis of hydrodynamic performance of
the platform, the main concern is the motion response of
the platform to ocean wave action and the load-bearing
system. The time-domain hydrodynamic analysis based
on the N-S equation (Marquis et al. 2012; Pérez-Collazo
et al. 2015; Quevedo et al. 2013; Qi et al. 2011) can give
the most intuitive and detailed analytical results, although
the calculation process is lengthy and the processing of
the results is more complex. Another boundary element
method analyzes the hydrodynamics directly from the fre-
quency domain (Deng 2011; Guo and Liang 2013; Jiang
2012). Because it is faster to calculate, and provides the
design of the required important frequency domain pa-
rameters, its use is more common. In this paper, the re-
search is based on the semi-submersible wind–tidal com-
bined power generation platform. In the regular wave, the
boundary element method is used to analyze the hydrody-
namic analysis in the frequency domain, and the hydro-
dynamic parameters such as radiation damping, additional
mass, and amplitude response operator (RAO) are obtain-
ed. To a certain extent, the boundary element method
reveals the platform’s kinetic performance and prepares
it for subsequent time-domain calculations and in-depth
analysis. Then, based on the indirect time-domain analysis
method (Li et al. 2000; Ma et al. 2016; Sheng et al. 2008;
Sheng et al. 2014), we consider the coupling calculation
of the carrier, turbine, and mooring systems. The adaptive
query workload aware (AQWA) software was developed
with FORTRAN programming (ANSYS AQWA 2013),

taking into account all additional steady and unsteady
forces, and simulating the time-domain coupling motion
of the wind–tidal combined power generation device un-
der extreme operating conditions, to obtain the motion
response of the platform and the force of the mooring
system under different working conditions.

2 Computational Theory

2.1 Decomposition of Velocity Potential
and Boundary Conditions

Solving for velocity potential in the flow field is the key to
determine the movement of the floating marine structure in
response to waves (Wang 2011; Zhang et al. 2013). From the
micro-amplitude wave hypothesis, we can see that the total
velocity potential in the flow field around the floating body
includes the incident potential, the radiation potential, and the
diffraction potential, as follows:

Φ x; y; z; tð Þ ¼ Φ0 x; y; z; tð Þ þ ∑
6

1
Φi x; y; z; tð Þ

þ Φ7 x; y; z; tð Þ
ð1Þ

where Φ(x, y, z, t) represents the total velocity potential for
fluid movement around the structure; Φ0(x, y, z, t) represents
the incident potential; Φi(x, y, z, t) represents radial potential of
the ‘i-mode’; and Φ7(x, y, z, t) represents the diffraction
potential.

According to frequency domain analysis theory, free surface
conditions include kinematic conditions and kinetic conditions
(Zhu et al. 2002; Zhang et al. 2010). At the same time, in order
to meet closed-boundary conditions, we must set the infinite
distance boundary conditions, that is, radiation conditions.

Then, the frequency domain velocity potential ϕ of the
solution conditions can be expressed as:

L½ � : ∇2ϕ ¼ 0

F½ � : ∂
2ϕ

∂2t
þ g

∂ϕ
∂z

¼ 0

S½ � : ∂ϕ
∂n

¼ V tð Þ⋅n

B½ � : lim
z→∞

∂ϕ
∂z

¼ 0

R½ � : lim
R→∞

ffiffiffi
R

p ∂ϕ
∂R

−ik
∂ϕ
∂t

� �
¼ 0

8>>>>>>>>><
>>>>>>>>>:

ð2Þ

where g represents gravitational acceleration; k represents the
wave number of the incident wave, and k = ω2/g.

Table 1 Environmental parameters of Zhoushan islands

Water depth Submarine soil Flow rate/(m·s−1) Water depth/m Maximum tidal range/m

Self-storage condition Rock 4 40 3

Table 2 Main dimensions of the platform

Unit: m
Length Breadth Depth Draft Freeboard

28 30 10.2 7.5 2.7
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2.2 First-Order Wave Force, Second-Order Wave Force

The three-dimensional potential flow theory is used to analyze
the floating marine structures under the action of regular
waves. We make the following assumptions:

(1) The floating ocean structure movement produces a radi-
ant force consisting of two parts of the mass force and the
radiation damping force;

(2) The wave excitation force consists of incident wave force
and diffraction wave force;

(3) The first wave force of the floating marine structure con-
sists of two parts: the radiation force and the wave exci-
tation force, and can be linearly superimposed.

The first-order wave force of floating body is:

F j ¼ −∬
S
pn jdS ¼ − ∫

S
iωρ ϕi þ ϕDð ÞnjdS ð3Þ

where Fj represents the wave force in the j direction; S is the wet
surface area of the floating body; ϕD is the diffraction velocity
potential; ϕi represents velocity potential of the i-movement; nj
represents the movement in j direction; ω is the incident wave
frequency; h is the water depth; k is the wave number of the
incident wave. ω satisfies the following equation:

ω2 ¼ gk tanh khð Þ ð4Þ

In this paper, the far-field method is used to solve the av-
erage second-order wave drift and torque. The average
second-order wave drift is calculated as follows:

F 2ð Þ
wave ¼ − ∮

WL
0:5ρgξ2rndl þ∬

S0

0:5ρ ∇Φj j2ndS

þ∬
S0
ρ X ⋅∇

∂Φ
∂t

� �
ndS þMs⋅R⋅

:
X
:
g

ð5Þ

The average second-order wave drift moment is calculated
as follows:

M 2ð Þ
wave ¼ −∮0:5ρgξ2r x� nð Þ⋅dl

þ∯0:5ρ ∇Φj j2 x� nð ÞdS
þ∯ρ X ⋅∇

∂Φ
∂t

� �
x� nð ÞdS þ I s⋅R⋅€Xg

ð6Þ

where F(2)
wave is the average second-order wave drift force;

M 2ð Þ
wave is the average second-order wave drift moment; ξr is

the wave height; So is the wet surface area of the buoy; X is the
floating motion displacement;Ms is the floating mass; R is the

floating body rotation matrix; and €Xg is the acceleration at the
center of gravity of the platform.

2.3 Hydrodynamic Coefficient of the Tidal Turbine

Based on Newton’s second law, the equation of motion of the
floating carrier can be expressed as:

M kj€η j ¼ −Ckjη j− ∑
6

j¼1
μkj€η j þ λ kjη˙ j

� �
þ f ke

iωt

k ¼ 1; 2:::6ð Þ
ð7Þ

where η; η̇ j; €η j are the displacement, velocity, and accelera-

tion, respectively, of the floating carrier.Mkj is the generalized
structural mass matrix of the floating carrier. Ckj is the restor-
ing force matrix. μkj, λkj is the added mass and damping. fk is

Table 4 Parameters of the wind turbine

Installed capacity/kW Impeller diameter/m Tower height/m Cut in/out wind speed/(m·s−1) Rated wind speed/(m·s−1)

200 27.5 25 3.5/25 12

Limited wind speed/(m·s−1) Impeller weight/t Tower weight/t Cabin weight/t Turbine weight/t

59.5 3 24 6 3

Table 5 Parameters of anchor chains

Material Length/
m

Diameter/
mm

Mass per unit
length/
(kg·m−1)

Fracture
load/kN

R4 unstudded
cable

200 58 67 3628

Table 3 Parameters of the tidal turbine

Design current rate/(m·s−1) Maximum current rate/m Diameter/m Installed capacity/kW

2.5 40 6 110

Chord length/m Air foil Blade number Span length/m Weight/t

0.96 NACA0018 2 8 15
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the radiation force acting on the floating carrier.
The hydrodynamic influence of the turbine on the

floating carrier can be considerd as added mass and
damping. The added mass and damping can be obtained
by forced oscillation simulation (Zhang et al. 2013). The
hydrodynamic coefficient can be added to the equation by
second development of the AQWA Userfoce. The external
force can be included in the calculation model by the
uerforce dynamic link library.

The load of the tidal turbine can be dealt with by linear
theory when the tidal turbine oscillates in the open water
(the turbine is fixed with the main shaft). The hydrodynamic
parameter can be divided into the uniform flow hydrodynamic
parameter, the damping parameter, and the addedmass param-
eter.

cxx ≈ cFxx λ θð Þ þ ηxx λ θð Þμþ mxx λ θð Þa ð8Þ

cyx ≈ cFyx λ θð Þ þ ηyx λ θð Þμþ myx λ θð Þa ð9Þ

where cxx is the thrust coefficient in the longitudinal direction
because of the oscillation. cyx is the lateral force coefficient in
the transverse direction because of the oscillation. The hydro-
dynamic coefficient can be obtained by the least square

method. Tables 1, 2, 3, 4, 5 and 6 give the hydrodynamic
coefficient in the form of series.

3 Numerical Calculation and Result Analysis

3.1 Model Design

The offshore wind energy and ocean current energy in
Zhou Shan are more abundant than in any other place in
China. The tidal energy density of the JinTang waterway
and GuiShan waterway ranges from 24 to 26 kW/m2.
Meanwhile, the annual mean wind speed can be as much
as 6.9 m/s. Therefore, the Zhou Shan islands have been
chosen as the design site. Detailed environmental param-
eters of the ZhouShan islands are shown in Table 1.

The design of the platform is mainly drawn from the CCS
Classification of offshore mobile platforms. The main struc-
ture of the platform is shown Fig. 1. In order to make full use
of the platform space, a 220 kW wind turbine and double
110 kW water turbines were selected. The total capacity of
the wind–tidal combined power generation device was up to

Fig. 3 Mooring design

Fig. 2 Structure of the mooring line

Table 6 Wind turbine load

The total thrust of the wind
turbine and the tower/kN

The total bending moment/kN·m

100 1700

Fig. 1 Wind–tidal combined power generation platform
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420 kW. Main dimensions and total weight of the platforms
are shown in the Table 2.

The detailed parameters of the tidal turbines and wind tur-
bines are shown in Tables 3 and 4.

The operational depth of the device was 40 m. The cate-
nary part of the mooring line was very short. The deforma-
tion of the mooring line was not able to resist the influence
of external forces. The operation of the turbines led to a
huge horizontal load and overturning moment on the plat-
form. Tension in the mooring line was significant and the
mooring line had the risk of breakage. Therefore, elastic
cable, having the advantage of lower weight, was used.
Compared with anchor chains, the elastic cable could pro-
vide more buffering stress and tensile strength at the same
length. Figures 2 and 3 show the structure of the mooring
line and mooring design, respectively. Figures 2 and 3 also
show the structure of the mooring line and the mooring
design of the platform. The detailed parameters of the an-
chor chain are shown in Table 3.

3.2 Numerical Model

AQWA in ANSYS is a simulation tool for the shipping and
marine engineering industries. It is used to calculate the hy-
drodynamic performance of ship and marine engineering. It
has a wide range of functions, high precision, and user-
friendly interface. It has been widely used for user engineering
verification. Our frequency domain analysis used AQWA
software. As we can see from Fig. 4, the default ship direction

in the AQWAwas along the X axis. The grid size was set to
0.5 m in the calculation process and the number of meshes
was 6193.

3.3 Design Conditions

The limiting conditions (one mooring line breakage) were
calculated to test the performance of the floating carrier.
Table 1 shows the environmental parameters of the de-
signed sea area. Table 7 shows the wind turbine load,
which is assumed to act on the center of gravity via the
thrust and bending moment. The direct load of tidal tur-
bines was time-varying and added to the model by user-
force. Tables 7, 8, 9 and 10 show the water turbine hy-
drodynamic coefficient.

3.4 Frequency Domain Motion Response

The amplitude response operator (RAO) is an important pa-
rameter reflecting the motion response of the tidal current
power generation platform. In this paper, the RAOs derived
from the calculation process are given in the form of frequen-
cy function. The design water depth is 40 m. Draft of the
platform is 7.5 m. The calculation frequencies range from 0
to 3 rad/s. The frequency calculation step is 0.1 rad/s. In ad-
dition, since the floating carrier is symmetrical about the x-z
plane, incident wave directions at 0°, 30°, 60°, 90°, 120°,
160°, and 180° are calculated in the calculation process.
Figure 2 shows the RAOs of six degrees of freedom when
the wave angle is changed from 0 to 90°.

As we can see from Figs. 5(a) and 5(b), the response
variation tendencies of the device in surge and sway
were similar, with the response increasing at first and
then decreasing. The surge response reached its greatest
value when the incoming wave angle was 0°. The sway
response reached its greatest value when the incoming
wave angle was 90°. As we can see from Fig. 5(c), the
heave response reached its greatest value when the in-
coming wave angle was 90°. As we can see from
Fig. 5(d), the rolling response increased with increasing

Fig. 4 AQWA calculation model

Table 7 Cxx hydrodynamic coefficient

λ c0xx c1xx ψ1
xx n0xx n1xx ψ1

n;xx m0
xx m1

xx ψ1
m;xx

3 − 1.09 − 1.16 − 91.85 2.57 − 2.59 77.14 0.16 − 0.03 56.74

Table 8 Cyx hydrodynamic coefficient

λ c0yx c1yx ψ1
yx n0yx n1yx ψ1

n;yx m0
yx m1

yx ψ1
m;yx

3 0.09 − 1.02 12.88 − 0.09 − 2.64 − 161.17 0.03 − 0.01 121.27

Table 9 Cxy hydrodynamic coefficient

λ c0xy c1xy ψ1
xy n0xy n1xy ψ1

n;xy m0
xy m1

xy ψ1
m;xy

3 − 122 − 1.28 − 91.24 − 0.13 − 1.87 176.51 − 0.03 − 0.09 − 178.55
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wave period at first, and then decreased. The rolling
response reached its smallest value when the wave angle
was 0°. As we can see from Fig. 5(e), the pitch response
of the device increased with increasing wave period, in
general, and then decreased. The pitch response had the
smallest value when the wave angle was 90°. As we can
see from Fig. 5(f), the yaw response of the device in-
creased with increasing wave period at first, then de-
creased when the wave angle was 30° and 60°. The pitch
response of the device was very small when the wave

angle was 0°and 90°. In general, the RAOs of the device
were below six in the wave energy concentration fre-
quency range. The designed platform displayed fine

(a) RAO in surge

(b) RAO in sway

(c) RAO in heave

(e) RAO in pitch

(f) RAO in yaw

(d) RAO in roll

Fig. 5 Motion response in frequency domain

Table 10 Cyy hydrodynamic coefficient

λ c0yy c1yy ψ1
yy n0yy n1yy ψ1

n;yy m0
yy m1

yy ψ1
m;yy

3 0.07 − 1.15 12.87 1.45 − 1.15 − 61.10 0.02 − 0.07 − 101.52
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hydrodynamic performance and frequency interaction
characteristics.

The free decay test of the device was also performed in the
ANSYS-AQWA. The initial displacement of the device was
given in three degrees of freedom, namely, rolling, pitch, and

heave. The platform was then released freely. The numerical
results obtained by AQWA-Line were transferred to AQWA-
Naut. The free decay curves of the device were then obtained.
The free decay curves of the device are shown in Fig. 6.
Considering the invariant characteristics of the free decay
curves, the specific period could be obtained. The natural pe-
riods of rolling, pitch, and heave were 2.6 s, 3.8 s, and 3.5 s,
respectively, which were beyond the common wave
frequency.

3.5 Time-Domain Coupling Analysis

The environment conditions of the ocean are quite complicat-
ed and the wind inflow direction of the floating power plant
may be different from the wave direction. The influence of the
direction of the waves on the floating tidal platform cannot be
ignored. In order to fully verify the reliability and performance
of the mooring system of the floating tidal platform, it was
necessary to analyze the motion response of the platform and
the tension of the mooring line under different wave incidence
angles. As we can see from Fig. 3, the platform and the con-
figuration of the mooring system were symmetrical about the
x-y plane; thus, the wave angles of 0°, 30°, 60°, 90°, 120°,
150°, and 180° were chosen to perform the calculation pro-
cess. The Joint North Sea Wave Project (JONSWAP) wave
spectrum was selected for the calculation and the wave spec-
trum parameter λ is equal to 3.3. The mean wave height and
peak period were selected according to the design conditions.
In order to reflect the normal working conditions of the plat-
form, the inflow wind and current were taken to be at a 0°
incident angle. The calculation time was 5000 s.

Figures 7 and 8 shows the time-domain curves of the six-
degrees-of-freedom motion of the platform with the greatest
motion amplitude under different wave angles and the tension
curve of the No. 2 mooring line with the maximum tension
along with time.

As we can see from the displacement of the platform,
the platform had undergone great changes in the horizon-
tal plane due to the mooring line break. The lateral mean
displacement increased to − 3.55 m when the wave angle
was 150°. The maximum longitudinal displacement of the
platform reached − 9.35 m when the wave angle was 60°.
However, the surge value was still acceptable, accounting
for the mooring line breakage and the designed sea area.
The platform will not collide with the neighboring plat-
form. The average value of the heave response was −
3.32 m when the wave angle was 60°, which changed
little compared with the value of the designed working
condition. In the case of 180° incident wave direction,
the minimum drift was 4.68 m and the maximum drift
was 6.32 m. The turbine could always remain below the
surface of the water, and the air gap height also met the
safety requirements. On the whole, the platform finally

(a) Free decay curve of rolling

(b) Free decay curve of pitch

(c) Free decay curve of heave
Fig. 6 Free decay curve in different directions
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reached a new equilibrium position after the drift. The
platform had undergone bigger offset in the minus x di-
rection and the drift was deeper. The offset value in the y
direction changed little. The oscillation amplitude in each
direction was not very great. We did not consider the
disconnection of the power cable due to large horizontal
offset. In reality, the platform may disconnect from the
power cable. The tidal current and wind turbines may shut
down due to the large offset. Therefore, the aerodynamic
load and the thrust of the water turbine should be
reconsidered.

The average pitch angle was about 0.35° and the average
roll angle was about − 0.21. The maximum pitch angle was
3.74° and the maximum roll angle was − 3.51°. Compared
with the designed working condition, the platform had under-
gone greater changes in the yaw freedom. The average yaw
angle had significantly increased from 0.26 to − 2.21° and the
maximum yaw angle reached − 6.92°.

In summary, the positioning ability of the platform can still
meet the requirements of the designed sea area once the moor-
ing line breakage and the design of the mooring system are
effective.

(a) Surge response curve

(b) Sway response curve

(c) Heave response curve

(e) Pitch response curve

(f) Yaw response curve

(d) Roll response curve

Fig. 7 Motion response in time domain
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4 Conclusions

This paper mainly studies the hydrodynamic performance
of the semi-submersible wind–tidal combined power gen-
eration device. Our results show that: The motion of the
device in the direction of the surge and sway is more
intense, but the amplitude of the RAOs in the frequency
range of the wave energy concentration is below 6.
Rolling, pitching, and heaving movements have the
greatest impact on the power generation capacity of the
device, and their RAOs’ amplitude is below 4, which is in
full compliance with the specification requirements. Also,
it fully reflects the semi-submersible platform’s excellent
hydrodynamic performance and wave frequency reaction
characteristics. Even under the worst conditions, the plat-
form had undergone a large lateral offset and deflection
that was biased toward the anchor chain, but the new
equilibrium position was still within the acceptable range
of the working area. Additionally, the platform still
retained a large enough air gap height; the safety factor
of the anchor chain tension also fully complied with the
design specification requirements, which proves the safety
of the mooring design. Under different working condi-
tions, the platform swing amplitude was within the ac-
ceptable range, and completely avoided the path of the
turbine blades above the surface of water, which proves
that the platform is a smooth and efficient work platform.
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