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At present, researches on floating offshore wind turbine are mainly focused on deep water areas beyond 50 m, and less research has been conducted for shallow water. Considering that the floating fan still has many application values in 30 m–50 m area, it is necessary to study the floating offshore wind turbine in shallow water area. With the shallow design water depth and the effect of topography, the environmental condition is complex. Therefore, it is relatively difficult to design the mooring system. In this paper, a multi-point mooring system is proposed which based on PivotBuoy, a floating offshore wind turbine designed by X1-Wind Company. The characteristics of motion responses of the floating offshore wind turbine and mooring force under different mooring cable schemes are studied by physical model experiment. Through these results, it can be found that when the mooring system adopts the hybrid mooring cable scheme (anchor chain + polymer cable + anchor chain), the pitch and heave motion responses of the floating offshore wind turbine will increase by about 30% maximally, the mooring cable tension will decrease by about 27%. This paper also studies the influence of water depth and mooring cable pretension on the mooring system under the hybrid mooring cable scheme, and the characteristics of mooring system in 22.5 m shallow water. These results can provide certain theoretical guidance for the design of mooring system of floating offshore wind turbine in shallow water.
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INTRODUCTION
In response to global climate issues and the development of new energy technologies, the offshore wind power is receiving more and more attentions. In these offshore wind power technologies, floating offshore wind turbine which can be placed in the deep sea with abundant wind energy and adapted to different terrains, are gradually becoming the mainstream of offshore wind power. There are three main types of floating offshore wind turbine: Spar, semi-submersible and TLP. Spar-type floating offshore wind turbine has simple structure, light weight and little heave motion response. Owing to the deep installation area Spar-type floating offshore wind turbine is relatively difficult to operate. Semi-submersible floating offshore wind turbine installation water depth is flexible, it can be assembled in the port before towing to the operating area. But, semi-submersible floating offshore wind turbine has the disadvantages of heave structure and complicated design. TLP floating offshore wind turbine has light weight, great stability, flexible installation water depth. However, it is mooring force is large and the installation cost is high. With the development of floating offshore wind turbines, a lot of researches are conducted by many researchers.
The paper focuses on the Yellow Sea and East China Sea, where there are many developed economies in the vicinity that require large amounts of power supply. Considered that the average water depth in these areas is 38 m–46 m, and the cost of fixed offshore wind turbines is large, so floating offshore wind turbines are used and their mooring characteristics in shallow water are investigated.
When the wave propagates from deep water to shallow water, the wave form will change dramatically by topography and other factors, such as shorter wavelength, larger wave amplitude, steeper wave and wave breaking. Wang (Wang, 2017) compared the influences of sinking volume and pitch motion response of ships in deep and shallow waters by introducing the Froude number. Concluded that the shallow water effect has more drastic effects on the sinking volume and pitch motion response of ships. Zhang (Zhang, 2019) gave the definition of shallow water effect, pointed out the conditions of the occurrence of shallow water effect, and proposed a set of empirical equations for rapid assessment of shallow water effect, thus achieving rapid prediction of shallow water effect.
Traditional mooring system usually adopts full anchor chain scheme, this scheme with the disadvantages of higher self-weight and higher cost. Changing of the mooring cable scheme can ensure the safety of the structures movement and control the cost. Paul et al. (McEvoy et al., 2021) proposed an innovative mooring scheme(fiber + spring) for large mooring lengths in shallow waters. They tested characteristics of the mooring system at 30 m, 40 m and 50 m water depths, respectively, considered different FSM (Fiber Spring Mooring) configurations, different mooring cable lengths, and fiber-to-spring ratios. Zhang et al. (Zhang et al., 2020) designed seven mooring concepts under 50 m water depth, including tension mooring cable and catenary mooring cable, different material combinations of mooring cables. Compared the characteristics of mooring cables, motion response amplitude operators, and cost utilization factors for all mooring schemes. Brommundt et al. (Brommundt et al., 2012) developed a numerical tool to optimize the catenary mooring cable of floating offshore wind turbines in 45 m to 330 m water depths, respectively, and investigated the optimal cable length, angle and horizontal distance between the anchor point and the mooring port. Benassai et al. (Benassai et al., 2014) compared the performance of motion control of catenary mooring system and tension mooring systems for Dutch floating offshore wind turbine at water depths between 50 m and 200 m. Lin et al. (Lin et al., 2021) conducted a study on the overall performance of floating offshore wind turbine, and found that the heave motion response of the floating offshore wind turbine and mooring cable force are more sensitive to water depth variation. Xu et al. (Xu et al., 2020) proposed a novel mooring system with side-mooring cables for a semi-submersible platform. The effects of the side-mooring cables on the floating platform motion response, mooring tensions and mooring fatigue damage are evaluated by comparing the results without side-mooring cables installed. Magnus et al. (Bach-Gansmo et al., 2020). investigated the effect of angle and pretension on the motion response of TetraSpar for tensioned mooring cables. The results show that the angle and pretension mainly affect the natural period of surge and yaw, and that larger pitch amplitudes compared to the catenary system.
Considering the limitations of numerical simulation, which may lead to distortion of the calculation results, researchers are more likely to obtain metrics for the parameters of the study object by physical models experiment. Guo et al. (Guo et al., 2016) studied the model experiment methods for offshore floating offshore wind turbines, includes similar criteria, experimental conditions and experimental items, and introduced the basin experiment schemes. Liu et al. (Liu et al., 2015) conducted physical model experiment on the characteristics of the motion response of a 5MW semi-submersible floating offshore wind turbine. Obtained the characteristics of the inherent motion response of the turbine system, the characteristics of amplitude-frequency response, and the law of the surge, heave, and pitch motion responses of the floating offshore wind turbine when affect by constant wind. Yang et al. (Yang et al., 2022) conducted a study on a barge-type floating offshore wind turbine through a physical model experiment, verified that the floating offshore wind turbine can meet the demand in the specified areas. Zhao et al. (Zhao et al., 2018) carried out experimental research on the new multi-column tension leg-type floating turbine. The results established the natural period, damping, motion response amplitude operator and tendon tension of the TLP system under different environmental conditions. Liu et al. (Liu et al., 2021) carried out an experimental study of a pool model of a floating offshore wind turbine at 1:50 scaling. The results show that wind loads have a controlling effect on the overall trend of the structural response, while wave loads mainly control the amplitude of the structural response. Huang et al. (Huang and Yang, 2021) carried out the design and optimisation of mooring cables for a 5MV floating offshore wind turbine and found that the mooring costs were minimal in the 60 m - 80 m depth water. Yang et al. (Yang et al., 2021) used a model with a scaling ratio of 1:65.3 to obtain the six-degree-of-freedom motion response of the floating offshore wind turbine, the stresses on the mooring system and the stresses on the dangerous points.
In this paper, we conduct the physical model experiment based on a new semi-submersible floating offshore wind turbine, and investigate the mooring system characteristics of the floating offshore wind turbine in shallow water with different mooring systems or different water depths. It provides a reference for the arrangement of the floating offshore wind turbine in shallow water.
THE PARAMETERS OF MOORING SYSTEM
Parameters of the floating offshore wind turbine
A new type of floating offshore wind turbine PivotBuoy designed by X1-Wind Company is taken as the research object of this paper. The floating offshore wind turbine has lighter floating body, which significantly reduces steel demand. It can be used as a foundation for 15 MW turbine, thus facilitating the economic and efficient deployment of large offshore wind farms. The conceptual model of the floating offshore wind turbine is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Conceptual model of the floating offshore wind turbine.
Design of mooring system
Different from the single-point mooring system adopted by the prototype, the paper designs a multi-point mooring system based on the floating offshore wind turbine. The mooring system is composed of three groups of mooring cables, each group contains two mooring cables with an interval of 10°. To reduce the mooring radius and the tension of the mooring cable, the paper adopts the hybrid mooring cable (anchor chain + polymer cable + anchor chain) as the mooring cable scheme. The layout radius of mooring cable is 300 m, and the total length of the mooring cable is 308 m, of which the top section is 18 m long R4 mooring chain with 95 mm diameter, the midst section is 100 m long polyester cable with 100 mm diameter, the bottom section is 190 m long R4 mooring chain with 95 mm diameter, the pretension force of hybrid mooring cable scheme is 83 kN, and the six mooring cables are the same. In this paper, a set of full anchor chain scheme is set up to compare with the hybrid mooring scheme to study the characteristics of the mooring system, the pretension force of full anchor chain scheme is 370 kN. The preliminary design scheme is shown in Figure 2, the parameters of the hybrid mooring cable scheme and full anchor chain scheme are shown in Table 1 and Table 2, respectively.
[image: Figure 2]FIGURE 2 | Design of mooring system.
TABLE 1 | Practical parameters of hybrid mooring cable scheme.
[image: Table 1]TABLE 2 | Practical parameters of full anchor chain scheme.
[image: Table 2]DESIGN OF PHYSICAL MODEL EXPERIMENT
Introduction of the experimental basin
The physical model experiment of the new floating offshore wind turbine mooring system was carried out in the wind-wave-current comprehensive basin in Jiangsu University of Science and Technology. The basin is 38 m long and 15 m wide, the maximum effective depth is 1 m. The panoramas of the experimental basin are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Panoramas of wind-wave-current comprehensive basin.
Parameters of the physical model
By referring to the requirements of Wave Model Experiment Procedure, combining with the effective section size and wave-making capacity of experiment basin, and considering the prototype size of the floating offshore wind turbine, and wave design conditions, a model scale of 1:50 is selected in the experiment.
The model is built by tubes with different diameters, which can be divided into 30 mm, 60 mm, 160 mm, and 210 mm. 30 mm tubes are mainly used as reinforcement support, 60 mm tubes are used as the main frame, 160 mm and 210 mm are used as the floating body. The mast is used as support to connect the top wind turbine and the lower column. The model is made by nylon and ABS, the thickness of the model is only 0.5 mm in order not to affect the center of gravity of the floating offshore wind turbine. The physical model is shown in Figure 4. The specific parameters of the floating offshore wind turbine are shown in Table 3.
[image: Figure 4]FIGURE 4 | Diagram of physical model.
TABLE 3 | Parameters of the floating offshore wind turbine.
[image: Table 3]Figure 5 is the diagram of connection scheme. The beam and the small buoy use the steel structure to connect with each other by interpolation method, and the steel structure is fixed on the small buoy. The model buoys are hollow, where can set the solid pressure load to balance the floating offshore wind turbine.
[image: Figure 5]FIGURE 5 | Diagram of connection scheme.
Parameters of the mooring cables
According to the similarity criterion, the parameters of each mooring cable scheme can be determined. The full anchor chain scheme can find anchor chain with similar line weight and axial stiffness. But it is difficult to ensure that the stiffness and other characteristics of the polyester cable and the parameters adopted by the floating offshore wind turbine entity are completely scaled according to the scale ratio. Therefore, we assume that the stiffness of the cable at the scale ratio of 1:50 is infinite. The stiffness of the whole mooring system is simulated by adding a calculated spring to the end of the cable. The model of hybrid mooring cable scheme is shown in Figure 6. The specific parameters of the cables are shown in Table 4 and Table 4.
[image: Figure 6]FIGURE 6 | The model of hybrid mooring cable scheme.
TABLE 4 | Model parameters of hybrid mooring cable scheme. Model parameters of full anchor chain scheme.
[image: Table 4]Experimental equipment and parameters
The experimental equipment includes a wave maker, a wave gauge, and a 6 D.O.F. (six degree of freedom) monitor and tension sensors. The layout position is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Layout diagram of floating offshore wind turbine with the wave direction of 0°.
The wave gauge is used to monitor, measure and record the change of wave surface. Figure 8 shows the capacitive wave gauge used in the experiment. The range of the wave gauge is from -250 mm to 250 mm, and the error is 0.5%. The wave gauge needs to be calibrated before it is used. After calibration, the height meter is placed at 3 m in front of the experiment region.
[image: Figure 8]FIGURE 8 | Capacitive wave gauge. 6 D.O.F. monitor. Tension sensor.
The motion responses of the floating offshore wind turbine are measured by the 6 D.O.F. measurement system. The measurement ranges of the system are from 180° to 180° for yaw, 90°–90° for pitch and roll, 10 m–10 m for surge and sway, and 1 m–1 m for heave. The errors of yaw, pitch and roll are from 0.1° to 0.1°. The errors of surge, roll and heave are from -2 mm to 2 mm. Figure 8 is the 6 D.O.F. monitor used in the experiment.
Tension sensors are used to measure the tensions of mooring cables. The maximum measurement value of the tension sensor is 50 kg, and the error is 0.25%. The tension sensor needs to measure the initial value before it is used, which is convenient for subsequent data processing. Figure 8 is the tension sensor used in the experiment.
Equivalent simulation of wind load
In the experiment, the ducted fan is used to equivalent the real wind turbine, and the principle is simplified wind load borne by the wind turbine to the reverse thrust exerted on the floating body when the ducted fan starts. A balance weight ring is loaded on the top of the floating body to restore the real center of gravity.
Before the experiment, it is necessary to calibrate the force of the ducted fan according to the wind speed conditions of the floating offshore wind turbine in the real environment. It shows that the maximum static thrust is 9.6 N. When the floating offshore wind turbine works, the thrust of the ducted fan is controlled by the remote control equipment to equivalent the real wind, which will affect the motion responses of the floating offshore wind turbine. By the time, the ducted fan can rotate itself according to the wind direction. Figure 9 is the ducted fan and the remote control equipment, and Figure 10 is the wind speed–thrust curve.
[image: Figure 9]FIGURE 9 | The ducted fan and the remote control equipment.
[image: Figure 10]FIGURE 10 | The wind speed—thrust curve.
Experiment conditions
There are seven regular waves conditions tested in the experiment, includes two wave heights, six periods and two wind speeds. The experimental conditions are shown in Table 5.
TABLE 5 | Experimental conditions.
[image: Table 5]ANALYSIS OF THE MOORING SYSTEM CHARACTERISTICS OF THE NEW FLOATING OFFSHORE WIND TURBINE
Natural period and decay rate
Before carrying out the experiment of the mooring system characteristics, it is necessary to make static water free decay test for the floating offshore wind turbine to study the inherent motion characteristics. Applying torque to the floating offshore wind turbine manually to make it oscillate freely, the natural periodic parameters were obtained by the 6 D.O.F. monitor.
The natural period of roll motion response is 10.61 s, the decay rate is 63.60%, the damping ratio is 7.18%. The natural period of pitch motion response is 29.63 s, the decay rate is 16.39%, the damping ratio is 27.66% The natural period of heave motion response is 22.03 s, the decay rate is 42.47%, the damping ratio is 13.51%. The natural periods of the floating offshore wind turbine are shown in Figure 11. The comparison between the model and the prototype are shown in Table 6, errors in motion response is less than 3%.
[image: Figure 11]FIGURE 11 | Natural period of the floating offshore wind turbine. (A). Natural period of roll (B). Natural period of pitch. (C). Natural period of heave.
TABLE 6 | The comparison between the model and the prototype.
[image: Table 6]Analysis of mooring stiffness
Setting one end of the mooring cable fixed at the anchor point, and other end fixed at cable hole. Then, the projection length of the mooring cable is changed by moving the position of the guide cable hole to calculate the mooring cable force along the projection length and height direction. The stiffness characteristics of mooring cables along the length and height directions are shown in Figure 12 1) and Figure 12 (b). When the projection length is less than 300 m, the mooring cable is catenary mooring cable, and the stiffness of the mooring line is mainly affected by the weight of the mooring cable. When the projection length is greater than 300 m, the mooring cable is taut mooring cable, and the stiffness of the mooring cable is mainly determined by its own material stiffness.
[image: Figure 12]FIGURE 12 | Single mooring cable projection lengthwise stiffness characteristics. (A) The mooring cable force along the projection length direction. (B) The mooring cable force along the projection height direction.
Analysis of motion responses
The pitch and heave motion responses of the floating offshore wind turbine with different mooring cable schemes in 45 m working water depth are compared and analyzed.
Figure 12 is the comparison of pitch and heave motion responses of the floating offshore wind turbine at A6 condition, corresponding to the actual wave condition is H = 10 m, T = 10 s. It can be seen from Figure 13 1) that when the mooring cable adopt the full anchor chain scheme, the pitch amplitude is smaller, the amplitude is 3.68°, and that of the hybrid mooring cable scheme is 4.85°, with a difference of 31.79%. It can be seen from Figure 13 2) that the heave motion response of the floating offshore wind turbine is similar to the pitch motion response, and the difference between the two schemes is 6.05%.
[image: Figure 13]FIGURE 13 | Comparison of pitch and heave responses of the floating offshore wind turbine. (A) Comparison of pitch motion response. (B) Comparison of heave motion response. (C) Comparison of pitch motion response. (D) Comparison of heave motion response.
Figure 13 is the comparison of pitch and heave motion responses of the floating offshore wind turbine at A7 condition, corresponding to the actual wave condition is H = 10 m, T = 12 s. It can be seen from Figure 13 1) that when the mooring cable adopt the full anchor chain scheme, the pitch amplitude is small, the amplitude is 8.15°, and that of the hybrid mooring cable scheme is 10.02°, with a difference of 22.94%. It can be seen from Figure 13 2) that the heave motion response of the floating offshore wind turbine is similar to the pitch motion response, and the difference between the two schemes is 26%.
Analysis of mooring force
The mooring force of the different mooring cable schemes are compared and analyzed at the same water depth and working condition. Figure 14 is comparison of force of the mooring system.
[image: Figure 14]FIGURE 14 | Comparison of force of the mooring system. (A). Comparison of force at A6 condition (B). Comparison of force at A7 condition.
Figure 14A is the comparison of the mooring force at A6 condition. It shows that when the mooring cable adopts the full anchor chain scheme, the L6 mooring force is larger than that of the hybrid mooring cable scheme. The maximumforce of the full anchor chain scheme is 6.61 × 105 N, and the maximum force of the hybrid mooring cable scheme is 5.22 × 105 N, the difference is 26.77%.
The results of A7 condition are similar to that of A6 condition. The maximum force of the full anchor chain scheme is 4.95 × 105 N, the maximum tension of the hybrid mooring cable scheme is 3.89 × 105 N, the difference is 27.17%.
ANALYSIS OF CHARACTERISTICS OF MOORING SYSTEM IN HYBRID MOORING CABLE SCHEME
The paper studies the characteristics of the mooring system under different pretension and different water depths when adopt the hybrid mooring cable scheme.
Analysis of characteristics of mooring system under different pretension
This chapter studies the motion responses of the floating offshore wind turbine and the characteristics of L5 mooring force under different pretension at 22.5 m water depth. There are five conditions carried out in the experiment, includes A1, A2, A3, A4, A5, corresponding to the actual wave height is H = 7.5 m, and the wave period are 6.5 s, 8 s, 9 s, 10 s, 11 s, respectively.
By adjusting the length of the polyester cable, the average pretension of mooring cable can be changed, to study the influence of the mooring system characteristics in different pretension.
As is shown in Table 7, the length difference of the three mooring cable is 1.5 m, but the pretensions of the three mooring cables are different. The reason is that under N1, N2 conditions, the mooring cable is catenary, and under the N3 condition, the mooring cable is tensioned, which may cause the change of the characteristics of the mooring system.
TABLE 7 | Parameters of hybrid mooring cable.
[image: Table 7]Figure 14 is comparison of the characteristics of the mooring system under different conditions. Figure 15 1) is comparison of surge motion response, Figure 15 2) is comparison of heave motion response. Figure 15 3) Comparison of L5 mooring force, Figure 15 4) is comparison of component force. It can be seen that:
[image: Figure 15]FIGURE 15 | Comparison of the characteristics of the mooring system under different pretension. (A). Comparison of surge motion response (B). Comparison of heave motion response. (C). Comparison of the L5 mooring force (D). Comparison of the component force.
Under different pretension, the amplitude of surge and heave motion response of floating wind turbine at the same period is similar. When the wave period is 8 s, 10 s and 11 s, the amplitude of surge response is maximum; When the wave period is 8 s, 10 s, the amplitude of surge response is little. The maximum value and minimum value of surge motion response decreases with the increase of pretension. Heave motion response increases first and then decreases with the increase of period, the change of pretension has little effect on it.
The variation pattern of mooring force is similar to the surge motion response in the same pretension. Mooring force is large in some periods with large surge motion response amplitude; mooring force is little in some periods with little surge motion response amplitude. The maximum value and minimum value of mooring force increases with the increase of pretension.
Combined with the comparison of the component force, it can be found that the vertical component force changes little, which makes the heave motion response of the floating offshore wind turbine changes little under different pretension. While the horizontal component force changes greatly, which makes the surge motion response of the floating offshore wind turbine change obviously.
Analysis of characteristics of mooring system at different depths
This chapter selects A5 condition to study the pitch motion response of the floating offshore wind turbine and L5 mooring force at three water depths of 45 m, 40 m and 22.5 m. Corresponding to the actual wave condition is H = 7.5 m, T = 11 s, β = 0°. Figure 16 is the comparison of the characteristics of the mooring system at different depths.
[image: Figure 16]FIGURE 16 | Comparison of the characteristics of the mooring system at different depths. (A). Comparison of surge motion response (B). Comparison of heave motion response. (C).Comparison of the L5 mooring force.
Figure 16 1) is the comparison of surge motion response of floating offshore wind turbine in different water depths. It can be seen from the figure that when water depths are 45 m and 40 m, the extreme values and variation amplitudes of the surge motion response are almost the same, and the variation amplitude is 3.47 m. When the water depth is 22.5 m, the extreme value and variation amplitude of surge have increased. The variation amplitude is 4.30 m, which increases by 19% than that at 45m and 40 m water depth.
Figure 16 2) is the comparison of heave motion response of floating offshore wind turbine in different water depths. The characteristics of heave motion response are similar to those of surge motion response, the variation amplitude at 45m and 40 m is 1.04 m. When the water depth is 22.5 m, the variation amplitude is 3.44 m, which increases by 229% than that at 45m and 40 m water depth.
Figure 16 3) is the comparison of L5 mooring force at different water depths. It can be seen from the figure that when water depths are 45 m and 40 m, the maximum mooring force of L5 are 3.52 × 105 N and 3.23 × 105 N, with a difference of 8.96%. When the water depth is 22.5 m, the extreme value of mooring force increases sharply, and the maximum mooring force reaches to 3.26 × 106 N, which increases by 828.6% and 911.78% compared with those of at 45 m and 40 m water depths, respectively.
Figure 17 is comparison of the RAOs at different depths. Combing with the motion response of the floating offshore wind turbine, it can be seen that when the circular frequency is less than 0.7 rad/s, the wave period is larger than 8s, the surge and heave motion of the floating offshore wind turbine at 22.5 m water depth is larger than those at 40 m and 45 m water depth. Which leads to the increase of the motion response at 22.5 m water depth, and further leads to the increase of the mooring cable force.
[image: Figure 17]FIGURE 17 | Comparison of the RAOs at different depths. (A). Comparison of surge (B). Comparison of heave.
Analysis of characteristics of mooring system in shallow water
Considered that some of these areas have a large tidal range, the water depth is shallow when at a low tide level. Therefore, it is necessary to study the characteristics of the mooring system of the floating offshore wind turbines in shallow water areas.
This chapter studies the motion response of the floating offshore wind turbine and anchor chain tension at 22.5 m shallow water at A5 condition, corresponding to the actual wave condition is H = 7.5 m, T = 11 s, β = 0°. Figure 18 is comparison of the surge and pitch motion response of the floating offshore wind turbine. Figure 18 is comparison of the mooring force of different mooring cable.
[image: Figure 18]FIGURE 18 | The characteristics of mooring system in shallow water. (A) Comparison of the surge. (B) Comparison of the pitch. (C) Comparison of the mooring force of different mooring cable.
Figure 18 1) shows the surge motion response of the floating offshore wind turbine, the change trend decreases first and then increases in period form, the amplitude of surge is 5.03 m. Figure 18 2) shows the pitch motion response of the floating offshore wind turbine, in the time range of 210 s–280 s, the pitch motion response presents a slowly increase trend, and reaches stability at 280 s, the amplitude of pitch is 4°.
Owing to the fact that the mooring system is symmetrically arranged, L2, L3 and L6 mooring cables are selected for force analysis. The analysis of the mooring cable are shown in Figure 18 3) it can be seen that the occurrence time of L2 mooring force is later than that of the L3, L6, because the L2 is on the back of floating body, and it is not affected by wave at first time. From the extreme value of the mooring force, L3 is the largest, L2 is relatively close to it, and L6 is the smallest. The extreme values of the three forces are 3.23 × 106 N, 3.16 × 106 N and 2.43 × 106 N, respectively. Considering that the breaking strength of the mooring cables is 6.00 × 106 N, the safety factor of L3 is 1.86, indicating that the mooring cables under the selected working conditions meet the strength requirements and have a certain amount of saturation.
CONCLUSION
In this paper, the characteristics of mooring system of a new type floating offshore wind turbine in shallow waters are investigated by model experiment. The motion responses of the floating offshore wind turbine and characteristics of mooring force with different mooring cable schemes under the same mooring system are studied. When it adopts the hybrid mooring cable scheme, the effect of water depth and pretension to the mooring system, and characteristics of the mooring system in shallow water are studied. It is concluded that.
1) The two mooring cable schemes were compared at water depth of 45 m. The motion responses of the floating offshore wind turbine are smaller when the mooring system adopts the full anchor chain scheme, with a difference of about 30%. When mooring system adopts the hybrid mooring cable scheme, there are smaller mooring force, with a difference of about 27%.
2) When the mooring system adopts the hybrid mooring cable scheme:
a) When the pretension of mooring cable is changed, the characteristics of the mooring system is different. The surge motion response at the same wave period is similar for different pretensions, but its maximum and minimum values increase as the pretension increases. At the same pretension condition, the characteristics of mooring force and the surge motion response are similar, but when the pretension increases, the maximum and minimum value of the mooring force is increase. The characteristics of heave motion response are similar at different pretension.
b) When the water depth is changed, the characteristics of the mooring system is different. The surge motion response at 22.5 m water depth is about 19% larger than that at 40 m and 45 m water depth, the heave motion response at 22.5 m water depth is about 229% larger than that at 40 m and 45 m water depth, and the mooring force increased significantly, there are about 828.6% and 911.78% than that at 40 m and 45 m water depth.
c) In the shallow water with depth is 22.5 m, the surge motion response decreases first and then increase in period form, the pitch motion response tends to rise gradually before t = 280 s, and reach stability at 280 s. The mooring force of the L3 is the largest, L2 is relatively close to it, and L6 is the smallest.
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