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Abstract

:

To reduce manufacturing, transportation, lifting and maintenance costs of increasingly larger and larger floating wind turbines, a Spar-type floating two-bladed wind turbine based on the 5 MW OC3-Hywind floating wind turbine model from the National Renewable Energy Laboratory (NREL) is studied in this paper. The two-bladed wind turbine can cause serious problems with large dynamic loads, so a flexible hub connection was introduced between the hub mount and nacelle carrier to alleviate the dynamic effect. The paper focuses on studying the dynamic responses of the proposed Spar-type floating two-bladed wind turbine with a flexible hub connection at rated and extreme environmental conditions. Fully coupled time-domain simulations are carried out by integrating aerodynamic loads on blades, hydrodynamic loads on the spar, structural dynamics of the tower, blades and mooring lines, control system and flexible hub connection. The analysis results show that the application of a flexible hub connection between the hub mount and nacelle carrier can make a contribution to enable the Spar-type floating two-bladed wind turbine to effectively dampen the motion of the floating platform, while significantly reducing the tower load and blade deflection.
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1. Introduction


With the growing severity of environmental and energy issues, humans have become increasingly aware of the crucial significance of developing clean energy [1,2,3,4]. Drawing upon the statistical information provided by the International Energy Agency (IEA), it is evident that the renewable energy market share is experiencing a consistent rise, with wind power contributing significantly, accounting for 36% of the overall increase [5,6,7,8,9,10,11]. In order to capture offshore wind energy, many countries and institutions are focusing on floating offshore wind turbines. However, the cost issue of offshore wind power is one that cannot be ignored [12,13,14,15].



The three-blade turbine is currently the most prevalent type of wind turbine. Nevertheless, as the capacity of single turbines surpasses 10 MW, the challenges associated with the high manufacturing, transportation, and installation costs of three-blade turbines have become increasingly prominent [16,17,18,19,20,21]. Therefore, the two-blade wind turbine came to people’s vision [22]. A two-bladed wind turbine has one less blade than a three-bladed wind turbine. Lowering the number of blades by one would significantly cut down on manufacturing costs [18,23]. Simultaneously, the two-bladed design facilitates transportation and may eliminate the need for on-site assembly, thereby further reducing transportation, lifting, and maintenance costs [24,25,26]. In order to reduce the cost, studying two-blade floating offshore wind turbines holds remarkable economic significance.



The main factors restricting the development of two-blade wind turbines were mainly related to higher rotation speed and dynamic loads. At the same speed, the output power of a two-blade wind turbine will be lower than that of a three-blade wind turbine. Therefore, higher wind speed is needed to ensure that the output of two-blade wind turbines meets the requirements, and the blade tip speed is much higher. When the blade tip speed increases, the noise generated by blade operation will increase rapidly [27,28,29,30]. This has hindered the development and application of onshore two-blade wind turbines. For offshore wind power, however, loud noise seems less unacceptable. The lower manufacturing costs, transport costs and installation costs of two-blade wind turbines make them attractive in the offshore wind industry. Under the influence of extreme wind conditions (such as typhoons), the load of the two-blade wind turbine is smaller than that of the three-blade wind turbine, and its survival ability is also better than that of the three-blade wind turbine.



One key disadvantage of two-bladed wind turbines operating at the same power level is that the bending moments on the blade hub and tower base are greater for each individual rotor blade, potentially leading to fatigue loads on the turbines. Consequently, in comparison to the three-bladed design, two-bladed rotors necessitate a teetering hub to mitigate excessive shocks on the turbine during strong winds [31,32,33]. Load reduction in two-blade turbine structures is a critical issue that deserves significant attention. Ugurcan Eroglu et al. proposed a method to study the problem of a large deflection straight beam with small amplitude vibration. Considering the effects of axial tension, shear deformation and moment of inertia, the small amplitude free vibration differential equations of deflection configuration are established [34]. Mertol Tüfekci et al. studied the complexity of the mechanical properties of aircraft engine fan blades made of foam of Ti-6Al-4V by means of numerical simulation [35]. Mohammadi et al. developed a two-blade wind turbine model with rigid rotors and teetered rotors in FAST and discussed and compared their power quality and structural load [36]. Klein et al. used CFD and MBS-BEM to study the new passive load reduction concept of the 3.4 MW two-blade wind turbine, and the results show that the load on the wind turbine support structure is significantly reduced [37]. Taking Skywind 3.4 MW two-blade wind turbine as a reference, Luhmann et al. proposed a concept to reduce the load by installing elastic coupling components in the hub (Figure 1) and carried out a numerical simulation. The multi-body simulation solver Simpack was used to conduct parametric research on the stiffness and damping of the flexible hub [23].



In this paper, a Spar-type floating two-bladed wind turbine was designed, drawing inspiration from the 5 MW OC3-Hywind floating wind turbine model developed by the National Renewable Energy Laboratory (NREL). To solve the problem of the large dynamic load of the two-bladed wind turbine, we refer to Luhmann’s article on the concept of flexible hub connection, as shown in Figure 1. The flexible hub connection system is composed of several flexible couplings located between hub supports. These flexible couplings are more price-friendly and do not add additional costs to the wind turbine. At the same time, wind turbines can be independently assembled using a winch system without the need for external cranes [23]. A comparison is made between the time-domain dynamic responses of rigid and flexible connections, as well as a comparison of dynamic responses of the floating body in the time domain.




2. Theoretical Model


2.1. Dynamic Equation


The motion of an Offshore Floating Wind Turbine is subject to the coupling action of wave force, mooring system force and aerodynamic loads and the equations of motion of floating structures can be expressed as follows:


    M +   A   ∞       x  ¨    t   +   ∫  - ∞   ∞    k   t    -    τ     x  ˙      t    d τ  +     K   m      x , t    +   K   h     ×   t   =   F   ext    ( x ,    x  ˙   , t )   



(1)




where   x   t    ,      x  ˙    t    ,      x  ¨   ( t )    represent the displacement, velocity and acceleration of the floating structure, respectively;   M   denotes the mass matrix of the system, while     A   ∞     represents the added mass at infinite frequency. The retardation function   k   t    -    τ     is derived from the frequency-dependent conversion of added mass and damping, thus encapsulating the fluid memory effect. Additionally,     K   m     represents the nonlinear recovery matrix of the mooring system, and     K   h     stands for the hydrostatic recovery matrix of the floating structure. In essence, the left-hand side of the equation captures the dynamic motion of the floating body, while the right-hand side accounts for the exciting force acting on the system.


    F   ext      x ,    x  ˙   , t    =   F   Aero      x ,    x  ˙   , t    +   F   FK     t   +   F   D     t   +   F   Drag   (   x  ˙   , t )   



(2)







Exciting force mainly includes the following aspects:     F   A e r o     is the aerodynamic force;     F   FK     and     F   D     are the F−K force and the diffraction force, respectively;     F   Drag     is the viscous force. The Morrison equation is used to estimate the viscous resistance on floating structures [38].




2.2. Equation of the Teeter Movement


After adding the flexible hub connection, an equation of teetering motion is derived:


  I   ζ  ¨  + (   B   aer   +   B   hub   )   ζ  ˙  +     K   cf   +   K   pt   +   K   hub     ζ =  M ( t )   



(3)




where   ζ   is the teetering angle,   I   is the moment of inertia of the rotor about its center,    M ( t )    is the teeter moment. The resisting and restoring moments of the teeter movement are caused by the spring constants     K   cf    ,     K   pt    , and     K   hub    . The resisting moments are caused by     B   aer     and     B   hub     [39].




2.3. Morison Equation


The viscous flow phenomenon should be taken into account in tackling the problem of wave loads received by spar platforms [40,41]. According to the Morison equation, the horizontal force   dF   on a strip of length   dz   of a vertical rigid circular cylinder can be written as:


  dF = ρ   π   D   2     4   dz   C   M     a   1   +   ρ   2     C   D    Ddz | u | u   



(4)




where   ρ   is the mass density of the water,   D   is the cylinder diameter,   u   and     a   1     are the horizontal undisturbed fluid velocity and acceleration at the midpoint of the strip. The mass and drag coefficients,     C   M     and     C   D    , respectively, require empirical determination. The positive force direction is the same as the direction of wave propagation.



Then, the horizontal wave force on a cylinder can be obtained by integrating the horizontal force dF from     z   1     to     z   2    :


  F =   ∫    z   1       z   2      dF   =   ∫    z   1       z   2      ρ   π   D   2     4     C   M     a   1   dz   +   ∫    z   1       z   2        ρ   2     C   D    D | u | udz     



(5)








2.4. Potential Theory


Assuming that the fluid is incompressible, irrotational, and inviscid. A velocity potential   Φ   can be employed to characterize the fluid velocity vector   V (  x , y , z , t   )    =  ( u , v , w )    at a given point    x    = (  x , y , z  )   and time t in a stationary Cartesian coordinate system. The relationship between the velocity potential and the fluid velocity flow field is as follows:


  V = ∇ Φ =    ∂ Φ     ∂ x    i +    ∂ Φ     ∂ y    j +    ∂ Φ     ∂ z    k  



(6)




where   i  ,   j   and   k   are unit vectors along the x-, y- and z-axes, respectively.



Since water is incompressible,   ∇ · V = 0  , the velocity potential can be represented as the Laplace equation as below:


      ∂   2   Φ   ∂   x   2     +     ∂   2   Φ   ∂   y   2     +     ∂   2   Φ   ∂   z   2     = 0  



(7)







It is assumed that the only external force field is gravity, and the fluid is incompressible, irrotational, and inviscid. According to Bernoulli’s equation:


  P +  ρ gz  + ρ    ∂ Φ     ∂ t    +   ρ   2   V · V = C  



(8)




the pressure exerted by the potential flow can be determined accordingly. In the aforementioned equation,   C   represents an arbitrary function of time. We will incorporate the time dependency of   C   into the velocity potential while maintaining   C   as a constant. The corresponding linear force is computed by integrating the Bernoulli pressure over the object’s surface, retaining only the first-order terms in terms of the wave slope   ∈   as follows:


  F = -   ∬    S   B      P n dS = -   ∬    S   B   0          ∂   Φ     1        ∂ t    +   1   2   ∇   Φ     0     · ∇   Φ     1         ndS -   ∬    S   B          P     0     (   α    ( 1 )    × n  ) dS         



(9)




where     α    ( 1 )      is the rotation vector of the object of order 1. In the problem of wave radiation-diffraction with forward speed, the unsteady term oscillates at the encounter frequency     ω   e    , which is defined as follows:


    ω   e   =   ω   0   + KU   cos  ⁡    β    c ω       



(10)




where   U   is the uniform-flow speed, and     β    c ω      is the angle between the uniform flow U and wave heading   β  . In the case of wave diffraction-radiation problems caused by gravity waves, the sole source of unsteady potential terms arises from gravity waves and their interaction with the floating body     Φ   ω   ( x  , t )   . The total wave potential can be further decomposed as follows:


    Φ   ω   ( x  , t )  =   Φ   l   ( x )   e   i   ω   e   t   +   Φ   s   ( x )   e   i   ω   e   t   +   Φ   R   ( x )   e   i   ω   e   t    



(11)






    Φ   R   ( x  , t )  = η ·   Φ   r   = i ω   ∑   i = 1    6      η   i     Φ   ( x )   ri     e   i   ω   e   t    



(12)






    η   k   =   ξ   x   +   ξ   y   +   ξ   z   +   α   x   +   α   y   +   α   z   = ( ξ , α )  



(13)




where     Φ   l     is the wave potential,     Φ   s     is the scattered wave potential,     Φ   R     is the radiated wave potential,   ξ   is the translation vector of the body, and   α   is the rotation vector of the body.


    Φ   st   ( x ) =   Φ   sB   ( x ) +   Φ   U   ( x ) =   Φ   sB   ( x ) - Ux  



(14)




where     Φ   st     is the zeroth-order steady velocity potential, it can incorporate the effects of uniform flow.     Φ   U     represents the uniform flow potential, and     Φ   sB     denotes the perturbed steady flow potential arising from the interaction between the uniform flow and the body [42].





3. Numerical Methodology


3.1. Multi-Body Simulation


In this paper, SESAM [43] is used to analyze the floating offshore wind turbine. SESAM is a software package for ocean engineering analysis based on potential flow theory, which consists of three application packages: GeniE, HydroD and SIMA/DeepC. The structural components of the wind turbine can be represented either as rigid bodies through their mass and inertia properties or as flexible bodies with modal reduction based on a finite element approach. SESAM performs coupling analysis by assigning distinct characteristics to each component.



In this paper, the model of the platform was first established in Rhino, and the model was imported into GeniE to create a mesh, and then the model was imported into HydroD to analyze the hydrodynamic characteristics, and finally into SIMA.



In SIMA, the platform is viewed as a rigid body. The superstructures such as blades, towers and nacelle are regarded as beam units. Users can set a variety of environmental loads, including wind, wave, and current. Under these loads, the software will provide results for specific research based on the user’s input parameters. Global spring functionality is provided in SIMA, which enables the establishment of flexible hub connections.



The multi-body simulation framework is shown in Figure 2. Aerodynamic loads, hydrodynamic loads, blade pitch and other loads will be transferred to the floating platform. The platform motion response is calculated according to the equation described in Section 2.1 [38].




3.2. Wind Turbine Model


The turbine under investigation is the NREL 5 MW prototype, featuring various numbers of blades [44]. In this paper, a blade is removed on the basis of the prototype, which reduces the weight of the whole floating wind turbine system. In order to maintain the original draft, the center of gravity position of the spar platform is re-confirmed by OrcaFlex [41] software calculation. This paper only cares about the response and does not consider the electrical generator output. The RIFLEX module of SEASAM provides construction and analysis of flexible components such as the blades and the tower that are endowed with beam unit characteristics. The main parameters of the turbine model are given in Table 1.




3.3. Floating Spar-Buoy Platform Model


The platform model in this paper refers to the OC3-Hywind Floating Spar-Buoy platform model [45]. Based on the original model, the position of the center of gravity is adjusted to maintain the original draft. The Floating Spar-Buoy platform has many advantages, such as a simple structure, large draft depth and small water plane area, and satisfactory stability. The main parameters of the platform model are given in Table 2.




3.4. Flexible Hub Connection


In this paper, the flexible hub connection is introduced into a floating wind turbine by spring units that connect the hub with the nacelle (Figure 3). In SIMA, users can add spring elements and set the parameters of the response. It can simulate the small amplitude rotation motion of the rotor so there is extra multidirectional elasticity between the hub support and the engine room. The spring parameters of the turbine model are given in Table 3.




3.5. Fully Coupled Model


The 3D model of the platform was constructed in Rhino and its sat file form was exported to a panel model. HydroD (version 4.10) read the panel model and completed the hydrodynamic analysis. Then, the hydrodynamic calculation result file G1.SIF in the frequency domain is imported into SIMA (version 4.2) software of SESAM, and the coupled numerical model of the Spar-type floating two-blade flexible hub turbine is established. The coupling model of the Spar-type floating two-blade flexible hub turbine is shown in Figure 4; the blue part is the floating platform, and the green part above the floating platform represents the wind turbine.




3.6. Environment Load Cases


Eighteen load cases were applied for analysis. For each load case, irregular wave and stationary uniform wind were used. The JONSWAP spectrum is adopted for simulating the stochastic sea state, where Hs is significant wave height, Tp is the spectral peak period, and U is the mean wind speed. In this paper, it is assumed that the wind and waves are codirectional for all sea states to avoid a five-dimensional scatter diagram [47] choosing the direction of the x-axis as the excitation direction.



The time-step for the numerical integration was 0.005 s, and the calculation time lengths were 10,800 s for all cases. Details of the load cases are shown in Table 4.





4. Results and Discussion


4.1. Analysis of Dynamic Structural Response


The time-series curves of the torsional moment of the tower and the shear force of the y-axis at the bottom of the tower are shown in Figure 5 and Figure 6. The load response statistics of the two types of wind turbines are compared in Figure 7 and Figure 8, respectively. The calculation time lengths are 10,800 s for the convenience of analysis, only the results of the 5000 s to 5500 s are selected for research.



As can be seen from Figure 5, compared with the Spar-type Offshore Floating Two-bladed Wind Turbine with the Rigid Hub Connection (OWTR), the Torsional moment of the tower of the Spar-type Offshore Floating Two-bladed Wind Turbine with Flexible Hub Connection (OWTF) is smaller and the time series curves are more concentrated. The specific statistical data are shown in Figure 6. It should be noted that the statistical data shown in Figure 6 are those after the wind turbines reached a steady state. It can be seen from Figure 6 that the maximum value, mean value and standard deviation of the tower of the OWTF are smaller than those of the OWTR. In LC1, the torsional load amplitude of OWTR is   2.68 ×   10   6     N·m and the torsional load amplitude of OWTF is   1.38 ×   10   6     N·m. In LC2 and LC3, the torsional load amplitudes of OWTR are   3.00 ×   10   6     N·m and   1.78 ×   10   6     N·m; the torsional load amplitudes of OWTR are   1.46 ×   10   6     N·m and   1.06 ×   10   6     N·m. The torsional load amplitudes are reduced by 48.6%, 51.4% and 40.5%, respectively, under three cases. This shows that by introducing the concept of flexible hub connection, the torsional load amplitudes of the two-blade wind turbine tower as well as the fatigue damage of the structure can be reduced.



Figure 7 shows the time series of shear forces in the y-axis direction at the bottom of the tower. Meanwhile, the statistical data of shear force are visually compared in Figure 8. It should be noted that the statistical data shown in Figure 8 are those after the wind turbines reached a steady state. In the process of wind turbine operation, the shear force of the OWTF is more concentrated than that of the OWTR, the amplitude, and the standard deviation are smaller, and the mean value is a little different. In case 1 and case 2, the shear force amplitudes of OWTR are   6.16 ×   10   4     N and   8.00 ×   10   4     N; the shear force amplitudes of OWTF are   3.66 ×   10   4     N and   4.00 ×   10   4     N which are reduced by 40.7% and 50.0%, respectively. This can reduce the structural damage during the operation of the two-blade turbines. Combining the equation of Section 2.2, after the flexible hub connection concept is introduced, the value of the restoring and resisting moments is increased. This results in a decrease in the amplitudes of the load transmitted to the tower. As described in Section 3.4, we introduce flexible hub connections in both     y   0     and     z   0     directions. That explains why the shear force of the y-axis at the bottom of the tower is reduced. It should be pointed out that y and     y   0     are parallel. But in case 3, the introduction of a flexible hub connection increases the amplitude of shear force, and the shear force of OWTR is 32% lower than that of OWTF, the average shear force of OWTR and OWTF is   2.56 ×   10   4     N and   3.77 ×   10   4     N. The effects of shear forces at different wind speeds will be shown in Section 4.2.



The structural loads on blade 1 are characterized by the out-of-plane blade deflection in Figure 9. When the two-blade turbines are working, the out-of-plane blade deviation will be generated, which may cause damage to the blade. This situation can be effectively improved by introducing the concept of flexible hub connection. It can be seen from Figure 9 that OWTF’s out-of-plane blade deflection time series is more concentrated than OWTR’s, with a smaller amplitude and slightly smaller average value, which is also confirmed in the statistical data comparison chart in Figure 10. In three cases, the out-of-plane blade deflection amplitude of OWTR is 1.70 m, 2.51 m and 3.17 m, respectively, and the out-of-plane blade deflection amplitude of OWTF is 0.64 m, 0.73 m, and 1.40 m, respectively. The out-of-plane blade deflection amplitudes are reduced by 62.2%, 70.8% and 55.7%, respectively, under three cases. This shows that the introduction of the concept of flexible hub connection can reduce the load response of wind turbine blades, and the damage of wind turbine blades, and play a protective role.



The time series of the bending moment at the bottom of the tower in the z-axis direction is shown in Figure 11, and the maximum value, mean value and standard deviation are shown in Figure 12. In the pictures, simulation data ranging from 5000 s to 5500 s are selected for display. It can be seen that the amplitude of the bending moment at the bottom of the OWTR tower is larger than that of the OWTF under rated wind speed, which is beneficial for extending the service life of the wind turbine. In case 1 and case 2, the mean value of the bending moment of OWTR and OWTF is almost the same, but the maximum value of the bending moment of OWTF is 24.8% and 33.5% lower than that of OWTR, respectively. In case 1 and case 2, the maximum value of the bending moment of OWTR is   9.76 ×   10   6     N·m and   1.16 ×   10   7     N·m, respectively; the maximum value of the bending moment of OWTF is   7.34 ×   10   6     N·m and   7.71 ×   10   6     N·m, respectively. The introduction of flexible hub connections helps to protect the tower of the wind turbine. Under extreme wind load conditions, the average bending moment exhibited by the two connection types demonstrates subtle disparity; the maximum bending moment of OWTF is larger than that of OWTR, which puts forward a test for the design of the section of the tower and the material stiffness of the tower. In case 3, the maximum bending moment of OWTR and OWTF is   2.87 ×   10   6     N·m and   4.46 ×   10   6     N·m, respectively; the maximum bending moment of OWTR is 35.7% higher than that of OWTF, and the introduction of the flexible hub connection increases the bending moment of the tower. The effects of bending moments at different wind speeds will be shown in Section 4.2.




4.2. Sensitivity Analysis of Wind Speed on Tower Responses


In Section 4.1 we show the load response at wind speeds of 15.7 m/s and 25 m/s. In order to further explore the load response of the two-blade wind turbine to the introduction of the concept of flexible hub connection, the OWTR and OWTF models were, respectively, established to operate under wind speed conditions ranging from 1 m/s to 29 m/s, one working condition was taken every 2 m/s interval; the significant wave height was 3.66 m, and the spectral peak period was 9.7 s. The time series of the load response curves of some working conditions are shown in Section 4.1. All the statistical data were collected after the wind turbine operation reached a steady state.



Figure 13 shows the statistical data of the torsional moment of the tower. Figure 13b shows the mean value of the torsional moment. It is found that under a wind speed of 9 m/s–17m/s, the torsional moment of OWTR and OWTF is somewhat deviated. Figure 13a is the maximum value of torsional moment and Figure 13c is the standard deviation of torsional moment. It can be seen that after reaching the steady state, the two curves show a similar trend. Under the conditions of 11 m/s and 17 m/s wind speed, the maximum value and standard deviation of the two models have a sudden increase. This may be related to the natural frequency of the hub connection model. It can be concluded from Figure 13 that under the working condition of 7 m/s–17 m/s, the introduction of a flexible hub connection will increase the torsional moment of the tower of the two-blade wind turbine. In the rest of the working conditions, the introduction of a flexible hub connection will reduce the impact of the torsional moment of the tower, and play a protective role.



Figure 14 shows the statistical data of shear force in the y-axis of the tower under different wind speeds. Figure 14b shows the mean value of shear force. The curve tends to increase first and then decrease, reaching the maximum at about 13 m/s wind speed. After the introduction of the flexible hub connection, the mean value is in good agreement except for a certain deviation under the working condition of 12 m/s–16 m/s. It can be seen from Figure 14a and Figure 13c that under the working condition of 12 m/s–16 m/s, the maximum value and standard deviation of the shear force of OWTF are smaller than that of OWTR. This is beneficial for protecting the wind turbine. However, the maximum value and standard deviation of the shear force of OWTF are larger than that of OWTR under other wind speed conditions. The maximum deviation of the maximum value can reach 55.3%, and the maximum deviation of the standard deviation can reach 66.8%.



Figure 15 shows the statistical data of the tower on the z-axis. Figure 15b is the statistical data of the mean value, and it can be seen that the two curves match very well. The curve tends to increase first and then decrease, reaching the maximum at about 14 m/s wind speed. Figure 15a is the statistical data of the maximum value. It can be seen that under the working condition of 12 m/s–18 m/s wind speed, the maximum value of OWTF is smaller than that of OWTR, and the standard deviation of OWTF is smaller than that of OWTR under the working condition of 12 m/s–16 m/s wind speed, which indicates that the introduction of the concept of flexible hub connection reduces the influence of the bending moment. However, in the remaining working conditions, the introduction of the concept of flexible hub connection will aggravate the impact of bending moments. The maximum deviation of the maximum value reached 52.6%, and the maximum deviation of the standard deviation reached 20.0%.




4.3. Dynamic Response Analysis of the Floater Motion


The time-domain motion responses of the Spar-type floating two-blade flexible hub turbine in surge, heave, and pitch degrees of freedom were calculated by applying irregular waves and stationary uniform wind to the system. These responses were then compared with the responses of the Spar-type floating two-blade turbine.



To facilitate a better comparison, rated wind speed and extreme wind speed were considered separately. The calculation was performed over a time span of 10,800 s. For the sake of analysis, only the results from 0 s to 7200 s in the surge and pitch directions as well as the results from 0 s to 4200 s in the heave direction are presented. Results are shown in Figure 16, Figure 17 and Figure 18.



The time-domain motion responses of the floater in the rated wind speed are shown in Figure 16 and Figure 17. The wind speed in the two cases was the rated wind speed of the wind turbine at 15.6 m/s. In these two cases, different significant wave heights and spectral peak periods were set, and it can be seen that the time-domain motion of the spar platform presents the same trend. The surge of the OWTR will stabilize in about 1000 s, while that of the OWTF will stabilize in about 4800 s. Before stabilizing, the surge value of the OWTF shows a parabolic upward trend and eventually reaches the same average surge value as that of the OWTR. In the whole process, the amplitude of surge oscillation of the OWTF is much smaller than that of the OWTR. The heave of the spar-type floating two-blade turbine will stabilize in about 300 s, while that of the OWTF will stabilize in about 3000 s. Before the stability, OWTR will have a larger heave value due to the instantaneous effect, and then quickly stabilize. However, the mean value of the OWTF will not suddenly increase sharply before stabilizing and will show a parabolic downward trend. Before stabilizing, the heave value of the OWTF will be higher than the OWTR. After 3000 s, the average heave of the two turbines will be the same. Similarly, in the whole process, the amplitude of heave oscillation of the OWTF is much smaller than that of the OWTR. The pitch of the OWTR will stabilize in about 300 s, while that of the OWTF will stabilize in about 4800 s. After the two types of wind turbines have reached a steady state, their pitch averages are the same. Before stabilizing, the pitch value of the OWTF shows a parabolic upward trend, and during the whole process, the amplitude of pitch oscillation of the OWTF is much smaller than that of the OWTR. By comparing the time-domain motion response results of the OWTF and the OWTR, it can be found that the mean response of the OWTF is almost constant in the three degrees of freedom, but the oscillation amplitude is greatly reduced.



In order to carry out a further study, extreme wind speed was set in LC3, and the significant wave height and spectral peak period of working LC3 and LC2 were consistent. The time series of the motions of the floating platform is shown in Figure 18. By comparison, it can be found that the motion response trends of the floating wind turbine platform in the three directions of surge, heave and pitch are consistent with those described above.



Moreover, Figure 19, Figure 20 and Figure 21 show the comparison results of statistical data of the motions of platform response of two types of wind turbines. By comparison, we find that the response amplitude of the OWTF is smaller than that of the OWTR in the three degrees of freedom of surge, heave and pitch, and the standard deviation is the same, while the mean value is almost unchanged. In the three conditions, the surge amplitude of OWTR is 17.61 m, 18.54 m and 13.33 m, respectively; the surge amplitude of OWTF is 16.49 m, 16.58 m, and 11.55 m, respectively. The amplitude of the surge decreases by 6.3%, 10.6% and 13.3%, respectively. The heave amplitude of OWTR is 0.52 m, 0.66 m and 0.80 m, respectively; the heave amplitude of OWTF is 0.45 m, 0.50 m, and 0.64 m, respectively; the amplitude of heave decreases by 14.0%, 24.2% and 20.4%, respectively. The pitch amplitude of OWTR is 4.00 deg, 4.47 deg and 3.53 deg, respectively; the pitch amplitude of OWTF is 3.56 deg, 3.70 deg, and 2.72 deg, respectively; the amplitude of pitch decreases by 11.0%, 17.2% and 23.1%, respectively. These indicate that the OWTF will move in a small range although the mean response difference between the OWTF and the OWTR is very small after the stable state is reached.



In SIMA, the floating platform is regarded as a rigid body, so the mean motion response of the platform cannot be greatly changed just by introducing the flexible hub connection. However, by introducing flexible hub connections, the fluctuation of the load response of the wind turbine can be reduced, and the motion amplitude of the entire structure can be reduced, which makes the structure more reliable.





5. Conclusions


In this paper, a Spar-type offshore floating two-blade turbine with a flexible hub connection was presented and studied for the feasibility of alleviating large dynamic loads and responses of two-blade turbines. Based on the coupled algorithm of aero-hydro-control-structure dynamics of floating wind turbine with a flexible element of hub connections, the time-domain dynamic response of the OWTF was calculated and analyzed under combined wind and wave conditions, and then the results were compared with those of the OWTR.



At a certain range of wind speeds, the flexible hub connection brings additional freedom to the structure. When the wind load is applied to the structure, the elastic hub connection produces a recovery moment which can greatly optimize the deformation of the blades, while reducing the load transferred to the tower. These show that the introduction of the concept of flexible hub connection can reduce the load response of wind turbine structures and the damage to the wind turbine structure, and play a protective role. The torsional moment, the shear force and the bending moment of the tower are analyzed. It is observed that, under a specified wind speed, introducing a flexible hub connection can mitigate the impact of loads on the tower of a two-blade wind turbine. The relationship between the stiffness of the flexible connection and the effective load-shedding wind speed range will be the next work content.



The flexible hub connection can slow down the movement of the Spar-type Offshore Floating Two-bladed Wind Turbine. Compared with the OWTR, the motion amplitude, mean value and standard deviation of the OWTF in the three degrees of freedom of surge, heave and pitch are reduced. Through the study of the out-of-plane blade deflection, it is found that the introduction of a flexible hub connection can play a certain role in protecting the blade.



The above results show that it is feasible to introduce a flexible hub connection to reduce the load response of a two-blade wind turbine. It has to be noted that the focus of this paper is whether the flexible hub connection has a protective effect. The electrical generator output and the useful life of the flexible hub connection will be studied in the future.
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Figure 1. Diagram of the flexible hub connection concept. 
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Figure 2. The multi-body simulation framework [43]. 
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Figure 3. Sketch of the flexible hub connection [46]. 
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Figure 4. Spar-type floating two-blade flexible hub turbine. 
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Figure 5. Time−series of the Torsional moment of the tower. (a) LC1; (b) LC2; (c) LC3. 
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Figure 6. Statistical data of the Torsional moment of the tower. (a) LC1; (b) LC2; (c) LC3. 
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Figure 7. Time−series of the Shear force of the y-axis at the bottom of the tower. (a) LC1; (b) LC2; (c) LC3. 
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Figure 8. Statistical data of the Shear force of the y-axis at the bottom of the tower. (a) LC1; (b) LC2; (c) LC3. 
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Figure 9. Time−series of the Out-of-plane blade deflection. (a) LC1; (b) LC2; (c) LC3. 
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Figure 10. Statistical data of the Out-of-plane blade deflection. (a) LC1; (b) LC2; (c) LC3. 
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Figure 11. Time−series of the Bending moment of the z-axis at the bottom of the tower. (a) LC1; (b) LC2; (c) LC3. 
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Figure 12. Statistical data of the Bending moment of the z-axis at the bottom of the tower (a) LC1; (b) LC2; (c) LC3. 
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Figure 13. Statistical data of the Torsional moment of the tower. (a) maximum value; (b) mean value; (c) standard deviation. 
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Figure 14. Statistical data of the shear force of the y-axis at the bottom of the tower barrel. (a) maximum value; (b) mean value; (c) standard deviation. 
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Figure 15. Statistical data of the Bending moment of the z-axis at the bottom of the tower. (a) maximum value; (b) mean value; (c) standard deviation. 
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Figure 16. Time−domain motion responses of the floater in LC1. (a) surge; (b) heave; (c) pitch. 
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Figure 17. Time−domain motion responses of the floater in LC2. (a) surge; (b) heave; (c) pitch. 
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Figure 18. Time−domain motion responses of the floater in LC3. (a) surge; (b) heave; (c) pitch. 
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Figure 19. Statistical data of the motions of the floater in LC1. (a) surge; (b) heave; (c) pitch. 
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Figure 20. Statistical data of the motions of the floater in LC2. (a) surge; (b) heave; (c) pitch. 
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Figure 21. Statistical data of the motions of the floater in LC3. (a) surge; (b) heave; (c) pitch. 
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Table 1. Turbine data of the two-bladed wind turbine.
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	Description
	Unit
	Value





	Number of blades
	-
	2



	Rotor Mass
	Kg
	92,660



	Nacelle Mass
	Kg
	240,000



	Tower Mass
	kg
	249,718










 





Table 2. Platform data of the two-bladed wind turbine.
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	Description
	Unit
	Value





	Depth to Platform Base Below SWL (Total Draft)
	m
	120



	CM Location Below SWL Along Platform Centerline
	m
	(0, 0, −78.56)



	Total mass (rotor, nacelle, tower, platform)
	kg
	8,048,708










 





Table 3. Spring data of the two-bladed wind turbine [23].
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	Rotational StiffnessC [Nm/deg]
	Rotational DampingD [Nms/deg]
	Degree of Freedom





	spring element 1
	    3   ×       10    7     
	    1   ×      10   7     
	     y   0     



	spring element 2
	    3   ×      10   7     
	    1   ×       10    7     
	     z   0     










 





Table 4. Details of the load cases.
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	Load Cases
	      H   s     ( m )    
	      T   p     ( s )    
	     U   ( m / s  )    





	LC1
	3.66
	9.7
	15.6



	LC2
	5.49
	11.3
	15.6



	LC3
	5.49
	11.3
	25.0



	LC4
	3.66
	9.7
	1.0



	LC5
	3.66
	9.7
	3.0



	LC6
	3.66
	9.7
	5.0



	LC7
	3.66
	9.7
	7.0



	LC8
	3.66
	9.7
	9.0



	LC9
	3.66
	9.7
	11.0



	LC10
	3.66
	9.7
	13.0



	LC11
	3.66
	9.7
	15.0



	LC12
	3.66
	9.7
	17.0



	LC13
	3.66
	9.7
	19.0



	LC14
	3.66
	9.7
	21.0



	LC15
	3.66
	9.7
	23.0



	LC16
	3.66
	9.7
	25.0



	LC17
	3.66
	9.7
	27.0



	LC18
	3.66
	9.7
	29.0
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