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ABSTRACT

To address the problem of poor wave resistance of existing offshore floating wind turbines, a new type of semi-
submersible platform with truncated-cone-type upper pontoons is proposed by combining the characteristics of
offshore wind turbine semi-submersible floating platforms. Based on the coupled hydrodynamic, aerodynamic,
and mooring force physical fields of FAST, the surge, heave, pitch, and yaw motions responses of the floating wind
turbine under different wave heights and periods are obtained, and the mooring line tension responses are also
obtained; and compare the dynamic response of the new semi-submersible platform with the OC4-DeepCwind
platform at six degrees of freedom. The results show that different wave conditions have obvious effects on the heave
and pitch motions of the new floating wind turbine, and fewer effects on the surge and yaw motions; the tensegrity
response of the mooring system is more affected by the wave conditions; compared with the OC4-DeepCwind
floating wind turbine, the pitch and roll response of the new floating wind turbine has been significantly reduced
and has good stability.
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1 Introduction

In today’s new era of green energy, wind power has become a new type of green energy that can
meet the needs of people’s practical life. Although the use of wind energy is still mainly onshore
wind power, onshore wind power has the disadvantages of occupying land resources, less storage
capacity, power transmission difficulties, and affecting the living environment, compared to offshore
wind power has more potential [1-3].

At present, there are mainly two types of offshore wind turbines, fixed and floating. Among
them, the fixed foundation is generally used in offshore waters and has certain limitations; in contrast,
the floating type has the advantages of good mobility, easy disassembly, and can obtain stable and
high-quality wind resources in deep waters without affecting near-shore fisheries and other related
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industrial activities. Floating wind turbine platforms can be divided into three categories according
to the different ways of obtaining stability: spar platforms [4], semi-submersible platforms [5], and
tension-leg platforms [6—8]. Among them, the spar platform has a simple structure, low vertical wave
excitation force, and better stability, but its roll and pitch motions are larger, while its column length
is generally longer and more difficult to install; the semi-submersible platform applies to a wide
range of water depths and less difficult to install, but its stability is lower than that of the single-
post foundation structure; the tension-leg platform has good stability and light structural mass, but
its mooring system installation process is complex and costly, and its tension is greatly affected by wind
and waves. In summary, the semi-submersible platform has a wide application prospect in the design
and demonstration projects of floating platforms because of its advantages of good stability, strong
wind and wave resistance, easy installation, and a wide range of applicable water depth [9-12].

Currently, offshore floating platforms are subjected to complex and variable environmental loads
such as wind and wave loads, resulting in more complex excitation movements of the platform. In
addition, the harsh marine environment also poses a threat to its survivability [13]. Therefore, it is
important to study wind turbine platforms with good stability and to analyze the dynamic response
under different wind and wave conditions. To reduce the motion response of floating platforms and
guarantee the smooth operation of wind turbines, a series of studies on new platform forms and
their dynamic response have been conducted by domestic and foreign scholars. The U.S. Renewable
Energy Laboratory [14] proposed the OC4-DeepCwind platform, whose triangular arrangement
of pontoons is divided into two parts: the upper pontoon and the lower pontoon, and the lower
pontoon not only plays a role in reducing the heave motion, but also reduces the center of gravity
and improves the stability of the system, but the platform still suffers from relatively large wave
loads, which exacerbate the problem of the platform’s swing motion; Roddier et al. [15] proposed
a new eccentric offshore floating wind turbine WindFloat, and studied the free decay motion of
the platform under steady-state wind conditions and the dynamic response of different operating
conditions with the aerodynamic servo elastic package FAST, and verified its high agreement with
the hydrodynamic numerical simulation results through model tests. Zhang et al. [16] proposed a new
steel lattice foundation for offshore wind turbines, and used the coupled hydrodynamic-aerodynamic-
control system-mooring system approach to analyze the dynamic response of the new offshore floating
wind turbine under the combined wind and wave action, and the results showed that the roll, pitch, and
yaw responses of the steel lattice foundation were smaller and had better stability; Zhang et al. [17]
designed a new semi-submersible platform with inclined columns, and analyzed and optimized the
parameters of the semi-submersible platform structure and mooring system, and the results showed
that the new platform could effectively prevent the resonance phenomenon.

This paper proposes a new type of semi-submersible platform, which uses FAST software [18]
to analyze the comprehensive effects of coupled physical fields of hydrodynamic, aerodynamic, and
mooring force, to obtain the dynamic response and mooring line tension response of floating wind
turbines under different wave conditions, and compare the dynamic response of the new semi-
submersible platform with the OC4-DeepCwind platform at six degrees of freedom. The study shows
that the platform has good kinematic performance, higher stability and better wave resistance, which
can provide some reference for the development of floating platforms for offshore wind turbines.
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2 The New Floating Wind Turbine

2.1 Type of Platform

Referring to the OC4-DeepCwind semi-submersible wind turbine platform released by the
National Renewable Energy Laboratory (NREL) in the United States, this paper designs a semi-
submersible floating wind turbine platform with truncated-cone-type upper pontoons. The new semi-
submersible platform is composed of upper pontoons, lower pontoons, central pontoon, support bars,
and anchor chains, as shown in Fig. 1. Different from the OC4 floating platform, the upper pontoon
is designed as a truncated-cone-type, which increases the buoyancy difference when the platform is
tilted, thus effectively increasing the restoring torque and thus increasing the stability of the system;
the lower pontoon is arranged below the truncated-cone-type pontoon, which increases the platform
vertical damping and effectively reduces the platform wave load. The wind turbine is installed on the
central pontoon, and the combination of the truncated-cone-type upper pontoon and the large cross-
section lower pontoon is in an equilateral triangular array as the buoyancy unit, which is connected
with the central column through the support bar. The relevant parameters of the platform are detailed
in Table 1.

‘Wind turbine

S tb
Upper pontoon tpport bar

Lower pontoon Center

pontoon
Mooring line

Figure 1: New semi-submersible floating wind turbine

Table 1: Parameters of the floating platform

Parameters Numerical value
Design draught/m 20

Distance between the center of the upper 50

pontoons/m

Center pontoon height/m 30

Upper pontoon height/m 26

Lower pontoon height/m 6

Center pontoon diameter/m 6

(Continued)
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Table 1 (continued)

Parameters Numerical value
Upper pontoon diameter/m 8~16

Lower pontoon diameter/m 24

Support bar diameter/m 1.8

Platform mass/kg 1.23 x 107
Distance of center of gravity from horizontal —13.46

plane/m

Platform roll moment of inertia/(kg - m?) 6.18 x 10°
Platform pitch moment of inertia/(kg - m?) 6.18 x 10°
Platform yaw moment of inertia/(kg . mz) 1.04 x 10"

2.2 Wind Turbine and Mooring System Parameters

For offshore wind turbines, choosing the wind turbine with the best wind energy utilization and
power generation efficiency is an important indicator for selection. At present, the wind turbine
researched by the National Renewable Energy Laboratory (NREL) [19] has been unanimously
recognized and widely used in the verification of offshore wind farms at home and abroad. Therefore,
the wind turbine in this paper adopts the 5 MW wind turbine model of this laboratory source, and its
relevant parameters are detailed in Table 2.

Table 2: Main parameters of wind turbine

Parameters Numerical value

Rated power/ MW 5

Control system Variable speed, variable pitch
Impeller, hub diameter/m 126, 3

Hub height/m 90

Cut-in, rated and cut-out air speed/(m - s™') 3,114, 25

Impeller mass/kg 110000

Cabin mass/kg 240000

Tower tube mass/kg 249718

Overall center of gravity position/m (=0.2, 0.0, 70.35)

The new floating wind turbine platform consists of three suspended mooring chains distributed
around the Z-axis with an angle of 120° between the mooring chains, and the origin is the triangular
center O formed by three connected support bars of the lower float. The mooring chains are connected
to the platform through the cable guide holes on the top of the lower float. The arrangement of the
mooring system is shown in Fig. 2, and the relevant parameters are detailed in Table 3.
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Figure 2: Layout of mooring system

Table 3: Parameters of mooring system

Parameters Numerical value
Anchor chain length/m 835.50
Anchor chain diameter/m 0.077

Mass per unit length of anchor chain/(kg - m™) 108.63
Anchor chain equivalent tensile stiffness/MN 753.60

3 Computational Theory

3.1 Wave Load

Wave loads are important environmental loads for the design of offshore semi-submersible
floating platforms, so the wave loads on the floating foundation of semi-submersible offshore wind
turbines play a decisive role in the motion response of semi-submersible floating platforms. The new
semi-submersible platform mainly consists of relatively large size pontoons (D/L > 0.2, D is the
equivalent diameter of the member, m; L is the wavelength, m) and relatively small size of the support
bars (D/L < 0.2). And the wave load on the platform structure mainly includes drag force, inertia
force, and rounding force.

The support bars, as small-size members, are only subjected to drag force and inertia force, and
the wave loads are calculated by Morison’s formula [20]. The wave load F consists of the wave velocity
force f,, and the inertial component force f,.

F=f+h (1)

fo= %CDpAux 7N (2
du.

fi=Cup Vof 3)
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where C, is the drag force coefficient, p is the density of water, A4 is the projected area per unit column
height perpendicular to the direction of wave propagation, u, is the horizontal velocity of the water
quality point at the axis of the structure, C,, is the inertia force coefficient, V is the drainage volume
per unit component height.

The drag force coefficient C,, and inertia force coefficient C,, related specification parameters are
shown in Table 4.

Table 4: CCS specification for Cy and Cp,

Object shape Drag force coefficient Cj, Inertia force coefficient Cy,
Baseline area Coefficient Baseline area Coefficient
(unit length) (unit length)

Cylindrical D 1.0 [1D*/4 1.0

(diameter)

Square (side length) D 2.0 b*/4 1.5

Flat (width) D 2.0 1D%*/4 1.0

Sphere (diameter) D 0.5 [D%*/4 0.5

For large-size pontoons with D/L > 0.2, they are subjected to drag force, inertia force, and diffrac-
tion force at the same time. The current methods for calculating load by linear diffraction of waves
are mainly: Green’s function method, singularity distribution method, and source-sink distribution
method. Among them, the Green’s function method can deal with a variety of mathematical physics
equations in a unified way, and its results, once derived, can calculate the field of any source. Therefore,
this paper adopts the Green’s function method to calculate and analyze the wave load on the platform,
and firstly, the velocity potential function @ satisfying Laplace’s control equation is obtained by
solving it based on the three-dimensional potential flow theory.

Under the boundary condition of the deep-water sea, it is written as:
Vd =0 4)
where V is Laplace operator.

In the shallower sea boundary conditions are noted as:
09
=0 (5)
dz

where z is the wave surface shape height function.

Decompose the velocity potential into three components ¢,, ¢, and ¢;:

6
® = [aso +d+ D w,} e (6)
j=1

where ¢, 1s the incident wave velocity potential, ¢, is the diffraction potential, x; is the amplitude of
oscillation motion of the component in the j” direction, ¢, is the amplitude of the unit motion of the
member in the j” direction, w, is the circular frequency, rad/s.

¢, 1s solved by the definition of incident wave velocity potential, and then ¢, and ¢, are obtained
by integrating the Green’s function boundary element.
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The magnitude of the wave load on the platform is related to the water depth, shape, and size of
the platform, and also to the wave spectrum selected according to the platform design criteria.

This paper applies the spectral analysis method to simulate the JONSWAP wave spectrum for a
new semi-submersible platform in waves with significant wave heights of 2.5, 3, 3.6, 4.2, and 5.9 m,
spectral peak periods of 9.8, 10, 10.2, 10.5, and 11.3 s, and a wave direction angle of 0°. The form of
the spectrum is shown in the following equation:

S (@) = % exp [—1.25 (%)4] y o (7)
_ (0 —w,)

limi = —————"— ®)

X0 2yo? (a)p)

where a is a constant, w is the wave circle frequency, w, is the spectral peak period, y is the spectral
. . ) <
peak factor, the average value is usually taken as 3.3, o is the peak shape factor, o = 0.07 o < o, .
0.09 o> o,

3.2 Mooring Systems

The concentrated mass method is used for the mooring system load calculation, based on the
MAP++ module of the FAST software, the mooring loads were obtained using the dynamic analysis
method [21], which can be expressed as follows:

Fl=F-CX )

where F{ is the initial pretension, Cj is the coefficient of restoring stiffness of the mooring system, X;
is the motion vector of the j* degree of freedom.

3.3 System Time Domain Equation of Motion
The time domain equations of motion for the coupled wind turbine, semi-submersible platform,
and anchor chain are as follows:

(M + A) % (1) +/ h(t—1)x(t)dt + Df (%) +K (x) x = F (1) (10)

where M is the mass matrix of the system, A, is the additional mass matrix of the floating body as the
frequency tends to infinity, / (¢t — t) is the hysteresis function matrix, D is the damping matrix of the
system, K is the restoring stiffness matrix of the system, the restoring matrix consists of the hydrostatic
restoring stiffness matrix and the mooring force restoring stiffness matrix; x, x, X is the displacement,
velocity and acceleration vectors for the 6 degrees of freedom motion of the structure, F is the external
excitation loads, including wind load, wave load, mooring load, etc.

4 Results Analysis

4.1 Calculated Working Conditions

In this paper, FAST software coupled with hydrodynamic, acrodynamic, and other physical fields
is used to simulate the offshore floating wind turbine under the same wind conditions and different
wave conditions. The simulation calculation time for each working condition is 3600 s. To observe the
curve changes more clearly and intuitively, this paper intercepts the data from 200 to 1000 s under the
steady state operation of the wind turbine to create its dynamic characteristics time history curve.
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4.1.1 Wave Condition

Waves using the JONSWAP spectrum, the angle of incidence is along the positive direction of the
X-axis, waves with significant wave heights of 2.5, 3, 3.6, 4.2, and 5.9 m and spectral peak periods of
9.8, 10, 10.2, 10.5, and 11.3 s were simulated, respectively, and recorded as wave conditions A to E.
The wave curves under different wave conditions are shown in Fig. 3.
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Figure 3: Time series of wave height

4.1.2 Wind Condition

Turbulent winds were generated using Turbsim software, and the Kaimal model from IEC 61400-
3 specification [22] was selected to generate wind speed time series by Inverse Fast Fourier Transforms
(IFFTs) as the input of wind load. The wind direction along the positive direction of the X-axis was
obtained from the simulation, and the turbulent wind with a rated wind speed of 11.4 m/s was selected
for the model simulation, and the wind speed time series curve is shown in Fig. 4.
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Figure 4: Time series of wind speed

4.2 Dynamic Response of New Floating Wind Turbine under Different Wave Conditions
The time curves and statistical results of the surge, heave, pitch, and yaw motions of the new semi-
submersible floating wind turbine under different wave conditions are shown in Figs. 5 and 6.
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Figure 5: Motion response of floating wind turbine under different wave conditions. (a) Surge. (b)
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Figure 6: Motion statistics of floating wind turbine under different wave conditions. (a) Surge. (b)
Heave. (c) Pitch. (d) Yaw

As seen in Figs. 5a and 6a, the maximum, minimum, mean, and standard deviation of the surge
motion of the new semi-submersible floating wind turbine do not change significantly with the increase
of the significant wave height and spectral peak period, and their maximum values are all around
10.5 m under the conditions of wave conditions A to E, the minimum value is about 4.3 m, the standard
deviation changes in a smaller range of about 1.5 m, and the mean value is the same, about 7.2 m; as
seen in Figs. 5b and 6b, the maximum value, minimum value and standard deviation of the heave
motion response of the new semi-submersible floating wind turbine increase with the increase of wave
height, and the maximum values are 0.27 and 1.44 m when the wave height is 2.5 and 5.9 m, respectively,
and the latter increases by 81.25% compared with the former. Meanwhile, the maximum heave response
under wave condition E, the maximum droop amplitude reaches 1.44 m, and the heave response under
wave conditions A to D are smaller, the maximum values are 0.27, 0.36, 0.50 and 0.71 m, respectively,
and the average value is around 0 m. It can be seen that the heave motion response of the floating wind
turbine increases with the increase of wave load.

As seen in Figs. 5¢ and 6c, the maximum value and standard deviation of the pitch motion
response of the new semi-submersible floating wind turbine increase with the increase of the wave
height and the period of the spectral peak, and the average value reaches 2.3°, and the increase is almost
zero; from Figs. 5d and 6d, it can be seen that similar to the change law of the surge displacement
in different wave conditions, under the conditions of the same wind condition and different wave
conditions, the yaw motion response of the new semi-submersible floating wind turbine is closer. The
angular variation ranges from —1.8° to 1.8°, with the mean value close to 0° and the standard deviation
around 0.7°. This is because the wave load on the floating wind turbine is symmetrical, and the wave
injection angle is axisymmetric distributed, which causes almost zero yaw motion response. It can be
concluded that the yaw motion response of the floating wind turbine is less affected by different wave
conditions.

4.3 Mooring Line Tension Response Analysis under Different Wave Conditions

The mooring line tension time curves of the new semi-submersible floating wind turbine under
rated wind conditions and wave conditions A to E are shown in Fig. 7. Fig. 7 shows the tension time
curves of mooring lines 1# and 2# in two orientations, respectively, on the back-wave side and front-
wave side, and the corresponding mooring line tension comparison statistics are shown in Fig. 8.
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Figure 7: Time history curve of mooring line tension under different wave conditions, (a) 1#mooring
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Figure 8: Tension comparison of mooring line 1# and 2#

According to Figs. 7 and 8, it can be found that the maximum value and standard deviation of
the mooring line tension increase with the increase of the significant wave height and spectral peak
period, while the minimum value decreases with the increase of the significant wave height and spectral
peak period under different wave conditions. When the wave height increases from 2.5 to 5.9 m, the
maximum values increase from 1.045 and 1.848 MN to 1.137 and 2.025 MN in the back wave side and
front wave side conditions, respectively, with an increase of 8.8% and 9.6%; the standard deviations
increase from 0.030 and 0.112 MN to 0.052 and 0.139 MN, respectively; the minimum values were
reached at a significant wave height of 5.9 m and a spectral peak period of 11.3 s, with 0.786 and
1.065 MN, and a decrease of 11.2% and 17.1%, respectively. From the above values, the mooring
line always maintains the tension state under different wave conditions and will not be relaxed. And
because floating wind turbines are influenced by the response of the heave motion under different wave
conditions, the difference between the elastic deformation of the mooring line and the tensioning force
increases with the increase of the amplitude of the heave motion, respectively. Therefore, as the wave
height and period increase, the value of the difference between the mooring line elastic deformation
and the tension force increases, and the response to the mooring line tension motion increases.
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4.4 Comparative Analysis of Six Degrees of Freedom Motion Response of Floating Wind Turbine
Platform

The rated wind speed of 11.4 m/s, the meaningful wave height of 4 m, and the spectral peak
period of 10 s were selected to compare the six degrees of freedom dynamic response of the new semi-
submersible floating wind turbine with that of the OC4-DeepCwind turbine. The time curves of the
motion response of the two types of floating wind turbines are shown in Fig. 9, and the corresponding
statistical results are detailed in Table 5.
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Figure 9: Motion response time curves of different floating wind turbines. (a) Surge, sway, and heave.
(b) Pitch, roll, and yaw

Table 5: Statistical characteristics of motion response of different floating wind turbines

Motion Platform type Maximum  Minimum  Average Standard
deviation
Surge/m  OC4 10.86 3.91 7.31 1.45
New semi-submersible platform 10.45 4.29 7.29 1.27
Sway/m oc4 0.44 —0.67 —0.09 0.21
New semi-submersible platform 0.36 —0.54 —0.08 0.18
Heave/m OC4 0.52 —0.55 —0.04 0.17
New semi-submersible platform 0.51 —0.62 —0.02 0.21
Pitch/(°) OC4 4.61 0.98 2.92 0.65
New semi-submersible platform 3.74 1.15 2.47 0.51
Roll/(°) 0C4 0.51 0.01 0.22 0.11
New semi-submersible platform 0.45 0.04 0.19 0.08
Yaw/(°) OC4 2.39 —2.16 0.09 0.89
New semi-submersible platform 1.83 —1.76 0.09 0.69

According to Fig. 9a and Table 5, it can be found that the surge response of the two floating
wind turbine platforms is significantly larger and the sway response is smaller because the wind wave
incidence direction is along the positive direction of the X-axis. The average values of surge and sway
responses of the OC4 platform are 7.31 and —0.09 m, respectively. The average values of surge and
sway responses of the truncated-cone-type pontoon platform are 7.29 and —0.08 m, respectively, and its



EE, 2023, vol.120, no.11 2543

average values are slightly smaller than those of the OC4 platform. Compared with the OC4 platform,
the standard deviation of surge and sway responses of the new platform decreased by 12.0% and
15.4%, respectively, and the platform fluctuation was reduced. This is because the upper pontoon
of the new platform adopts the truncated-cone-type structure, and its volume is smaller below the
waterline surface, thus reducing the wave load on the platform. The maximum heave response values
of the OC4 platform and the truncated-cone-type pontoon platform are not significantly different,
with 0.52 and 0.51 m, respectively, and the average values are around 0 m. Both platforms have good
heave performance.

As shown in Fig. 9b and Table 5, similar to surge and sway, the wind and waves mainly follow the
positive X-axis direction, while the Y-axis direction has a smaller component. Therefore, the pitch
response of the two types of floating wind turbines is significantly larger, while the roll and yaw
responses are smaller. Compared with the OC4 platform, the maximum values, average, and standard
deviations of pitch and roll motion responses of the new platform decrease, while the minimum values
increase. Among them, the maximum values of pitch and roll motion responses of the OC4 platform
are 4.61° and 0.51°, respectively, while the maximum values corresponding to the motion response of
the new platform are 3.74° and 0.45°, respectively. The motion response of the truncated-cone-type
pontoon platform was reduced by 18.9% and 11.8%, respectively. This is due to the larger volume of
the part of the new platform above the waterline surface, which can effectively increase the buoyancy
to counteract the tilting moment when the wind and wave loads occur, preventing the wind turbine
platform from further tilting, and thus reduce the platform’s roll and pitch motion. Compared with
the OC4 platform, the maximum values, minimum values, and standard deviations of the yaw motion
response of the truncated-cone-type pontoon platform decreased, and the average is not significantly
different. It can be seen that the amplitude of the yaw motion and the fluctuation amplitude of the
new platform are reduced.

5 Conclusion

This paper proposes a new type of offshore wind turbine semi-submersible platform, based on
the coupled hydrodynamic, aerodynamic, and mooring force physical fields of FAST, analyzes its
dynamic response at rated wind speed, different wave conditions, and mooring line tension response,
and compares the dynamic responses of the new semi-submersible platform with the OC4-DeepCwind
platform at six degrees of freedom, with the following main findings:

1) The new floating wind turbine integrates the characteristics of the floating foundation of the
semi-submersible offshore wind turbine and designs the upper pontoons as truncated-cone-
type, with higher stability and improved restoring torque, which effectively reduces the platform
pitch and yaw motions; the lower end reduces the contact surface with the seawater and reduces
the wave load borne.

2) The new floating wind turbine has the most obvious heave and pitch motions under different
wave conditions, mainly caused by wave load, controlled by the significant wave height and
spectral peak period, and the response amplitude of heave and pitch motions increases with
the increase of wave height; the surge and yaw motions are less affected by the wave condition,
and the truncated-cone-type upper pontoon can effectively improve the restoring torque, thus
reducing the surge and yaw motions of the wind turbine.

3) The tensegrity time response of the new floating wind turbine mooring system in both the back-
wave side and front-wave side conditions is strongly influenced by different wave conditions.
The value of the difference between the elastic deformation of the mooring line and the
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tensioning force increases with the increase of the amplitude of the heave and pitch motions,
respectively.

4) Comparing the six degrees of freedom dynamic response of the new semi-submersible platform
with the OC4-DeepCwind platform, it was found that the pitch, roll, surge, and sway charac-
teristics of the new semi-submersible platform were better than those of the OC4 platform, in
which pitch and roll advantages of the new platform were the most obvious, and the motion
responses decreased by 18.9% and 11.8% respectively compared with that of the OC4 platform,
thus verifying that the new semi-submersible floating wind turbine platform has good stability.
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