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Abstract

:

DeepCwind semi-submersible floating offshore wind turbines have been widely examined, and in some countries this type of floating offshore wind turbine has been adopted in the construction of floating wind farms. However, the DeepCwind semi-submersible floating offshore wind turbines still experience large surge motion that limits their operational time. Therefore, in this study, a semi-submersible floating platform with different numbers of offset columns, but with the same total weight, based on the DeepCwind prototype is proposed. From the free-decay test, it was found that the number of the floating columns will affect the natural frequency of the platform. Furthermore, the regular wave test in the time domain and the irregular wave test in the frequency domain show that increasing the number of the floating columns will reduce the surge motion greatly, while the effects in the heave and pitch motions are not obvious.
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1. Introduction


As traditional energy sources have been increasingly exhausted over the past decades, renewable energy, especially wind energy, has received more attention than ever before. Wind energy has less environmental pollution and can reduce greenhouse gas emissions such as carbon dioxide. Because wind energy has such good properties and meets the expectations of improving the global climate, it has been promoted and developed over the past few decades, and the technology is becoming more mature. According to relevant reports, the annual share of wind energy used to generate electricity in the world is increasing, and has reached 2.74 × 109 MW [1]. On the other hand, in wind energy production, due to factors such as the environment, for example, the open space on the sea is rarely obstructed, and it is significantly different from the land, so that the average speed of the wind is 90% higher than that on the land [2]. At present, the fixed bottom offshore wind turbines that are favored worldwide mainly include the following forms: single piles, tripods, and jackets. These structures are mostly used in shallow-water offshore wind facilities. However, with the increase of water depth, the construction cost of fixed-bottom offshore wind turbines with fixed foundations such as pile-supported foundations significantly increases, especially when the water depth exceeds 50 m. The floating foundation anchors the floating structure to the seabed using an anchoring system and serves as a base platform for installing wind turbines. Compared with the fixed foundation of the offshore wind turbines, the floating foundations of wind turbines have the advantage that the installation position of the floating foundation can be moved easily. It can be installed in deeper waters with more abundant wind energy, not necessarily limited to shallow water shelves with limited area. In comparison, the floating base applicable in the sea area is much larger than that in the shallow sea area; it is installed in the waters far away from the coastline, eliminating the visual impact and greatly reducing the influence of noise and electromagnetic waves [3]. Since floating offshore wind turbines have many of the advantages described above, in the field of wind turbines, researchers have conducted extensive research work on them in order to install wind turbines on floating devices [4,5,6,7]. At the same time, on the technical level, since offshore oil rigs have been operating safely for decades, a large amount of empirical data has been accumulated to ensure the long-term use of floating structures in the marine environment. This provides sufficient conditions for the design and construction of a floating wind turbine. Floating offshore wind turbines (FOWT) [8] are particularly suitable for use in waters with a depth of more than 50 m [4], so it is a more worthwhile option for offshore wind farms that meet this condition and can achieve more economic benefits. According to relevant information, in June 2009, the 2.3 MW Hywind facility, the world’s first large-scale floating wind turbine, was towed to a Norwegian North Sea location with a water depth of about 220 m (722 feet) and began operation. The Hywind Floating Wind Turbine is the first large-scale wind turbine supported by an underwater floating structure similar to ones used by off-shore oil rigs. The project is running successfully and the turbine has produced over 80 GWh of energy to date [9]. Inspired by the success of the Hywind Demo, the Scottish government has approved Statoil plans for the 30 MW Hywind 2 floating offshore wind project some 25 km off Peterhead. The Norwegian company was issued with a marine license to build five Siemens 6 MW turbines on spar foundations [10,11]. It is expected that the farm could power up to 19,900 homes.



Even though the concept of a FOWT was proposed by Heronemus [12] in 1972, due to the immature technology at that time, the concept of FOWT was not widely known until the mid 1990s. Since then, several floating support platform configurations have been developed, and the performance of these concepts has been tested both experimentally and numerically. FOWTs can be divided into three categories: spar type [13,14,15], semi-submersible type [16,17,18,19,20], and tension leg platform type [21,22]. The Hywind concept developed by Statoil [13] is based on a slender deep draft substructure and is a typical spar type FOWT. Numerical studies [23,24,25,26], experiments, as well as long-term prototype tests [9] were carried out for the proportional models [27,28,29]. Due to the excellent stability of the spar buoys, after continuous theoretical research and on-site monitoring, the Hywind concept was finally commercialized in the world’s first floating wind farm, Hywind Scotland [30] in 2017, which is a milestone in the history of offshore wind turbines. The semi-submersible foundation has unique advantages compared to the foundation of the spar and tension leg platform (TLP) type, because the semi-submersible foundation is simple in construction, regular in shape, simple in assembly, small in size, modular, and easy to assemble and debug [17]. These steps can be carried out at the dock site, and the structure after installation can be transported to the designated location by tugboat. On the other hand, the installation cost of the mooring system is also significantly lower than that of the other two types of foundations. In addition, due to the large draft of the semi-submersible foundation, the natural period of the heave motion response is longer, so the hydrodynamic characteristics caused by the wind load are better [31]. According to the relevant research results, the semi-submersible foundation’s motion response shows an interesting law. The surge response is similar to the spar type, but the pitch motion is smaller [32]. In recent years, scholars have conducted a lot of researches and proposed many concepts on FOWT. The National Renewable Energy Laboratory (NREL) has developed a 5 MW baseline wind turbine [33]. In the Offshore Code Comparison Collaboration (OC3) phase, a spar floating platform called OC3-Hywind was designed [34]. In one phase of the Offshore Code Comparison Collaboration Continuation (OC4), a semi-submersible type platform (DeepCwind) was designed [20], which is another concept of FOWT. It relies on large columns linked by braces to maintain stability, showing good wave-resistance ability.



In this paper, a modification based on the original DeepCwind semi-submersible FOWT is carried out, in which the number of the floating columns is changed but the total weight remains unchanged. The calculations are performed using fully coupled in-house codes, and the results are analyzed to reveal the effects of the number of the floating columns to the dynamic response of the DeepCwind semi-submersible FOWT. Section 2 introduces the quasi-static theory of the mooring system and the calculation of the dynamics of the platform structure using the potential flow theory. Section 3 describes the details about the wind turbine, floating platforms, and mooring systems. In Section 4, the dynamic response of the FOWT is studied, and the effects from the number of the floating columns is obtained.




2. FOWT Coupled Dynamics Theory


From the development process of wind turbines, it can be found that the initial environmental load on the onshore wind turbine is mainly the wind load acting on the wind turbine blades. For fixed bottom wind turbines operating in shallow water offshore areas, in addition to being subjected to wind loads, the support structure is also subjected to hydrodynamic loads. However, for the FOWT studied in this article, the situation is more complicated. In addition to those forces already listed, wind loads acting on the wind turbine blades are transmitted to the floating platform through the rotor-nacelle components and towers; at the same time, the mooring tension received by the mooring system is also transmitted to the floating platform. These affect the dynamic response of the floating platform. On the other hand, the movement of the floating platform in turn causes relative motion between the platform and the wind turbine blades, affecting the aerodynamic forces on the blades. The reactions between the various components of the structure are complex and coupled, making the dynamic response of FOWT difficult to predict and full of challenges. The blades–tower–platform coupling system is non-linear, which is different from the traditional structures. The high-frequency effects have not been considered in this paper. Instead, this research considers the wind turbine tower as a rigid body, and only the platform’s six degrees of freedom are considered to calculate the low-frequency response of the platform. In the following, the theories for calculating the mooring system and the platforms are briefly introduced.



2.1. Mooring System


The solution to the analytical equation of the catenary between the two fixed points has been thoroughly studied, and many practical solutions have been obtained [35,36]. For the mooring line of a floating wind turbine, due to the uniform thickness and mass distribution of the cable, no horizontal force acts on the line between the anchor and the fairlead [37]. During the working process, the mooring line may be partially shelved on the seabed. When the shelf length is zero, the entire mooring line is in the water. If a portion of the mooring line rests on the seabed, the analytical equation is as follows:


xF(FH, FV)=L−FVω+FHωln[FVFH+1+(FVFH)2]+FHLEA          +CBω2EA[−(L−FVω)2+(L−FVω−FHCBω)max(L−FVω−FHCBω,0)]



(1)






zF(FH, FV)=FHω[1+(FVFH)2−1+(FV−ωLFH)2]+1EA(FVL−ωL22)



(2)




where, xF and zF are the cable profile in horizontal and vertical planes at distance s along the line, respectively; FH and FV are the horizontal and vertical components of the effective tension in the mooring line at the fairlead [38]; EA is the cross–section axial stiffness; L denotes the upstretched line length; CB is the coefficient of static friction between the seabed and the mooring line; ω = gA(ρc − ρ) is the weight per unit length in the submerged fluid; ρc is the cable density, ρ means the fluid density; and g is the acceleration due to gravity. It is worth noting that Equations (1) and (2) are established in the local coordinate system and can be solved by an iterative method.




2.2. Platform


For the entire nonlinear system, all forces acting on the entire structure should be balanced. For floating platforms, the received external forces mainly include platform gravity, hydrodynamics, and mooring line tension of the mooring system. This part shows the forces modeled in in-house code when using a potential flow theory approach. The forces and added mass are applied at the platform reference point in the theory. The potential flow theory is used to calculate hydrodynamics and is expressed as follows [33]:


F→WRP(x)=F→W(x)+F→HS(x)+F→RD(x)+F→AM(x)



(3)




in which,


F→AM(x)=−AMRa→p



(4)






F→W(x)=1N∑k=−N2−1N2W[k]2πΔtSζ2−sided(ω0)X(ω0,β)|ω0=kΔωej2πknN



(5)






F→HS(x)=ρgV0δ3−CHydrostaticx



(6)






F→RD(x)=−∫0tK(t−τ)x˙j(τ)dτ



(7)




where, F→WRP(x) is the total load at the platform reference point; F→W(x) is the incident-wave excitation force at the platform reference point; F→HS(x) is the hydrostatic force at the reference node; F→RD(x) is the radiation memory-effect force at the reference point; and F→AM(x) is the total added mass force from all contributions.



The terms of the general equation are discussed separately. AMR is the added-mass due to radiation at the reference point; a→p is the linear acceleration of the structure; W[k] is the Fourier transform of a white noise time series with zero mean and unit variance; Sζ2−sided(ω0) is the desired power spectral density of the wave elevation per unit time, this paper uses the P–M spectrum; X(ω0,β) is wave-excitation force array normalized per unit wave amplitude; ω0 is the frequency; β is the incident wave direction angle; j is the number of degrees of freedom (DOF); n is the discrete-time-step counter; k is the discrete-frequency-step counter; N is the number of discrete steps; ρgV0δ3 is the buoyancy and equals the platform weight; V0 is the volume of the immersed part of the platform; δ3 is the component of the Kronecker–Delta function; CHydrostatic is the hydrostatic-restoring matrix; x is the platform motion; t is time; K is the radiation kernel from potential flow theory; and x˙(τ) is the platform velocity. The details of this method can be referred in the study by Jonkman [33].



Based on the theories introduced above, a program for coupling computation of the FOWT was developed in this work. The coupled dynamic response of FOWT consists of three parts, namely the aerodynamics of the wind turbine, the hydrodynamics of the floating platform, and the response of the mooring system. Since this paper mainly studies the dynamic response of floating platforms with different structural forms under the condition of the number of offset columns, only the calculation theory of the latter two parts with more important influences is considered. Figure 1 shows the structure of the in-house developed code, consisting of the calculations of the wind inflow, aerodynamics, waves, sea current, hydrodynamics, and dynamics of the floater.



We regard the tower as a rigid body and only the low-frequency response of the platform with six degrees of freedom is studied. The high-frequency responses of the system, such as the high-frequency vibrations of the blade and the tower, are not considered. Therefore, the turbine–tower interaction is not taken into consideration in the present research.





3. Semi-Submersible FOWT


3.1. Wind Turbine


In this paper, the blades of the wind turbine are considered to be nearly rigid while the flexibility of the tower is taken into consideration, in which the forward, backward, and lateral mode shapes of the tower along the external force are adopted. The tower base is located 10 m above from the Mean Water Level (MWL). The key parameters of the component geometry and the mass of the NREL 5 MW wind turbine are listed in Table 1. More details can be found in the studies by Jonkman et al. [33]. The aerodynamic forces of this wind turbine, including those induced by the rotor-nacelle, the blades, and the tower, as well as the structural deflections, are all calculated through the corresponding modules of the in-house program.




3.2. Floating Platform


The possibilities and benefits of the DeepCwind semi-submersible structure [20] used as a support platform have been elaborated above, and they have received extensive demonstration and experimental testing in the OC4 project. The schematic diagram of the semi-submersible floating platform prototype is shown in Figure 2, which consists of a small diameter main column connected to the bottom of the tower at the top, three large diameter offset columns surrounding the main column, and a series of smaller diameter tubular bracing members connecting the main and offset columns. The cylindrical heave damper is attached to the bottom of the upper columns to increase the vertical stiffness of the platform to prevent excessive vertical vibration of the platform during the movement. The entire platform’s columns are partially submerged in water, and the upper part is exposed to the air. The initial draft is designed to be 20 m deep. The platform is moored with three catenary mooring lines. The top end of each mooring line is attached to a fairlead on top of a cylindrical heave damper of a biasing column. Similar to barges, the semi-submersible platform relies primarily on the water-plane area to maintain good stability. However, unlike the barge, it also has a fairly deep draft area, which is difficult to achieve on a barge, which can further ensure the stability of the platform [39]. At the same time, a number of elongated supports are used to connect the columns and to increase the stiffness. The geometric properties of the semi-submersible platform are listed in Table 2. More details can be found in the study by Robertson et al. [20].



Keeping the structural weight and the volume of the floating platform as constants, the number of offset columns are systematically changed from 3 to 4 then 6. The floating platform prototype is named Model 0, which is a 3-column form. The 4-column floating platform, named Model 1 and shown in Figure 3, consists of four columns (one central vertical column and four offset columns) and 20 supports (four top diagonal tubular bracing members, four top horizontal tubular bracing members, four bottom diagonal tubular bracing members, four bottom horizontal tubular bracing members); all columns and supports are cylindrical. The 6-column floating platform, named Model 2 and shown in Figure 4, includes seven columns (one central vertical column and six offset columns) and 30 supports (the support distribution form is similar to the 4-column form, and the number is increased accordingly). For the three different structural forms of the platform in this paper, we want to only change the number of the columns but keep the weight and the volume as constants. Therefore, the diameter and wall thickness of the columns can be calculated accordingly.




3.3. Mooring System


In order to ensure that the position of the semi-submersible floating platform under external force does not deviate too much, the position of the platform is fixed and maintained by the mooring system. For the mooring system of the platform structure studied in this paper, the fairleads of the mooring lines are located at the top of the cylindrical heave damper, 14.0 m below the mean sea level and horizontally 40.87 m away from the centerline of the platform. In order to meet the ballast requirements of floating platforms, there are many types of ballasts to choose from, taking into account a variety of factors, this paper uses water (density = 1025 kg/m3) for ballast. The ballast water of the upper column does not fill the entire column, but fills up to 6.17 m below the MWL (mean water level), and the ballast water of the cylindrical heave damper is also not full, but is 0.8922 m from the top. There is no water ballast in the horizontal or diagonal tubular bracing members, cross braces, or main column. When the number of the offset columns is changed, the number of the mooring lines will be increased while the diameter of the mooring line will be decreased to keep the weight of the mooring lines as a constant. The details of the parameters for the mooring system are given in Table 2.



We have designed the mooring system to have the same stiffness. Therefore, the number of mooring lines has the least impact on the FOWT natural frequency. The restoring force of the mooring system as a function of the motion in the surge direction for the three platforms is shown in Figure 5.




3.4. Load Conditions


In order to study the dynamic response of a DeepCwind semi-submersible FOWT in different configurations, several load conditions shown in Table 3 and Table 4 were examined, including three regular wave load conditions (LC1–LC3), three irregular wave load conditions (LC4–LC6), and a windless free-decay condition test was performed in advance (LCI–LCIII).




3.5. Basic Comparison with Fatigue, Aerodynamics, Structures, and Turbulence (FAST) and the Experiment


Since an in-house developed code is applied, it is necessary to check the code in advance. The fully coupled aero-hydrodynamic simulation of the full-scale DeepCwind prototype model under the same conditions was performed using the present program, FAST software, and corresponding test data. Figure 6 shows the comparison in the surge and pitch directions using different solvers under the free-decay conditions LCI and LCIII. In general, the in-house code results show good agreement with the those by FAST, which are also available in a numerical study [40]. The results of the code is further compared with the available OC4 FOWT experimental data [41], as shown in Figure 7. Good agreement is achieved. The details of the settings of the OC4 FOWT experiment can be referred to in the study by Ishihara and Zhang [41].





4. Results and Discussion


4.1. Free Decay


The free-decay test of surge, heave, and pitch motions was performed because it can effectively predict the natural frequency and damping ratio of the floating structure. The former is one of the main hydrodynamic properties and it is also an important parameter of this paper. In particular, the dynamic response of the surge, heave, and pitch motions are always the major components. It should be noted also that in the free-decay test, the inflow wind speed and aerodynamic load are not included. Only the calculation of the hydrodynamic load, the mooring system, and the rigid body dynamics are considered. At the beginning of the test, an initial displacement is applied to the platform. The initial displacement here is generalized and then released. The platform will return to the equilibrium position by the restoring force, then reciprocate, and will eventually become stationary.



Through the data obtained by the free-decay test as shown in Figure 8 and using FFT (Fast Fourier Transform), it can be calculated that the natural periods of the 3, 4, and 6 offset-column platforms for the surge motion are 113.6 s, 104.8 s, and 90.1 s, respectively, while the natural periods for the heave and pitch motions do not show obvious differences.




4.2. Regular Waves


Since the floating wind turbine operates in a marine environment, the platform is subjected to waves, resulting in periodic motion. It is well known that the waves acting on a floating platform are very complex, the low-order waves will cause the platform to vibrate in the same period near the initial position, while the higher-order waves cause the platform to move in the direction of the wave [42]. In addition, because the platform is limited by the mooring system, it will oscillate near the equilibrium position after a period of time. Considering that the surge, heave, and pitch motions of the floating platform are the most obvious motions, these three components are then selected to be examined, as shown in Figure 9, Figure 10 and Figure 11. Since error is inevitable at the beginning of the calculation, the statistics are therefore from 400 s to 600 s when the stable oscillation has been achieved. The statistics of foundation motions in the time domain are provided in Table 5.



It can be found that with an increasing number of offset columns, the maxima of the surge response gradually decrease, see Figure 9. Likewise, the minima and averages also have the same pattern. For example, in LC2, when the number of offset columns is changed from 3 to 6, the maximum surge is reduced from 6.16 m (Model0) to 5.88 m (Model1) and 5.26 m (Model2), while the minimum surge is reduced from 3.17 m (Model0) to 2.94 m (Model1) and 2.49 m (Model2). Comparing the three load conditions LC1–LC3, it can be found that the maximum value of the surge response increases slightly due to the increase of wave height and period. Under the same load condition, with the increase of the number of offset columns of the floating platform structure, the maximum value of the surge response still gradually decreases. It should be pointed out that the amplitude of the surge motion is also decreased as increasing the number of the columns. The amplitude surge motion of the 3, 4, and 6-columns platform is 0.69 m, 0.64 m, and 0.55 m, respectively, for LC1. While for LC2, the amplitude surge motion is decreased from 1.46 m (3 columns), to 1.44 m (4 columns) and 1.41 m (6 columns). For LC3, it is 2.61 m (3 columns), 2.57 m (4 columns), and 2.52 m (6 columns). The surge amplitude will affect the aerodynamic load and dynamic response of the whole system due to the additional relative wind speed caused by the surge motion, as a result, a small variation of hydrodynamic load due to these surge amplitude motions will be introduced, which has been discussed in detail in the studies by Vaal et al. [43] and Tran et al. [44].



For the heave motion, the amplitude is relatively small, basically in between 0 m and 1 m, as shown in Figure 10. For LC1, when the number of columns is 3, the maximum value is positive, but close to 0. If the number of columns increases to 4, the maximum decreases slightly. Different from the surge response, the minimum of the heave response is negative. For the mean value, the same trend as the surge motion is found.



As shown in Figure 11, although the pitch amplitudes of the three models are different, the average values are relatively stable. The average pitch is around 1.73 deg for the 3-offset columns platform, while the average pitch of the 4-offset columns platform and 6-offset columns platform are, respectively, about 1.75 deg and 1.76 deg, indicating that the number of the offset columns has little effect on the pitch motion.




4.3. Irregular Waves


For irregular wave conditions, the P–M spectrum was used and the analysis was performed in the frequency domain. The curves in Figure 12, Figure 13 and Figure 14 show the magnitudes of each motion component. Representative response amplitudes are summarized in Table 6.



From the results in the frequency domain, it can be found that the surge has an obvious low-frequency response peak value, and at this frequency the magnitudes of the three different platforms are significantly different, as shown in Figure 12. By comparing the three load conditions LC4–LC6, it can be further found that as the irregular wave height and the period increase, the amplitude of the responses also decreases. Importantly, the subsequent high-frequency response shows a large range. As the number of offset columns increases, the structure will peak at almost the same frequency with gradually decreased amplitudes. When the number of offset columns is 6, the decrease in the surge amplitudes is the most obvious, reaching nearly 70% that of Model0.



As plotted in Figure 13, there is no obvious low-frequency peak similar to the surge response in the spectra of the heave responses. Comparing the three loads conditions LC4–LC6, the significant influence on the heave response is from the height and period of the wave, although the amplitude is small. In addition, different from the surge motion, there are two peaks in the whole frequency range, while the representational area is continuous, and it is difficult to accurately distinguish them.



The trend of the response amplitude of the pitch motion shown in Figure 14 is similar with the other two responses described above. As can be further found from the spectra, the response amplitude shows no significant peak. Comparing the results of the heave, surge, and pitch responses, it can be found that the peak of the low frequency response appears at different frequencies, the former is about 0.058 Hz, the latter two are nearly 0.01 Hz, indicating that the coupling between the heave response and the surge or pitch responses is weak.





5. Conclusions


In this study, a semi-submersible floating platform with different numbers of offset columns but with the same total weight based on the DeepCwind prototype is proposed. Importantly, by increasing the number of offset columns, the dynamic performance of surge, heave, and pitch motions improve, especially for the surge component. The following summarizes the detailed findings in this study.

	(1)

	
Through the free-decay test, the in-house developed code is found to be satisfactorily accurate, which can be used for the calculations about the semi-submersible floating offshore wind turbines.




	(2)

	
The free-decay test shows that increasing the number of offset columns can reduce the natural period in the surge mode, while the natural period of the heave and pitch modes do not change significantly.




	(3)

	
The regular wave-load test shows that when the number of offset columns of the floating platform increases, the surge motion decreases, while the effects of the column numbers is negligible for the heave and pitch motions. When the number of offset columns is six, the decreasing in the surge motion is the most obvious, reaching nearly 80% that of the model with three offset columns.




	(4)

	
For the irregular wave load, as the number of offset columns increases, the responses of surge, heave, and pitch decrease, and similar to the regular wave loads, the most obvious influence from the increased column number is in the surge direction. When the number of offset columns is six, the decreasing in the surge amplitudes is the most obvious, reaching nearly 70% of that of the model with three offset columns.
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Nomenclature




	AMR
	Added mass due to radiation at the reference point



	a→p
	Linear acceleration of the structure (m·s−2)



	CB
	Coefficient of static friction between the seabed and the mooring line



	CHydrostatic
	Hydrostatic-restoring matrix



	DOF
	Degrees of freedom



	EA
	Cross-section axial stiffness (kN)



	FAST
	Fatigue, Aerodynamics, Structures, and Turbulence



	F→AM
	Total added mass forces from all contributions (kN)



	FH
	Horizontal components of the effective tension in the mooring line at the fairlead (kN)



	F→HS
	Hydrostatic forces at the reference node (kN)



	FOWT
	Floating offshore wind turbine



	F→RD
	Radiation memory-effect force at the reference point (kN)



	FV
	Vertical component of the effective tension in the mooring line at the fairlead (kN)



	F→WAP
	Total loads at the platform reference point (kN)



	g
	Acceleration due to gravity (m·s−2)



	j
	Number of DOF



	k
	Discrete-frequency-step counter



	K
	Radiation kernel from potential flow theory



	Kij
	Wave radiation-retardation kernel matrix



	L
	Unstretched line length (m)



	LC
	Load condition



	MWL
	Mean water level



	n
	Discrete-time-step counter



	NREL
	National Renewable Energy Laboratory



	OC3
	Offshore code comparison collaboration



	OC4
	Offshore code comparison collaboration continuation



	Sζ2−sided(ω)
	Desired power spectral density of the wave elevation per unit time, this paper uses the P–M spectrum



	t
	Time (s)



	TLP
	Tension leg platform



	V0
	Displaced volume of the immersed part of the platform (m3)



	W[k]
	Fourier transform of a white noise time series with zero mean and unit variance



	x
	Platform motions (m)



	x˙(τ)
	Platform velocity (m·s−1)



	xF
	Cable profile in the horizontal planes at distance s along the line (m)



	X(ω,β)
	Wave-excitation force array normalized per unit wave amplitude (kN·m−1)



	zF
	Cable profile in the vertical planes at distance s along the line (m)



	β
	Incident wave direction angle (degree)



	δ3
	Component of the Kronecker–Delta function



	ρ
	Fluid density (kg m−3)



	ρc
	Cable density (kg/m3)



	ω
	ω = gA (ρc − ρ), Weight per unit length in the submerged fluid (N/m)



	ω0
	Frequency (Hz)
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Figure 1. Computational procedures for the in-house developed code. Aerodynamics, nacelle dynamics, and tower dynamics interact with each other and are coupled with platform dynamics. DOF = degrees of freedom. 
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Figure 2. Sketch of the DeepCwind semi-submersible floating system (Model 0), (a) side view, (b) bird view, and (c) isometric view of the DeepCwind semi-submersible floating platform. The six DOF are defined as surge, sway, heave, roll, pitch, and yaw. For all simulations presented, the direction of wave propagation is aligned with the platform, which is in the surge direction. 
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Figure 3. Sketch of the semi-submersible floating system with four offset columns (Model 1), (a) side view, (b) bird view, and (c) isometric view of the semi-submersible floating platform. The six DFO are defined as surge, sway, heave, roll, pitch, and yaw. For all simulations presented, the direction of wave propagation is aligned with the platform, which is in the surge direction. 
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Figure 4. Sketch of the semi-submersible floating system with six offset columns (Model 2), (a) side view, (b) bird view, and (c) isometric view of semi-submersible floating platform. The six DFO are defined as surge, sway, heave, roll, pitch, and yaw. For all simulations presented, the direction of wave propagation is aligned with the platform, which is in the surge direction. 
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Figure 5. Restoring force as a function of surge displacement. 
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Figure 6. Comparison of the free-decay responses between Fatigue, Aerodynamics, Structures, and Turbulence (FAST) and the in-house developed code. (a) LCI; (b) LCIII. 
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Figure 7. Comparison of the sway and yaw responses between the experiment and the in-house developed code. (a) sway; (b) yaw. 
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Figure 8. Floating offshore wind turbines (FOWT) platform motions in the free-decay test. (a) LCI; (b) LCII; and (c) LCIII. 
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Figure 9. Surge response for all three platforms under wave loadings (a) LC1, (b) LC2, and (c) LC3. 
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Figure 10. Heave response curves for all three platforms under wave loadings (a) LC1, (b) LC2, and (c) LC3. 
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Figure 11. Pitch response for all three platforms under wave loadings (a) LC1, (b) LC2, and (c) LC3. 
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Figure 12. Surge response spectrum for the three platforms under wave loadings (a) LC4, (b) LC5, and (c) LC6. 
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Figure 13. Heave response spectrum for the three platforms under wave loadings (a) LC4, (b) LC5, and (c) LC6. 
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Figure 14. Pitch response spectrum for the three platforms under wave loadings (a) LC4, (b) LC5, and (c) LC6. 
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Table 1. Key parameters of the components of the National Renewable Energy Laboratory (NREL) 5 MW wind turbine.






Table 1. Key parameters of the components of the National Renewable Energy Laboratory (NREL) 5 MW wind turbine.





	Properties
	Value





	Rating
	5 MW



	Rotor orientation
	Upwind



	Configuration
	3 Blades



	Hub height
	90.0 m



	Blade length
	61.5 m



	Rotor mass
	109,390 kg



	Nacelle mass
	240,000 kg



	Tower mass
	349,390 kg
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Table 2. Main parameters of the semi-submersible platform and mooring system.
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	Parameters
	3 Columns (Model 0)
	4 Columns (Model 1)
	6 Columns (Model 2)





	Platform mass, including ballast
	13,473,000 kg
	13,473,000 kg
	13,473,000 kg



	Number of mooring lines
	3
	4
	6



	Angle between two adjacent mooring lines
	120°
	90°
	60°



	Platform draft
	20.0 m
	20.0 m
	20.0 m



	Depth of fairleads below MWL
	14.0 m
	14.0 m
	14.0 m



	Centerline spacing between offset columns
	50.0 m
	40.8 m
	28.9 m



	Length of upper columns
	26.0 m
	26.0 m
	26.0 m



	Length of the cylindrical heave damper
	6.0 m
	6.0 m
	6.0 m



	Diameter of main columns
	6.5 m
	6.5 m
	6.5 m



	Diameter of upper columns
	12.0 m
	10.4 m
	8.5 m



	Diameter of the cylindrical heave damper
	24.0 m
	20.8 m
	17.0 m



	Diameter of tubular bracing members and cross braces
	1.6 m
	1.6 m
	1.6 m



	Mooring line diameter
	0.0766 m
	0.0663 m
	0.0542 m



	Unstretched mooring line length
	835.35 m
	835.35 m
	835.35 m



	Equivalent mooring line extensional stiffness
	753.6 MN
	753.6 MN
	753.6 MN



	Displaced volume
	13,917 m3
	13,917 m3
	13,917 m3
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Table 3. Load conditions in the free-decay test. LC = load condition.
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	Load Conditions
	Initial Conditions
	Simulation Duration (min)
	Wind Condition
	Wave Condition





	LCI
	Surge = 22 m
	10
	No wind
	Still water



	LCII
	Heave = 6 m
	10
	No wind
	Still water



	LCIII
	Pitch = 8 deg
	10
	No wind
	Still water
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Table 4. Load-condition definitions for the regular and irregular waves.
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	Load Conditions
	Simulation Duration (min)
	Wave Height (m)
	Wave Period (s)
	Wave Condition





	LC1
	10
	2.51
	9.86
	regular



	LC2
	10
	4.74
	11.81
	regular



	LC3
	10
	6.97
	13.83
	regular



	LC4
	10
	3.69
	9.3
	P–M spectrum (irregular)



	LC5
	10
	5.46
	11.7
	P–M spectrum (irregular)



	LC6
	10
	9.24
	13.6
	P–M spectrum (irregular)
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Table 5. Statistics of the motions of the platform in the time domain for LC1–LC3.
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Load Conditions

	
Platform Motions

	
Statistics

	
3 Columns

	
4 Columns

	
6 Columns






	
LC1

	
Surge (m)

	
Max

	
5.46

	
5.14

	
4.51




	
Min

	
4.08

	
3.86

	
3.41




	
Mean

	
4.79

	
4.53

	
3.96




	
Heave (m)

	
Max

	
0.04

	
0.03

	
0.22




	
Min

	
−0.49

	
−0.50

	
−0.31




	
Mean

	
−0.22

	
−0.24

	
−0.04




	
Pitch (deg)

	
Max

	
2.19

	
2.20

	
2.21




	
Min

	
1.28

	
1.31

	
1.33




	
Mean

	
1.72

	
1.75

	
1.76




	
LC2

	
Surge (m)

	
Max

	
6.16

	
5.88

	
5.26




	
Min

	
3.17

	
2.94

	
2.49




	
Mean

	
4.70

	
4.44

	
3.87




	
Heave (m)

	
Max

	
0.44

	
0.43

	
0.62




	
Min

	
−0.86

	
−0.88

	
−0.69




	
Mean

	
−0.21

	
−0.22

	
−0.03




	
Pitch (deg)

	
Max

	
2.49

	
2.49

	
2.51




	
Min

	
0.97

	
1.01

	
1.03




	
Mean

	
1.73

	
1.75

	
1.76




	
LC3

	
Surge (m)

	
Max

	
7.19

	
6.91

	
6.31




	
Min

	
1.89

	
1.69

	
1.25




	
Mean

	
4.58

	
4.34

	
3.79




	
Heave (m)

	
Max

	
0.82

	
0.83

	
1.01




	
Min

	
−1.20

	
−1.23

	
−1.04




	
Mean

	
−0.17

	
−0.18

	
0.01




	
Pitch (deg)

	
Max

	
2.66

	
2.62

	
2.64




	
Min

	
0.79

	
0.87

	
0.88




	
Mean

	
1.73

	
1.75

	
1.76
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Table 6. Statistics of the motions in the frequency domain for LC4–LC6.
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Load Conditions

	
Responses

	
3 Columns

	
4 Columns

	
6 Columns






	
LC4

	
Surge (m)

	
1.391

	
1.159

	
0.917




	
Heave (m)

	
0.055

	
0.043

	
0.043




	
Pitch (deg)

	
0.065

	
0.047

	
0.035




	
LC5

	
Surge (m)

	
1.324

	
1.096

	
0.847




	
Heave (m)

	
0.179

	
0.168

	
0.158




	
Pitch (deg)

	
0.057

	
0.039

	
0.031




	
LC6

	
Surge (m)

	
1.266

	
1.047

	
0.796




	
Heave (m)

	
0.367

	
0.367

	
0.367




	
Pitch (deg)

	
0.033

	
0.029

	
0.028












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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