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Abstract

:

The offshore wind turbine (OWT) supported by bucket foundations can be installed in the integrated transportation process by a dedicated vessel. During the integrated transportation process, the wind turbine is considered as a coupling system with the transport ship, which is easily influenced by waves and storms. In view of the motion response and influential factors, the heave and rock stiffness of the entire floating system was proposed, and then the analytical dynamic motion model of the coupling system was established based on the movement mechanism of the traditional floating body in the wave in this paper. Subsequently, the rationality of the proposed motion model was verified based on the field observation data, with the maximum deviation of the motion responses less than 14%. Further, the influence on the heave and pitch motion of the coupling system considering different factors (vessel speed, wave height, wind speed and wave angle) and the factor sensitivity were discussed by the novel analytical model. It is explained that the heave and pitch motion responses rise with the increase of the wave height and wave angle. Simultaneously, the responses decrease as the vessel speed increases considering sailing along the waves. On the contrary, the responses show an obvious increasing trend with the increase of vessel speed in the case of the top wave sailing. In addition, it is also illustrated that the wave height has the greatest influence on the heave and pitch motion responses, followed by the vessel speed. The wave angle has the lowest sensitivity when the heave and pitch motion are far away from its harmonic resonance region.
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1. Introduction


Offshore wind energy has become the focus of renewable energy development due to its enormous energy potential, high wind speed, low turbulence and no occupation of cultivated land. In 2018, the global installed capacity of offshore wind power was 4.5 GW, and the cumulative installed capacity has reached 23.1 GW. Simultaneously, the cumulative installed capacity of offshore wind power in China has reached 4.6 GW by the end of 2018 and accounts for 20% of the global offshore wind power market, which shows a good development trend [1].



However, the transportation and installation costs of offshore wind turbines (OWT) are almost up to twice than the cost of onshore wind turbines, which restricts the development of the offshore wind industry. As shown in Figure 1a,b, the offshore wind power installation is mainly divided into the split installation and overall installation [2]. The split installation always needs long construction time offshore and special installation equipment with a higher cost and lower efficiency, which is susceptible to environmental conditions such as wind and waves during the installation. Even a small wag of the conventional crane vessel may lead to an obvious deviation at the nacelle height [3]. At present, the vast majority of overall installation is achieved by a separate installation process including the upper structure (blades, nacelle and tower) and the foundation. Specially, the complex overall installation process is sensitive to weather conditions with a high risk and is not suitable for long-distance transportation. In order to achieve high efficiency and low-cost development of offshore wind power, Lian et al. proposed a novel bucket foundation structure with the advantages of high load capacity [4], self-floating ability [5] and low costs. Additionally, as a good alternative for the conventional transportation and installation of OWTs, one step installation technique of the proposed bucket foundation structure, which includes the onshore prefabrication of foundation, onshore installation and debugging of wind turbine, integrated transportation and installation of the whole wind turbine [6], has been applied in the actual offshore wind farm, as shown in Figure 1c. Although these novel bucket foundations are a rather small proportion of the installed OWTs, it is worth promoting. After this technique is industrialized, the cost will be around 30% lower than that of existing relevant technique, which will make this novel foundation widely applied in OWTs [7]. The purpose of this paper is to investigate the motion behaviors and influential factors of the integrated transportation process, which can provide guidance for further research on the integrated transportation of OWTs supported by these novel bucket foundations.



At present, one of the major challenges of one step installation technology is the integrated transportation of overall OWT on the novel bucket foundation, including the blades, nacelle, tower and foundation. During the transportation process, the coupling system, which combines the wind turbine with the vessel, is susceptible to the external environmental loads because the former structure is considered as an air-floating structure, and the dedicated vessel belongs to the actual floating structure. Considering the wind turbine as a high-rise structure, the dynamic response of the nacelle is often intense which affects the safety and stability of the coupling structural system during the transportation. Therefore, it is of great significance to study the dynamic characteristics of the coupling system of the wind turbine on the novel bucket foundation and the vessel during the integrated transportation process. Moreover, there remains a need to investigate influential factors of safety for the integrated transportation. Since the one step installation method of OWTs was proposed, Zhang and Ding [8] established a numerical model of suction bucket foundation to study the hydrodynamic characteristics of foundations in the towing process. The results show that the subdivision of the bucket can contribute to the stability of foundation. The hydrodynamic responses of the large floater with aircushions depend not only on the wave conditions, but also on the mass of the water column, air cushion height, and air pressure distribution [9]. Subsequently, the numerical model of the whole system was established by the hydrodynamic software MOSES and the influence of the draft and aircushions on the dynamic characteristics of the system was studied. It is concluded that a smaller draft and a greater air cushion in the foundation are beneficial to a safe transportation process [10]. Afterwards, Zhang et al. also conducted a series of field experiments to study the effects of air pressure inside the bucket foundation and ballasts in the vessel on the stability of transportation [3]. The results show that the vessel is quite stable during wet tows. However, a larger draft and smaller air pressure makes the vessel less stable. In addition, the ballast in the vessel may have little effect on the stability. Huang also used the software MOSES to simulate the transport vessel carrying two novel bucket foundations together with the upper offshore wind turbines and analyzed the influence factors of motion response [11]. The results of simulations show that wave height has a great impact on the integrated transportation.



Generally speaking, most of the previous studies were completed based on numerical simulations and were lack of theoretical analyses and field measurement data obtained from the transportation process. In this paper, an analytical motion model of the coupling system, which combined the overall OWT on the novel bucket foundation with vessel during the transportation process, was established by both the theoretical derivation method and field measurement data analysis. Then, the effect and the sensitivity of various factors (vessel speed, wave height, wind speed and wave angle) on heave and pitch motion of the system were further studied based on the proposed model. Firstly, the field measurement of integrated transportation process is introduced in Section 2. Secondly, the heave and rock stiffness of the coupling system are theoretically derived, and the additional water correction coefficient of heave and rock is solved according to the field observation data in Section 3. Then, the rationality of the established motion equation of the system is verified based on the observation data. Thirdly, the influences of factors on the motion of the whole system are analyzed by the established analytical motion model in Section 4. Finally, the sensitivity of each factor (vessel speed, wave height, and wave angle) on the heave and pitch motion of the entire system is studied in Section 5.




2. Prototype Observation of the Integrated Transportation


2.1. The Dedicated Transportation Vessel


The dedicated transportation vessel for the suction bucket foundation is a special supporting ship in one step transportation of the OWT, which is mainly used for the integrated transportation of nacelle, blades, tower and foundation based on the structural self-floating ability, as shown in Figure 1c. The vessel is a box-shaped structure, and the bow and the stern are provided with a semi-circular recess for accommodating the bucket foundation of the wind turbine. The novel bucket foundation consists of a steel bucket with 30.0 m diameter and 12 m height, pre-stressed concrete transition part with 20 m height, which is about 2700 t in the total weight. During this measured transportation, only one OWT supported by suction bucket foundation was carried. The main design parameters of the vessel and wind turbine are shown in Table 1.




2.2. Arrangement of the Field Measurement


The destination of this measured transportation process is one offshore wind farm which is 10 km off the coast of the Yellow Sea in China, with the water depth of 8–12m. The transport route and the installation location are shown in Figure 2. In order to monitor the motion of the vessel and the wind turbine during the transportation, six three-directional displacement sensors with the lowest frequency of 0.1 Hz in each measured station were used to acquire the low-frequency and multi-directional dynamic signals of the coupling structural system at the sampling frequency of 300 Hz. The observation points and sensors are illustrated in Figure 3.



Specially, the measured point D6 was arranged on the vessel compared with the others D1–D5 located on the OWT. Additionally, the X (left and right chord direction of the vessel) and Z (the longitudinal chord direction of the vessel) directions are horizontal and Y (vertical ground direction) direction is vertical. The Y-direction motion displacement represents the heave displacement of the system. X-direction and Z-direction motion displacement can be approximated to indicate the change in the roll angle and pitch angle of the entire system, respectively. From 8th June to 10th June in 2017, the variables such as vessel speed, wave height, and wind speed were recorded every half hour. In Figure 4, data of vessel speed, wave height, and wind speed for nearly 30 hours during the transportation is given. The vessel speed varied between 0 and 6 knots. At the same time, the wave height varied between 0.1 m and 0.6 m, while the wind speed ranged from 0 to 11 m/s.





3. Motion Model of the Coupling System Considering Regular Wave Effect


3.1. Elastic Stiffness of the Coupling System


3.1.1. Heave Elastic Stiffness


The displacement of the entire system in six degrees of freedom (surge, sway, heave, roll, pitch and yaw) can be expressed as xj,(j=1,2,3,4,5,6), respectively. Due to the absence of external constraints, only the heave, roll and pitch may lead to the volume change of the air cushion inside the suction bucket foundation among the motion of six degrees of freedom in the whole floating structure system. Therefore, the coupling system can generate resistance in these three degrees of freedom, and the stiffness matrix can be obtained as:


K=[k33k34k35k43k44k45k53k54k55],



(1)




where, kij is the stiffness coefficient of restoring force.



During the transportation process, the pre-installed pressure sensor was used to monitor the force between the vessel and foundation, and the measured results are shown in Figure 5.



As described in Figure 5, the bonding force between the vessel and foundation always keeps at least 4800 kN with the fluctuation of force less than 300 kN to ensure the tight coupling between the vessel and foundation during the whole transportation process. Thus, the heave elastic stiffness of the coupling floating system can be considered as a whole, as shown in Figure 6. It can also be explained that the spring stiffness of air cushion inside the bucket foundation is the series coupling of the water spring and the air spring, and the heave elastic stiffness of the whole system is equivalent to the parallel coupling of heave stiffness of both the whole wind turbine and the vessel. The stiffness of water spring in bucket foundation can be calculated by the product of the water gravity and the area of waterline surface. The air spring stiffness of the air cushion ka can be expressed as the following [12]:


ka=Aadpdha=paAaha,



(2)




where, Aa is the area of air cushion, pa is the air pressure inside foundation, and ha is the air column height inside foundation.



Hence, the heave elastic stiffness of the coupling system kz can be expressed as:


kz=kc+ks+kw⋅kakw+ka=k33,



(3)




where, kc is heave elastic stiffness of the vessel, ks is the water spring stiffness of foundation,ks=γw⋅As, γw is the unit weight of sea water, kw is the water spring stiffness of air cushion, kw=γw⋅Aa, k33 is the stiffness coefficient in heave.



Compared with the whole coupling system, the skirt thickness of the bucket foundation is so small that the water spring stiffness of the foundation can be negligible. Equation (3) may be simplified as:


kz=kc+kw⋅kakw+ka=k33.



(4)







During the transportation process, only the air spring stiffness ka will change as the air pressure inside the bucket foundation changes. When the stiffness of the air spring increases, the heave elastic stiffness of the system increases based on Equation (4).



Further, the seal height of the seven rooms inside the bucket foundation during one transportation period is analyzed and described in Figure 7. The seal height can keep steady for the whole duration of the transport by adjusting the air pressure of each subdivision of foundation.



As shown in Figure 7, it can be considered that the air pressure inside the bucket foundation stays constant because the internal liquid seal height always retains more than 2.6 m with the liquid level fluctuation of each room inside the foundation retaining less than 20 cm during the transportation process. Consequently, if the air pressure inside the foundation and the air column height inside the foundation do not change, the corresponding air spring stiffness of the air cushion and the heave elastic stiffness of the system will both remain stable according to Equation (4).




3.1.2. Rock Elastic Stiffness


When the seal height of the rooms inside the bucket foundation remains constant, it can also be considered that the rocking stiffness of the coupling system will not obviously change during the transportation process. When the coupling system is tilted θ around the Y axis, its rocking schematic is shown in Figure 8.



Rolling inertia moment of the suction bucket foundation is expressed as [12]:


Iy1=2∫DinDout∫02πr3cos2φtanθdrdφ+2∫D0Din∫02πr3cos2φtanθdrdφ⋅kai.



(5)







Similarly, the pitching moment of inertia is expressed as:


Ix1=2∫DinDout∫02πr3sin2φtanθdrdφ+2∫D0Din∫02πr3sin2φtanθdrdφ⋅kai+M(y12+z12),



(6)




where, kai is the air-floating reduction factor, M is the mass quality of bucket foundation with the upper wind turbine, and y1,z1 are the gravity center coordinate of the wind turbine with bucket foundation in the entire motion coordinate system.



Since the skirt thickness of the bucket foundation can be negligible, Equations (5) and (6) can be rewritten as:


Iy1=2∫D0Din∫02πr3cos2φtanθdrdφ⋅kai,



(7)






Ix1=2∫D0Din∫02πr3sin2φtanθdrdφ⋅kai+M(y12+z12).



(8)







Consequently, the transverse stability arm ρy and longitudinal stability arm ρx of the entire system can be given as:


ρy=(Iy1+Iy2)/∇,



(9)






ρx=(Ix1+Ix2)/∇,



(10)




where, Iy1 is the rolling inertia moment of the bucket foundation, Iy2 is the rolling inertia moment of the vessel, Ix1 is the pitching inertia moment of the bucket foundation, Ix2 is the pitching inertia moment of the vessel, and ∇ is the volume.



The transverse metacentric height hy and longitudinal metacentric height hx can be obtained as:


hy=ρy−(zG−zF),



(11)






hx=ρx−(zG−zF),



(12)




where, zG,zF are the Z-direction coordinates of the gravity center and the floating center of the system, respectively.



Consequently, the stiffness associated with the rocking motion of the coupling system can be obtained as:


k44=ρg∇hy,



(13)






k55=ρg∇hx,



(14)






k34=k43=kc⋅xc+ks⋅xs+kw⋅kakw+ka⋅xa ,



(15)






k35=k53=kc⋅yc+ks⋅ys+kw⋅kakw+ka⋅ya ,



(16)






k45=k54=kc⋅xcyc+ks⋅xsys+kw⋅kakw+ka⋅xa ya ,



(17)




where, ρ is the density of sea water, xc,yc are the center coordinates of the waterline surface of the vessel, xs,ys are the center coordinates of the waterline surface of the foundation, and xa,ya are the center coordinates of the waterline surface of the air cushion inside the bucket foundation, kij are the stiffness coefficient.





3.2. Additional Water Correction Coefficient of the Coupling Floating System


The additional water correction coefficient is essential to theoretically derive the motion equation of the floating system. It can be defined as the ratio of the total mass (including the mass of the water driven by the floating body) to the mass of the floating body during the movement of the system. Additionally, the additional water correction coefficient is influenced by the shape of the floating structure, air pressure inside the bucket foundation, and the draft. In view of the fact that the entire floating system can be regarded as a coupling system composed of an air-floating structure and a real floating body structure, the theoretical analysis and derivation on the additional water correction coefficient of the entire structure are complicated and difficult. Therefore, the additional water correction coefficient of the entire system can be derived from the frequency domain analysis of the field observation data in combination with the empirical formula.



3.2.1. Additional Water Correction Coefficient for Heaving


Taking the measured point D6 on the vessel as an example, the typical measured heave displacement and its power spectral density of the coupling system during the transportation are respectively described in Figure 9 and Figure 10. According to wave frequency encountered in the offshore wind farm and engineering empirical formula for heave natural period of vessel [13], it can be concluded from Figure 9 and Figure 10 that the natural frequency of the heave motion in the entire system during this period is about 0.16 Hz, and the encounter frequency of wave is likely to be 0.09 Hz.



The total mass of the heave motion in the entire system Msw includes the mass of the system ms and the mass of the water driven by the system mw. It can be defined as:


Msw=ms+mw=amz⋅ms,



(18)




where, amz is the additional water correction coefficient for heave motion.



According to the kinetic principle, the period of the heave motion of the entire system Tz can be expressed as:


Tz=2πMswkz,



(19)




where, Tz is the natural period of heave motion, which can be obtained from field measured data, and kz is the heave elastic stiffness of the entire system.



Hence, the additional water correction coefficient for heave motion can be obtained by combining Equations (18) and (19):


amz=kz4π2fz2ms.



(20)







The additional water correction coefficient of heave motion in the entire system is calculated to be 1.41 based on Equation (20). If the water mass enclosed by the bottom of the bucket foundation is included, the additional water correction coefficient of the heave motion will be 1.29.




3.2.2. Additional Water Correction Coefficient for Rocking


Although the angular change of the system was not measured, the left and right chord (X-direction) motion displacement of the vessel (measured point D6) can be approximated to indicate the change in the roll angle of the entire system. A typical time history and spectrum diagram of the X-direction motion displacement at the measured point D6 are shown in Figure 11 and Figure 12.



Empirical formula for estimating the natural period of roll in engineering can be written as [13]:


T=0.58B2+4zg2h,



(21)




where, T is the rolling natural period, B is the hull width, and 2zg is the hull height.



Based on Equation (21), the roll period can be calculated as 5.656 s and the corresponding frequency is 0.177 Hz. Thus, it can be concluded from Figure 12 that the rolling natural frequency of the entire system is 0.17 Hz, and the encounter frequency of wave may be 0.11 Hz.



The total mass inertia moment of the rolling motion of the entire system Imy includes the mass inertia moment of the system Imsy and the mass inertia moment of the water driven by the system Imwy. It can be defined as:


Imy=Imsy+Imwy=amy⋅Imsy,



(22)




where, amy is the additional water correction coefficient of rolling motion.



If the influence of water damping on the roll of the entire system is neglected, the natural period of the rolling motion Ty can be obtained as:


Ty=2πImyky,



(23)




where, Ty is the natural period of roll, which can be obtained from field measured data, and ky is the roll elastic stiffness of the entire system.



The additional water correction coefficient for rolling motion can be obtained by combining Equations (22) and (23):


amy=ky4π2fy2Imsy.



(24)







The additional water correction coefficient of rolling motion in the entire system is calculated by Equation (24) to be 1.30. If the water mass enclosed by the bottom of the bucket foundation is included, the additional water correction coefficient of the rolling motion will be 1.27. In the same way, this method can also be used to obtain the additional water correction coefficient of pitching motion in the entire system.





3.3. The Motion Equation of the Coupling System during the Integrated Transportation Process


The displacement of the entire system in six degrees of freedom is expressed as xj,(j=1,2,3,4,5,6). The forces considered in the analysis include the following:




	
Inertia force. Considering the influence of the additional water correction coefficient of the system, the inertial force at the i-th degree of freedom can be expressed as:


FIi=∑j=16aijmijx¨j (i=1,2,3,4,5,6),



(25)




where, aij is the additional water correction coefficient, and mij is the mass inertial force coefficient of the system.



	
Damping force. It is generally considered to be proportional to the speed and can be expressed as:


FRi=−∑j=16nijx˙j (i=1,2,3,4,5,6),



(26)




where, nij is generalized damping coefficient.



	
Resilience. Considering the influence of air cushion inside the bucket foundation, its restoring force can be written as:


FSi=−∑j=16kijxj (i=1,2,3,4,5,6),



(27)




where, kij is the stiffness coefficient of restoring force.



	
Wave disturbance force. The wave disturbance force during the transportation process is related to the amplitude of the incident wave ξA. The whole system can be simplified into a box-shaped floating body with a rectangular cross-section to calculate the wave force and moment. Thus, the wave force of the entire system can be obtained as:


FEi=Re[ξAEieiωet] (i=1,2,3,4,5,6),



(28)




where, Ei is the disturbance force generated by the unit incident wave, which is influenced by wavelength, wave direction, vessel shape and speed, and can be calculated by the slice method, and ωe is the wave encounter frequency.



	
Wind load. Due to the high height of the structure, the wind effect on the entire system should be considered during the transportation process. The wind load and wind moments of the coupling system are:


Fwi=12ρaAivi2CwiαR (i=1,2,3),



(29)






Fwi=12ρaAivi2CwiαRh (i=4,5,6),



(30)




where, ρa is the air density, Ai is the surface area of wind load, vi is the instantaneous wind speed, which can be simulated by the Davenport spectral model, Cwi is the wind pressure coefficient, αR is the wind chord angle, and h is the arm of wind moments.








By establishing the equilibrium equation between the above forces, the motion equation of the entire system at the i-th degree of freedom is:


FIi=FRi+FSi+FEi+Fwi, or ∑j=16[aijmijx¨j+nijx˙j+kijxj]=FEi+Fwi



(31)







Then, Equation (31) can also be rewritten in matrix form as:


(aM)X¨+NX˙+KX=FE+Fw .



(32)







In this paper, the heave and pitch motion of the whole system will mainly be analyzed with the assumption that only the wave damping of the heave motion N′ is considered. Hence, the wave damping coefficient and the wave force (moment) can be expressed as [14]:


N′=ρg2A¯H2ω3,



(33)






FE3=f3e−iωet=f3recosωet+f3imsinωet,



(34)






FE5=f5e−iωet=f5recosωet+f5imsinωet.



(35)




where,


f3re=A(2ρg∫le−kT*ywcoskxdx−ω∫l(N−Vdmdx)e−kT*sinkxdx−ω2∫lme−kT*coskxdx),



(36)






f3im=A(2ρg∫le−kT*ywsinkxdx+ω∫l(N−Vdmdx)e−kT*coskxdx−ω2∫lme−kT*sinkxdx),



(37)






f5re=A(−2ρg∫le−kT*ywxcoskxdx+ω∫l(N−Vdmdx)e−kT*xsinkxdx+ω2∫lme−kT*xcoskxdx),



(38)






f5im=A(−2ρg∫le−kT*ywxsinkxdx−ω∫l(N−Vdmdx)e−kT*xcoskxdx+ω2∫lme−kT*xsinkxdx),



(39)




where, AH¯ is the wave amplitude ratio, ω is the wave frequency, k is the wave number, N is the damping coefficient, V is the vessel speed, A is the amplitude, yw is the half width of water line, and T* is the average draft of the profile.



From the previous analysis, it can be seen that the correction factors of the coupling system depend on the sea state and type of the vessel. The analytical motion model was derived based on regular waves and was suitable for shallow water area with small wave height.




3.4. Verification of Analytical Motion Model Considering Regular Wave Effect


In order to verify the rationality and applicability on the theoretical analysis of the motion in the coupling floating system, the heave and pitch motion response of the system under six conditions (listed in Table 2) were calculated and solved in the time domain using the Newmark method based on Equation (31). Further, the comparisons between the theoretical responses and the measured data obtained from the transportation period were also completed and discussed in Figure 13, Table 3 and Table 4 in time and frequency domains, respectively.



As shown in Figure 13, the responses obtained by the two methods are similar in both time and frequency domains. It can be found that the maximum deviation of the response amplitude was about 13.03%, while the frequency deviation is controlled at 16.38%, as listed in Table 3 and Table 4. Moreover, it can be found in Table 3 that the minimum deviation of the response amplitude and the root mean square (RMS) can reach 0.29%, 0.47%, respectively. It can be observed in Table 4 that the minimum frequency deviation under the six conditions is 3.67%. The deviation varies greatly under different conditions. The average deviation of response amplitude and RMS is 5.21%, 6.08%, respectively, while the average deviation in the frequency domain is 10.05%. Therefore, it was verified that the established analytical model has good rationality based on these results. However, there are still some deviations between the analytical results and the measured data due to the irregularity of the wave, the deviation of the wave angle and the nonlinearity of the air cushion inside the foundation. It is worth noting that the average deviation in the frequency domain is larger than that in the time domain. The possible reason for this difference is attributed to the irregularity of the wave. To be specific, the analytical motion model was derived based on regular waves, while the waves encountered during the integrated transportation are usually irregular.





4. Factor Influence on the Motion of the Whole Transport System


The floating analysis during the integrated transportation process is a complex research on the coupling motion combined the vessel with the wind turbine including blades, tower and foundation. Since the entire system is susceptible to wind and wave loads due to the complicated external conditions, it is necessary to analyze the influence of the main factors (including vessel speed, wave height, wind speed, wave angle, etc.) on the motion responses of the entire system during the transportation process. Hence, the established analytical motion model in Section 3 can be used to analyze the influence of various factors on the heave and pitch motion in the entire floating system.



4.1. Vessel Speed Influence


The frequency of the wave disturbing the vessel is always defined as the encounter frequency. When the vessel is sailing at speed V under the regular wave at a wave angle of β, the encounter frequency is:


ωe=ω−kVcosβ,



(40)




where, ω is the wave frequency, and k is the wave number.



Based on Equation (40), it can be obtained that the vessel speed affects the motion response by the wave encounter frequency.



Afterwards, the heave and pitch motion responses of the system at different vessel speeds, along with the other factors shown in Table 5, are analyzed. Figure 14 shows the time histories and the main period values Tm of heave and pitch motion in the entire system at different vessel speeds, respectively. In addition, the amplitudes of the heave and pitch motion responses change as functions of vessel speed, as shown in Figure 15.



It is worth mentioning that the dedicated vessel speed in the transportation process varies from a low speed range from 0–6 knots. In the case of sailing along the waves, it can be seen that the response period rises with the increase of the vessel speed, as described in Figure 14. It is because that the encounter frequency of wave will change as the vessel speed increases. Additionally, the amplitudes of the heave and pitch response in the entire system decrease with the increase of the vessel speed. The displacement responses at low speed are larger than those at high speed, as shown in Figure 15. Quantitatively, in Figure 15, the displacement response amplitudes of the heave and the pitch reach the maximum values of 10.7 mm and 7.3×10−4 rad, respectively, when the vessel speed is zero. When the vessel speed is 6 knots, the amplitudes of the heave and pitch response are 5.6 mm and 4.6×10−4 rad, respectively.



The heave and pitch motion responses of the system at different vessel speeds need to be reanalyzed, when the wave angle is 180° (top wave sailing). The time histories of heave and pitch motion in the entire system at different vessel speeds, and the main period values Tm at different speeds are shown in Figure 16. In addition, Figure 17 shows the amplitudes of the heave and pitch motion responses as functions of vessel speed.



In the case of the top wave sailing, the response period decreases with the increase of the vessel speed, as shown in Figure 16, because the encounter frequency of wave changes as mentioned above. As described in Figure 17, within the range of the vessel speed, the amplitudes of the heave and pitch motion responses in the entire system rise with the increase of the vessel speed, and the displacement responses at high speeds are larger than those at low speeds. Since the wave encounter period at high speed is close to the heave and pitch natural period of the whole system, the response amplitudes of the heave and pitch increase rapidly when the vessel speed is approaching 5 knots and 6 knots, respectively, due to the harmonic resonance motion. The maximum amplitude of the heave is 129.8 mm, while that of the pitch is 0.011 rad, as shown in Figure 17. Thus, the vessel speed and the wave angle should be adjusted reasonably according to the wave parameters in order to avoid the occurrence of resonance phenomenon during the transportation process.




4.2. Wave Height Influence


Generally speaking, the entire floating system always receives energy from the waves constantly and results in the heave and pitch motion. Then, the heave and pitch motion response of the system at different wave heights (refer to the wave height in Section 2.2) are analyzed and the corresponding time histories are also described in Figure 18 with the values of other factors listed in Table 6.



It can be seen in Figure 18 that the heave and pitch motion responses increase as the wave height increases, and the response period is not affected by wave height. In addition, the change of the wave angle does not have a significant influence on the conclusions obtained above, which is different from the vessel speed. Therefore, the integrated transportation should be carried in a good sea condition with a small wave height.




4.3. Wind Speed Influence


The heave and pitch motion response of the entire system at different wind speeds are studied and the amplitudes of the heave and pitch motion responses as functions of wind speed are shown in Figure 19, with the other factors listed in Table 7. It is shown that the heave and pitch motion responses have an obvious increasing trend as the wind speed rises. However, the wind speed has less influence on the response of the entire system compared with the vessel speed and wave height. Quantitatively, when the wind speed increases from 1 m/s to 12 m/s, the response amplitude of the heave is only increased by 0.12%, while the amplitude of the pitch is 5.14%. Furthermore, one can conclude that the pitch motion is more sensitive to the wind speed than the heave motion. Actually, there is a correlation between wind speed and wave height that when the wind speed is high, the wave height is usually large. Thus, the high wind speed conditions are often not suitable for the integrated transportation.




4.4. Wave Angle Influence


The heave and pitch motion response of the entire system at different wave angle are also analyzed and the other factors are listed in Table 8. Figure 20 shows the time history of heave and pitch motion in the entire system at different wave angles, respectively, and the main period values Tm at different wave angles are also provided. Additionally, the amplitude of the heave and pitch motion response are shown as functions of wave angle in Figure 21.



Figure 20 also shows that the response period decreases with the increase of the wave angle due to the change of wave encounter frequency. Additionally, it is also found in Figure 21 that the amplitude of the heave and pitch motion responses in the entire system will rise with the increase of the wave angle. When the wave angle increases from 0° to 180°, the amplitude of the heave displacement increases from 8.02 mm to 16.94 mm, while the amplitude of the pitch increases from 5.94×10−4 rad to 10.77×10−4 rad.





5. Factor Sensitivity Analysis


Based on the previous analysis in Section 4, since different factors have different effects on the heave and pitch motion response, it is necessary to normalize the influencing factors to study the sensitivity of the factors. The abscissa of the influencing factor (wave height, wind speed and wave angle) graphs is divided by its maximum value and the ordinate is divided by the minimum value for normalization, as shown in Figure 22. It can be seen in Figure 22 that the influence of the factors on the pitch motion response is consistent with the influence on the heave motion response, and it is easy to find that the motion response is least sensitive to wind speed. The wave height has the greatest influence on the heave and pitch motion responses.



In this section, the gray relational analysis (GRA) method [15] can be used to analyze the sensitivity of the heave response to other factors, including vessel speed V, wave height H, and wave angle β, to find out the important factors affecting the motion response.



5.1. Grey Relational Analysis (GRA)


GRA is part of grey system theory, which is suitable for solving problems with complicated interrelationships between multiple factors and variables [16]. The main procedure of the proposed GRA is presented below [17]:




	
Reference sequence definition








The influence factors of the heave response are defined as the subsequence X:


X=[X1X2⋮Xm]=[x1(1)x1(2)⋯x1(n)x2(1)x2(2)⋯x2(n)⋮⋮⋮⋮xm(1)xm(2)⋯xm(n)].



(41)







Then, it defines the RMS of the heave displacement response under the conditions of subsequence factors as the parent sequence Y:


Y=[Y1Y2⋮Ym]=[y1(1)y1(2)⋯y1(n)y2(1)y2(2)⋯y2(n)⋮⋮⋮⋮ym(1)ym(2)⋯ym(n)],



(42)








	2.

	
Range change of sequence









Since the units vary for different factors, it is necessary to process each factor data to eliminate the influence of the units of each factor on the parent sequence and the subsequence. The method of range change will be used to process by the following equations in this paper:


xi′(j)=xi(j)−min(xi(j))max(xi(j))−min(xi(j)),



(43)






yi′(j)=yi(j)−min(yi(j))max(yi(j))−min(yi(j)).



(44)







If the subsequence and the parent sequence are negatively correlated, Equation (44) should be rewritten as:


yi′(j)=max(yi(j))−yi(j)max(yi(j))−min(yi(j)).



(45)







Subsequently, the following changes are made in the processed sequences to obtain a new difference sequence matrix Δ:


Δij=|xij′−yij′|.



(46)







Then take the maximum Δmax and minimum values Δmin of the new difference sequence for analysis.




	3.

	
Grey relational coefficient and grade calculation









The grey relational coefficient can be calculated by Equation (47):


lij=Δmin+δΔmaxΔij+δΔmax,



(47)




where, δ is the distinguishing coefficient, δ∈(0,1). In this paper, the distinguishing coefficient is set as 0.5, according to the principle of minimum information.



The grey relational grade represents the level of correlation between the reference sequence and the comparability sequence. It varies within the interval [0,1], and the closer the grade is to unity, the more sensitive the parent sequence is to the subsequence; on the contrary, the closer the grade is to zero, the less sensitive it is. The grey relational grade can be obtained by Equation (48):


gi=1n∑j=1nlij.



(48)








5.2. Results of Sensitivity Analysis


It is assumed that the heave and pitch motion in the entire system are far away from their harmonic resonance regions, and the wave period remains constant at 9.05 s. Since it is quite different in the case of the top wave sailing and sailing along the waves, the sensitivity analysis using the established analytical model can be divided into two cases. The sensitivity analysis on the case of sailing along the waves will be firstly discussed based on the definition that the change of factors (vessel speed V, wave height H, wave angle β) is selected as the reference matrix X, while the RMS of heave displacement is selected as the comparability matrix Y.


X=[VHβ]=[23450.30.40.50.60102030]










Y=[8.01566.47766.43925.96928.015610.687513.359416.03138.01568.05988.18928.3937].











The two matrices above are subjected to dimensionless processing by Equations (43)–(45), and the relational coefficient matrix L can be obtained by Equation (47):


L=[10.33330.66861111110.49140.50191].











Then, the grey relational grade can be calculated using Equation (48):


g=[0.7505,1,0.7483]T.











Therefore, it can be concluded that in the case of sailing along the waves, the sensitivity of the influencing factors is ranked as: H>V>β.



In the case of the top wave sailing, the reference matrix X and the comparability matrix Y can be given as:


X=[VHβ]=[22.533.50.30.40.50.6150160170180],










Y=[16.934319.895923.969030.022616.934322.577628.220933.864315.916116.459316.778016.9343].











The relational coefficient matrix L is then obtained as:


L=[10.48320.43651111110.33330.35751].











The grey relational grade can be obtained by Equation (48) as:


g=[0.7299,1,0.6727]T.











Therefore, it can be concluded that in the case of the top wave sailing, the sensitivity of the influencing factors is still ranked as: H>V>β.



Subsequently, the sensitivity of the vessel speed V and wave height H will be discussed based on the field observation data. It can be approximated as the wave angle and the wave frequency remaining unchanged in the analysis. The reference matrix X and the comparability matrix Y are written as:


X=[VH]=[0.82.23.50.20.30.4],










Y=[9.6188.7055.8628.5509.53312.732].











Then, the relational coefficient matrix and the grey relational grade are obtained as:


L=[10.3333110.34201]










g=[0.5833,0.5855]T.











Thus, the sensitivity of these two influencing factors is ranked as: H>V for the RMS of the heave displacement, which is consistent with the results of the sensitivity analysis of the established analytical motion model.



As a summary, when the heave and pitch motion of the entire system are far away from their harmonic resonance regions, the wave height has the greatest influence on the heave and pitch motion response of the floating system, followed by the vessel speed, and the wave angle is the lowest sensitivity in addition to wind speed. Therefore, the sea conditions with small wave heights should be selected for the integrated transportation process (one step transportation) of OWTs supported by bucket foundations.





6. Conclusions


In this paper, the heave and rocking stiffness of the floating system were derived considering the influence of the air cushion inside the bucket foundation of OWTs based on the movement mechanism of the traditional floating body in the wave in order to study the motion responses of the entire coupling system during the integrated transportation process. Subsequently, the influence of various factors including the vessel speed, wave height, wind speed, wave angle on the heave and pitch motion responses of the entire system were also analyzed by the established analytical model. The analytical motion model was derived based on regular waves and was suitable for shallow water area with small wave height. Based on the results and discussions presented, the key conclusions can be obtained as the following:




	(1)

	
The proposed analytical model and motion equations were verified to have a good rationality compared with the measured data obtained from one field measurement on the integrated transportation process of the entire OWT structure. The average deviation of the response amplitude and RMS between measurements and analysis results are 5.21% and 6.08%.




	(2)

	
In the case of sailing along the waves, the amplitudes of the heave and pitch motion responses of the entire system decrease as the vessel speed increases, while the response period increases. On the contrary, in the case of the top wave sailing, the amplitudes of the heave and pitch responses have obvious increasing tends with the increase of the vessel speed, while the response period decreases. In addition, there is a risk of harmonic resonance motion in the entire system at high vessel speeds. Therefore, the vessel speed should be reasonably controlled, and the vessel should consider sailing along the waves, to avoid the occurrence of the harmonic resonance phenomenon.




	(3)

	
The analytical motion model was derived based on regular waves and was suitable for shallow water area with small wave height. As the wave height increases, the amplitudes of the pitch and heave response of the entire system also increase. Although the heave and pitch motion responses increase with the increase of wind speed, the wind speed has less influence on the response of the entire system than other factors such as vessel speed and wave height. Moreover, with the increase of the wave angle, the heave and pitch motion response also shows an increasing trend, while the response period decreases. Therefore, the sea condition with smaller wave height is suitable for the integrated transportation.




	(4)

	
The sensitivity of the main factors (vessel speed V, wave height H, and wave angle β) affecting the heave and pitch motion responses was discussed by gray relational analysis method. The results show that the wave height has the greatest influence on the motion, and the sensitivity of each factor is ranked as: wave height > vessel speed > wave angle.
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Figure 1. Offshore wind turbine (OWT) installation: (a) split installation; (b) overall installation; (c) one step installation. 
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Figure 2. Transport route and installation location of the wind turbine. 
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Figure 3. Arrangement of the measured points: (a) side view; (b) front view. 
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Figure 4. Data of vessel speed, wave height, and wind speed during the transportation. 
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Figure 5. Force between vessel and foundation. 
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Figure 6. Schematic diagram of heave elastic stiffness. 
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Figure 7. Seal height of the seven rooms inside the bucket foundation during transportation. 
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Figure 8. Schematic diagram of the rocking motion of the system. 
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Figure 9. Time history of heave motion of the system. 
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Figure 10. Typical displacement power spectral density curve of heave motion. 
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Figure 11. Time history of X-direction motion displacement. 
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Figure 12. Typical X-direction displacement power spectral density curve. 
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Figure 13. Analytical and measured result of time history of heave displacement: (a) condition 1; (b) condition 2; (c) condition 3; (d) condition 4; (e) condition 5; (f) condition 6. 
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Figure 14. Time history of motion at different vessel speeds: (a) heave; (b) pitch. 
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Figure 15. The heave and pitch motion response as functions of vessel speed. 
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Figure 16. Time history of motion at different vessel speeds: (a) heave; (b) pitch. 
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Figure 17. The heave and pitch motion response as functions of vessel speed. 
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Figure 18. Time history of motion at different wave heights: (a) heave; (b) pitch. 
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Figure 19. The heave and pitch motion responses as functions of wind speed. 
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Figure 20. Time history of motion at different wave angle: (a) heave; (b) pitch. 
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Figure 21. The heave and pitch motion responses as functions of wave angle. 
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Figure 22. The amplitude of motion response varies with each factor: (a) heave; (b) pitch. 
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Table 1. Design parameters of the dedicated vessel and wind turbine structure.
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	Vessel Property
	Values
	Wind Turbine Property
	Values





	Length
	103.2 m
	Tower mass
	207.0 t



	Molded depth
	9.0 m
	Rotor-nacelle mass
	196.0 t



	Molded breadth
	51.6 m
	Tower height
	78.5 m



	Designed draft
	6.0 m
	Hub height
	90.0 m



	Deck load
	20.0 t/m2
	Tower wall thickness
	48.0~22.0 mm



	
	
	Tower diameter base, top
	4.3~3.2 m



	
	
	Rotor diameter
	120.0 m
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Table 2. Parameters in six selected conditions.
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	Conditions
	Speed (kn)
	Wave Height (m)
	Wind Speed (m/s)
	Wave Angle (°)





	Condition 1
	5.0
	0.2
	1.0
	0



	Condition 2
	5.3
	0.3
	1.0
	0



	Condition 3
	3.5
	0.4
	1.3
	0



	Condition 4
	4.4
	0.3
	1.0
	0



	Condition 5
	5.5
	0.6
	1.3
	0



	Condition 6
	0.9
	0.5
	7.1
	0
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Table 3. Heave displacements obtained from the analytical model and measured data.
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	Conditions
	Analytical Amplitude

(mm)
	Measured Amplitude

(mm)
	Amplitude Deviation

(%)
	Analytical RMS

(mm)
	Measured RMS

(mm)
	RMS Deviation

(%)





	Condition 1
	18.321
	17.451
	4.99
	9.128
	8.550
	6.76



	Condition 2
	19.013
	19.768
	3.82
	9.611
	8.572
	12.12



	Condition 3
	21.504
	24.725
	13.03
	10.376
	9.467
	9.60



	Condition 4
	20.382
	21.895
	6.91
	10.000
	10.598
	5.64



	Condition 5
	23.872
	23.343
	2.23
	12.004
	12.061
	0.47



	Condition 6
	22.645
	22.712
	0.29
	11.010
	10.804
	1.91
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Table 4. Heave Frequencies obtained from the analytical model and measured data.
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	Conditions
	Analytical (Hz)
	Measured (Hz)
	Deviation (%)





	Condition 1
	0.1087
	0.1300
	16.38



	Condition 2
	0.1049
	0.1200
	12.58



	Condition 3
	0.1179
	0.1100
	7.18



	Condition 4
	0.1134
	0.1000
	13.40



	Condition 5
	0.1022
	0.1100
	7.09



	Condition 6
	0.1445
	0.1500
	3.67
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Table 5. The other influencing factors.
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	Factors
	Wave Height (m)
	Wave Period (s)
	Wind Speed (m/s)
	Wave Angle (°)





	Value
	0.3
	9.05
	7
	0
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Table 6. The values of other influencing factors.
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	Factors
	Vessel Speed (kn)
	Wave Period (s)
	Wind Speed (m/s)
	Wave Angle (°)





	Value
	2
	9.05
	7
	180
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Table 7. The values of other influencing factors.
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	Factors
	Vessel Speed (kn)
	Wave Period (s)
	Wave Height (m)
	Wave Angle (°)





	Value
	2
	9.05
	0.2
	180
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Table 8. The values of other influencing factors.






Table 8. The values of other influencing factors.





	Factors
	Vessel Speed (kn)
	Wave Period (s)
	Wave Height (m)
	Wind Speed (m/s)





	Value
	2
	9.05
	0.3
	7











© 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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