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Abstract


To reduce the levelized cost of energy (LCOE) for offshore wind turbines, a novel wind–wave energy converter (WWEC) with a mass-adjustable buoy is designed. To analyze the impact of buoy mass variations on the system, a coupled comprehensive numerical model is established to simulate the aerodynamics of the turbine and the hydrodynamics of the platform and buoy. It is found that the occurrence of the buoy out of water significantly reduces the output power. Adjusting the buoy’s mass with suitable strategy can prevent the impact of slamming loads and improve the power output. The mass adjustment strategy is determined based on the output power of the wave energy converter under regular wave conditions. It is found that the mass adjustment strategy can significantly enhance the output power of combined system. The buoy does not move out of the water under the extreme conditions, which avoids the impact of slamming loads on system stability. Moreover, mass-adjustable buoys can reduce the risk of mooring line failure compare to a wind turbine without a buoy.
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1. Introduction


With the development of wind power technology, the global weighted LCOE for offshore wind power has decreased from 0.127 USD/kWh in 2018 to 0.074 USD/kWh in 2023 with a reduction of approximately 42%. However, the rate of cost reduction is gradually slowing down, and there still exists a gap between the LCOE of offshore wind power and onshore wind power (0.042 USD/kWh). Meanwhile, ocean wave energy has attracted increasing attention because of its high availability and low environmental impact as a high-power-density marine renewable energy source [1,2]. But it has seen a relatively slow development; the primary reason for this slow progress is the high costs associated with site permits, transmission lines, and mooring systems [3]. Attaching a wave energy converter (WEC) to the platform of offshore wind turbines addresses this issue, accelerates WEC development, and provides a promising avenue for further reducing the LCOE of offshore wind turbines [4,5,6,7,8,9,10,11].



Following this train of thought, various types of combined system were proposed. The earliest research can be dated back to the 2010s. The MARINA project, initially funded by the European Union, introduced the concept of a spar–torus combination (STC), which combines a spar-type floating wind turbine with a torus-shaped structure to form a WWEC [12]. WWECs based on semi-submersible platforms have gained more attention due to its convenience in installation and flexibility in deployment [13]. Michailides et al. designed a WWEC consisting of a semi-submersible wind turbine and three flap-style WECs, studying the impact of platform motion with different degrees of freedom on power generation [14]. Da Silva et al. designed a WWEC comprising a semi-submersible platform and three spherical point absorber wave energy converters, investigating the wave energy absorption and motion characteristics of the hybrid system [15]. Homayoun et al. utilized the configuration features of unsupported semi-submersible platforms, installing a torus-shaped buoy on each of the three columns and studying the impact of power take-off (PTO) system parameters on power output through simulations [16]. From these studies, it is evident that, given the structural characteristics of semi-submersible platforms, they can be combined with a wider variety and quantity of WECs. However, compared to spar-type platforms, maintaining system stability with semi-submersible platforms is more difficult. Haji’s research found that the combination of floating wind turbines and point absorber wave energy converters increases platform yaw and heave motion, and the impact of WECs on the bending stress at the base of the wind turbine tower affects the turbine’s lifespan [17]. In this view, it is essential to consider the influence of WECs on the platform and not focus solely on power output in designing WWECs.



To further enhance the power output of the system, efforts should be made to maximize the individual WEC’s power output. Currently, the optimization of WECs has primarily focused on the buoy shape and PTO system parameters [18]. Enhancing the capture width of WECs through active control can further increase the system’s power output. Liu et al. applied latching control to a raft-type WEC with multiple DOFs, resulting in an enhancement of up to 10.54% in power [19]. Hillis et al. designed optimal buoy motion trajectories based on wave conditions, modulating the buoy’s motion by varying the stiffness and damping coefficients of the PTO system [20]. Simulation results indicated that the active control system, compared to its passive counterpart, contributed to a power increase of over 80%. Fang et al. studied the method of adjusting the buoy mass to match the resonance frequency of the waves to improve the output power of the wave energy converter [21]. However, existing WECs with active control strategies fail to account for the mutual influence between the WEC and the wind turbine. Considering the overall economic viability [22], WECs should not compromise the lifespan of the wind turbines. Many control strategies are not suitable for WWEC. For integrated wind and wave energy systems, the operation of the buoy must also consider the stability of the wind turbine. To ensure the smooth operation of turbines, WECs are typically constrained, and in extreme conditions, buoys are often locked and submerged [23]. Researchers conducted experiments to study the operation of wind–wave energy systems under extreme conditions. Nonlinear loads resulting from buoy surfacing and submerging could potentially cause significant harm. Locking and submerging the buoy effectively reduced the occurrence of this phenomenon [24,25,26,27]. While this approach ensures system safety, it results in wasted wave energy and reduced wave energy capture width for WECs.



Based on the operational characteristics of WWEC with point absorb WECs, this paper proposes a WWEC with a mass-adjustable buoy. By adjusting the draft of the buoy, the impact of bottom slamming loads on the WWEC is mitigated. This approach provides a solution to the issue of the WEC in WWECs failing to operate properly under extreme conditions, while also moderately improving the output power of the WEC under normal conditions.



In the present paper, we designed a novel WWEC with a mass-adjustable buoy for the NREL-5MW wind turbine. In Section 2, the mass adjustment mechanism is designed. In Section 3, a coupled numerical model is established and the accuracy of the model is verified. In Section 4, a mass adjustment strategy is designed, and the power output and dynamic response of the system are analyzed under eight environmental conditions to validate the feasibility and safety of the system. Finally, conclusions are drawn in Section 5.




2. Wind–Wave Energy Converter Design


2.1. Connections between the Platform and the Buoy


This paper designs the WWEC based on the torus-shaped buoy, and the connection between the buoy and the platform column is referenced from the STC system, as shown in Figure 1a. Four connecting rods are used to connect the buoy with the column, which mainly restricts the relative motion of the two bodies in pitch, yaw, and roll directions. Considering the reliability of the connecting rods, the guide-roller system is used to assist in restricting the relative motion of the two bodies in the surge and sway directions. End stop springs are used to limit the relative motion of the buoy and the platform in the heave direction, its main function is to prevent excessive relative displacement in extreme conditions. Wave energy is harnessed through the relative heave motion between the buoy and the platform and subsequently converted into electrical energy via the PTO system.




2.2. Buoy Structure Design


A mass adjustment structure based on the torus-shaped buoy is designed; it alters the buoy’s mass by adjusting the internal ballast water. The specific structure of the mass-adjustable buoy is shown in Figure 1b. The conceptual design of the mass adjustment structure for the buoy is based on the connection system. The middle section of the connecting rod, which attaches the buoy to the platform, is designed with the thread that runs through the entire buoy. The interior of the buoy is hollow and partitioned into two sections by a separator plate: an air cavity and a water cavity. The connecting rod and separator plate are connected by threads. Several small openings are located on both the upper and lower surfaces of the buoy to permit the circulation of seawater and air. The rod and the separator plate are connected through threading. By rotating the four rods, the plate’s position is controlled, to adjust the height of the water chamber for the desired buoy mass. The connecting rod rotates to move the separator plate upward, allowing seawater to enter through the small openings at the bottom and air to escape from the top, thus increasing the mass as more seawater fills the buoy. Conversely, the connecting rod moves the separator plate downward, causing seawater to exit through the small openings at the bottom, thereby reducing the mass of the buoy.




2.3. Floating Wind Turbine


The schematic diagram of the WWEC is shown in Figure 2. The origin of the global coordinate system is at point O, where the center of the tower intersects with the sea surface. This paper selects the NREL-5MW wind turbine as the component for the WWEC, due to its structural simplicity, modelling suitability, and commercial viability [28], and it provides easy access for subsequent validation. The platform uses the braceless steel semi-submersible platform proposed in [29], with a design water depth of 200 m. Compared to the OC4-Semi platform configuration proposed by NREL, the braceless steel structure platform provides more heave motion space for the buoy, which is more conducive to the buoy’s wave energy absorption. The external dimensions of the buoy are based on the integrated wind and wave energy system researched in [27]. The conceptual drawing of the platform with the buoy is shown in Figure 3. The base of the tower is coincident with the top of platform and is located at an elevation of 10 m above the still water level (SWL). Main design parameters of the combined system are given in Table 1.



Table 1 does not provide the draft of the buoys, because the draft of the buoys varies with changes in mass. To ensure the reliability of the adjustment system and avoid frequent modifications, this study introduces only four adjustment settings, focusing on buoy drafts ranging from 1 to 4 m. Subsequently, further exploration will be conducted to determine whether buoys with larger masses are required. The main characteristic parameters of the buoy at different draft are presented in Table 2. To facilitate the description, draft of buoys is used to represent variations in the buoy’s mass in the subsequent sections of the paper.



The mooring system consists of three mooring lines whose distribution is illustrated in Figure 3. In this paper, the location of operation is considered in the northern North Sea. The design water depth of the WWEC is 200 m. Detailed design parameters of a mooring line are presented in Table 3.





3. Coupled Numerical Model and Verification


3.1. Fully Coupled Numerical Model


FAST is a well-known tool used to calculate the aerodynamic loads and predict the dynamic response of floating wind turbines. AQWA is a commonly used commercial tool capable of performing time-domain and frequency-domain analyses on single or multiple floating structures, which has strong capabilities in calculating the nonlinear dynamics of mooring lines. The baseline version of AQWA is incapable of predicting aerodynamic load and structural responses of floating wind turbine, while FAST cannot account for the interaction between multiple floating bodies and simplifies the influence of the mooring system. To accurately calculate the dynamic response of the WWEC under complex operating conditions, this paper employs the F2A tool developed by Yang et al. [30]. The flow chart of F2A is shown in Figure 4.



F2A integrates the capabilities of FAST into AQWA via the user force module. It combines the wind turbine model established in FAST with the mooring system and the floating structure model in AQWA. F2A considers the effects of platform motion on the wind turbine and conveys the tower base loads calculated in FAST as external forces into AQWA. AQWA undertakes time-domain analysis to solve the motion equations [31]:
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where M is the mass matrix, M is the mass of the floating body, Iij is the moment of inertia, (xG, yG, zG) is the location of the center of gravity, m is the added mass matrix. K is the matrix for hydrostatic restoring forces. X(t) is the displacement for the floating body, F(t) is the total external force matrix, accounting for both hydrodynamic and aerodynamic forces, h(t) is the velocity impulse function matrix. The velocity impulse matrix is derived from the radiation damping using Fourier transformation.



After completing the time-domain analysis in AQWA, F2A inputs the platform motion displacement, velocity, and acceleration from AQWA into FAST, after coordinating transformation, to correct the response of the wind turbine tower.




3.2. Hydrodynamic and Aerodynamic Loads


The model of the buoy and platform is created in AQWA to calculate the wave loads on both the platform and the torus-shaped buoy. Depending on the size of the structure, the characteristics of the wave load can vary significantly. For large-scale structures, the presence of the structure has a significant effect on the wave field. The diffraction and inertia load from waves are the main components. For small-scale structures, the viscous and inertial loads from the waves are the primary components. The platform of floating wind turbines is usually encompassing both types of structures.



The wind turbine model is established in FAST, and the aerodynamic loads on the wind turbine are calculated using the blade element momentum (BEM) theory [32]. BEM assumes that the blade is composed of countless independent blade elements. Based on the blade model, the lift coefficient and drag coefficient of each blade element are determined. Then, the forces on each blade element are calculated according to the inflow wind speed and inflow angle. The thrust T and torque M on each blade element can be expressed as [30]:
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where ρ is the air density, V represents the relative velocity between the blade element and the air, c is the chord length of the blade element, Cl and Cd are the lift and drag coefficients of the blade element, respectively, and φ is the inflow angle. Using the above equations, the thrust and torque of each blade element are obtained. By integrating along the blade, the total aerodynamic load acting on the entire blade is calculated, leading to the determination of the rotor thrust. It is worth noting that the aerodynamic loads are also influenced by factors like the tower’s elastic deformation and the pitch system servo control. More detailed information on these factors can be found in the FAST documentation [33].




3.3. Hydrodynamic Coefficient


In a flow field, apart from the direct interaction through connection section, there exists hydrodynamic interaction between the semi-submersible and the buoy. The consideration of multi-body hydrodynamic coupling affects the calculation of added mass and radiation damping. This paper primarily focuses on the dynamic response of buoys in the heave direction, calculating the added mass and radiation damping in the heave direction for mass-adjustable buoys under the conditions of with and without hydrodynamic interaction, as shown in Figure 5 and Figure 6.



From Figure 5, it can be observed that in both scenarios, the radiation damping decreases gradually as the wave period increases, with the overall trend being consistent. The influence of the buoy mass on radiation damping is also quite similar. As the mass decreases, radiation damping slightly increases at shorter periods. Figure 6 shows that the trends of added mass with respect to wave period and buoy mass are consistent in both scenarios. The mean error in added mass due to hydrodynamic interactions for the three buoy is 13,617 kg, 17,451 kg, and 19,603 kg, the mean error in radiation damping is 8823 Ns/m, 8381 Ns/m, and 7706 Ns/m.



Since this study need to investigate the impact of changes in buoy mass on its water entry and exit, a time-domain analysis of the system is required. However, real-time analysis of hydrodynamic interactions based on the relative motion between the platform and the buoy is extremely challenging. Considering that hydrodynamic interaction does not significantly alter the trend of hydrodynamic coefficients with respect to buoy mass and wave period, and that the errors in the added mass and radiation damping due to hydrodynamic interactions are relatively small compared to the buoy mass and the PTO damping coefficient, this study neglects the effect of hydrodynamic interactions in the time-domain analysis.




3.4. Damping Correction


The viscosity significantly affects the dynamic responses of the combined structure, but the effect of viscous damping cannot be calculated based on potential flow theory. To ensure the accuracy of WEC power calculations, it is necessary to correct the buoy’s heave motion damping for viscous effects. This paper uses empirical formulas to calculate the viscosity damping. First, the critical damping for the buoy’s heave motion is calculated as follows [31]:


   D  c r i t i c a l   = 2   (  M  33   +  m  33   )  K  33      



(5)




where M33 is the mass of the buoy, m33 is the added mass of the buoy at its natural frequency in heave motion, K33 denotes the hydrostatic stiffness in the heave direction. Based on reference [34], 8% of critical damping in the heave direction is recommended to be the viscosity damping.




3.5. PTO System


In this paper, the PTO system is modeled as a spring-damper system in AQWA, which consists of a linear spring with a stiffness coefficient KPTO and an ideal damper with a damping coefficient BPTO. The instantaneous output power of the WEC can be calculated based on the damping coefficient and the relative velocity between the buoy and the platform, as given by the following equation [18]:
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where     x ˙   r e l     is the relative velocity in heave motion between the torus-shaped buoy and the platform.



To calculate the average output power, the relative velocity between the WEC and column and damping coefficient have important roles. It can be is determined as


     P ¯    P T O   =   1 t      ∫ 0 t    B  P T O     x ˙   r e l  2   t  dt     
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where t refers to the total considered time.




3.6. Verification of the Coupled Model


3.6.1. Offshore Floating Wind Turbine Model


To verify the accuracy of the wind turbine modeling within the numerical model, the results from F2A are compared with those from OpenFAST. Given that this study focuses on a semi-submersible wind turbine, time-domain simulations are performed on the OC4-Deepcwind semi-submersible turbine model. Both methods employed the same pitch controller and identical wind fields generated by Turbsim, with average wind speeds of 11.4 m/s and turbulence of 8% [30]. The regular waves are characterized by a wave height (H) of 2 m and a period of 5 s. Figure 7 compares the rotor speed and rotor thrust computed by both OpenFAST and F2A, two parameters that significantly influence the wind turbine’s power output and platform dynamic response. It is evident that although there are slight discrepancies at the turning points between the two methods, the overall trends and amplitudes are basically consistent throughout the simulation.




3.6.2. Platform and Mooring Model


To validate the accuracy of the platform and mooring system modeling presented in this study, a steady-state analysis of the system is conducted. Detailed design parameters of a single mooring line are presented in Table 3. The coordinates of the anchors and fairleads can be found in [29].



There are six degrees of freedom rigid-body motions to the floating platform under marine conditions [35]. The natural periods of the platform across its six degrees of freedom are calculated. The results are compared with those computed by Luan et al. as displayed in Table 4 [29]. The results align closely, with the maximum discrepancy not exceeding 2%. The primary reason for this deviation might be the omission of the ballast water effects in our model, which affects an accurate representation of the mass distribution of the platform.




3.6.3. WEC Mode


In order to understand the performance of WEC in WWEC, Ren et al. conducted experimental research on the combined system of a monopile wind turbine and a torus-shaped WEC [27]. To validate the accuracy of the WEC model, this paper neglects the effect of rotor thrust on the monopile and establishes a numerical model in AQWA based on the wind–wave energy converter designed in the literature. The mean power of the WEC is calculated and then compared with the experimental results in the regular wave, as illustrated in Figure 8. The wave height of the regular waves is 2 m. The average error between the numerical model results and the experimental data is 15%. As the wave periods increase, the simulation results gradually align with the experimental data. The discrepancy might be attributed to the potential flow theory’s inability to account for fluid viscosity. The model relies on empirical formulas to introduce additional damping as a simplified representation of viscosity effects, which still presents some differences from the experimental outcomes.






4. Control Strategy of Mass-Adjustable Buoy Design


4.1. BPTO Determined


To analyze whether the optimal damping coefficient of the WEC is influenced by variations in the buoy’s draft, this study evaluated the power output of the buoy at three different drafts. The range of the damping coefficient is from 1000 kNs/m to 2500 kNs/m, with a step size of 500. Wave amplitude is 1 m, with wave periods ranging from 7 s to 13 s. A turbulent wind field with an average wind speed of 11.4 m/s and a turbulence intensity of 8% is utilized as the input for calculations. The results are presented in Figure 9.



Observations from the results for the buoy with a 2 m draft indicate that a larger damping coefficient results in better performance of the buoy under conditions of larger periods, while a smaller damping coefficient leads to better performance of the buoy under conditions of smaller periods. Different mass buoys exhibit consistent trends in power output as the damping coefficient varies. Calculating the mean power for the three buoys across the entire evaluation range reveals that the mean power rises with increasing damping coefficient, and the peak is all around 2000 kNs/m. It is posited that the optimal system damping coefficient remains unchanged while the buoy mass changes within the scope of this paper’s design. Consequently, the preliminary optimal system damping coefficient is determined to be 2000 kNs/m.




4.2. Control Strategy


Under the same wave conditions, there is little difference in the F-K force exerted by the waves on the bottom of the buoys with different drafts if the system is running properly. The difference in their power output is because a buoy with less mass moves faster, allowing more kinetic energy to be converted into electrical energy. However, having a smaller buoy mass is not always advantageous, as buoys with shallower draft are prone to demonstrate the phenomenon of water exit and water entry. Frequent occurrences of the phenomenon by the buoys can pose a threat to the stability of the system. To ensure the stability of the WWEC, restrictions need to be imposed on the WEC in extreme conditions.



Whether the buoy is out of the water surface can be determined by observing the F-K forces acting on the bottom of buoys. Taking the example of two buoys, with a wave period of 10 s. As shown in Figure 10, under the influence of regular waves with a 1 m wave amplitude, the F-K forces experienced by buoys are essentially consistent. As the wave amplitude increases, in the case of a 2 m wave amplitude, during the downward motion of the 1 m draft buoy, there are moments when the wetted surface area at the bottom significantly decreases, causing the shape of the F-K force versus time curve to undergo a transformation. There is no change for the shape of F-K force curve of the 2 m draft buoy compare to 1 m buoy. When the wave amplitude reaches 3m, there are moments when the F-K force equals zero for a 2 m draft buoy, indicating that the buoy is completely out of the water surface. If the wave amplitude continues to increase, the F-K force curve of 2 m draft buoy also undergoes a noticeable change.



When incident waves are regular waves, the output power of the buoy is the mean power of the buoy over one wave period. The power output of the two buoys is shown in Table 5. At lower wave amplitudes, the power output of the two buoys is nearly identical. As the wave amplitude increases, the 1 m draft buoy transitions from having a partially wetted surface to being out of the water surface at some moments. When the wave amplitude rises, the duration of the buoy being out of the water increases, resulting in a more significant power decrease. It can be observed that if the buoy experiences the phenomenon of being out of the water, the ability to capture wave energy will significantly decrease.



To determine the wave conditions suitable for buoys with various drafts, this paper calculates the power output of different buoys. The wave period is set from 5 s to 15 s, with wave amplitudes ranging from 1 m to 4 m, using a step increment of 1. The power output for buoys with different drafts is computed in regular waves. Due to the finite amplitude wave theory, when the wave steepness exceeds 1/7, wave breaking occurs, preventing the formation of complete waves. Thus, for waves with a period of 5 s under deep water conditions, the amplitude cannot exceed 2.7 m. Only amplitudes of 1–2 m are considered, with the results shown in Figure 11.



At lower wave amplitudes, the buoy with a 2 m draft consistently exhibits the highest power output across the entire period range. This distinction is particularly evident when the period is less than 10 s, but the performance difference between buoys is negligible under the wave with long periods. With increasing wave amplitude, there emerges a pronounced difference between the 1m draft buoy and the others.



When the amplitude reaches 2 m, the gap between the 2 m and 3 m draft buoys narrows. When the amplitude reaches 3 m, the energy absorption capability of the 3 m draft buoy surpasses that of the 2 m draft buoy. As the wave amplitude increases, buoys with a deeper draft gradually gain an advantage. Until the amplitude rises to 4 m, the buoy with a 4 m draft demonstrates superior performance in most of the period range. When the amplitude is equal to 4 m and T = 10 s, the power output of 2 m draft buoy is 17.3% lower than that of 4 m draft buoy. Even without the occurrence of the water exit phenomenon, the impact of the F-K force variation on the output power of the buoy is evident. As the period lengthens, the difference in output power between the two buoys diminishes. This is because with longer wavelengths, the wave steepness decreases, which improves the reduction in wetted surface area at the bottom of the buoy. The F-K force exerted on different buoys are basically identical. It can be observed that the main reason for the variation in the buoy with the highest power output is the change in wave amplitude, and the period change only impacts the power gap of different buoys.



The mean power of each buoy under different wave amplitude conditions throughout the entire period range is calculated as shown in Figure 12. The curves of the 2 m draft buoy and the 3 m draft buoy intersect at a wave amplitude of 2.23 m, and the curves of the 3 m draft buoy and the 4 m draft buoy intersect at a wave amplitude of 3.28 m.



This paper designs a mass adjustment strategy based on the performance of the buoy in regular waves. Considering that the wave height is equal to twice the wave amplitude, thresholds of 4.46 m and 6.56 m are set as the criteria for adjusting buoy mass. When Hs is less than 4.46 m, the draft of the buoy is adjusted to 2 m. When 4.46 m < Hs < 6.56 m, the draft is adjusted to 3 m. When Hs is greater than 6.56 m, the draft is adjusted to 4 m. However, the significant wave height is obtained by calculating the average height of large waves in short-term sea conditions, which may differ from the wave height in regular waves. The peak period of irregular waves may also have a different impact on the system’s power output compared to the period of regular waves. The effectiveness of the adjustment strategy will be further discussed in the next part.




4.3. Validation


4.3.1. Stability Analysis


The healing moments come from aerodynamic loads on the rotor, tower, and platform and make the floating wind turbine rotate with respect to an axis in the water plane area. To ensure platform stability, the criterion specified in DNV-OS-J103 [36] is utilized to check the intact stability and the damaged stability of the WWEC. The healing moment is calculated based on the aerodynamic load under the operational condition with 11.4 m/s mean wind speed. The results are shown in Figure 13.



It can be observed that compared to a normal floating wind turbine, a mass-adjustable buoy can increase the platform’s righting moment. Additionally, the smaller the mass of the buoy, the greater the platform’s righting moment. Therefore, it is only necessary to verify the stability of the floating wind turbine without buoys. As shown in Figure 13a, the righting moment curve and the righting moment curve do not have a second intersection point due to the mooring system, which ensures intact stability. As shown in Figure 13b, the stability under damage is assessed by assuming the failure of the mooring system. For column-stabilized units, the area under the righting moment curve to the angle of downflooding shall be greater than 130% of the area under the heeling moment curve to the same limiting angle [36]. The ratio of the area under the righting moment curve from 0 degrees to the second intersection to the corresponding area under the healing moment curve is 1.53, which is larger than 1.3.




4.3.2. Control Strategy Validation


To validate the feasibility of the designed, eight environmental conditions (ECs), as shown in Table 6 [37], were selected for testing. Turbulent wind fields are generated using TurbSim, and irregular waves are generated using the JONSWAP spectrum, for which the spectral peak enhancement factor γ is 3.3. EC1-6 represents normal operating conditions, while EC7 and EC8 represent extreme conditions where the average wind speed exceeds the turbine cut-out speed, resulting in the turbine ceasing operation. Under the environmental conditions of EC8, to ensure the safety of the system, the normal wave energy converter would cease operation, and the torus-shaped buoy would be submerged in water to prevent impact loads caused by the phenomenon of water exit and water entry. It is obvious that the significant wave height (Hs) in EC8 is far above 6.56 m. By evaluating the system’s performance under EC8, it can be determined whether further increasing the buoy’s mass is necessary under extreme conditions.



According to the defined ECs, the numerical model established in the previous sections is used for time-domain simulation, with a simulation duration of 4000 s. For removing startup effects, results are extracted after 1000 s. The power output of WECs under different conditions is calculated using Equation (7). The time of water exit corresponds to the time when the F-K force acting on the buoy is equal to zero.



The results are shown in Figure 14. For ECs 1–4, the 2 m draft buoy exhibited the highest mean power, while for ECs 5 and 6, the 3 m draft buoy showed the highest power output. In ECs 7 and 8, the 4 m draft buoy demonstrated the highest average power, consistent with the results obtained from the previously designed active control strategy. Comparing the time of water exit, it is observed that in conditions with low wave heights (EC1-5), the phenomenon of water exit did not occur, and there are small differences in power output among different buoys. As the wave height increased, the 2 m and 3 m draft buoys exhibited an obvious phenomenon of water exit. The time of water exit for a 2 m draft buoy reached a time of 239.9 s in EC8, and the power difference between buoys reached up to 19.3% (comparison between 2 m draft buoy and 4 m draft buoy in EC8).



Under the extreme conditions of EC8, the time of water exit for a 4 m draft buoy only reached 4.6 s. Therefore, the 4 m draft buoy is sufficient to handle most environmental conditions, and further increasing buoy mass is unnecessary. In summary, the designed mass-adjustable buoy in this paper can effectively enhance the system’s ability to capture wave energy and prevent the occurrence of water-exit phenomena that may affect system stability.



For an WWEC, the wave energy converter design should consider the influence on the floating wind turbine’s power output and dynamic response. The following analysis investigates the impact of the adjustable mass buoy on the wind turbine under both normal and extreme conditions. In normal operating conditions, the focus is on how changes in buoy mass affect wind power output. Given that the pitch and heave motions of the platform more significantly impact the wind turbine’s power output, we analyze the effects of buoy mass variation on these motions.



As illustrated in Figure 15, taking EC3 as an example, it is observed that variations in buoy mass have a minor effect on the pitch motion of the platform but a more substantial impact on the heave motion.



Subsequently, the impact of platform motion on wind power output is analyzed as shown in Figure 16. It can be observed that, due to the regulatory effects of the turbine’s pitch control and the generator’s control, the variations in the platform’s surge motion have a few impacts on the value of wind power output. Considering the importance of wind turbine power stability for grid integration of wind farms, the standard deviation of wind power output is calculated to be 485.92 kW and 484.46 kW, which are nearly identical. Therefore, the effect of buoy mass variation on wind power output can be considered negligible.



In extreme conditions, the wind turbine stops operating, the primary focus is on studying the impact of the mass-adjustable buoy on the mooring system. Conventional buoys for wind turbines are typically submerged and locked to ensure system stability. The wind–wave energy system designed in this study addresses the stability issues caused by slamming loads under extreme conditions. Further research is needed to investigate the impact of adjustable-mass buoys on the wind turbine system during operation under extreme conditions. In EC8, this study compares a conventional offshore floating wind turbine, a wind–wave energy system with the adjustable-mass buoy, and a normal wind–wave energy system that holds the buoy under the water. The dynamic responses of the wind turbine’s heave, pitch, and surge degrees of freedom are calculated. Then, the results are processed, as shown in Figure 17.



Comparing the dynamic responses in the surge and pitch directions of the wind turbine, it is evident that both the adjustable-mass buoy and the normal buoy have adverse effects on the motion of these two degrees of freedom. The average responses in the pitch motion increased by 23.9% and 14.7% compared to that of a wind turbine without a buoy, while the extreme values of the response increased by 18.9% and 8.8%. In the surge motion, the average responses increased by 20.8% and 7.5% compared to that of a wind turbine without a buoy, and the extreme values of the response increased by 51.2% and 41.1%. It can be observed that the influence caused by the mass-adjustable buoy is more significant under extreme conditions.



The power spectral density of tension in mooring 1 and mooring 2 is calculated as shown in Figure 18. It is evident that the mooring loads are divided into high- and low-frequency bands. The high-frequency band is controlled by wave loads, while the low-frequency band is dominated by wind loads. Under extreme conditions, due to the pitch control, the wind load significantly decreases, thus the mooring system load is primarily governed by wave loads. Wave loads mainly affect the platform’s heave and surge motion responses.



As illustrated in Figure 18a, it can be observed that for mooring line 1, the system with the mass-adjustable buoy experiences the least tension load. This is because mooring 1 is most affected by the platform’s heave motion, and the adjustable mass buoy can significantly reduce the platform’s heave motion. In Figure 18b, it is shown that, compared to the other two systems, mooring 2 in the system with the adjustable mass buoy experiences the highest load. This is because mooring 2 and 3 are more influenced by the platform’s surge motion. Comparing the load spectra of mooring 1 and mooring 2, it is evident that mooring 1 experience significantly more load pressure than mooring 2 and 3. Therefore, a mass-adjustable buoy can reduce the load on mooring 1 under extreme conditions, which is more beneficial for reducing survival pressure on the mooring system and maintaining system stability.






5. Conclusions


This paper proposes a novel WWEC with a mass-adjustable buoy, which effectively enhances the capability to capture wave energy. To design the mass-adjustable buoy, a coupled numerical model is established to determine the mass adjustment strategy and then validate the effectiveness and feasibility of the mass-adjustable buoy. The main conclusions are summarized as follows:




	(1)

	
The mass adjustment mechanism was designed based on the shape of the buoy and the connection between the buoy and the platform. The mechanism adjusts the buoy’s mass by varying the capacity of the ballast water.




	(2)

	
The optimal damping coefficient of the PTO system is not affected by the change in the buoy’s mass. When the damping coefficient is 2000 kNs/m, the buoy exhibits the strongest capability to absorb wave energy.




	(3)

	
A buoy with a smaller mass experiences lower kinetic energy losses, resulting in higher power output. As the wave amplitude increases, it is easier for the smaller mass buoy to move out of the water, which leads to a significant decrease in power output.




	(4)

	
Compared to normal buoys, the mass-adjustable buoy enhances power output by up to 19.3% and significantly reduces the time of water exit of the buoy, thereby mitigating the impact of slamming loads on system stability.




	(5)

	
Under extreme conditions (EC8), installing the adjustable-mass buoy can reduce the maximum heave response of the wind turbine by 43.8% and decrease the mean amplitude by 35.7%. Moreover, it can reduce survival pressure on the mooring system and maintaining system stability.









In summary, this paper proposes a design method for a novel WWEC with a mass-adjustable buoy. An adjustment strategy is proposed to achieve WWEC stability and power optimization. This design demonstrates significant development potential, which can be integrated into more studies based on the selection of different platform types and adjustments in the number of buoys. The conceptual design of the mass-adjustable buoy also has limitations. Due to the lack of experimental conditions, it is hard to further validate the design of the WWEC. The buoy structure also has some deficiencies that require further optimization; once submersed, the upper surface in water will affect the adjustment of the mass.
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Figure 1. Wave energy converter (a) simplified diagram of the connection section; (b) structure of mass adjustment. 
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Figure 2. The schematic diagram of the WWEC. 
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Figure 3. Conceptual drawings of the platform and buoy. 
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Figure 4. Flow chart of F2A. 
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Figure 5. Radiation damping of the mass-adjustable buoy (a) with hydrodynamic interaction; (b) without hydrodynamic interaction. 
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Figure 6. Added mass of the mass-adjustable buoy (a) with hydrodynamic interaction; (b) without hydrodynamic interaction. 
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Figure 7. Comparison of rotor speed and rotor thrust (a) rotor thrust; (b) rotor speed. 
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Figure 8. Comparison of mean power between numerical results and experimental data (H = 2 m). 
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Figure 9. Power output of buoys with different masses for different PTO damping coefficients (a) draft = 2 m; (b) draft = 3 m; (c) draft = 4 m; (d) mean power. 
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Figure 10. Comparison of F−K force for buoys between 1 m draft and 2 m draft. (a) Amplitude = 1 m; (b) amplitude = 2 m; (c) amplitude = 3 m; (d) amplitude = 4 m. 
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Figure 11. Comparison of power output between buoys with different draft in regular wave (a) amplitude = 1 m, (b) amplitude = 2 m, (c) amplitude = 3 m, (d) amplitude = 4 m. 
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Figure 12. Comparison of mean power between buoys in different amplitudes. 
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Figure 13. Righting moment and wind heeling moment curves (a) intact stability, (b) damaged stability. 
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Figure 14. The power output and time of water exit for different mass buoys in ECs1–8. 
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Figure 15. The impact of buoys on the dynamic response of the wind turbine in EC3 (a) pitch, (b) surge. 
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Figure 16. The output power of the wind turbine in EC3. 
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Figure 17. The mean power and time of water exit for different mass buoys in ECs1–8. 
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Figure 18. The power spectral density (PSD) of the loads on the mooring system; (a) mooring 1 (b) mooring 2. 
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Table 1. Main design parameters of the combined system.
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	Property
	Value





	Wind turbine (NREL-5MW)
	



	Rotor–nacelle assembly mass
	350 t



	Tower mass
	347.6 t



	Center of gravity
	(0.2 m, 0, 74 m)



	Platform
	



	Central column diameter (dc)
	6.5 m



	Side columns diameter (ds)
	6.5 m



	Central column height, top to SWL (hcc)
	10.0 m



	Side columns height, top to SWL (hsc)
	20.0 m



	Columns draft, SWL to bottom (hb)
	24.0 m



	Pontoon height (hph)
	6.0 m



	Pontoon width (wp)
	9.0 m



	Distance from central column to side columns (dcs)
	41.0 m



	Distance from central column center to pontoons edge (dcse)
	45.5 m



	Center of gravity
	(0, 0, −24.36 m)



	Mass
	9738 t



	Buoy
	



	Outer diameter (Dout)
	16.0 m



	Inner diameter (Din)
	8.0 m



	Buoy height (hwec)
	8.0 m










 





Table 2. Main characteristic parameters of the buoy at different draft.






Table 2. Main characteristic parameters of the buoy at different draft.





	Draft (m)
	1
	2
	3
	4





	Mass (kg)
	154,566
	309,132
	463,699
	618,265



	Ixx/Iyy (kgm2)
	5,775,860
	10,547,039
	14,545,387
	18,002,752



	Izz (kgm2)
	6,116,137
	12,232,275
	18,348,412
	24,464,550










 





Table 3. Design parameters of a single mooring line.
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	Mooring System
	Value





	Mass per unit length (in the air)
	115 kg/m



	Pretension at the fairlead
	1.7 × 106 N



	Un-stretched mooring line length
	1073 m



	Diameter of the mooring line length cross-section
	0.137 m



	Clump weight in water
	1.5 × 104 kg



	Distance from the attachment point of the clump weight to the fairlead
	240 m










 





Table 4. Natural periods of the six degrees of freedom rigid-body motions of the 5-MW-CSC.
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	Freedom
	Reflex
	AQWA
	Deviation





	Surge
	79.5 s
	77.7 s
	2.0%



	Sway
	79.5 s
	77.7 s
	2.0%



	Heave
	25.8 s
	25.7 s
	0.2%



	Pitch
	31.3 s
	31.5 s
	0.8%



	Roll
	31.3 s
	31.5 s
	0.7%



	Yaw
	58.1 s
	57.7 s
	0.6%










 





Table 5. Power output of two buoys in different wave amplitude (T = 10 s).
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	Amplitude
	1 m
	2 m
	3 m
	4 m





	1 m draft buoy
	104,100 W
	328,670 W
	473,368 W
	519,696 W



	2 m draft buoy
	106,073 W
	421,228 W
	881,052 W
	1,357,678 W










 





Table 6. Environment Conditions.
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	Case
	Hs [m]
	Tp [s]
	Uw [m/s]
	Turbulence Intension





	EC1
	2.10
	9.74
	5
	22.4%



	EC2
	2.88
	9.98
	10
	15.7%



	EC3
	3.20
	10.11
	12
	14.6%



	EC4
	3.97
	10.44
	16
	13.2%



	EC5
	4.80
	10.82
	20
	12.4%



	EC6
	5.69
	11.23
	24
	11.8%



	EC7
	9.77
	12.95
	40
	11.0%



	EC8
	13.50
	15.00
	40
	11.0%
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