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Abstract

:

Besides improving the generator torque and blade pitch controller, incorporating additional control actuations, such as a vibration absorber and active ballast, into the floating offshore wind turbine (FOWT) system is also promising for the motion mitigation of FOWTs. This work aims to study the catenary mooring length re-configuration effect on the dynamic behaviours of semi-submersible FOWTs. The mooring length re-configuration mentioned here is achieved by altering the mooring length with winches mounted on the floating platform, which is in a period of minutes to hours, so that the mooring tensions could be adjusted to reduce the aerodynamic load induced platform mean pitch. Control designs for both single mooring line and multiple mooring lines have been described and studied comparatively. In order to assess the motion mitigation performance of the proposed mooring line length re-configuration methods, fully coupled numerical simulations under different environmental cases have been conducted. Results indicate that the catenary mooring length re-configuration is able to reduce the platform pitch motion by up to 15.8% under rated condition, while careful attention must be paid to the scenarios where the catenary moorings become taut, which may lead to large load variations.
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1. Introduction


With extensive explorations of near-shore wind power resources in the past decade, far-offshore, deep-sea floating offshore wind turbines (FOWTs) have offered a substantial potential for renewable energy generation to meet the ‘net-zero’ goal [1]. Although significant advancements in FOWTs have been seen in the past few years, there remains a long way to go before they are cost-effective for large-scale commercial applications [2,3]. More specifically, the utilisation of large-scale floating support structures and mooring systems has led to a huge rise in construction costs [4]. Moreover, the floating platform will provide increased freedom of motion for the wind turbine mounted on top thus leading to more vibrations in critical components like towers and blades, resulting in higher structural loads and shorter fatigue lives [5,6]. Therefore, motion mitigation and load reduction have been regarded as the primary concerns for design optimisation of FOWTs.



Dynamics of FOWTs are highly complex as the structures are subject to both aerodynamic and hydrodynamic loads, as well as dynamic couplings with structure elasticity, mooring interaction, control mechanisms, etc. [7,8]. Therefore, FOWTs are usually modelled as aero-hydro-servo-elastic systems in numerical dynamic analysis [9]. Thus, in order to improve the dynamic behaviours of FOWTs, contributions have to be made not only to floating structure design optimisation for better hydrodynamic stability [10], but also to control design for more motion damping and stability [11,12,13,14,15].



In the past few years, various control designs for FOWTs have been proposed to both optimise power production and mitigate the motion dynamics of the floating platforms [16]. In [17], a detuned gain-scheduling PI controller was designed to avoid negative damping by reducing the blade pitch control bandwidth, so that the pitch motion of the platform could be suppressed, while the power quality for above-rated conditions might become worse. The authors in [18,19] adopted the linear quadratic regulator (LQR) method to design the collective and individual pitch controllers for FOWTs with barge, TLP, and spar-buoy platforms. The linear parameter-varying (LPV) method is adopted to design the pitch controller, which has achieved satisfactory performance regarding power regulation [20]. A H2/H∞ control was designed in [21] with a disturbance suppression capability for semi-submersible FOWTs, which was supposed to suppress wind and wave disturbances, thereby reducing the fatigue load of the turbine structure while maximizing the ability of power regulation. It should be noted that the above-mentioned methods are all realised by blade pitch control, which will either cause heavier fatigue loads for blades with over-actuated pitch motion or lead to worsened power quality with the sacrifice of aerodynamic damping.



Besides these indirect load mitigation control designs, more straightforward motion reduction control mechanisms by introducing additional actuations have been proposed, such as a structural control [22,23,24], ballast redistribution control [25], mooring control [26,27], or integration with wave energy converters [28,29]. These methods will allow for control operations even when the turbine is parked, e.g., the extreme wind condition, at the expense of extra equipment cost and energy utilisation if necessary. Various types of mass dampers have been proposed to be installed at the turbine nacelle, tower, or the floating platform, for structural vibration dissipation in the designed bandwidth [30,31], while the cost and reliability of these vibration absorbers are still barriers for further promotions. For semi-submersible FOWTs, it is also possible to actively redistribute the water ballast among different columns to reduce the average platform pitch motion [32]. This approach will help alleviate tower structural loads and increase below-rated power absorption due to the smaller platform tilting angle [33]. However, transporting ballast water requires force at the same order of magnitude as the platform weight and buoyancy, which requires careful evaluation in economic analysis. Different from control actuation inside the platform, actively controlling the mooring lines attached for platform motion stabilization has also been proposed. [34]. In this scenario, the mooring system does not only keep the FOWT at its desired location, but also mitigates the platform motion by controlling the mooring line forces. This has been demonstrated through a tensioned-leg platform (TLP) FOWT with a thermally actuated fishing line artificial muscle (FLAM) actuator [35]. However, this type of control actuation for taut mooring lines could not work with catenary mooring systems [36], which have been widely used for semi-submersible FOWTs. In [37], the authors presented a preliminary study on mitigating platform mean pitch by tuning the length of a single mooring line for a light-weight floater, SpiderFLOAT. Results indicated that single mooring actuation could not significantly affect system pitch until the mooring lines were taut. However, only a preliminary study was performed, and coupled numerical analysis with turbulent wind and incident waves have not been conducted. Moreover, the actuation option of altering all three mooring lines have not been investigated.



In view of the abovementioned problems, we aim to evaluate the control design for the catenary mooring system of semi-submersible FOWTs in this work. Here, mooring line control is achieved by altering the mooring length with the winches mounted on the platform, so that the mooring line tensions could be adjusted for a smaller platform mean pitch angle. Control designs for both single mooring line and multiple mooring lines have been described and comparatively studied. Fully coupled aero-hydro-servo-elastic numerical simulations for different environmental load cases have been conducted, where the motion mitigation and load reduction performances of the proposed mooring control methods are evaluated.



The remainder of the paper is organized as follows. Section 2 describes the control strategy of the catenary mooring system for FOWTs. Section 3 presents the results and analysis of numerical simulations. Section 4 draws the conclusions and points out limitations of this work and future research directions.




2. Catenary Mooring Length Re-Configuration Control Strategy for FOWTs


The mooring system of FOWTs is used to keep the platform at its desired location avoiding the drift caused by the wind, waves, and currents [38,39]. Furthermore, it also provides restoring forces and moments, as well as a damping effect on the floater motions. Compared with high-cost taut mooring systems, catenary mooring lines made of steel or composite wires are usually favourable for semi-submersible FOWTs. Catenary mooring lines, connecting the fairlead and anchor, will form a catenary curve under their own weight. The platform motion will alter the suspended section of the mooring line, thus leading to the mooring tension variations and providing restoring loads to the floater.



As mentioned above, in this work, the proposed mooring length re-configuration control for the FOWT catenary mooring system is achieved by reeling in or out single or multiple mooring chains with the installed winch systems, as illustrated in Figure 1. Consequently, the suspended mooring length will be altered, leading to an increase or decrease in mooring tensions, so that restoring moments could be enhanced. Notably, the mooring winch usually operates at a low bandwidth compared to the platform motion and turbine dynamics, with a response time in the order of minutes, so the mooring length re-configuration control system in this work aims to reduce the mean downwind platform pitch angle. More specifically, similar to the hull trimming system in [25], the restoring moment produced by properly altering the mooring length is mainly used to compensate the wind-induced static loads, so that the FOWT system could be configured into a more upright position, and thus better structural load behaviours could be anticipated. It should be noted that the heavy-duty mooring winches work in a period of minutes or even hours, and are supposed to be operating at a stationary state. Therefore, the winch dynamics within the mooring reel-in or reel-out processes are not considered in this work, which will be investigated in future works.



Under operating conditions, changes in mean wind speed and direction will lead to variations in aerodynamic thrust, which in turn will cause alterations of the wind load overturning moments. Then, mooring length re-configuration control systems could be enabled to achieve static load balance, so that there will be a smaller downwind tilting of the turbine structures. For instance, as shown in Figure 1, when the aerodynamic overturning moment increases, the front mooring line could be reeled in, providing an additional restoring moment and recovery stiffness to ensure static load balance. In this work, we will quantitatively investigate the relationship between mooring length alternation and the motion mitigation performance. Moreover, it should be noted that the proposed control strategy for catenary mooring system could be achieved either by a single mooring length re-configuration control (SMLC) or multiple mooring length re-configuration control (MMLC), where the lengths of all the three mooring lines are simultaneously changed. In the next section, the influences of mooring length adjustment on FOWT motion dynamics are quantitatively evaluated in fully coupled simulations.




3. Numerical Simulations and Analysis


In this work, fully coupled aero-hydro-servo-elastic FOWT numerical simulations based on OpenFAST [40] have been conducted for both the SMLC and MMLC mooring control configurations with different mooring length alterations, and the control effectiveness on motion mitigation of FOWT are evaluated. The simulation time for each environmental condition is set as 7200 s.



3.1. Semi-Submersible FOWT


The semi-submersible floater of the OC4-DeepCwind developed by National Renewable Energy Laboratory (NREL) is used as the study object in this work [41]. As shown in Figure 2, the platform consists of a main column attached to the tower and three offset columns connected to the main column through a series of pontoons and cross members. The NREL 5 MW baseline wind turbine [42] is supposed to be mounted on the central column.



The water depth for OC4 semi-submersible by default is 200 m. Since the water depth along the eastern and southern coasts of China usually does not exceed 100 m, the mooring system of OC4 is modified as 50 m in this work, as shown in Figure 3. A substantial difference lies in that the fairlead location has been lifted to the top of the column, in order to achieve good mooring performances in waters with medium depth. The primary parameters for the mooring system are listed in Table 1.




3.2. Environmental Conditions


The following environmental conditions listed in Table 2 are used in the numerical simulations [27]. The rated condition with 11.4 m/s wind speed and 3.8 m significant wave height is used as the wind turbine structures are experiencing the most severe aerodynamic loads in operation. The time-series of the wind speed and wave height are plotted in Figure 4. The wind field is generated by TurbSim [43], where Kaimal spectra and the power law exponent of 0.14 are used according to the IEC61400-3 offshore wind turbine design standard. The normal turbulence intensity is set as level B, i.e., 15%. For wave condition, JONSWAP spectrum is utilized to generate the stochastic wave inputs, the spectrum of which is defined as


  S ( f ) =   α   g   2     16   π   4       f   − 5   e x p     −   5   4     f     f   m         − 4     γ   b   ,  








where f is frequency, fm denotes the peak frequency, and g is the gravitational acceleration. The shape of the JONSWAP spectrum is mainly dependent on the energy scale parameter   α  , the peak enhancement factor   γ  , and the narrowness of the peak b. For the rated condition, the significant wave height is set as 3.8 m, and the peak period is 8.3 s,   γ   is set as 2.35, according to the wind and wave correlation [26]. Regarding the extreme condition, the parked scenario with 35 m/s wind speed with 8% turbulence intensity, 0.11 power law exponent, and 10.3 m significant wave height with 14.1 s peak wave period, as shown in Figure 5, is also used to verify the mooring control effectiveness. In this parked case, the generator torque and blade pitch controller are turned off, and all the blades are feathered to 90 degrees to minimize the aerodynamic loading. Regarding mooring control configuration in this work, the line length is supposed to be reeled in ranging from 0 to 15 m at an interval of 2.5 m for both the SMLC and MMLC configurations, and then comparative investigations are performed.




3.3. Coupled Numerical Modelling Methodology


In this work, numerical simulations for semi-submersible FOWTs have been conducted using the well-known open-source code OpenFAST [40], which is a multi-physics tool for simulating the coupled dynamic response of wind turbines. It couples computational modules for aerodynamics, hydrodynamics, the control and electrical system (servo) dynamics, and structural dynamics, as well as mooring dynamics, to enable coupled nonlinear aero-hydro-servo-elastic simulation in the time domain.



3.3.1. Multi-Body Dynamics


Regarding the theory used in OpenFAST, Kane’s method is adopted to derive the multi-body equations of motion for a wind turbine system with P generalized coordinates (DOFs), i.e.,


    F   i   +   F   i   *   = 0   ( i = 1 ,   2 , . . . P )  








where     F   i     and     F   i   *     are generalized active forces and generalized inertia forces, respectively.




3.3.2. Aerodynamics


The aerodynamic loads imposed on the wind turbine rotor are affected by many factors, such as wind speed and direction, blade pitch angle, platform motion, and blade elasticity. In OpenFAST, blade element momentum (BEM) theory is used for aerodynamic calculation, in which the blades are divided into a number of independent sections along the length, and sectional lifts and drags are evaluated and integrated into the overall thrust and torque [36]. For a given blade profile, the lift and drag coefficients CL and CD are defined by:


    d L = C   L   ( α )   1   2     ρ U   r e l   2     C   λ   d r  










    d D = C   D   ( α )   1   2     ρ U   r e l   2     C   λ   d r  








where   ρ   is the mass density of the fluid, dL and dD are the elementary lift and drag forces applying to a blade element of thickness dr and of chord     C   λ    . The parameter   α   is called angle of attack and defined as the angle between the chord and flow direction.




3.3.3. Hydrodynamics


Hydrodynamic loads on offshore wind systems include contributions from linear hydrostatics, linear excitation from incident waves, linear radiation from outgoing waves (generated by platform motion), and nonlinear effects. Regarding the simulation in this work, hydrodynamics of the OC4-DeepCwind platform is calculated based on linear potential flow theory with viscosity correction, which has been widely used for large-scale offshore structure analysis. It is assumed that flow is inviscid, incompressible, and irrotational. The added mass, radiation damping, and viscous drag effect are included.



Then, the overall motion equation of the FOWT can be represented by:


  ( M +   A   ∞   )   x  ¨  ( t ) + C   x  ˙  ( t ) + K ( t ) +   ∫  0   t    R ( t − τ )   x  ˙  ( τ )   d τ =   F   a e r o   ( t ) +   F   h y d r o   ( t ) +   F   m o o r i n g   ( t )  








where M is the platform mass,     A   ∞     is the added mass matrix at infinite frequency, C is the damping matrix, K is the stiffness matrix, and R is the velocity impulse function matrix. x denotes the displacement vector. The external loadings include the aerodynamic loads     F   a e r o    , hydrodynamic loads     F   h y d r o    , and the mooring loads     F   m o o r i n g    .




3.3.4. Mooring Dynamics


The lumped-mass approach is adopted for modelling the FOWT mooring system. As a sub-module, MoorDyn in OpenFAST models the mooring dynamics based on a lumped-mass discretisation of a mooring line’s dynamics and adds point-mass and rigid-body objects to enable simulation of a wide variety of mooring and cabling arrangements. The dynamic nonlinear catenary mooring line model is established as multi-segment elastic catenary lines with several sections and clump weight, which is illustrated in Figure 6.





3.4. Numerical Simulation Results and Analysis


3.4.1. Response Amplitude Operator (RAO)


The RAO results for different mooring length configurations are shown in Figure 7. It can be noted that the MMLC with 15 m has led to large peaks for surge and pitch motion, as the mooring lines have become taut in this scenario. In comparison, there are no significant differences between the baseline system and the re-configured mooring design.




3.4.2. Rated Condition


Regarding the SMLC, the ML2 attached to the upwind column is reeled in. In this paper, dL is defined as the reel-in length, e.g., dL = 5 m means the mooring is reeled in 5 m. It is shown in Figure 8 and Figure 9 that the SMLC has a significant impact on the average surge position, which changes from 4.50 to −7.97 m by retracting the mooring length for 15 m. At the same time, heave and pitch motion does not show any noticeable differences. In contrast, for MMLC, all the three moorings are reeled in at the same length, such that surge motion does not exhibit any large shifting, while the equilibrium heave position is decreased by 1 m.



Statistical results of the above motion time-series are illustrated in Figure 10, Figure 11 and Figure 12. Regarding platform surge motion, the SMLC will lead to a smaller standard deviation as the mooring line keeps shortening, and a maximum of 50% reduction could be achieved, while for the MMLC, the surge standard deviation falls first and then rises. This is because when all the three mooring lines are retracted for 12.5 m, the catenary mooring will be close to taut mooring, which will cause large load variations, posing risks to anchor failures. In addition, the maximum and minimum surges continue to decrease as the mooring lines are shortened. Regarding platform heave motion, both the SMLC and MMLC will lead to a reduced heave equilibrium position, while the MMLC has a much larger influence on the heave motion, which is simply because of the significantly increased vertical mooring tensions. Heave standard deviation is almost not affected, as it is dominated by the column geometries of the floater. Regarding platform pitch motion, it can be clearly seen that the mean pitch angle keeps decreasing for the SMLC, but only a 0.1° pitch reduction is achieved, which is far from the assumed zero tilting. The average pitch for the MMLC shows a slightly different trend, i.e., rising first and then falling, but the mean pitch reduction is still quite small. This means that it is quite difficult to achieve zero mean pitch by catenary mooring control. In comparison, pitch standard deviation could be reduced by 5.1% for the SMLC, and this number could reach 15.8% for the MMLC. This demonstrates that the proposed mooring control strategy is helpful in mitigating the floater pitch oscillations.



Power spectrum analysis is also performed, and the obtained power spectrum densities (PSDs) are plotted in Figure 13. It can be clearly seen that the natural frequency response of the surge motion is heavily suppressed by reducing the mooring line length both for the SMLC and MMLC, which is consistent with the above time-domain results. The heave PSD has almost no variations with mooring control actuated, which shows that active mooring has little effect on heave motions. Regarding pitch motion, the introduction of the SMLC helps reduce the pitch natural frequencies to a certain extent, while the wind and wave frequency responses are almost not affected. This corresponds to the above findings that the platform mean pitch decreases only by a very small amount, but pitch oscillation is noticeably suppressed. In contrast, the MMLC has a much stronger influence on pitch PSDs. In particular, the pitch natural frequency response has been inhibited to a very low level, contributing to the decreased pitch oscillations. However, wind and wave frequency responses may rise when the mooring line is retracted 10 m more, and at this time, the catenary mooring will be close to taut mooring. In particular, there exist a large peak around 0.15–0.2 rad/s, and this will cause large load variations.



Tower-bottom fore-aft bending moments are also evaluated in order to check the mooring control influences on structural fatigue loads, and the statistical results for load reduction with different mooring length configurations are shown in Figure 14. Here, a positive number means load increment, while a negative number signifies a load reduction. It is seen that with the SMLC, the average bending moments increase negatively when the mooring lines are reeled in, while the load is increased first and then decreased for the MMLC. This phenomenon agrees well with the above statistical results for pitch motion. Regarding standard deviation, both the SMLC and MMLC will worsen the results, which may be harmful to the tower-bottom fatigue.



Statistical results of ML2 tensions are shown in Figure 15. It can be observed that the SMLC will not heavily affect the mooring loads, but the MMLC will cause a substantial increase in the mean values of mooring tensions. Regarding standard deviations, both SMLC and MMLC will lead to decreased oscillation first and rise again by increasing the retracted mooring length.




3.4.3. Parked Condition


Regarding the extreme condition with 35 m/s turbulent wind speed, there will be less aerodynamic thrust on the rotor as the blades are all feathered, but the sea state will be much more severe. Similar to the rated condition, it can be seen from Figure 16 that the SMLC has a significant impact on the average surge position, which changes from 2.67 to −8.72 m by retracing the mooring length for 15 m. At the same time, heave and pitch motion does not show noticeable differences. For the MMLC as shown in Figure 17, again the surge motion does not exhibit any large shifting. However, the pitch motion is greatly increased, even reaching the amplitude of 10°. This will pose a risk to the safe operation of FOWT in extreme conditions. It is because the catenary moorings gradually become taut when the length of all mooring lines is reduced over 12.5 m, such that large mooring tension variations will increase platform pitch responses.



Statistical results of the above motion time-series are illustrated in Figure 18, Figure 19 and Figure 20. Regarding the platform surge motion, the standard deviation is almost not affected as the mooring line is shortened, while for MMLC, the surge standard deviation keeps increasing. When all the three mooring lines are retracted for more 12.5 m, the catenary mooring will become almost taut, such that large variations could be seen. Regarding the platform heave motion, both the SMLC and MMLC will lead to a reduced heave equilibrium position, while MMLC has a much larger influence on the heave motion, which is simply because of the significantly increased vertical mooring tensions. Similar to the rated condition, heave standard deviation is almost not affected for the SMLC, while the MMLC will lead to smaller heave oscillations. Regarding the platform pitch motion, it can be seen that the mean pitch angle decreases from 0.4° to 0.3° for the SMLC, and the average pitch for the MMLC shows a different trend but variations are still small. This still means that it is quite difficult to achieve zero mean pitch by catenary mooring control. In comparison, pitch standard deviation is almost not changed for the SMLC, while the pitch standard deviation may be increased by over 100% for the MMLC when the mooring length is shortened over 12.5 m. This is also mentioned in previous time-domain analysis.



Corresponding spectrum analysis results are shown in Figure 21. It can be seen that the surge motion is dominated by wave frequency responses in the parked condition. In this scenario, the SMLC has little influence on surge motion, while in contrast the surge motion is greatly excited when the line length reduction exceeds 12.5 m for the MMLC, which is consistent with the above time-domain results. The heave PSD still has little variation with mooring control. Regarding pitch motion, again the SMLC has almost no noticeable influence on the pitch PSDs. In contrast, the MMLC has led to large platform pitch motions in the wave frequency range. This means the pitch motion would be heavily excited by wave loadings with the mooring becoming taut.



Statistical results for the tower-bottom fore-aft bending moment load reduction with different mooring length configurations are given in Figure 22. It is again observed that with the SMLC, the average bending moments increase negatively when the mooring lines are reeled in, while the load is increased first and then decreased for the MMLC. This phenomenon agrees with the above statistical results for pitch motion. Regarding standard deviation, both the SMLC and MMLC will worsen the results, especially for the MMLC. In terms of the maximum bending moment, the SMLC has over 2% load reduction with 15 m line retraction, while MMLC causes an increase of over 200%, which may violate the design requirements.



Statistical results of ML2 tensions under parked condition are shown in Figure 23. It can be noticed that both the SMLC and MMLC will increase the mean values, standard deviations, maximums, and minimums of the mooring tensions. The excessive usage of mooring tensions is supposed to provide better motion behaviours for the floating platforms, but the magnitude of the mooring tensions should be carefully checked.






4. Conclusions


Control design optimisation is an essential means for FOWT dynamic behaviour improvement. Besides tuning the existing generator torque and blade pitch controller for indirect mitigation, more straightforward motion reduction control mechanisms by introducing additional actuations have been proposed, such as a structural control and active ballasting. In this work, the mooring length re-configuration control for motion mitigation of semi-submersible FOWTs is investigated. Here, the mooring control is supposed to be achieved by altering the mooring length, thus the mooring tensions could be adjusted for better dynamic behaviours. Control designs for both single mooring line and multiple mooring lines have been described and comparatively studied. Aero-hydro-servo-elastic numerical simulations for different environmental load cases have been conducted, where the motion mitigation and load reduction performances of the proposed mooring length control methods are evaluated. The following conclusions can be drawn based on the study:




	
The SMLC will result in a substantial change in platform surge motion due to the asymmetric mooring configuration under the rated conditions. For the MMLC, the surge standard deviation will rise when all the three mooring lines are retracted for more 12.5 m.



	
Platform heave motion is not affected much by the catenary mooring control, as it is dominated by the column geometries of the floater.



	
Only 0.1° mean pitch angle reduction is achieved, which is a bit far from the assumed zero tilting, meaning it is quite difficult to achieve zero mean pitch by catenary mooring length re-configuration.



	
Under the rated conditions, pitch standard deviation could be reduced by 5.1% for the SMLC, and this number could reach 15.8% for the MMLC. This demonstrates that the proposed mooring control strategy is helpful to mitigate the floater pitch oscillations.



	
Under extreme conditions, pitch standard deviation is almost not changed for the SMLC, while the pitch standard deviation may be increased by over 100% for the MMLC when the mooring length is shortened by over 12.5 m, where the catenary mooring might become taut, which will cause large load variations, posing risks to mooring line breakages and anchor failures.
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Figure 1. Illustration of the catenary mooring line control process. 
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Figure 2. Geometry of the OC4-DeepCwind FOWT. 
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Figure 3. Modified mooring system configuration (top and side view) for NREL OC4 DeepCwind FOWT in 50 m water depth. 
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Figure 4. Time-series and power spectrum of wind speed and wave height under rated condition. 
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Figure 5. Time-series of the wind speed and wave height under extreme conditions. 
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Figure 6. Modelling of a dynamic mooring line in OpenFAST. 
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Figure 7. RAO results of different mooring control designs. 
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Figure 8. Time-series of platform displacement, tower-bottom bending moment, and mooring tensions with different mooring length alterations (SMLC, rated). 
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Figure 9. Time-series of platform displacement, tower-bottom bending moment, and mooring tensions with different mooring length alterations (MMLC, rated). 
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Figure 10. Statistical results of platform surge with different mooring control configurations (rated). 
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Figure 11. Statistical results of platform heave with different mooring control configurations (rated). 
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Figure 12. Statistical results of platform pitch with different mooring control configurations (rated). 
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Figure 13. Power spectrum densities of platform motion with different mooring control configurations (rated). (a) SMLC (b)MMLC. 
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Figure 14. Statistical results of tower-bottom fore-aft bending moments (TwrBsMyt) reduction with different mooring control configurations (rated) (+increment, −decrement). 
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Figure 15. Statistical results of ML2 tensions (FairTen2) with different mooring control configurations (rated). 
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Figure 16. Time-series of platform displacement, tower-bottom bending moment, and mooring tensions with different mooring length alterations (SMLC, parked). 
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Figure 17. Time-series of platform displacement, tower-bottom bending moment, and mooring tensions with different mooring length alterations (MMLC, parked). 
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Figure 18. Statistical results of platform surge with different mooring control configurations (parked). 
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Figure 19. Statistical results of platform heave with different mooring control configurations (parked). 
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Figure 20. Statistical results of platform pitch with different mooring control configurations (parked). 
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Figure 21. Power spectrum densities of platform motion with different mooring control configurations (parked). (a) SMLC (b)MMLC. 






Figure 21. Power spectrum densities of platform motion with different mooring control configurations (parked). (a) SMLC (b)MMLC.



[image: Jmse 12 00628 g021a][image: Jmse 12 00628 g021b]







[image: Jmse 12 00628 g022] 





Figure 22. Statistical results of tower-bottom fore-aft bending moments (TwrBsMyt) reduction with different mooring control configurations (parked) (+increment, −decrement). 
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Figure 23. Statistical results of ML2 tensions (FairTen2) with different mooring control configurations (parked). 
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Table 1. Primary mooring parameters.
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	Mooring Line No.
	Anchor Location (m)
	Fair-Lead Location (m)
	Length (m)
	Diameter (m)
	Fairlead Initial Angle

(deg)
	Touchdown Length

(m)
	Pretension

(MN)
	Mass Density (kg/m)
	Equivalent Extensional Stiffness (N)





	ML 1
	(303.43, 525.56, −50)
	(17.43, 30.20, 12)
	593
	0.15
	37.8
	467.5
	0.791
	511.7
	3 × 109



	ML 2
	(−606.8676, 0, −50)
	(−34.8682, 0, 12)
	593
	0.15
	37.8
	467.5
	0.791
	511.7
	3 × 109



	ML 3
	(303.43, −525.56, −50)
	(17.43, 30.20, 12)
	593
	0.15
	37.8
	467.5
	0.791
	511.7
	3 × 109










 





Table 2. Environmental conditions.






Table 2. Environmental conditions.





	Environmental

Condition
	Mean Wind Speed (m/s)
	Turbulence Intensity (%)
	Significant Wave Height (m)
	Peak Wave Period (s)
	Jonswap

γ Factor
	SMLC

(m)
	MMLC

(m)





	Rated condition
	11.4
	15
	3.8
	8.3
	2.35
	0:2.5:15
	0:2.5:15



	Extreme condition
	35
	8
	10.3
	14.1
	2.02
	0:2.5:15
	0:2.5:15
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