

  jmse-11-00058




jmse-11-00058







J. Mar. Sci. Eng. 2023, 11(1), 58; doi:10.3390/jmse11010058




Article



Vibration-Resistant Performance Study of a Novel Floating Wind Turbine with Double-Rope Mooring System and Stroke-Limited TMD



Zhouquan Feng 1,2,*[image: Orcid], Yuheng Huang 1, Xugang Hua 1[image: Orcid], Jinyuan Dai 1 and Haokun Jing 1





1



Key Laboratory of Wind and Bridge Engineering of Hunan Province, College of Civil Engineering, Hunan University, Changsha 410082, China






2



Research Institute of Hunan University in Chongqing, Chongqing 401151, China









*



Correspondence: zqfeng@hnu.edu.cn







Academic Editor: Constantine Michailides



Received: 12 November 2022 / Revised: 17 December 2022 / Accepted: 20 December 2022 / Published: 1 January 2023



Abstract

:

Floating offshore wind turbines (FOWTs) are generally located in the harsh deep-sea environment and are highly susceptible to extreme loads. In order to ensure the normal operation of FOWTs, this article takes the semi-submersible FOWT as an example, proposes a new double-rope mooring system, and studies the dynamic performance of the FOWT with the double-rope mooring system and its effectiveness in reducing the dynamic response of the wind turbine. At the same time, the tuned mass damper (TMD) is installed in the nacelle of the wind turbine, and the TMD parameters are optimized considering the space limitation of the nacelle by limiting the TMD’s stroke, which further reduces the dynamic response of the FOWT and improves its stability. Numerical simulation and analytical studies show that the new double-rope mooring system can reduce the dynamic response of the wind turbine to a greater extent than the traditional single-rope mooring system. Considering the stroke restriction, the control performance of TMD will be slightly weakened, but it is more in line with the actual engineering requirements. Compared with the original FOWT, the proposed new type of FOWT has better dynamic stability and has the prospect of extending to real engineering applications.
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1. Introduction


In recent years, with the gradual imbalance of the supply and demand of traditional energy and the increasing global warming effects, many countries have focused on renewable energy and the increased development and utilization of renewable energy technologies. For example, China’s “dual carbon” strategy implies the gradual withdrawal of traditional energy systems and their replacement with new energy systems. Compared with traditional fossil energy, wind energy, as one of the renewable energies with the most promising development and utilization, has the advantages of sustainability, pollution-free, and large storage capacity.



According to relevant statistics, the current wind power generation is mainly based on onshore wind turbines [1]. However, with the expansion of the wind power industry, onshore wind farms have problems such as a shortage of available land resources, fewer wind resources, and they are easily disturbed by weather conditions. In contrast, the power generation efficiency of offshore wind farms, especially those located in the deep sea, is 20–40% higher than that of onshore wind farms. Offshore wind turbines have the advantages of not occupying land resources, abundant wind resources, and stable power generation efficiency [2]. Because of the high cost and technical difficulty of building fixed-bottom wind turbines in the deep ocean, floating offshore wind turbines (FOWTs) are increasing year by year. More and more countries take FOWT technology to be the focus of future wind energy technology development [3].



The FOWTs are located in the ocean environment, and they are often affected by wind, waves, current, and other external loads. Due to these environmental loads, the reliability of FOWTs is often threatened. The working sites of FOWTs are located in the deep sea, and maintenance is difficult and expensive. Therefore, controlling the FOWT vibration under harsh conditions and improving the vibration resistance of the wind turbine are very important research topics [4,5,6,7].



One way to reduce the vibration amplitude of the floating wind turbine platform is to optimize the mooring system [4,5,8,9]. Currently, most of the floating wind turbine mooring systems adopt a taut leg mooring system or catenary mooring system. The taut leg mooring system has good vibration reduction performance, but its fatigue resistance is poor because the mooring line is under tension at all times [10]. On the contrary, the catenary mooring system has good fatigue resistance but poor vibration reduction performance because the line is sagging, and it provides less tensile stiffness. In order to meet both vibration reduction performance and fatigue resistance performance, the mooring system needs to be optimized by changing the form of the mooring line and the line material or the layout of the mooring lines. Because the mooring system has an important impact on the dynamic characteristics, stability performance, and economic benefit of the FOWT, more and more studies focus on the mooring system of the floating wind turbine. Liu et al. proposed a new type of three-bifurcated mooring system [4]. Compared with the original mooring system with three mooring lines, the new mooring system has two branch mooring lines for each original mooring line, which can obtain greater overturning and torsional stiffness. The designed mooring system can reduce the wind turbine surge motion by 37.15% and 54.5% at most and the yaw motion by 30.1% and 40% at most under regular and irregular waves, respectively. Liu et al. also designed a mooring system with six mooring lines, which were divided into three groups [5]. Two mooring lines in the same group were connected to the same fairlead, and the design also achieved good vibration reduction performance. Liu et al. proposed adding mass blocks to the mooring lines to reduce the surge motion [8]. The results show that the wave-induced response can be effectively reduced by adding only one-tenth of the mass to the mooring line. Yuan et al. proposed a novel mooring system that can resist both pitch and horizontal motion by dividing the fairleads into two groups at different depths [9]. The results show that the innovative mooring system can significantly reduce the pitch and surge motions of the FOWT. Therefore, the innovative design and parameter optimization of the mooring system is an effective way to reduce FOWT vibration.



Another method to reduce the vibration amplitude of the floating wind turbine is to install structural control devices, such as a tuned mass damper (TMD) and tuned liquid column dampers (TLCD). The control objects include blades, a nacelle, a tower, and a floating platform. Structural control systems have been widely used in large structures such as buildings and bridges and have achieved good damping effects. Due to the floating characteristics of the FOWT, it is difficult to realize the direct damper connection between the fixed point of the seabed and the platform, so the vibration reduction can only be achieved by ungrounded vibration absorber devices, such as the tuned mass damper (TMD). The structural vibration control system reduces the influence of external loads by reducing the vibration amplitude of the wind turbine structure, which greatly improves the reliability of the FOWTs. Many scholars have studied the application of TMDs in FOWT vibration control and have achieved good vibration reduction effects. Dinh and Basu studied the application of single and multiple TMDs in the passive vibration control of spar-type floating wind turbines [11]. In the controlled model, several horizontal sets of TMDs were placed in the spar. It has been shown that a single TMD can reduce nacelle swag displacement and spar roll by up to 40% and multiple TMDS by 50%. Li et al. studied the use of TMD in the nacelle/tower for the passive vibration control of a semi-submersible offshore wind turbine [12]. The results show that TMD reduces structural vibration and thus extends the service life of floating wind turbines. Han et al. conducted the design optimization of multiple TMDs for semi-submersible floating wind turbines [13]. Jahangiri and Sun proposed a three-dimensional pendulum TMD and dual linear pounding TMDs to mitigate the three-dimensional vibrations of a spar-type FOWT under wind and wave loadings [7]. In addition to conventional TMDs, there are some special types of TMDs, such as nonlinear TMD [14], electromagnetic shunt TMD [15], and TMD with inerters [16,17], etc. These additional control measures all show better control performance. In addition, tuned liquid column dampers (TLCDs) are often used for vibration control in FOWTs. A well-designed TLCD can effectively reduce the tower side–side vibration as well as the spar roll motion [18]. Although a well-designed TMD has been proven to have a good effect on FOWT vibration control, previous studies seldom consider that the actual travel of TMD is greatly restricted due to the limitation of installation space, which means that the stroke of TMD is limited.



Although previous researchers have conducted a lot of studies on the vibration mitigation of FOWTs, the results still have room for further improvement. First, the mooring system needs to be further innovated to meet the requirements of vibration reduction and fatigue resistance. Second, the optimal design of vibration reduction devices such as TMD on FOWTs must consider the limitation of space in order to be more realistic. To consider these two aspects, this paper has two major contributions: one is the innovation of the mooring system, the other is the consideration of the stroke limit of TMD for vibration control. Taking a 5 MW semi-submersible offshore wind turbine as the research object, this paper proposes a new double-rope mooring system to improve its performance of vibration reduction and fatigue resistance, which aims at solving the shortcomings of a single-rope system in these two aspects. Additionally, when optimizing the parameters of the TMD installed in the nacelle, space constraints are taken into account by limiting the stroke of the TMD. Through theoretical analysis, numerical simulation, and parameter analysis, the vibration-resistant performance of the proposed novel FOWT was investigated. Under different working conditions, various vibration reduction schemes were simulated and analyzed to compare their vibration reduction effects on FOWT.



The structure of the rest of this paper is as follows: Section 2 mainly introduces the composition and modeling of the floating offshore wind turbines, including the traditional single-rope mooring system and the new double-rope mooring system proposed in this paper. Section 3 mainly introduces the dynamic characteristics of the two mooring systems and their dynamic responses in the normal operation state and the storm self-survival state and conducts parameter analysis of the double-rope mooring system. Section 4 mainly introduces the control theory of floating wind turbines based on TMD, the parameter optimization method considering TMD’s stroke limitation, and its influence on vibration reduction performance. Section 5 summarizes the whole article.




2. Composition and Modeling of Floating Wind Turbines


2.1. Composition and Moldeing of Original FOWT


2.1.1. Basic Parameters of the Semi-Submersible FOWT


This study mainly focused on the OC4-DeepCwind three-buoy semi-submersible wind turbine [19]. The modeling and simulation software that we used was OrcaFlex, which is a package for the dynamic analysis of offshore marine systems. The overall modeling can be divided into four parts: the wind-driven generator, tower, semi-submersible platform, and mooring system. The wind-driven generator set includes the blades, hub, and nacelle. The tower is usually a cylindrical hollow steel tower. The semi-submersible platform comprises a number of buoys and a supporting structure connecting them. The mooring system connects the floating platform to the seabed and plays a role in fixing and vibration control. It is generally composed of several mooring lines.



The wind-driven generator of the turbine is the 5 MW baseline wind turbine published by NREL [20], and the semi-submersible platform is the OC4-DeepCwind three-buoy structure [21]. The mooring system consists of three catenary ropes. The original floating wind turbine is shown in Figure 1; the calm sea level and the depth of the sea are presented in this figure as well. The depth of the sea at the turbine installation site is 200 m.



The wind turbine cut-in wind speed is 3 m/s. When the wind speed at the hub of the wind turbine reaches this value, the wind turbine starts to operate. The rated wind speed of the wind turbine is 11.4 m/s. When the wind speed at the hub of the wind turbine reaches this value, the wind turbine reaches its maximum power generation. The cut-off wind speed of the wind turbine is 25 m/s. When the wind speed at the hub of the wind turbine reaches this value, the wind turbine stops working and enters the storm self-storage state. The tower is a hollow steel column structure; the tower’s top outer diameter is 3.87 m, and the bottom outer diameter is 6.5 m. The semi-submersible platform is a three-buoy structure, the main body of which includes: a middle column, buoys, transverse braces, oblique braces, and a water-entrapment plate. Around the platform, there are three mooring lines tied to the surrounding walls of the buoys. The basic parameters of the original floating wind turbine are shown in Table 1, Table 2, and Table 3, respectively. These data can be found in the published literature [20,21], so they are not described in detail here. Interested readers should refer to the literature for more details.




2.1.2. Environmental Parameter


In this study, for the environmental parameters, both the wind load and wave load were considered. According to the working conditions of the floating wind turbine, the design conditions were defined as the normal operating condition and the storm self-survival condition. The normal operating condition was selected as a 10-year recurrence period, and the other was selected as a 50-year recurrence period.



In this study, the sea condition adopted was a certain sea area in the South China Sea; that is, the studied FOWT was assumed to be located in a certain sea area in the South China Sea [22]. For the normal operating condition, the average value of wind and wave in the South China Sea over the most recent ten years was taken. The wind type of the NPD Spectrum was adopted [23]. Table 4 shows the specific parameters of the NPD Spectrum. The wave type of the Jonswap Spectrum was adopted [24], which is a modification of the PM spectrum of the developing sea state in the case of limited data acquisition. Table 5 provides the specific parameters of the Jonswap spectrum.



For the storm self-survival condition, the extreme value of wind and waves in the South China Sea over the most recent 50 years was taken. The wind spectrum type and the wave spectrum type were consistent with those in the normal operating condition. Table 6 provides the specific parameters of the NPD spectrum in storm self-survival conditions. Table 7 provides the specific parameters of the Jonswap spectrum in storm self-survival conditions.





2.2. Composition and Modeling of New Floating Wind Turbine


2.2.1. FOWT Modeling Method


The simulation software used in this paper is OrcaFlex. The modeling sequence is roughly divided into four parts: the upper generator set, the middle tower, the lower semi-submersible platform, and the bottom mooring system. The upper generator set is divided into the blades, hub, and nacelle, wherein the blades and hub are modeled by the turbine element, and the nacelle of the wind turbine is modeled by the 6D bouys element. The line element is used for modeling the tower in the middle. The vessel element is used to model the lower semi-submersible platform, and the Morison element is used to model the supporting structure between the buoys. Mooring ropes are modeled using the lines element. In addition, the double-rope mooring system and TMD are included, and their modeling will be discussed in detail later.




2.2.2. Double-Rope Mooring System


As mentioned before, the single-rope mooring system is either where the taut rope is in a tensioned state or the catenary rope is in a sagging state, both of which have certain disadvantages. The taut leg mooring system has better vibration resistance but a poorer fatigue performance. The fatigue performance of the catenary mooring system increases, but the vibration resistance becomes worse. In order to solve the above contradiction, a novel double-rope mooring system is proposed in this study. The schematic diagrams of the taut-moored system, catenary mooring system, and double-rope mooring system are shown in Figure 2. The double-rope mooring system includes the main rope, the auxiliary rope, the links, and the submarine anchorage devices. The main rope is in a straight-line state with minimal sag and is connected between the platform and the anchorage device. The auxiliary rope is installed directly above the main rope, which has a large sag similar to the catenary and is connected between the platform and the anchoring device. The main rope and the auxiliary rope are connected by several links which are perpendicular to the main rope.



The double-rope mooring system can reduce the vibration of the floating platform and improve the fatigue resistance of the whole mooring system by combining the main rope and the auxiliary rope together. The auxiliary rope shape of the new double-rope mooring system is designed as a catenary with a large sag, and the fatigue resistance of the whole double-rope mooring system is improved while the main rope is pulled into an approximately straight line by the links. In this double-rope mooring system, the axial stiffness of the main rope is large, and the sag effect of the main rope is avoided. When the floating wind turbine is subjected to large external loads, the vibration response of the wind turbine is reduced through the restoring force generated by the main rope.



The main rope and auxiliary rope are modeled by the line’s element, and the links between them are simulated by the links element. Through the establishment of the main rope, the auxiliary rope, and the links, the whole model of the floating wind turbine with a double-rope mooring system based on the semi-submersible platform can be obtained, as shown in Figure 3.




2.2.3. Attached Tuned Mass Damper


In this study, the control objective is the along-wind vibration of the semi-submersible wind turbine, including the tower tip displacement of the floating wind turbine and the surge and pitch of the floating platform. As for the installation position of TMD, considering the spatial limitation, the vibration reduction effect, and the economy, TMD is installed in the nacelle on the top of the tower [25]. The schematic diagram of the floating wind turbine equipped with TMD is shown in Figure 4. TMD consists of the mass, spring, and damper, among which the mass is modeled by the 6D bouys element, and the spring and damper are modeled by the links element, and the model in OrcaFlex of the floating wind turbine equipped with TMD is shown in Figure 5.






3. Dynamic Characteristics of Floating Wind Turbines


3.1. Modal Analysis of Floating Wind Turbine


3.1.1. Modal Features of Original Floating Wind Turbine


The modal features of the original floating wind turbine can be obtained by modal analysis in OrcaFlex. The first 20 modes of the original floating wind turbine are shown in Table 8. It can be seen from their modal frequencies that FOWT’s natural frequencies are all very low; the lowest is the surge mode, followed by the sway, yaw, pitch, roll, and heave mode.




3.1.2. Modal Features of New Floating Wind Turbine


The modal analysis of the new floating wind turbine with a double-rope mooring system was carried out, and the parameters set were consistent with the original floating wind turbine. Table 9 shows the first 20 modes of the new floating wind turbine. It can be seen from the table that the introduction of double-rope mooring increases the natural frequencies of the wind turbine. Except for the Heave mode, the other five modal frequencies of the surge, sway, yaw, pitch, and roll increase very obviously, and the order of the modes changed to a certain extent, with the yaw mode appearing first instead of the surge mode in the original one.





3.2. Dynamic Response of Floating Wind Turbine with Different Mooring Systems


3.2.1. Dynamic Response of Floating Wind Turbine Platform


The environmental parameters of the floating wind turbine with the new double-rope mooring system were set in accordance with those of the original one, and dynamic responses of the normal operating condition and storm self-survival condition were analyzed in the time domain and frequency domain, respectively. The vibration reduction effect of the new double-rope mooring system was evaluated by comparing the dynamic response with those of the original wind turbine.



Under normal operating conditions, as wind and waves attack the structure in the upwind mode, only the vibration responses in the direction of the surge, pitch, and heave need to be considered. Figure 6 shows the comparison of vibration responses of two types of mooring systems in the direction of the surge, pitch, and heave. It can be seen from the spectrum diagram that, compared with the original mooring system, the frequency of surge in the new mooring system increases, the peak value decreases significantly, the first frequency of heave disappears, and the pitch frequency increases slightly, but the peak value decreases. This indicates that the new mooring improves the part of the stiffness and reduces the dynamic response.



In order to quantitatively express the vibration reduction effect of the double-rope mooring system compared with the original single-rope mooring system under normal operating conditions, Table 10 compares the root mean square (RMS) of the surge, heave, and pitch. It can be seen from the table that, compared with the original floating wind turbine, the new double-rope mooring system has improved the vibration resistance of the wind turbine in aspects of surge, heave, and pitch. In terms of surge and pitch, the response amplitude decreases by 60.3% and 12.9%, respectively. In the heave, the response amplitude of the wind turbine decreases by 5%, which is not obvious as surge and pitch. In general, under normal operating conditions, the new double-rope mooring system plays an effective role in mitigating the dynamic response of the wind turbine structure.



Figure 7 shows the comparison of vibration responses of two types of mooring systems in the direction of the surge, pitch, and heave under storm self-survival conditions. As can be seen from the spectrum comparison diagram, compared with the original mooring system, the frequency of the surge in the new mooring system increases, and the peak value decreases significantly; the first frequency of heave disappears, and the peak values of other frequencies decrease slightly. The frequencies of pitch also partially disappear, and the peak values of other frequencies decrease.



Table 11 compares the RMS values of the surge, heave, and pitch under storm self-survival conditions. It can be seen from Table 11 that, compared with the original floating wind turbine, the new double-rope mooring system improved the vibration resistance of the wind turbine in the three aspects of surge, heave, and pitch. In terms of surge and pitch, the response amplitude decreased by 35.4% and 14%, respectively. For the heave, the response amplitude of the wind turbine decreased by 3.6%, which is not as obvious compared to surge and pitch. In general, under storm self-survival conditions, the new double-rope mooring system plays an effective role in reducing the dynamic response of the wind turbine structure.




3.2.2. Analysis of Mooring Rope Force


During the operation of floating wind turbines, the change in the mooring rope force affects the anti-fatigue performance of the mooring rope. In order to verify the advantages of the main rope of the new double-rope mooring system in fatigue resistance compared with the single-rope mooring system, a simulation was conducted in the same environment to analyze the rope forces.



In the case of normal operating conditions, the main rope force on the windward side was studied. It was found that the RMS of the rope force for the original single-rope mooring was 75.24 kN, and the RMS of the main rope force for the new double-rope mooring was 68.88 kN. Compared with the original single-rope mooring system, the RMS of the mooring forces of the new double-rope mooring system decreased by 8.45%. It can be concluded that the main rope of the new double-rope mooring system has stronger anti-fatigue abilities under normal operating conditions, considering the actual load of the wind and waves.



In the case of storm self-survival conditions, the main rope force on the windward side was studied as well. It was found that the RMS of the main rope force for the original single-rope mooring was 552.75 kN, and the RMS of the main rope force for the new double-rope mooring was 445.35 kN. Compared with the original single-rope mooring system, the RMS for the rope force of the new double-rope mooring system decreased by 19.4%. It can be concluded that the main rope of the new double-rope mooring system has stronger anti-fatigue abilities under storm self-survival conditions, considering the actual load of the wind and waves.





3.3. Parametric Analysis of Double-Rope Mooring System


3.3.1. Influence of Pretension of Main Rope


In the mooring system, restoring the stiffness of the rope is nonlinear, and its initial pretension is needed to determine its initial restoring stiffness. In the original mooring system, the initial pretension of the rope will affect the response of the semi-submersible platform and the tension force of the mooring rope. The main rope in the double-rope mooring system provides the main restoring force for the vibration reduction of the semi-submersible platform. The change in its pretension is related to the vibration of the semi-submersible platform and the rope force.



In normal operating conditions, the initial pretension of the main rope is taken as follows: 2050 kN, 2150 kN, 2250 kN, and 2350 kN. In the storm self-survival condition, the following values of initial pretension are taken, respectively: 2650 kN, 2750 kN, 2850 kN, and 2950 kN.



Under normal operating conditions, the adjusted models of different rope pretensions are simulated and analyzed in the same environment, and the frequency response comparison is shown in Figure 8. As can be seen from the figure, there is no obvious difference between them.



For normal operating conditions, Table 12 shows the comparison of the response RMS when a different pretension of the main rope is provided. It can be seen from the table that with the increase in the rope pretension, the wind turbine has no obvious changes in the three aspects of surge, heave, and pitch. With the increase in the rope pretension, the vibration amplitude changes within 4% of the aspect of surge and heave. In terms of the pitch, the amplitude did not change with the rope pretension. On the whole, under normal operating conditions, the vibration response of the semi-submersible wind turbine did not change significantly with the increase in the pretension of the main rope.



Under storm self-survival conditions, the adjusted models of different rope pretensions were simulated and analyzed in the same environment, and the frequency response comparison is shown in Figure 9. As can be seen from the figure, there is no obvious difference between them.



For storm self-survival conditions, Table 13 shows the comparison of RMS when a different pretension of the main rope was provided. It can be seen from the table that with the increase in pretension, the wind turbine had no obvious changes in the three aspects of surge, heave, and pitch. With the increase in rope pretension, the vibration amplitude changed by 2% for the aspects of surge, heave, and pitch. On the whole, under storm self-survival conditions, the vibration response of the semi-submersible wind turbine did not change significantly with the increase in the pretension of the main rope.




3.3.2. Influence of the Position of Auxiliary Rope Fairlead


For the semi-submersible floating platform, the center of gravity is higher than that of the center of buoyancy, and the position of the mooring rope fairlead, therefore, affects the swing characteristics of the platform, which also affects the power generation efficiency of the whole wind turbine system. In the original single-rope mooring system, the vibration of the semi-submersible platform is affected by the distance between the fairlead and the center of buoyancy.



In order to study the influence of different positions for the auxiliary rope fairlead on the vibration reduction performance of the new double-rope mooring system, the position of the auxiliary rope fairlead was changed four times. For normal operating conditions and storm self-survival conditions, the location of the auxiliary rope fairlead is below the water level as follows: −1.5 m, −3.5 m, −5.5 m, and −7.5 m.



Under normal operating conditions, the adjusted models of different auxiliary rope fairlead positions are simulated and analyzed in the same environment, and the frequency domain response comparison is shown in Figure 10. As can be seen from the figure, there is no obvious difference between them.



For normal operating conditions, Table 14 shows the comparison of motion RMS with different auxiliary rope fairlead positions. It can be seen from Table 14 that the wind turbine has no obvious changes in the surge, heave, and pitch with the position change of the auxiliary rope fairlead. The motion of surge, heave, and pitch changed within 1% with the change in the position of the fairlead of the auxiliary rope. In general, under normal operating conditions, the vibration response of the semi-submersible wind turbine did not change significantly with the change in the position of the auxiliary rope fairlead.



Under storm self-survival conditions, the adjusted models with different auxiliary rope fairlead positions were simulated and analyzed in the same environment, and the frequency domain response comparison is shown in Figure 11. As can be seen from the figure, there is no obvious difference between them.



For storm self-survival conditions, Table 15 shows the comparison of the motion RMS with different auxiliary rope fairlead positions. It can be seen from the table that the wind turbine has no obvious changes in surge, heave, and pitch with the position change of the auxiliary rope fairlead. The response amplitude of surge, heave, and pitch changed within 1% of the change in the position of the fairlead of the auxiliary rope. In general, under storm self-survival conditions, the vibration response of the semi-submersible wind turbine did not change significantly with the change in the position of the auxiliary rope fairlead.






4. TMD Design and Optimization


4.1. Single TMD Optimization Theory


4.1.1. TMD Optimal Design without Stroke Limitation


Figure 12 shows the mechanical model of a controlled structure with TMD, wherein m1 and m2 represent the mass of the main structure and TMD, respectively, k1 and k2 represent the stiffness of the main structure and TMD, respectively, c1 and c2 represent the damping coefficient of the main structure and TMD, respectively, x1 and x2 represent the displacement of the main structure and TMD, respectively.   F  ( t )    represents the external excitation acting on the main structure.



According to Newton’s second law, the equation of motion can be written as:


   m 1    x ¨  1  +  c 1    x ˙  1  +  k 1   x 1  +  c 2   (    x ˙  1  −   x ˙  2   )  +  k 2   (   x 1  −  x 2   )  = F ( t )  



(1)






   m 2    x ¨  2  +  c 2   (    x ˙  1  −   x ˙  2   )  +  k 2   (   x 1  −  x 2   )  = 0  



(2)







Because the modal damping of the wind turbine is small, it can be ignored. Therefore, the equation of motion can be written as:


   m 1    x ¨  1  +  k 1   x 1  +  c 2   (    x ˙  1  −   x ˙  2   )  +  k 2   (   x 1  −  x 2   )  = F ( t )  



(3)






   m 2    x ¨  2  +  c 2   (    x ˙  1  −   x ˙  2   )  +  k 2   (   x 1  −  x 2   )  = 0  



(4)







Assuming that the external force is harmonic excitation   F  ( t )  =  f 0  sin   ω t  , the displacement solution of the structure can be written as:


   x 1  =  X 1  sin  (  ω t +  α 1   )   



(5)






   x 2  =  X 2  sin  (  ω t +  α 2   )   



(6)







Expressed in complex numbers, the displacement solution of the structure can be written as:


   x 1  =   X →  1   e  i ω t    



(7)






   x 2  =   X →  2   e  i ω t    



(8)







By substituting it into the equation of motion, the expressions of vectors x1 and x2 can be obtained as follows:


    X →  1  =    f 0   (   k 2  −  m 2   ω 2  + i  c 2  ω  )     [   (   k 1  −  m 1   ω 2   )   (   k 2  −  m 2   ω 2   )  −  m 2   k 2   ω 2   ]  + i  c 2  ω  (   k 2  −  m 1   ω 2  −  m 2   ω 2   )     



(9)






    X →  2  =     X →  1   (   k 2  + i  c 2  ω  )     k 2  −  m 2   ω 2  + i  c 2  ω    



(10)







The mass ratio of TMD to the main structure is defined as   μ =  m 2  /  m 1   , the static displacement of the main structure under load f0 is    x  s t   =  f 0  /  k 1   , the squared natural frequency of the main structure is    ω 1 2  =  k 1  /  m 1  ,   the squared natural frequency of TMD is    ω 2 2  =  k 2  /  m 2  ,   the frequency ratio of TMD is   f =  ω 2  /  ω 1  ,   t   he frequency ratio of the external load is   g = ω /  ω 1  ,   and the critical damping is    c  c r   = 2  m 2   ω 1   . If the control goal is set to control the displacement of the main structure, the dynamic magnification factor   DMF =   X →  1  /  x  s t     can be defined as:


   |      X →  1     x  s t      |  =        (  2    c 2     c  c r     g  )   2  +    (   g 2  −  f 2   )   2       (  2    c 2     c  c r     g  )   2     (   g 2  − 1 + μ  g 2   )   2  +    [  μ  g 2   f 2  −  (   g 2  − 1  )   (   g 2  −  f 2   )   ]   2       



(11)







For the undamped SDOF with the TMD model, if the TMD stroke has no limitation, certain unconstrained optimization methods can be used to ensure that the DMF minimizes when it reaches the maximum value: min [maxDMF(ω2, c2)]. At this time, the frequency ratio and damping ratio obtained are the optimal frequency ratio and damping ratio, and the optimal stiffness coefficient and optimal damping coefficient are obtained for TMD design.




4.1.2. TMD Optimal Design Considering Stroke Limitation


Considering that the TMD is installed in the nacelle of FOWT, the installation space is very limited, and the relative displacement between the TMD and nacelle cannot be unlimited. If the stroke of TMD is more than the space limit of the nacelle, it may cause TMD system damage and even affect the normal operation, so the TMD stroke limitation should be taken into account.



The expressions of TMD relative displacement    x  r e    , relative velocity     x ˙   r e   ,   and relative acceleration      x ¨    r e     are defined as follows:


   {       x  r e   =  x 1  −  x 2          x ˙   r e   =   x ˙  1  −   x ˙  2          x ¨   r e   =   x ¨  1  −   x ¨  2         



(12)







Substituting them into Equations (3) and (4), the following equations can be obtained:


   m 1    x ¨  1  +  k 1   x 1  +  c 2    x ˙   r e   +  k 2   x  r e   = F ( t )  



(13)






   m 2   (    x ¨  1  −   x ¨   r e    )  −  c 2    x ˙   r e   −  k 2   x  r e   = 0  



(14)







The displacement solution can be written as follows:


   x 1  =   X →  1   e  i ω t    



(15)






   x  r e   =   X →   r e    e  i ω t    



(16)







Substitute them into Equations (13) and (14) and     X →  1    and     X →   r e     can be expressed as:


    X →  1  =    f 0     (   k 1  −  m 1   ω 2   )  +  k 2  + i  c 2  ω −      (   k 2  + i  c 2  ω  )   2     k 2  + i  c 2  ω −  m 2   ω 2       



(17)






    X →   r e   =    f 0       (   k 1  −  m 1   ω 2   )   (   m 2   ω 2  − i  c 2  ω −  k 2   )     m 2   ω 2    +  k 2  + i  c 2  ω    



(18)







The DMF of the relative displacement     DMF   re   =   X →   r e   /  x  s t     can be defined as:


   |      X →   r e      x  s t      |  =    k p     |     (   k 1  −  m 1   ω 2   )   (   m 2   ω 2  − i  c 2  ω −  k 2   )     m 2   ω 2    +  k 2  + i  c 2  ω  |     



(19)







In the case that the relative displacement amplitude of TMD does not exceed the limit value, the optimal TMD frequency ratio and damping ratio are obtained by finding the minimum value of the structural displacement DMF at the maximum value when proper constraints are imposed, and then the optimal TMD stiffness coefficient and damping coefficient can be obtained.





4.2. TMD Parameter Optimization


The optimization of TMD parameters is mainly to determine the mass ratio, damping ratio, and frequency ratio of TMD and the main structure. As for the value of the mass ratio, 0.5~2% is generally taken as a reference to the relevant literature. In this study, a 1% mass ratio is taken for the calculation. TMD optimization steps are as follows:




	
Determine optimization objective








Take the structural DMF as the optimization objective function, which is as follows:


   T 0  = min  [  maxDMF  (   ω 2  ,  c 2   )   ]   



(20)






  DMF =  |      x →  1     x  s t      |   



(21)







	2.

	
Set parameter limits







In order to meet the optimization objective, the range of the TMD damping ratio and frequency ratio should be limited, and the relative displacement of TMD should be limited considering the space limitation of the nacelle. The longitudinal length of the nacelle of the semi-submersible wind turbine is 14 m, so the corresponding range restrictions are as follows:


  0 ≤    c 2     c  c r     ≤ 1  



(22)






  0.9 ≤ f ≤ 1.1  



(23)






  − 7 m <   X →   r e   < 7 m  



(24)







	3.

	
Solve the constrained optimization







In this paper, the optimization solver fmincon in Matlab was used to solve the optimization, which can be used to solve the minimum value of the nonlinear multivariate function with constraints. In this study, the minimum value of the DMF and the optimal frequency ratio and damping ratio are obtained by using this function.



For TMD with a mass ratio of 1%, the stroke restriction and no stroke restriction are, respectively, selected. The optimization results can be obtained through the optimization function, as shown in Table 16.



Under certain sea conditions, the relative displacement curves of TMD with and without stroke restrictions can be obtained, as shown in Figure 13 and Figure 14. As can be seen from the figure, the stroke of the TMD was optimized by considering the fact that the stroke limit is always within the range of ±7 m, while the stroke of the TMD designed by the unconstrained optimization is up to ±50 m, which is unacceptable in reality.




4.3. Evaluation of Vibration Control Effect of New Floating Wind Turbine


4.3.1. Dynamic Response Analysis


Under normal operating conditions, as both the wind and waves attack the structure in the upwind mode, in view of this optimization objective, and in addition to the vibration response in the direction of the surge, pitch, and heave, the along wind displacement response of the tower should also be considered. Figure 15 shows the response comparison of floating wind turbines with and without stroke limitations in the surge, pitch, heave, and along-wind displacement of the tower. It can be seen from the figure that after the installation of TMD, the peak points of the frequencies were reduced to certain degrees, especially the frequency peaks of the controlled modes, which indicates that TMD plays a good role in the vibration mitigation of FOWT under normal operating conditions.



Table 17 shows a comparison between the RMS of the FOWT motion with a double-rope mooring system and TMD with and without stroke restrictions. According to the RMS of semi-submersible FOWT a with double-rope mooring system and TMD with and without stroke restrictions under normal operating conditions, compared with semi-submersible FOWT without TMD, they can improve the surge, pitch, and longitudinal displacement of the tower significantly. In terms of the surge, the response amplitude of the wind turbine with TMD with and without stroke restriction decreases by 20.6% and 30.3%, respectively. In terms of the pitch, the response amplitude (RMS) of the wind turbine with TMD with and without stroke restriction decreases by 31.4% and 44.4%, respectively. In the along-wind displacement of the tower, the response amplitude of the tower with TMD with and without stroke restriction decreases by 27.3% and 37.4%, respectively. In terms of the heave, the response amplitude of the wind turbine with TMD decreases within 5%, which is not obvious compared with the other three responses. Compared with TMD without stroke restriction, TMD with stroke restriction has a weaker vibration-damping effect on the surge, pitch, and along-wind displacement of the tower top. In general, under normal operating conditions, TMD with and without stroke limitations can effectively reduce the dynamic response of wind turbine structures when considering the actual wind and wave loads.



Under storm self-survival conditions, Figure 16 shows that the response comparison of floating wind turbines with and without TMD stroke limitations in the surge, pitch, heave, and the along-wind displacement of the tower. It can be seen from the figure that after the installation of TMD, the peak points of the frequencies were reduced to certain degrees, especially the frequency peaks of the controlled modes, which indicates that TMD plays a good role in the vibration mitigation of FOWT under storm self-survival conditions.



Table 18 shows a comparison between the RMS of floating wind turbines with and without TMD stroke limitations. Under the storm self-survival condition, the installed TMDs can improve the vibration resistance performance of the FOWT significantly. In terms of the surge, the response amplitude of FOWT with and without TMD stroke restriction decreases by 14.7% and 22.6%, respectively. In terms of the pitch, the response amplitude of FOWT with and without TMD stroke restriction decreases by 20.6% and 30.2%, respectively. In the along-wind displacement of the tower, the response amplitude with and without TMD stroke restriction decreases by 16.8% and 26.5%, respectively. In terms of the heave, the response amplitude with and without TMD stroke restriction decreases within 3%, which was not obvious compared with the other three responses. Compared with TMD without stroke restriction, TMD with stroke restriction has a weaker vibration-damping effect on the surge, pitch, and along-wind displacement of the tower top. In general, under storm self-survival conditions, TMD with and without stroke limitation can effectively enhance the vibration resistance performance of wind turbine structures when considering the actual wind and wave loads.




4.3.2. Equivalent Damping Ratio Analysis


The equivalent damping ratio represents the speed of the vibration attenuation of the structure after excited vibration. In order to reflect the vibration reduction effect of TMD on the new semi-submersible wind turbine, it is necessary to compare the equivalent damping ratio of the floating wind turbines with and without stroke-limited TMD and the floating wind turbine without TMD.



Firstly, the vibration of the floating wind turbine can reach a stable vibration by imposing a harmonic load with a frequency equal to the modal frequency of FOWT, and then the load is removed to make the floating wind turbine decay freely. Figure 17 shows the comparison of the free decay of the floating wind turbine with TMD with stroke restriction and without TMD, and Figure 18 shows the comparison of free decay in the floating wind turbine with TMD without stroke restriction and without TMD.



By comparing the amplitudes of the stable section in Figure 17 and Figure 18, it can be concluded that the amplitude ratio of the floating wind turbine with stroke-limited TMD compared to the floating wind turbine without TMD is 1/4.07, and the amplitude ratio of the floating wind turbine with stroke-unlimited TMD compared to the floating wind turbine without TMD is 1/9.24. The equivalent damping ratio is calculated from the free decay section in Figure 17 and Figure 18 using the logarithmic decay method, and the equivalent damping ratio of the TMD-free floating wind turbine is 0.0051. The equivalent damping ratio of the floating wind turbine with stroke-limited TMD is 0.0218, while the equivalent damping ratio of the floating wind turbine with stroke-unlimited is 0.0519. As can be seen from the results, both TMD with and without stroke restriction have certain vibration-reduction effects on the new semi-submersible floating wind turbine with a double-rope mooring system, and TMD without stroke limitation has a more obvious vibration-reduction effect than TMD with stroke limitation. However, in actual engineering, the optimal design of TMD must take the stroke limit into account; otherwise, the TMD will have faults in the process of operation and movement.






5. Conclusions


The main purpose of this paper is to reduce the vibration of the floating wind turbine. In view of this, the main contributions of this paper lie in two aspects: first, a double-rope mooring system is proposed, which has better vibration and fatigue resistance compared with the original single-rope mooring system; second, considering the limitations of the installation space, a new optimization design method considering the stroke limitation of TMD is proposed to make the TMD-based vibration control more practical.



The newly proposed double-rope mooring system can overcome the shortcomings of the single-rope mooring system by considering both the vibration reduction performance and fatigue resistance performance. The new double-rope mooring system consists of the main rope, auxiliary rope, anchor device, and the links connecting the main rope and auxiliary rope. The novel double-rope mooring system was modeled in OrcaFlex, and the advantages of the double-rope mooring system compared with the original single-rope mooring system for the vibration control of the floating wind turbine platform were analyzed under normal operating conditions and storm self-existing conditions. The results show that, compared with the original single-rope mooring system, the vibration response of the floating wind turbine with a double-rope mooring system is significantly reduced. The influence of the variation in rope pretension and the position of the fairlead on the vibration response of the floating wind turbine is not obvious.



According to the SDOF-TMD optimization theory, related formulas of SDOF-TMD for vibration control were derived, and the TMD stiffness parameter and damping parameter were optimized. Considering the nacelle space constraint, TMD parameters need to be optimized under TMD stroke restrictions. The dynamic simulation analysis of the semi-submersible floating wind turbine with a double-rope mooring system under certain sea conditions was carried out, in which TMD with and without stroke limitation and without TMD was compared for their vibration reduction performance. The equivalent damping ratios of the floating wind turbine with stroke-limited TMD and stroke-unlimited TMD and without TMD were compared and analyzed. The results show that the installation of TMD has an obvious vibration-reduction effect on the floating wind turbine, and the vibration-reduction effect of TMD without stroke restrictions is more obvious than that of TMD with stroke limitations. However, considering the actual situation, it is necessary to impose stroke limitations on TMD.
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Figure 1. The original floating wind turbine. 






Figure 1. The original floating wind turbine.
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Figure 2. Schematic diagrams of three mooring systems: (a) Taut-moored system; (b) Catenary mooring system; (c) Double-rope mooring system. 
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Figure 3. Model of floating wind turbine with double-rope mooring system. 
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Figure 4. Schematic diagram of the floating wind turbine with TMD. 
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Figure 5. Controlled model of the floating wind turbine with TMD. 
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Figure 6. Comparison of platform movement in frequency domain under normal operating condition. 
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Figure 7. Comparison of platform movement in frequency domain under storm self-survival condition. 
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Figure 8. Frequency domain comparison under different rope pretension in normal operating conditions. 
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Figure 9. Frequency domain comparison under different rope pretensions in storm self-survival conditions. 
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Figure 10. Frequency domain comparison of different auxiliary rope fairlead positions under normal operating conditions. 
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Figure 11. Frequency domain motion comparison with different auxiliary rope fairlead positions under storm self-survival conditions. 
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Figure 12. Schematic diagram of TMD. 
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Figure 13. Relative displacement of stroke-limited TMD. 






Figure 13. Relative displacement of stroke-limited TMD.



[image: Jmse 11 00058 g013]







[image: Jmse 11 00058 g014 550] 





Figure 14. Relative displacement of TMD without stroke restriction. 
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Figure 15. Comparison of FOWT responses in frequency domain under normal operating conditions. 
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Figure 16. Comparison of floating wind turbine response in frequency domain under storm self-survival conditions. 
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Figure 17. Comparison of free decay of floating wind turbine with stroke-limited TMD and without TMD. 
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Figure 18. Comparison of free decay of floating wind turbine with stroke-unlimited TMD and without TMD. 
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Table 1. Parameters of the NREL 5 MW baseline wind turbine.
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	Item
	Unit
	Value





	Rated power
	MW
	5



	Cut-in wind speed
	m/s
	3



	Rated wind speed
	m/s
	11.4



	Cut-out wind speed
	m/s
	25



	Rotor diameter
	m
	126



	Rated rotor speed
	r/min
	12.1



	Hub diameter
	m
	3



	Tower height
	m
	77.6



	Rotor mass
	t
	110



	Tower mass
	t
	347.46



	Nacelle mass
	t
	240
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Table 2. Parameters of OC4-DeepCwind semi-submersible platform.
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	Item
	Unit
	Value





	Draft
	m
	20



	Buoy height
	m
	26



	Buoy diameter
	m
	12



	Total mass
	t
	13,473



	Mass of the ballast water
	t
	3700



	Center of mass below SWL
	m
	13.46



	Roll moment of inertia
	kg∙m2
	6.827 × 109



	Pitch moment of inertia
	kg∙m2
	6.827 × 109



	Yaw moment of inertia
	kg∙m2
	1.226 × 1010
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Table 3. Parameters of mooring system.
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	Item
	Unit
	Value





	Number of mooring lines
	/
	3



	Angle between adjacent lines
	°
	120



	Depth to fairleads below SWL
	m
	14



	Depth to anchors below SWL
	m
	199.825



	Initial length of mooring line
	m
	835.5



	Mooring line extensional stiffness
	N
	7.5 × 108
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Table 4. Parameters of NPD spectrum in normal operating condition.
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	Item
	Unit
	Value





	Wind speed
	m/s
	13.2



	Direction
	deg
	180



	Frequency (min)
	Hz
	0.00167



	Frequency (max)
	Hz
	0.43
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Table 5. Parameters of Jonswap spectrum in normal operating condition.
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	Item
	Unit
	Value





	WaveHs
	m
	3.1



	WaveTs
	s
	2.77



	Direction
	deg
	180



	Relative Frequency range
	Hz
	0.5~10
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Table 6. Parameters of NPD spectrum in storm self-survival condition.
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	Item
	Unit
	Value





	Wind speed
	m/s
	36.4



	Direction
	deg
	180



	Frequency (min)
	Hz
	0.00378



	Frequency (max)
	Hz
	0.56
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Table 7. Parameters of Jonswap spectrum in storm self-survival condition.
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	Item
	Unit
	Value





	WaveHs
	m
	11.1



	WaveTs
	s
	7.11



	Direction
	deg
	180



	Relative frequency range
	Hz
	0.5~10










[image: Table] 





Table 8. The first 20 modes of the original wind turbine.
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	Period (s)
	Frequency (Hz)
	Modal Characteristic





	Mode 1
	93.4593
	0.0107
	Surge



	Mode 2
	89.9425
	0.0111
	



	Mode 3
	87.1490
	0.0115
	



	Mode 4
	85.3511
	0.0117
	Sway



	Mode 5
	64.0348
	0.0156
	



	Mode 6
	63.7738
	0.0157
	Yaw



	Mode 7
	20.6205
	0.0485
	Pitch



	Mode 8
	20.5483
	0.0487
	Roll



	Mode 9
	20.3486
	0.0491
	



	Mode 10
	20.3305
	0.0492
	



	Mode 11
	13.0703
	0.0765
	



	Mode 12
	12.9995
	0.0769
	



	Mode 13
	12.9763
	0.0771
	



	Mode 14
	12.9152
	0.0774
	



	Mode 15
	12.8950
	0.0776
	



	Mode 16
	12.8702
	0.0777
	



	Mode 17
	12.4139
	0.0806
	Heave



	Mode 18
	12.4133
	0.0806
	



	Mode 19
	6.7754
	0.1476
	



	Mode 20
	6.6883
	0.1495
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Table 9. The first 20 modes of the new wind turbine.






Table 9. The first 20 modes of the new wind turbine.











	
	Period (s)
	Frequency (Hz)
	Modal Characteristic





	Mode 1
	32.5373
	0.03073
	Yaw



	Mode 2
	31.0378
	0.03222
	Surge



	Mode 3
	29.8796
	0.03347
	Sway



	Mode 4
	18.7141
	0.05344
	Pitch



	Mode 5
	18.574
	0.05384
	Roll



	Mode 6
	13.1237
	0.0762
	



	Mode 7
	13.1032
	0.07632
	



	Mode 8
	13.0775
	0.07647
	



	Mode 9
	12.4325
	0.08043
	Heave



	Mode 10
	9.04532
	0.11055
	



	Mode 11
	8.69651
	0.11499
	



	Mode 12
	8.68241
	0.11518
	



	Mode 13
	6.67939
	0.14971
	



	Mode 14
	6.66429
	0.15005
	



	Mode 15
	6.66229
	0.1501
	



	Mode 16
	6.58412
	0.15188
	



	Mode 17
	6.57182
	0.15216
	



	Mode 18
	6.56911
	0.15223
	



	Mode 19
	5.49863
	0.18186
	



	Mode 20
	5.45935
	0.18317
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Table 10. RMS of responses to two types of wind turbine under normal operating condition.






Table 10. RMS of responses to two types of wind turbine under normal operating condition.










	
	The Original Floating Wind Turbine
	The New Floating Wind Turbine





	Surge (m)
	0.6304
	0.2502



	Heave (m)
	0.0115
	0.0109



	Pitch (deg)
	0.4093
	0.3565
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Table 11. RMS of responses to two types of wind turbine under storm self-survival condition.






Table 11. RMS of responses to two types of wind turbine under storm self-survival condition.










	
	The Original Floating Wind Turbine
	The New Floating Wind Turbine





	Surge (m)
	2.2007
	1.4208



	Heave (m)
	0.5923
	0.5706



	Pitch (deg)
	2.0300
	1.7449
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Table 12. Response RMS of different rope pretensions under normal operating conditions.






Table 12. Response RMS of different rope pretensions under normal operating conditions.











	
	Surge (m)
	Heave (m)
	Pitch (deg)





	2050 kN
	0.2518
	0.0111
	0.3574



	2150 kN
	0.2502
	0.0109
	0.3565



	2250 kN
	0.2678
	0.0121
	0.3593



	2350 kN
	0.2701
	0.0128
	0.3576
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Table 13. Response RMS of different rope pretensions under storm self-survival conditions.






Table 13. Response RMS of different rope pretensions under storm self-survival conditions.











	
	Surge (m)
	Heave (m)
	Pitch (deg)





	2050 kN
	1.4208
	0.5706
	1.7449



	2150 kN
	1.4053
	0.5701
	1.7346



	2250 kN
	1.3928
	0.5696
	1.7246



	2350 kN
	1.3848
	0.5691
	1.7174
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Table 14. Motion RMS with different auxiliary rope fairlead positions under normal operating conditions.






Table 14. Motion RMS with different auxiliary rope fairlead positions under normal operating conditions.











	
	Surge (m)
	Heave (m)
	Pitch (deg)





	−1.5 m
	0.2539
	0.0126
	0.3522



	−3.5 m
	0.2565
	0.0127
	0.3554



	−5.5 m
	0.2542
	0.0126
	0.3564



	−7.5 m
	0.2518
	0.0111
	0.3574
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Table 15. Motion RMS with different auxiliary rope fairlead positions under storm self-survival conditions.






Table 15. Motion RMS with different auxiliary rope fairlead positions under storm self-survival conditions.











	
	Surge (m)
	Heave (m)
	Pitch (deg)





	−1.5 m
	1.4231
	0.5647
	1.7325



	−3.5 m
	1.4249
	0.5649
	1.7407



	−5.5 m
	1.4224
	0.5655
	1.7438



	−7.5 m
	1.4208
	0.5706
	1.7449
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Table 16. Optimization results of TMD parameters.






Table 16. Optimization results of TMD parameters.










	
	No Stroke Restriction
	Stroke Restriction





	Frequency ratio
	0.99014
	1.03252



	Damping ratio
	0.05949
	0.16764



	Stiffness coefficient (  N ·  m  − 1    )
	15,795.7
	17,176.8



	Damping coefficient (  Ns ·  m  − 1    )
	17,739.1
	52,127.6
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Table 17. Motion RMS with or without TMD stroke limitation under normal operating conditions.






Table 17. Motion RMS with or without TMD stroke limitation under normal operating conditions.











	
	Stroke-Limited TMD
	Stroke-Unlimited TMD
	No TMD





	Surge (m)
	0.1987
	0.1743
	0.2502



	Heave (m)
	0.0105
	0.0104
	0.0109



	Pitch (deg)
	0.2445
	0.1982
	0.3565



	The longitudinal displacement response of the tower (m)
	0.1726
	0.1487
	0.2376
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Table 18. Motion RMS with or without TMD stroke limitation under storm self-survival conditions.






Table 18. Motion RMS with or without TMD stroke limitation under storm self-survival conditions.











	
	Stroke-Limited TMD
	Stroke-Unlimited TMD
	No TMD





	Surge (m)
	1.2119
	1.0997
	1.4208



	Heave (m)
	0.5689
	0.5673
	0.5706



	Pitch (deg)
	1.3855
	1.2179
	1.7449



	The longitudinal displacement response of the tower (m)
	2.3847
	2.1067
	2.8662
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