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Due to the existence of rotor and tower, the floating offshore wind turbine (FOWT) is subjected to greater wind heeling moment than the conventional floating platform, which would cause significant pitch motion and bring great challenge to the structural safety and power generating efficiency. Moreover, the dynamic cable used for power transmission is sensitive to the horizontal motion of floating platform. Thus, it is essential to inhibit the pitch and horizontal motions of FOWT. The FOWT is connected to the seabed by a mooring system to resist the motions, while the conventional mooring system mainly resists the horizontal motion. In this article, an innovative type of mooring system was proposed to resist the pitch and horizontal motions simultaneously, by dividing the fairleads into two groups at different depths. The motion responses and structural loads of FOWTs were calculated and compared under the effects of the conventional and innovative mooring systems. In addition, the restoring forces and moments of two mooring systems were also given to better verify the motion-inhibiting performances. According to the results, the innovative mooring system was able to significantly reduce the pitch and surge motions of FOWT.
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INTRODUCTION
With the development of offshore wind power, it is inevitable for the application of floating offshore wind turbines (FOWTs). The FOWT is less sensitive to the environmental conditions, such as the water depths or seabed conditions, and has better applicability in the deep sea area from the prospective of safety and economy (Lee and Zhao, 2020).
Due to the existence of rotor and tower, the FOWT is subjected to greater wind heeling moment than the conventional floating platform. The wind heeling moment would cause significant pitch motion, which influences the power generating efficiency and structural safety (Ma et al., 2019; Ma et al., 2021). Shen et al. (2018) investigated the effects of pitch motion from the perspective of unsteady aerodynamics, through a lifting surface method with free wake model. According to the results, the pitch motion would generate highly unsteady aerodynamic behavior, which influences the loads on the wind turbine and global motion responses. Moreover, it was found in the research that the average power generating efficiency increased with the frequency of pitch motion, while the average aerodynamic thrust did the opposite. Karimian et al. also studied the influences of pitch motion input on aerodynamic characteristics, accounting for the effects of blade pitch control system (KarimianAliabadi and Rasekh, 2020). Compared with the fixed-type offshore wind turbine, the average aerodynamic thrust coefficients of FOWT were reduced in the full wind speed range. In addition, the average power generation efficiency under the conditions of low tip speed ratio (TSR) was also reduced, compared with the fixed type, while the cases for high TSR were the reverse. Xiao et al. analyzed the effects of pitch motion induced by ocean swell waves on the wake flow and power extraction of wind turbine rotor with a hybrid numerical model (Xiao and Yang, 2019). The results were compared with the fixed-type offshore wind turbine and showed that the pitch motion caused significant oscillations of vertical flow velocity and Reynolds number.
Based on the effects of pitch motion on FOWT, there were many solutions proposed to reduce the pitch motion. Lackner et al. reduced the pitch motion of FOWT by designing a new variable collective blade pitch controller (Lackner, 2009). However, Larsen et al. found that the blade pitch control strategy could induce negative damping effects on pitch motion under certain conditions (Larsen and Hanson, 2007). Therefore, Iino et al. (2012) improved the control strategy to reduce the effects of negative damping and verified the performance of control system by an experiment. Guo et al. (2012) also investigated the effects of individual blade pitch controller on global pitch motion based on a proportional–integral–derivative controller. The analytical results showed that the individual blade pitch controller was able to reduce the global pitch motion effectively. Based on the aforementioned research, it could be confirmed that the global pitch motion could be reduced by improving the blade pitch control algorithm. However, it might be unsteady under the complicated environmental conditions and reduce the power extraction of wind turbine.
Moreover, the power generated by FOWT is transmitted onshore by a dynamic cable, which is attached to the floating platform. The load distribution along the cable is determined by the horizontal location of FOWT. Therefore, the horizontal motion would have significant effects on the dynamic behavior of dynamic cable. Thies et al. (2017) studied the influences of environmental conditions on the mechanical loads and evaluated the potential failure modes of dynamic cable. It was found that the dynamic cable attached on the FOWT should maintain the S shape as much as possible to achieve proper load distribution along the cable. Taninoki et al. (2017) found that the mechanical stress on the dynamic cable system was mainly caused by the horizontal motions of FOWT, based on a case study of a hybrid-spar FOWT. In addition, the horizontal motion of FOWT and load distribution of dynamic cable under the failure of one mooring line were calculated and analyzed by Bae et al. (2017) and Li et al. (2018). The results showed that the dynamic cable could be disconnected.
Based on the aforementioned issues, it could be confirmed that the horizontal and pitch motions of FOWT need to be reduced for better dynamic performance. In this article, an innovative mooring system was proposed to reduce the horizontal and pitch motions of FOWT. To verify the motion inhibiting performance of the proposed mooring system, a conventional type of mooring system was used for comparison. The motion responses and structural loads of FOWT were calculated and compared under the effects of two mooring systems. Moreover, the restoring force and moment of two mooring systems were also given for verification. The coupled calculation in this article was completed with AQWA and the DLL file developed by Yang et al. (2020).
MOORING SYSTEM
To verify the motion inhibiting performance of the proposed mooring system, the OC3-Hywind Spar and NREL 5 MW were employed for case study. The principal dimensions and reference coordinate system of OC3-Hywind Spar are shown in Figure 1 and Figure 2. The OXY plane coincided with the still water plane. The performance parameters of FOWT are given in Table 1 (Jonkman et al., 2009; Jonkman, 2010).
[image: Figure 1]FIGURE 1 | Principal dimensions.
[image: Figure 2]FIGURE 2 | Reference coordinate system.
TABLE 1 | Performance parameters of the FOWT
[image: Table 1]Different from the conventional type, the proposed innovative mooring system was able to inhibit the horizontal and pitch motions of FOWT simultaneously. The fairleads were divided into two groups, which were at different depths to generate greater pitch restoring moment while maintaining the horizontal restoring forces. The parameters of mooring lines are given in Table 2 and the layouts of two mooring systems are shown in Figure 3 and Figure 4. These two mooring systems both had 9 mooring lines. For the conventional type, the fairleads were put at the same depth (70 m). For the innovative type, the fairleads were, respectively, put at two different depths (10 m: Line Nos. 1, 3, 4, 6, 7, and 9; 120 m: Line Nos. 2, 5, and 8).
TABLE 2 | Parameters of mooring lines
[image: Table 2][image: Figure 3]FIGURE 3 | Top view of the mooring lines layout (the top views of two mooring systems are the same).
[image: Figure 4]FIGURE 4 | Two types of mooring systems. (A) Conventional. (B) Innovative.
Moreover, with the piecewise extrapolating method (Fan et al., 2014), the static restoring stiffnesses of two mooring systems in horizontal (surge), vertical (heave), and pitch directions are calculated and shown in Figure 5. It should be noticed that the horizontal displacement was positive along the X-axis and the global pitch angle used in the calculations was 0°. According to the results, the horizontal restoring stiffnesses of two mooring systems were basically equal and the vertical restoring stiffness of innovative mooring system was slightly greater than the conventional type. It was noticeable that the restoring stiffness of innovative mooring system in the pitch DOF was much greater than the conventional type, which meant that it could help to significantly reduce the pitch motion. In addition, although the horizontal restoring stiffnesses of two mooring systems were basically equal at the 0° pitch angle, the innovative mooring system could generate greater horizontal restoring stiffness taking advantage of the pitch motions, as elaborately introduced in Sections Motion Responses and Restoring Forces and Moments.
[image: Figure 5]FIGURE 5 | Static restoring force and moment. (A) Horizontal restoring force. (B) Vertical restoring force. (C) Pitch restoring moment.
METHODOLOGY
Frequency-Domain Analysis
The three-dimensional potential flow theory was used for the frequency-domain hydrodynamic analysis. The radiation and diffraction potentials could be obtained by solving the integral equation with flow field boundary conditions. Based on the velocity potential of flow, the first-order hydrodynamic force could be expressed as (ANSYS and AQWA, 2018)
[image: image]
where [image: image] is the wave frequency, [image: image] is the fluid density, [image: image] is the mean wetted surface of body, [image: image] is the velocity potential, [image: image] is the location of a point on the submerged body surface, [image: image] is the unit normal vector of the body surface pointing outwards, and [image: image] represent 6-DOF.
The added mass and radiation damping of floating structure could be obtained by solving following equation (ANSYS and AQWA, 2018):
[image: image]
where [image: image] and [image: image] are respectively added mass and radiation damping coefficients in frequency domain, [image: image] is the radiation force induced by k-th unit amplitude motion, and [image: image] is the radiation potential.
The motions of FOWT are significantly influenced by the second-order wave force. In this article, the second-order wave loads were mainly dominated by the mean drift force and difference frequency force, which were respectively calculated by the far-/near-field methods and full QTF method (ANSYS and AQWA, 2018).
Time-Domain Coupled Analysis
The FOWT is under the coupled effects of aerodynamic, hydrodynamic, and mooring loads simultaneously. Therefore, it is necessary to carry out the time-domain coupled analysis of FOWT. The hydrodynamic parameters have been obtained by the frequency-domain analysis.
The aerodynamic loads on wind turbine rotor could be obtained by blade element momentum (BEM) theory, which discretizes the blade into blade elements and calculates the aerodynamic loads on each element with the theorem of momentum. The aerodynamic thrust and torque on each blade element could be expressed as (Jonkman and Buhl, 2005)
[image: image]
[image: image]
where [image: image] is the thrust, [image: image] is the torque, [image: image] is the air density, [image: image] is the relative wind speed, [image: image] and [image: image] are respectively lift and drag coefficients, [image: image] is the inflow angel, [image: image] is the chord length of blade element, [image: image] is the radius of blade element, and [image: image] is the length of blade element. After the calculation of aerodynamic loads on blade elements, the total aerodynamic loads on a blade could be obtained by integrating radially.
The tension of mooring line could be calculated by the lumped-mass method to account for the dynamic effects, which discretizes the mooring line into Morison elements. The mass and applied/internal forces of each element are assembled on one point. The dynamic governing equation of mooring line element could be expressed as (ANSYS and AQWA, 2018)
[image: image]
[image: image]
where [image: image], [image: image], and [image: image] are respectively tension force, bending moment, and shear force at the first node of the element; [image: image] is the length of the element; [image: image] and [image: image] are element weight and external hydrodynamic loads per unit length, respectively; [image: image] is the structural mass per unit length; [image: image] is the distributed moment per unit length; and [image: image] is the position vector of the first node of mooring line element.
The coupled motion responses of FOWT could be solved by the Cummins equation, expressed as follows (Cummins, 1962; ANSYS and AQWA, 2018):
[image: image]
where [image: image] and [image: image] are respectively structural mass and added mass matrixes, [image: image] is the velocity impulse function, [image: image] is the damping matrix including radiational and viscous components, [image: image] is the hydrostatic restoring stiffness matrix, and [image: image] is the exciting force, which includes aerodynamic loads, wave loads (first order, mean drift, and difference frequency wave forces), and mooring forces. [image: image] and [image: image] could be calculated as follows (ANSYS and AQWA, 2018):
[image: image]
[image: image]
The flowchart of time-domain coupled analysis is given in Figure 6 to better introduce this methodology.
[image: Figure 6]FIGURE 6 | Flowchart of time-domain analysis methodology.
Structural Dynamics
Accounting for the elasticity and deflection, the blade and tower are modeled as beam model and discretized into elements. The dynamics could be governed by the following equation:
[image: image]
where [image: image] is the inertia force, [image: image] is the damping force, [image: image] is the internal structural reaction force, [image: image] is the external force, and [image: image], [image: image], and [image: image] are respectively the structural displacement, velocity, and acceleration. Obtaining the elastic and mass parameters of each element, the structural dynamics under the influences of external loads could be solved.
RESULTS AND ANALYSIS
Model Validation
To verify the quality of hydrodynamic mesh, the far-field and near-field method were employed to calculate the transfer functions of mean drift force in surge DOF, as shown in Figure 7. The far-field method solves the mean drift force based on the change rate of linear and angular momentum, which has relatively high precision. The near-field method solves the mean drift force based on the potential flow theory and the calculation precision relies on the quality of hydrodynamic mesh. Therefore, the quality of mesh could be checked according to the coincidence of the mean drift forces obtained by these two methods. It was showed in Figure 7 that the results achieved good coincidence, which indicated that the quality of mesh was good enough to obtain accurate hydrodynamic parameters.
[image: Figure 7]FIGURE 7 | Transfer functions of mean drift force.
Motion Responses
To investigate the motion responses of FOWT under two types of mooring system, the time-domain coupled analysis was carried out. The environmental conditions are given in Table 3 (Jonkman and Musial, 2010). The wind and wave incident is along the positive direction of X-axis. The surge, heave, and pitch were the most important DOFs to the mooring system design of FOWT. Therefore, the motion responses of these three DOFs and corresponding power spectral density (PSD) are calculated and presented in Figure 8 and Figure 9. The total duration of numerical simulation was 10,000 s; for the sake of analysis, only 1,000 s of the motion responses are shown in figures.
TABLE 3 | Environment conditions
[image: Table 3][image: Figure 8]FIGURE 8 | Motion responses. (A) Surge. (B) Heave. (C) Pitch.
[image: Figure 9]FIGURE 9 | PSD of motion responses. (A) Surge. (B) Heave. (C) Pitch.
According to Figure 8, the motion responses of innovative type in surge and pitch DOFs were significantly reduced, compared with the conventional type. The heave motion of innovative type was also reduced. It could be confirmed that the innovative mooring system could effectively reduce the motion responses of the FOWT, especially in the surge and pitch DOFs. Moreover, according to Figure 5 in Section Mooring System, the horizontal static restoring stiffnesses of two mooring systems were basically equal with 0° global pitch angle. Therefore, it could be inferred that the global pitch motions could improve the horizontal motion inhibiting ability of innovative mooring system. Also, it was elaborately explained in the Section Restoring Forces and Moments
According to Figure 9, it was obvious that the motion responses of the FOWT were dominated by the low-frequency component induced by the difference frequency wave forces. The PSD of motion responses under the effects of innovative mooring system were reduced significantly in these three DOFs, especially the low-frequency component, compared with the conventional type. It also proved the better motion inhibiting performance of the innovative mooring system. In addition, it was noticeable that the frequencies corresponding to the peak values of PSD were basically equal between the innovative and conventional types. It indicated that the innovative mooring system would not change the natural frequencies to cause new problems while reducing the motion responses of FOWT.
Furthermore, to quantify the comparison of motion responses, the results were processed statistically, as shown in Table 4. The mean, maximum values, and standard deviations of motion responses under the effects of innovative mooring system were all reduced significantly. Especially in the surge DOF, the mean and maximum values of motion were respectively reduced 37.97% and 38.57%, and in the pitch DOF, the mean and maximum values of motion were respectively reduced 17.87% and 20.64%, compared with the conventional type. It could be confirmed that the innovative mooring system would improve the motion performance of FOWT.
TABLE 4 | Motion statistics
[image: Table 4]Structural Loads
To verify the influences of innovative mooring system on the structural loads of FOWT, the bending moment and shearing force at the tower base are calculated and presented in Figure 10. The corresponding PSD are also given in Figure 11.
[image: Figure 10]FIGURE 10 | Structural loads at tower base. (A) Bending moment. (B) Shearing force.
[image: Figure 11]FIGURE 11 | PSD of structural loads at tower base. (A) Bending moment. (B) Shearing force.
The bending moment and shearing force at tower base were the most essential structural load components, which were easy to cause problems of structural strength. According to Figures 10 and 11, compared with the conventional type, the bending moment and shearing force at tower base were reduced under the effects of innovative mooring system, especially the low-frequency component, which was consistent with the motion responses. Furthermore, the statistics of structural loads are also given in Table 5 to quantify the comparison. According to the statistics, for the innovative type, the mean values of bending moment and shearing force were respectively reduced 6.45% and 7.81%, compared with the conventional type. The maximum values were respectively reduced 6.14% and 8.18%. In addition, for the innovative type, the standard deviations of these two structural loads were also reduced and it was beneficial to the reduction of fatigue damage.
TABLE 5 | Structural loads statistics
[image: Table 5]Restoring Forces and Moments
As verified earlier, the innovative mooring system had significant improvement on motion inhibiting performance in surge and pitch DOFs, compared with the conventional type. To better analyze and compare the performances of these two mooring systems, the restoring force and moment in surge and pitch DOFs are calculated and given in Figure 12. The corresponding statistics are also given in Table 6. It should be noted that the negative signs in figures referred to the direction of force and moment in the reference coordinate system.
[image: Figure 12]FIGURE 12 | Restoring force and moment. (A) Horizontal restoring force. (B) Pitch restoring moment.
TABLE 6 | Restoring force and moment statistics (absolute values)
[image: Table 6]According to the figures, it was noticeable that the restoring moment of innovative type in pitch DOF was nearly a magnitude greater than the conventional type, which was consistent with the calculation of static restoring stiffness. The statistics showed that the mean and maximum values of restoring moment provided by the innovative mooring system were respectively increased 401.13% and 498.15%, compared with the conventional type. However, according to Figure 12 and Table 6, the horizontal restoring forces generated by innovative and conventional mooring systems in surge DOF were basically equal. As presented in Section Motion Responses, the surge motions of innovative type were significantly reduced. It meant that the restoring stiffness in surge DOF was significantly increased, which was not consistent with the horizontal static restoring stiffness in Section Mooring System. As mentioned before, it might have resulted from the coupling effects of surge and pitch motions.
For further analysis, the PSD of horizontal restoring force are presented in Figure 13. It was obvious that the horizontal restoring forces of these two mooring systems were both dominated by the low-frequency component, which was consistent with the natural frequency of surge motion (0.069 rad/s) presented in Figure 9. However, the PSD of innovative type had a peak at the natural frequency of pitch motion (about 0.119 rad/s). It indicated that the horizontal restoring force generated by the innovative mooring system was not only induced by the horizontal motion but also influenced by the pitch motion, which was consistent with the improvement of horizontal restoring stiffness presented in Section Motion Responses. It was caused by the larger vertical distance between two groups of fairleads, which made the innovative mooring system more sensitive to the pitch motion. Moreover, for the innovative mooring type, the wave-frequency component of horizontal restoring force was more significant than the conventional type. This was because the wave-frequency component of pitch motion was more significant than the horizontal motion, as shown in Figure 9, and it was enlarged by the innovative mooring system. Based on the analysis earlier, it could be confirmed that the innovative mooring system could provide greater horizontal restoring stiffness taking advantage of the pitch motion.
[image: Figure 13]FIGURE 13 | PSD of horizontal restoring force.
CONCLUSION
In this article, an innovative type of mooring system was proposed to reduce the horizontal and pitch motions of FOWT, by dividing the fairleads into two groups at different depths. A conventional mooring system was employed for comparison and the dynamic responses of FOWT with these two mooring systems were calculated and analyzed. Several meaningful conclusions could be drawn as follows:
(1) Compared with the conventional mooring system, the innovative mooring system could generate greater restoring stiffnesses in horizontal and pitch DOFs to significantly reduce the motion responses of FOWT. The maximum values of horizontal and pitch motions could be reduced by 38.57% and 20.64%, respectively.
(2) Compared with the conventional mooring system, the innovative mooring system could reduce the bending moment and shearing force at tower base. The maximum values of bending moment and shearing force could be reduced by 6.14% and 8.18%, respectively.
(3) For the innovative mooring system, the horizontal restoring force is influenced by both horizontal and pitch motions. The pitch motion could improve the horizontal restoring stiffness of innovative mooring system.
In summary, the innovative mooring system proposed in this article could effectively reduce the horizontal and pitch motions simultaneously. Moreover, the bending moment and shearing force at tower base were also reduced significantly.
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