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Abstract

:

The conventional mooring positioning technique is cost-effective; however, it shows poor maneuverability and positioning precision. In this study, to calculate the mooring tension, mooring cables were discretized into lumped mass models using the lumped mass technique. Dock fender nonlinear response forces were modeled in OrcaFlex using the Link unit. The multi-body system’s entire coupling vibrant time-frequency features have been examined. The effect of the side thrusters on removing the vessel motion carried on by the first-order wave loads has been determined under mooring conditions by comparing the difference in horizontal degree of freedom motion and the mooring line’s mooring tension between dynamic and non-dynamic positioning vessels (DPV). The impact of the wharf-cable and target position on side thrusters and positioning capabilities are analyzed, considering the results of both vessels under identical environmental loads. The results demonstrate that deep evaluation of the target position can greatly improve side thruster performance and ship positioning precision. DP systems are weak to cancel linear wave forces, and the missing ship motions for DP ships may be due to the combined action of the fender, moorings and the selection of a good target position. When the selection of the target position is unreasonable, the size of the pre-tension of the mooring line cannot meet the requirement of absorbing the first-order wave load on the vessel.
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1. Introduction


In response to the rising demand for energy globally, the focus of offshore oil and gas production is moving from shallow to deep water [1,2]. Several maritime activities need the precise positioning of vessels, underwater vehicles and floating infrastructures [3,4]. The conventional mooring positioning technique is cost-effective; however, it shows poor maneuverability and positioning precision. The procedure of repositioning is more challenging after being anchored. In other words, there are maritime endeavors for which the conventional mooring placement is insufficient. Ships with dynamic positioning systems were developed to meet the requirements for high-level engineering operations [5,6,7,8,9]. The term “Positioning system (PS)” [10] refers to an automated, self-regulating process that calculates the difference between a vessel’s actual course and position and its intended course and position. The positioning system may comprise the following sub-systems: dynamic positioning control system, thruster system, mooring system applicable for moored vessels only, power generation and management system [11]. It can determine the thrust load necessary to maintain the ship at the intended direction and location by accounting for the influence of external interference (waves, wind, currents and ice) [12,13,14,15].



The positioning system plays a significant role in floating vessel and platform system design. Traditional positioning approaches include mooring positioning and dynamic positioning. Both approaches have disadvantages. The accuracy of the mooring system will decrease obviously in harsh environments, while the dynamic positioning system has high energy consumption, complex equipment and high cost. Therefore, the mooring-assisted dynamic positioning system has become the main design scheme in the ocean engineering field, which has the advantages of both the mooring system and dynamic positioning, effectively improving the safety of vessels and offshore operations [16]. The mooring-assisted dynamic positioning system has been developed to some extent. As early as 1974, Sargent and Morgan [17] introduced a mooring-assisted dynamic positioning system. Their study revealed that the mooring-assisted dynamic positioning system could improve the positioning accuracy of floating structures and reduce the power consumption of dynamic positioning compared with the single dynamic positioning method. Meanwhile, the preliminary design of this kind of positioning system was carried out. Aalbers [18] developed a hydrodynamic system for a DP-assisted automated self-regulating mooring system. Extensive model tests were carried out for the approval and optimization of the DP-assisted mooring system. The performance of the DP-assisted system was effectively tested, and the hydrodynamic parameters of the model ship were determined under the action of the dynamic positioning system, which produced valuable test results. Tannuri et al. [19] investigated the dynamic reaction of a shuttle oil tanker’s unloading condition when exposed to the influence of a dynamic positioning system. The results from the numerical code were compared to the full-scale measurements. Good agreement between numerical results and full-scale measurements was observed. Wichers and Van [20] refined the concept of a dynamic ancillary mooring position system through their research on the use of mooring-aided DPS of a deep-water FPSO. Dynamic positioning systems, as observed by Wang et al. [21], can significantly decrease the mooring strain in mooring cables, which in turn improves the positioning accuracy of the platform. Song [22] performed a coupled motion analysis on the dynamic positioning ship during the S-lay installation of the pipeline and discovered that the coupling effect could not be disregarded in the low-frequency waves. Sun et al. [23] conducted a time domain analysis for the entire coupling dynamic positioning of the S-lay vessel, and they enhanced the PID control method of numerical simulation in which the sequential quadratic programming method was employed to distribute the thrust of the thruster. Srensen et al. [24] offered new methods and standards for the planning of an FPSO’s dynamic mooring location. The method of thrust allocation based on a combination of torque and power control of the propeller and thruster devices was an attractive and feasible solution to solve positioning problems, resulting in fewer power disturbances on the network and faster and more accurate positioning accuracy. The above research mainly focuses on the interaction between the DP offshore platform and mooring lines [25,26,27,28].



According to Wang et al. [21], the presence of a DP system can minimize mooring line stress and increase the positioning accuracy of dynamic positioning ships. However, when the external load and the rigid-flexible coupling degree grow in the rigid-flexible multi-body system, the nonlinearity of the entire system will increase. The combination of DPS with the wharf, mooring shackles, and seawater produces a complex rigid-flexible structural system when it is in the berthing state. The motions of the DP vessel are directly related to strain in the mooring cable. Due to the imposed constraint of the mooring cables, the complex rigid-flexible coupler reaction of location-vessel-cable-wharf is formed under the collective performance of currents, waves and wind. This procedure involves the DP vessel repeatedly running into the wharf. The wharf and ship’s hull will experience severe vibration if the impact load is too high, which will have a detrimental effect on the ship’s structural safety. The dynamic positioning vessel relies on the role of the main propeller, the rudder and the side thruster to keep its level of three degrees of freedom at the predetermined target position [29]. The dynamic positioning vessel is vulnerable to the environment and other disruptive factors. The second-order wave float dynamism can generate the low-frequency signal of the vessel. The dynamic positioning system will not be able to avoid this form of motion, which makes the effect of external loads on the dynamic positioning vessel more problematic. The first-order wave force leads the vessel to create high-frequency motion, which causes the motion of the vessel to vary regularly at a greater frequency. The motion at this phase might have a certain inhibitory effect on the dynamic positioning system when it is integrated with the mooring system.



As a quick review of the most current study shows, few studies have been conducted to date on this coupling behavior of a dynamically positioned vessel’s mooring cable to its berth, rendering it a technical and industrial requirement to investigate this phenomenon. Martinsen et al. [30] presented a method for planning and performing docking maneuvers in a confined harbor, which utilizes map data known in advance, as well as sensor data gathered in real time, to iteratively and safely plan a trajectory that brings the vessel to a desired docking pose. This study involved berthing maneuvers; however, it still mainly focused on automatic docking. In this paper, the wharf-cable-DP vessel system’s time-frequency characteristics with lateral thrust and mooring-cable-restoring force are calculated from the system’s hydrodynamic performance. The overall stability of the mooring-assisted DPS is enhanced, and measures are suggested to lessen the vibrational coupling between the system’s many degrees of freedom. The rest of this paper is organized as follows. Section 2 introduces the DP control method of a berthing vessel. Section 3 verifies the correctness and reliability of the dynamic analysis model. Section 4 and Section 5 present the numerical model establishment, as well as the numerical results. Finally, the conclusions drawn from this paper are presented in Section 6.




2. Theoretical Framework for DP of a Berthing Vessel


2.1. Physics of Waves


The Hendrickson–Stokes 5th wave theory is widely utilized in theoretical model engineering. By using this technique, k is expanded in the power series (where k = 2π/L indicates the wave number and a is dimensionless amplitude). It cannot converge under situations of sharp waves, which is a drawback. This theory presented by Fenton [31] using the power—law extension of kH/2 is more precise.




2.2. DP Vessel Time Domain Coupled Motion Equation


Dynamic placement vessels have the following coupling equation in the time domain:


          M   + [   a   i j   ]         x  ¨    j     +   ∫  − ∞   t          x  ˙    j           R   i j   ( t − τ )   d τ +     C   i j         x   j           =     F   w j   ( t )   +   ∑  k = 1   n        F   m k   ( t ) +   F   c   ( t ) +   F   w i n d   ( t )     +     F   D P   ( t )   +     F   T   ( t )        



(1)




where M is the total mass of the vessel, aij is the matrix of the masses that were just added and Rij is the time-memory function:


    R   i j     t   =   2   π     ∫  0   ∞      B   i j   ( ω )     sin  ⁡  ω t     ω   d ω    



(2)







The stiffness of the vessel and the mooring system determines the restoring force, Cij, and the damping, Bij. Wave energy, denoted by the notation Fwj, consists of both first- and second-order components. The mooring force Fmk is specified by the mooring lines. The forces of Fc, the current, and Fw, the wind, are defined. As a result of the PID dynamic allocation mechanism, the overall thrust of the thrusters is the FDP. The overall impact force between the ship and the dock is denoted by FT. Fm and FT represent the combined impact on the dynamic positioning vessel of the wharf’s collision force and the mooring force of the mooring lines. Using the OCIMF-recommended coefficients and methods, the wind load and contemporary load are computed in a time domain (Oil Companies International Marine Forum).




2.3. Dynamic Positioning PID Control


With Python’s powerful type-safety features, it seemed sensible to create a wrapper in Python that could be used to retrieve the underlying functionality of OrcaFlex Dll; it might better improve program performance. Simultaneously, the OrcaFlex object data names could be totally cloned into the Python interface object. Python is the language of choice for building PID dynamic positioning control system programs in conjunction with the OrcaFlex API owing to all of these advantages. Using an external function, the controller method compares the DP vessel’s sway, surge and yaw with the target value. After the calculation of the governing equations, the response force and torque required by the DP vessel are determined, and the drive force is derived using the thrust distribution principle. The thrust commands are as follows:


    F   x , y   = f (   e   x y   )  



(3)
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Both the longitudinal restoring force Fx from surge motion and the lateral restoring force Fy from sway motion contribute to the total restoring resultant force, denoted by Fx,y. Ex is the difference between the actual and desired surge speed, ey is the difference between the actual and desired sway speed and e is the difference between the actual and desired yaw angle of the vessel. aw is the wind angle, vw is the wind speed and Fw is the force or moment of wind acting on the vessel; Kp, KI and KD are the proportional, integral and differential expansion, respectively.



Through the trial-and-error method, the three coefficients of PID control, Kp, KI and KD, are adjusted and calculated. For the DP vessel, after finding a set of control parameters that meet the positioning requirements through the trial-and-error method, Kp, KI and KD are slightly increased by controlling variables. The specific process is as follows. When the initial offset of the DP vessel is large, the proportional gain coefficient Kp is mainly adjusted, and then the integral gain coefficient KI is adjusted after the offset of the vessel reaches a certain degree. After the two coefficients are adjusted, these two coefficients are kept unchanged within a certain range, and then we slightly adjust the differential gain coefficient KD by using the control variable method until the positioning effect reaches a satisfactory level.




2.4. Analysis of the Impact of a Ship Crashing into a Pier


In order to calculate the interaction velocity between the vessel and the wharf, an elastic solid layer must be applied to the vessel hull since OrcaFlex treats the vessel simulation as a rigid body. The elastic solid’s compression is then used to derive the impact’s corresponding force. With OrcaFlex, the deformation of an adaptable solid cannot be calculated in the horizontal direction. Thus, only the deformation in the vertical direction could be calculated (frontal collision between the vessel and the wharf).


    F   c   = K   A   c   d  



(6)




where K is the standard stiffness (20,000 kN/m3), Ac is the collisional friction force, the unit is m2 and d is the vertical deformations of an elastic-plastic solid.




2.5. RAO and the Frequency Variation of Vessel Waves


The response amplitude operator (RAO) calculates the ship motion frequency wave, while the ship motion solves the response of the mooring line, and the entire QTF matrix algorithm can solve the second-order low-frequency load. The reaction amplitude per unit wave amplitude is used for wave frequency motion and is expressed in length units for heave, sway and surge and in degrees for roll, pitch and yaw. The phase lag is used between when the wave crest crosses the RAO origin and when the highest positive excursion reaches the phase at the RAO origin. This could be expressed mathematically as:


  x = R ⋅ a ⋅ c o s ( ω t − φ )  



(7)




where x represents the displacement of the vessel (in length units for surge, sway and heave; in degrees for roll, pitch and yaw); a and ω represent the wave amplitude (in length) and wave frequency (in radians/second), respectively; t represents the time (in seconds); R and φ represent the RAO amplitude and phase.




2.6. The Second-Order Slow-Drift Force


The mean and slow-drift wave forces are included in the second-order nonlinear force. The formula [32] for the second-order slow-drift force is:
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where the coefficients     T   j k   i c     and     T   j k   i s     can be interpreted as second-order transfer functions (QTF) for the different frequency wave loads.



In this work, the RAO and the second-order wave transfer function QTFs were obtained using the hydrodynamic software AQWA and imported into OrcaFlex.





3. Validation


In order to validate the reliability of the numerical method in OrcaFlex, a validation study was carried out. The validation model is a deep-water semi-submersible drilling platform, with main parameters as shown in Table 1. The draught and the displacement are 19 m and 52,509 t, respectively.



The arrangement of mooring lines in the mooring-aided positioning system is shown in Figure 1. According to the study of Zhou [33], the optimal arrangement of mooring lines for this mooring positioning system is that two adjacent mooring lines are 30°, and the angle between one mooring line and the adjacent axis is 30°. Under various wind and wave angles, the platform will not have significant deviation and can maintain high positioning accuracy with directional balance. The water depth is 1500 m. The lengths of the bottom mooring line, intermediate polyester line and top mooring line are 1850 m, 2650 m and 150 m, respectively. The pre-tension of the mooring line is 872 kN. The coordinates of each anchor are depicted in Table 2. The parameters of the sea environment are as follows. The wave spectrum is JONSWAP, the significant wave height is 3.27 m, the spectral peak period is 13.4 s, the spectral peak factor is 3.3 and the wind and current speeds are 7 m/s and 0.65 m/s, respectively.



The time domain simulation was carried out with a simulation time of 3000 s. The same directions of wind, waves and currents are selected. Since the mooring positioning system is symmetrically arranged and the platform is also symmetrical, four directions of 180°, 150°, 120° and 90° are selected as the environmental load directions. Figure 2, Figure 3, Figure 4 and Figure 5 depict the horizontal distance of platform deviation from target position (named Displacement in Figure 2, Figure 3, Figure 4 and Figure 5) and the yaw angle under four directions. The numerical results are compared with the reference [33]. It can be seen from Figure 2, Figure 3, Figure 4 and Figure 5 that the numerical results obtained by OrcaFlex are in good agreement with the reference. In the case of mooring positioning, oblique winds, waves and currents will cause a significant yaw angle of the platform; therefore, the errors become larger. The platform positioned by the mooring system cannot adjust the operating direction, which makes it necessary to assist the mooring system in controlling the heading through thrusters. This is the focus of this paper.




4. Numerical Model Set-Up


Figure 6 depicts the wharf-cable-dynamic positioning vessel model. Table 1 shows the vessel’s specifications without a DP system. The global coordinate system is G-xyz, where G is the origin and Gx, Gy and Gz are the X-, Y- and Z-axes. The directions of the external loads are in accordance with the G coordinate system. The defenders in this OrcaFlex simulation model are comprised of 6D buoys (black dots) and Link units (white lines). In Figure 6, the 12 pairs of dots joined by a line in the x direction are fenders. Four mooring lines connect the ship and wharf. The Link unit is used as a spring damper to connect with a 6D buoy to simulate the dock fender. Table 3 lists dynamic positioning vessel characteristics. When a collision occurs between the vessel and the wharf, the dock fender might serve as a buffer. The nonlinear stiffness of the Link unit is employed in the calculation of the contact force of the dock fender to ensure effective contact between the vessel and wharf. The reaction force of the fender increases nonlinearly when the distance between the vessel and the wharf is less than a certain value. The force of the Link unit might be insignificant in other circumstances.



The non-linear contact force T of the fender can be written as:


  T = k ( L −   L   0   )  



(9)







L is the length of the Link unit when L < L0, the contact force is 0; when 0 m < L < 0.7 m, k = 10/L; when 0.7 m < L < 5 m, k = 1/L; when 5 m < L < 30 m, k = 0.1/L. L0 is taken as 5 m in Equation (8). When L < 5 m, the numerical value of T is negative, which means that the impact of the vessel and wharf occurs.



The lumped mass method is used to calculate the mooring tension of the mooring lines. A single massless model section with nodes at either end describes each line segment of the mooring line. Segments solely model axial and torsional features. The lumped mass approach compares the mooring cable to a nonlinear spring by lumping all other properties to the nodes. This serves as the mathematical foundation for developing the mooring line model in this study [34]. The parameters of each mooring line are as follows: The inner and outer diameters are 0.25 and 0.35 m; the axial and bending stiffness are 700,000 and 120 kN·m2; the torsional stiffness, line density, Poisson’s ratio υ and length are 80 kN·m2, 0.18 t/m, 0.5 and 17 m, respectively.




5. Results and Discussion


Table 4 displays the environmental load parameters. The sea depth is 15 m. The vessel’s reaction will be more severe when the waves, wind and currents are all moving in the same direction. The findings of the calculation may be more greatly affected by environmental load as a result. Therefore, in order to reflect the calculation clearly and make it more convenient to observe, the directions of the waves, wind and currents are in the same direction in the simulation model.



5.1. Comparison of Numerical Results for Non-Dynamic Positioning Vessel vs. Dynamic Positioning Vessel under Mooring


Figure 7 shows the intended location of the dynamic positioning vessel (67.5, 95). Variations in the dynamic positioning vessel’s location and yaw angle are negligible, as shown by the horizontal degrees of freedom motion curves in Figure 7. As its thruster does not confine the non-dynamic positioning vessel, it has a wider range of motion in the horizontal three DOF. When compared to a moored state, the coupling impact between the different degrees of freedom is much stronger when the vessel is engaged in dynamic positioning. The DP vessel is subsequently stabilized at 67 + 0.05 m in the X-axis direction to restrict the wharf, mooring cable and thruster. Under the influence of external stresses such as wind, waves and currents, the non-dynamic vessel’s displacement in the X-axis exceeds 58 m (27 collisions with the wharf). The DP vessel successfully overcomes the offset induced by the second-order wave drift force along the Y-axis under the influence of the side thruster, stabilizing at 95 ± 0.003 m. The imbalanced distribution of the mooring tension in the Y-axis direction occurs for the non-dynamic positioning vessel when there is a significant range of motion in the X-axis direction. The mooring tension imbalance increases the degree of coupling between the motion along the X- and Y-axes, which has caused instability in the vessel’s whole motion, including the rotational motion of the yaw.



Figure 8 shows the curves for the spectral density of the horizontal degrees of freedom. The spectral density of the DP vessel’s horizontal degrees of freedom is lower than that of the non-dynamic positioning vessel (NDPV) by comparing the curves of spectral density of each degree. The peaks of NDPV sway spectral density rise in the direction of the X-axis, and its low-frequency peaks are mostly dispersed at 0.02 Hz and 0.04 Hz. The wharf constraints, the mooring cable, the second-order wave drift force and the wind and current loads are the primary drivers of the low-frequency components of NDPV. When T = 12 s is the time of the first-order wave force, then the high frequency peak of the non-dynamically located vessel is at 0.08 Hz.



The side thruster’s action during mooring can effectively eliminate the motion component brought on by the first-order wave force in the sway direction, as shown by the DPV peak value of the sway spectral density, which is only at 0.02 Hz and is much smaller than that of the NDPV at the same frequency. The non-dynamic positioning vessel’s surge has a far larger spectral density in the Y-axis direction than it does in the X-axis direction, peaking at 0.025 Hz. As can be observed, movements between various directions exhibit a substantial coupling effect under the impact of the second-order wave drift force and other external loads. This effect is most pronounced in the Y-axis direction. The NDPV peak values in the yaw spectral density curves occur at 0.045 Hz and 0.08 Hz, respectively. The DPV yaw spectrum density, in comparison, is almost negligible. As a result, the lateral thrust reaction force and the wharf-mooring cable may effectively constrain the yaw motion.



The design of the mooring lines is symmetrical, and their end mooring tension is similarly comparable. Consequently, using Mooring Line 4 as an example, the time-frequency properties of mooring tension at its end are examined in Figure 9. The mooring tension exhibits an unexpectedly abrupt changing trend in the time domain. This change increases the possibility of the mooring line collapsing due to the quick shift in strain. For the DPV, on the other hand, the side thruster can maintain Mooring Line 4 at a certain tension level. When the direction of wave force (including the second-order wave drift force) is opposite to the direction of mooring tension at Mooring Line 4, the pre-tension effectively offsets the ship motion caused by the first-order wave force. Simultaneously, the mooring tension at the end of Mooring Line 4 gradually increases. The mooring tension at the end of Mooring Line 4 steadily diminishes when the wave force and the mooring tension are in the same direction. During the stage of 0–800 s, the DPV horizontal three DOF motion is maintained within a very small range, as shown in Figure 7 and Figure 8. This suggests that the lateral thrust of the side thruster can convert the irregular motion of the vessel at horizontal three degrees of freedom into a regular change in mooring tension in time. At the end of Mooring Line 4, a non-dynamic positioning vessel’s mooring tension spectral density is evenly distributed between 0.0 Hz and 0.3 Hz, and the frequency band of its motion is nonlinear. At the end of a DPV Mooring Line 4, the optimum mooring tension is 0.08 Hz, which corresponds to the wave frequency. This shows that the side thruster’s pretension on the mooring line counteracts the force of the first-order wave load on the ship. This implies that the three horizontal degrees of freedom remains within a very small range of motion.




5.2. Numerical Comparison of Dynamic Positioning Vessels with and without Mooring Lines


Figure 10a shows the trajectory of DPV (67.5, 95) with mooring lines in the x-y plane, and its motion with mooring lines tends to be stable at the moment of 23 s. The arrow shows the motion direction of the dynamic positioning vessel responds from −10 s to 23 s and at (67.5 ± 0.05, 95 ± 0.003); a stable state was attained. The target dynamic position (64, 95) vessel’s x-y plane mooring line trajectory is also shown in Figure 5b.



In comparison to the model in Figure 5a, the time for the vessel in Figure 10b to reach a stable state is 28 s, and the vessel ultimately stabilizes at (64 ± 2.15, 95 ± 0.29). Figure 10c depicts the trajectory of a DPV without mooring lines in the x-y plane, with its objective location shown as (67.5, 95.0). The DPV without mooring lines stabilizes at (67.5 ± 2.9, 95 ± 0.09) after stabilizing significantly in comparison to DPV with mooring lines. The heavy continuous line first displays the trajectory of the vessel after 28 s.



The dynamic positioning vessel’s yaw angle curves (with and without mooring lines) in the time domain for the identical environmental loads are shown in Figure 11. The target position (TP) denotes the target x-y coordinates for the DPV. The yaw angle of the vessel experiences an increase in amplitude from Figure 11a–c. It can be observed that the mooring lines limit the motion of the vessel’s yaw when comparing the yaw angles of DPV with mooring lines with DPV without mooring lines. As a result, the DPV with mooring lines has far less of a change in yaw angle than the dynamic positioning vessel without mooring lines.



Figure 12 illustrates the spectral density of the vessel’s horizontal three degrees of freedom. The vessel sway spectral density curves for the DPV without mooring lines (TP (67.5, 95)) and the DPV with mooring lines (TP (64, 95)) are determined to be virtually identical. The peak values coincide with the wave load frequency. When a DPV is moored to mooring lines, the peak value of the roll spectral density is drastically lowered to the TP (67.5, 95). The spectral density of the DPV with the mooring lines (TP (64, 95)) is higher. It indicates that the level of motion of the horizontal three degrees of freedom in this state still has a higher degree of coupling, whereas the degree of coupling between the horizontal three degrees of freedom both states is minimal. This is evident by observing the vessel’s surge spectral density and yaw spectral density curves. As a result, the wharf-cable has the potential to enhance the DPV positioning performance, but it is essential is to choose an adequate target position.



Figure 13 illustrates the spectral density curves of mooring tension on Mooring Line 4 of the DPV. Compared to the NDPV with mooring lines in Figure 9, the DPV with mooring lines (TP (64, 95)) exhibits fewer sudden changes in tension at the end of Mooring Line 4. Nevertheless, Mooring Line 4’s termination point’s spectral density curves still cover a wide frequency range. As a result, when the target position is (64, 65), the target position selection is unreasonable, resulting in the mooring lines being unable to be tensioned at all times. There is not enough tension in the mooring lines to offset the power of the wave on the vessel as the wave load pulls it toward the wharf. The mooring lines will experience a greater acceleration displacement when the wave load or the wharf’s collision force pulls the vessel away from the wharf. This will result in a quick change in mooring tension to counteract the vessel’s motion. The peak value of mooring tension spectral density might therefore be guaranteed to be near to the wave external load frequency by a reasonable target position.



As shown in Figure 14, the side thruster load of DPV with mooring lines (TP (64, 95)) is basically consistent with the side thruster load of DPV without mooring lines (TP (64, 95)). The side thruster load of the DPV with mooring lines (TP (67.5, 95)) increases with time since the control strategy lacks a program for regulating the maximum thruster power. Compared with Figure 10, it can be observed that the DPV with mooring lines (TP (67.5, 95)) has been in a stable state for the last 23 s and that the motion amplitude is very small. The addition of the maximum power restriction to the control method is not predicted to alter the results shown in Figure 10. The DPV with mooring lines (TP (67.5, 95)) side thruster load has the minimum amplitude of thrust fluctuation. When the thruster power limiter software is installed, the thrust will always be maintained within a predetermined range.



The peak values of side thruster load spectral density curves of DPV with mooring lines (TP (64, 95)) and the DPV without mooring lines (TP (64, 95)) are all distributed within the range of high frequency. Contrarily, the DPV with mooring lines (TP (67.5, 95)) shows a spectral density curve with a peak value near a low frequency for load on the side thrusters. In practical engineering, a high-frequency load shift will severely damage the side thruster and the dynamic positioning system. Hence, the frequency of the thrust of the DPV could be effectively reduced in the frequency domain, provided that a suitable goal position is selected, and mooring lines are utilized adequately.





6. Conclusions


In the mooring state, the time-frequency features of the horizontal three DOF (degrees of freedom) motion of the vessel and the mooring tension of the mooring line are compared, and the side thruster in the coupled system’s effect on the elimination of vessel motion caused by the first-order wave l was examined. The effect of the wharf-cable and target position on the side thruster of DPV was determined by comparing its performance with and without mooring lines under the same environmental stress. The performance of the NDPV and DPV with mooring lines under the same environmental load was compared. The influence of the side thruster in coupled systems on the elimination of vessel motion caused by first-order wave load is analyzed. Non-dynamic positioning vessels have a greater spectral density in the horizontal three degrees of freedom due to a stronger coupling between their degrees of freedom. As a result of the connection, the mooring tension shifts abruptly, and the spectral density is spread out evenly. DP systems are weak to cancel linear wave forces, and the missing ship motions for DP ships may be due to the combined action of the fender, moorings and the selection of a good target position. When the selection of the target position is unreasonable, the size of the pre-tension of the mooring line cannot meet the requirement of absorbing the first-order wave load on the vessel. When the target moves closer to its true location, the frequency with which the horizontal thrust load shifts decreases, the side thruster’s work efficiency increases and the coupling system’s safety increases.



In particular, to simplify the numerical model, the impact of gap flow between a ship and a wharf was not estimated, which is a deficiency of this paper. With OrcaFlex, harmonic analysis with RAO or multibody analysis was performed after entering the hydrodynamic coefficients. Future research will focus on the calculation of co-hydrodynamic forces due to interstitial flows.







Author Contributions


Conceptualization, D.Z. and B.Z.; methodology, D.Z.; software, K.Z.; validation, D.Z. and K.Z.; formal analysis, D.Z. and B.Z.; investigation, K.Z. and B.Z.; resources, D.Z.; data curation, K.Z.; writing—original draft preparation, D.Z.; writing—review and editing, D.Z.; visualization, K.Z.; supervision, D.Z.; funding acquisition, D.Z. and H.J. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Program for Scientific Research Start-up Funds of Guangdong Ocean University, grant number 060302072101, Zhanjiang Marine Youth Talent Project- Comparative Study and Optimization of Horizontal Lifting of Subsea Pipeline, grant number 2021E5011, and the National Natural Science Foundation of China, grant number 62272109.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhang, D.; Zhao, B.; Zhu, K. Dynamic analysis of the umbilical cable pull-in operation through J-tube under different wave directions. Ocean Eng. 2023, 280, 114838. [Google Scholar] [CrossRef]

	



Zhang, D.; Zhao, B.; Zhu, K. Mechanical characteristics analysis of horizontal lifting of subsea pipeline with different burial depths. Front. Earth Sci. 2022, 10, 1011291. [Google Scholar] [CrossRef]

	



Zhao, B.; Yun, Y.; Hu, F.; Sun, J.; Wu, D.; Huang, B. Hydrodynamic coefficients of the DARPA SUBOFF AFF-8 in rotating arm maneuver: Part I: Test technology and validation. Ocean Eng. 2022, 266, 113148. [Google Scholar] [CrossRef]

	



Zhao, B.; Yun, Y.; Hu, F.; Sun, J.; Wu, D.; Huang, B. Hydrodynamic coefficients of the DARPA SUBOFF AFF-8 in rotating arm maneuver-Part II: Test results and discussion. Ocean Eng. 2023, 268, 113466. [Google Scholar] [CrossRef]

	



Tannuri, E.A.; Morishita, H.M. Experimental and numerical evaluation of a typical dynamic positioning system. Appl. Ocean Res. 2006, 28, 133–146. [Google Scholar] [CrossRef]

	



García, R.F.; Vázquez, C.S.C. Introduction to ship dynamic positioning systems. J. Maritime Res. 2008, 5, 79–95. [Google Scholar]

	



Berntsen, P.I.B.; Aamo, O.M.; Leira, B.J. Ensuring mooring line integrity by dynamic positioning: Controller design and experimental tests. Automatica 2009, 45, 1285–1290. [Google Scholar] [CrossRef]

	



Berntsen, P.I.B.; Aamo, O.M.; Leira, B.J. Dynamic positioning of moored vessels based on structural reliability. In Proceedings of the 45th IEEE Conference on Decision and Control, San Diego, CA, USA, 13–15 December 2006. [Google Scholar]

	



Tuo, Y.; Wang, S.; Peng, Z.; Guo, C. Reliability-based fixed-time nonsingular terminal sliding mode control for dynamic positioning of turret-moored vessels with uncertainties and unknown disturbances. Ocean Eng. 2022, 248, 110748. [Google Scholar] [CrossRef]

	



Fay, H. Dynamic Positioning Systems: Principles, Design, and Applications; Editions OPHRYS: Paris, France, 1990. [Google Scholar]

	



Sørensen, A.J. A survey of dynamic positioning control systems. Annu. Rev. Control 2011, 35, 123–136. [Google Scholar] [CrossRef]

	



Zhang, D.; Zhao, B.; Bai, Y.; Zhu, K. Dynamic response of DP offshore platform-riser multi-body system based on UKF-PID control. J. Mar. Sci. Eng. 2022, 10, 1596. [Google Scholar] [CrossRef]

	



Metrikin, I.; Løset, S.; Jenssen, N.A.; Kerkeni, S. Numerical simulation of dynamic positioning in ice. Mar. Technol. Soc. J. 2013, 47, 14–30. [Google Scholar] [CrossRef]

	



Xu, S.; Murai, M.; Wang, X.; Takahashi, K. A novel conceptual design of a dynamically positioned floating wind turbine. Ocean Eng. 2021, 221, 108528. [Google Scholar] [CrossRef]

	



Mills, J.; Islam, M.; Pearson, W.; Gash, B. DP in ice environments-development of a dynamic positioning in ice validation platform (DPIVP). Simu. T. Soc. Mod. Sim. 2023, 99, 621–641. [Google Scholar] [CrossRef]

	



Gu, Y.; Chuang, Z.; Zhang, A.; Hu, A.; Ji, S. Dynamic Response Analysis and Positioning Performance Evaluation of an Arctic Floating Platform Based on the Mooring-Assisted Dynamic Positioning System. J. Mar. Sci. Eng. 2023, 11, 486. [Google Scholar] [CrossRef]

	



Sargent, J.; Morgan, M. Augmentation of a Mooring System Through Dynamic Positioning. In Proceedings of the Offshore Technology Conference, Houston, TX, USA, 5–7 May 1974. [Google Scholar]

	



Aalbers, A.B.; Merchant, A.A. The hydrodynamic model testing for closed loop DP assisted mooring. In Proceedings of the Offshore Technology Conference, Houston, TX, USA, 3–6 May 1996. [Google Scholar]

	



Tannuri, E.A.; Saad, A.C.; Morishita, H.M. Offloading operation with a DP shuttle tanker: Comparison between full scale measurements and numerical simulation results. In Proceedings of the 8th IFAC Conference on Maneuvering and Control of Marine Craft, Guaruja, Brazil, 16–18 September 2009. [Google Scholar]

	



Wichers, J.; Van Dijk, R. Benefits of using assisted DP for deepwater mooring system. In Proceedings of the Offshore Technology Conference, Houston, TX, USA, 3–6 May 1996. [Google Scholar]

	



Wang, S. On the assessment of thruster assisted mooring. In Proceedings of the Offshore Technology Conference, Houston, TX, USA, 3–6 May 2010. [Google Scholar]

	



Song, L. Coupling analysis of stinger-lay barge-pipeline of S-lay installation in deep water. J. Harbin Eng. Univ. 2013, 4, 415–433. (In Chinese) [Google Scholar]

	



Sun, L. Coupling time-domain analysis of dynamic position during S-lay operations. Ocean Eng. 2015, 4, 1–10. (In Chinese) [Google Scholar]

	



Sørensen, A.; Strand, J.P.; Fossen, T.I. Thruster assisted position mooring system for turret anchored FPSOs. In Proceedings of the IEEE International Conference on Control Applications, Kohala Coast, HI, USA, 22–27 August 1999. [Google Scholar]

	



Ja’E, I.A.; Ali, M.O.A.; Yenduri, A.; Nizamani, Z.; Nakayama, A. Optimisation of mooring line parameters for offshore floating structures: A review paper. Ocean Eng. 2022, 247, 110644. [Google Scholar] [CrossRef]

	



Yan, J.; Qiao, D.; Li, B.; Wang, B.; Liang, H.; Ning, D.; Ou, J. An improved method of mooring damping estimation considering mooring line segments contribution. Ocean Eng. 2021, 239, 109887. [Google Scholar] [CrossRef]

	



He, X.; Zhao, Z.; Su, J.; Yang, Q.; Zhu, D. Adaptive inverse control of a vibrating coupled vessel-riser system with input backlash. IEEE Trans. Syst. Man Cybern. Syst. 2019, 51, 4706–4715. [Google Scholar] [CrossRef]

	



Liu, X.; Liu, Z.; Wang, X.; Zhang, N.; Qiu, N.; Chang, Y.; Chen, G. Recoil control of deepwater drilling riser system based on optimal control theory. Ocean Eng. 2021, 220, 108473. [Google Scholar] [CrossRef]

	



Jenman, C. Mixing dynamic positioning and moorings. In Proceedings of the Dynamic Positioning Conference, London, UK, 15–16 November 2005. [Google Scholar]

	



Martinsen, A.B.; Bitar, G.; Lekkas, A.M.; Gros, S. Optimization-based automatic docking and berthing of ASVs using exteroceptive sensors: Theory and experiments. IEEE Access 2020, 8, 204974–204986. [Google Scholar] [CrossRef]

	



Fenton, J.D. A high-order conical wave theory. J. Fluid Mech. 1979, 94, 129–161. [Google Scholar] [CrossRef]

	



Orcina. OrcaFlex Manual. 2015. Available online: http://www.orcina.com/SoftwareProducts/OrcaFlex/Validation/index/.pdf (accessed on 1 January 2015).

	



Zou, G. Study on the Thruster Assisted Mooring System Based on ID Control. Master’s Dissertation, Shanghai Jiao Tong University, Shanghai, China, 2014. (In Chinese). [Google Scholar]

	



Bai, Y.; Zhang, D.; Zhu, K. Dynamic analysis of umbilical cable under interference. In Proceedings of the International Conference on Ships and Offshore Structures, Shenzhen, China, 11–13 September 2017. [Google Scholar]








[image: Jmse 11 01601 g001] 





Figure 1. Arrangement of the mooring positioning system. 
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Figure 2. Displacement and yaw angle of the platform under heading sea [33]. 
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Figure 3. Displacement and yaw angle of the platform under the direction of 150° [33]. 
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Figure 4. Displacement and yaw angle of the platform under the direction of 120° [33]. 






Figure 4. Displacement and yaw angle of the platform under the direction of 120° [33].



[image: Jmse 11 01601 g004]







[image: Jmse 11 01601 g005] 





Figure 5. Displacement and yaw angle of the platform under the direction of 90° [33]. 
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Figure 6. The model in OrcaFlex. 
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Figure 7. Horizontal degrees of freedom of vessel motion: (a) displacement in the direction of X-axis; (b) displacement in the direction of Y-axis; (c) yaw angle. 
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Figure 8. Spectral density in the horizontal DOF: (a) sway; (b) surge; (c) yaw. 






Figure 8. Spectral density in the horizontal DOF: (a) sway; (b) surge; (c) yaw.



[image: Jmse 11 01601 g008]







[image: Jmse 11 01601 g009] 





Figure 9. The tension characteristics at the end of Mooring Line 4: (a) tension (b) spectral density. 
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Figure 10. Vessel’s trajectory at t = −10–800 s: (a) DPV with mooring lines at target position (67.5, 95); (b) DPV with mooring lines at target position (64, 95); (c) DPV without mooring lines at target position (67.5, 95). 
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[image: Jmse 11 01601 g010]







[image: Jmse 11 01601 g011] 





Figure 11. Yaw angle of the dynamic positioning vessel: (a) with mooring lines at target position (67.5, 95); (b) with mooring lines at target position (64, 95); (c) without mooring lines at target position (67.5, 95). 
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Figure 12. Spectral density of vessel horizontal three degrees of freedom: (a) sway; (b) surge; (c) yaw. 
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Figure 13. The comparison of tension characteristics at the end of Mooring Line 4 between target position (67.5, 95) and target position (64, 95): (a) tension (b) spectral density. 
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Figure 14. Side thruster load of the dynamic positioning vessel: (a) without mooring lines at target position (64, 95); (b) with mooring lines at target position (64, 95); (c) with mooring lines at target position (67.5, 95). 






Figure 14. Side thruster load of the dynamic positioning vessel: (a) without mooring lines at target position (64, 95); (b) with mooring lines at target position (64, 95); (c) with mooring lines at target position (67.5, 95).



[image: Jmse 11 01601 g014]







 





Table 1. Parameters of the semi-submersible drilling platform.
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	Floating Body Width (m)
	Floating Body Height (m)
	Floating Body Length (m)
	Longitudinal Length of Column (m)
	Transverse Length of Column (m)
	Column Height (m)
	Longitudinal Length of Deck (m)
	Transverse Length of Deck (m)
	Deck Height (m)





	17.92
	16
	13.3
	17.92
	17.92
	20.26
	80.64
	78
	8.6










 





Table 2. Coordinates of each anchor.






Table 2. Coordinates of each anchor.





	Anchor Number
	X
	Y
	Z





	1
	3762.6
	−2194.4
	−1500



	2
	2180.4
	3770
	−1500



	3
	−2180.4
	−3770
	−1500



	4
	−3762.6
	−2194.4
	−1500



	5
	−3762.6
	2194.4
	−1500



	6
	−2180.4
	3770
	−1500



	7
	2180.4
	3770
	−1500



	8
	3762.6
	2194.4
	−1500










 





Table 3. Parameters of the DP vessel.






Table 3. Parameters of the DP vessel.





	Lpp

(m)
	Breadth

(m)
	Moulded Depth (m)
	Draught

(m)
	Transverse GM (m)
	Longitudinal GM (m)
	Δ(t)
	Surge Area (m2)
	Sway Area (m2)
	Block Coefficient
	Yaw Moment of Inertia

Mz (kg·m2)





	103
	16
	13.3
	6.66
	1.84
	114
	8800
	191
	927
	0.804
	5.83 × 109










 





Table 4. Environmental loads.






Table 4. Environmental loads.





	Wave Height/(m)
	Wave Period/(s)
	Current Velocity/(m/s)
	Wind Speed/(m/s)
	Direction/(°)





	3
	12
	2.46
	3
	180 (in negative x direction)
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