

  jmse-10-01910




jmse-10-01910







J. Mar. Sci. Eng. 2022, 10(12), 1910; doi:10.3390/jmse10121910




Article



Experimental Analysis of CENTEC-TLP Self-Stable Platform with a 10 MW Turbine



Mohamad Hmedi 1[image: Orcid], Emre Uzunoglu 1[image: Orcid], Antonio Medina-Manuel 2, Jordi Mas-Soler 2,3[image: Orcid], Felipe Vittori 4, Oscar Pires 4[image: Orcid], José Azcona 4[image: Orcid], Antonio Souto-Iglesias 5[image: Orcid] and C. Guedes Soares 1,*[image: Orcid]





1



Centre for Marine Technology and Ocean Engineering (CENTEC), Instituto Superior Técnico, Universidade de Lisboa, 1049-001 Lisbon, Portugal






2



CEHINAV, ETSIN, Universidad Politecnica de Madrid (UPM), 28040 Madrid, Spain






3



TPN, Dept. of Naval Arch. & Ocean Eng. Escola Politecnica, University of Sao Paulo, Sao Paulo 05508-010, Brazil






4



Wind Energy Department, National Renewable Energy Center (CENER), 31621 Sarriguren, Spain






5



CEHINAV, DACSON, ETSIN, UPM, 28006 Madrid, Spain









*



Correspondence: c.guedes.soares@centec.tecnico.ulisboa.pt







Academic Editor: Spyros A. Mavrakos



Received: 1 November 2022 / Accepted: 23 November 2022 / Published: 5 December 2022



Abstract

:

This work evaluates the experimental test results regarding the operational performance of a free-float capable tension leg platform with a 10 MW wind turbine. It covers the platform dynamics in the selected installation area: Ribadeo, Spain. The model and the facility are initially presented, along with the experimental setup and the load cases. The testing campaign includes a software-in-the-loop method to emulate the rotor thrust and the aerodynamic and gyroscopic moments in pitch and yaw. The result sets are structured to start from basic information from system identification cases and continue with responses against regular and irregular waves accompanied by steady and stochastic wind scenarios. The performance in operational and extreme conditions is assessed as well as fault scenarios. The experiments demonstrate auspicious motion dynamics and mooring line behavior when examined against class society rules.
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1. Introduction


Environmental and political status expand the shift to renewable resources as energy dependence is ever-increasing [1]. Among renewable resources, wind energy is one of the fastest-growing sectors and covers 35% of renewables [2]. While the total wind capacity is increasing [3], offshore wind has some advantages over onshore wind. The high offshore wind potential and the long distance from the coast allow higher energy extraction with a reduced impact on residential areas [4]. Thus, offshore wind is advantageous with the possibility of implementing larger turbines [5].



In this regard, the move offshore has been conspicuous, even more so in deeper water and floating turbines [6]. Several projects evaluated alternative platforms to support multi-megawatt wind turbines [7,8,9,10]. ARCWIND (Adaptation and Implementation of Floating Wind Energy Conversion Technology for the Atlantic Region) is one project seeking to develop capable 10 MW floating wind turbines (FWTs). In ARCWIND, the wind energy potential in the Atlantic area is assessed [11,12,13], the best locations for wind farms are chosen [14], the feasibility of different FWT technologies is studied [15,16,17], and the logistics and economics of deploying these concepts in a full-scale farm environment are considered [18]. Within the project, Three FWT models are designed: a spar [19], a barge semisubmersible [20], and a tension leg platform (TLP) [21].



Regarding performance, TLPs have a minimal dynamic response in the restricted modes (i.e., heave, roll, pitch). Their stability relies on taut mooring lines, and the platform responds in a way similar to a rigid structure in terms of motion amplitudes and resonance frequencies. The minimal pitching response is an advantage for power production as it affects the aerodynamic performance of wind turbines [22,23,24]. Thus, compared to other floaters, the TLP’s generated power is less affected by motion amplitudes, for instance, larger pithing angles that can change the turbine aerodynamics.



Over the years, alternative TLP designs with various hull geometries, such as one-column [25,26,27] and four-column [28,29] designs, have been considered as possible hull forms. The single-column hull form originates from the SeaStar platform [26,30]. It was suggested as a means of reducing the hull weight compared to the conventional four-column form, which ConocoPhillips first installed in the 1980s. However, a smaller waterplane area signifies that, without ballasting, the hull form is limited in providing stability during installation cases and will likely require specialized vessels, such as installation barges, to transport the system to the installation site [31]. Since installation in larger numbers (i.e., wind farms) becomes economically unfavorable, this hull form has not been used even in demo projects to date. Hence, developing alternatives to keep the advantages of the TLP dynamics while addressing the disadvantages becomes necessary. The CENTEC-TLP was developed with these constraints in mind.



Unlike SeaStar-type TLP designs [27,32], the CENTEC-TLP has sufficient stability in free-floating conditions, as it follows the principles of a barge for transportation purposes. It makes use of a large waterplane area, thus benefitting from a low transport draft, making it accessible to low-depth ports and shipyards. The platform’s design development followed a series of stages as described by renewable industries in terms of Technology Readiness Levels (TRLs) [33,34]. The proof of concept (i.e., TRLs 1–3) involved the design procedure explained in [21,35,36], development of the hull form [15] and evaluation of the numerical performance [37,38,39]. The validation stage (i.e., TRLs 4–6) included testing a scaled model [40], as experimental testing allows the investigation of the system dynamics in a realistic environment [41]. This phase aimed to confirm the system dynamics, verify the mooring system, and collect sufficient data for future optimization of the numerical model if needed.



In this scope, the CENTEC-TLP was tested at the Universidad Politécnica de Madrid (UPM) towing tank. Initial results regarding the transportation dynamics and wave resistance are published in [42]. The results show a maximum heeling of 2 degrees in 3 m significant wave height. Given that a significant wave height above 1.5 meters is not usually considered favorable for installation, it can be stated that the design shows favorable motion dynamics for transport. The studies continued with the evaluation of the system dynamics and the mooring lines in operational, extreme, and fault conditions. The tests were conducted with the same prototype used in the transportation tests. They included adding a software-in-the-loop (SiL) system for wind load generation [43]. The aerodynamic system improvement comprises the emulation of the rotor thrust and the aerodynamic and gyroscopic pitch and yaw moments explained in [44], unlike the initial systems representing the thrust only [45]. The inclusion of the SiL avoids the Froude–Reynolds scaling conflict [46] and allows the testing of wind turbine pitch control strategies [47].



This work expands the initial set of data published in the experimental results from the CENTEC-TLP testing campaign [40]. It focuses on the installed platform and evaluates the operational performance. The paper starts by describing the design, the prototype, and the towing tank. Identification cases of free decays are then presented. They are followed by the response amplitude operators (RAOs) in regular waves and steady wind. Then, irregular waves and turbulent wind cases are evaluated, representing operational, extreme, and faulty conditions. The mooring line breaking and slacking are examined according to class society rules. All results are presented at full scale.




2. Model and Prototype Description


2.1. The Design


2.1.1. The Wind Turbine and Tower


The CENTEC-TLP (Figure 1—left) was designed for the DTU 10 MW turbine and tower [48]. The turbine is upscaled from the 5 MW NREL reference turbine [49], with a shorter tower and larger hub diameter compared to direct upscaling. Its specifications and mass properties are listed in Table 1. In addition, a clearance (i.e., the height of the platform-to-tower connection) of 10 m is set to prevent the waves from affecting the blades and the tower. This value matches the DeepCwind design [50] at 10 m above the mean sea level (MSL), regardless of the environmental conditions.



The tower’s mass and inertial data are in Table 2, and those for the nacelle and the rotor are in Table 3. The tower and the rotor nacelle assembly (RNA) combination details are provided in Table 4. Note that the 10-m base height locates the structure’s centre of gravity (CoG) at 95.9 m above MSL. The eccentricity in the longitudinal direction results from the offset of the centre of mass of the turbine.




2.1.2. The CENTEC-TLP Platform


The CENTEC-TLP (Figure 1) is designed in the ARCWIND project to support the DTU 10 MW wind turbine. The physical properties and the numerical performance can be found in [15,21,37,51]. It is symmetrically designed with a square-shaped ring pontoon and four rectangular stability columns. A central column supports the tower at the centre of a cross-shaped inner pontoon. The design involves four diagonal support braces for better structural integrity. The sides length is 49 m and the draft is 20 m. The primary material is steel with no ballasting, which keeps the mass low as possible (i.e., 2200 tons) while adding the free-float capabilities. The system floats on the pontoons during the transportation phase as a barge. Compared to cylindrical designs, rectangular pontoons are easier and cheaper to fabricate [52]. They also maintain the waterplane area when the platform heaves, preserving its stability.





2.2. The Prototype


2.2.1. Towing Tank and Data Acquisition


The CEHINAV research group carried out the experimental tests. They manage the Universidad Politécnica de Madrid (UPM) towing tank, whose length and breadth are 100 m and 3.8 m, respectively. The facility is equipped with a single paddle wave generator capable of generating up to 0.3 m waves. It also includes a passive wave absorption area. During the tests, the depth was set to 127.2 m (2.12 m model scale). This value was set to avoid exceeding the wave generator limits. The CENTEC-TLP design is adapted to the Ribadeo (Spain) site, where the water depth is 132 m [53,54].



The data acquisition is made with a sampling frequency of 100 Hz. This value is sufficient since the typical frequencies of the investigated phenomena are in the order of 1.2 Hz. The collected data include the mooring line tensions, the wave elevation, and the recorded motions. An optical tracking system is used for recording the six DOF motions. The system consists of four infrared cameras fixed on the tank’s walls, tracking the displacements and rotations for at least five markers. The in-house system “HarbourDuino Mini” manages the storage of the tracked motions and the synchronization with other measurements.




2.2.2. Prototype Properties


The experiment involves a 1:60 Froude-scaled prototype. The scaling factor targets the installation depth and fulfils the 20% Chakrabarti’s limit [55] of the tank width for model testing. In addition, the scale satisfies the ITTC recommendations [56,57] to fit the prototype in the basin dimensions, avoid interactions with the reflected waves from the side walls, uphold the wave maker capacity, and correctly scale the mooring lines. A silicone woven fibreglass and epoxy resin composite material are used to build the prototype. The material selection considers the geometrical complexity of the hull to guarantee a low mass, leaving a proper margin for calibrations. Table 5 summarizes the design and prototype properties.



For a TLP, setting the mooring line pretensions correctly is a priority to replicate its dynamics. In this regard, the buoyancy excess plays a major role. Accordingly, the mass and the displaced volume are set as the main targets for the scaling. The total mass (including the tower and RNA) scaling presents a minimal deviation of 0.24%. The draft, and therefore the displaced volume, matches the design value. Regarding the inertia, the lower columns were reinforced for better structural integrity, as shown in Figure 2. The reinforcements lead to a higher mass in these zones. The current calibration is the chosen compromise to match the roll, pitch, and yaw inertias.




2.2.3. Modeling of the Mooring Lines


In the design case, the CENTEC-TLP is moored with 12 tendons of 14 cm diameter. The 6-strand wire rope material is used with three lines attached to each corner. In the experiments, four tendons were used to represent three designed mooring lines each. Accordingly, the mooring stiffness and pretensions were conserved on each corner. This truncation is set according to the ITTC recommendations [58], where the total mass, the total stiffness, and restoring moments of the floating structure are conserved. Each mooring line is modelled with a spring connected to the platform via a stainless-steel wire and a screw (Figure 3). The mooring properties on each side are presented in Table 6 and Table 7. The slight difference in the mooring pretensions results from the inclusion of the lines’ weight. The load cell hanging in the lines is heavier than their actual mass scale and causes a difference in the pretensions. The tension adjustment is made through the connecting bolts while maintaining the 20 m draft. In the nomenclature, the lines T3 and T4 are located upwind, while T1 and T2 are downwind (Figure 1—right).




2.2.4. Emulation of Aerodynamic Loads


Froude-scaled rotors under an air flow produce out-of-scale aerodynamic loads due to a lower Reynolds number compared to the full-scale rotor. In the experiments, an actuator emulates the aerodynamic loads from the wind turbine at the hub height. The technique is referred to as the software-in-the-loop method (SiL), where the aerodynamic loads are Froude-scaled and included via actuators. SiL is a hybrid approach that combines physical testing and numerical simulation [59,60]. The communication between the actuators and the simulation is done in real time through a set of sensors and a motion-tracking system [46,47]. ITTC categorizes this technique as a functional practice to investigate the dynamic response of FWTs in operational and extreme conditions [33].



The National Renewable Energy Center (CENER) provided the SiL application in the experiment. Unlike initial SiL systems limited to the thrust force [45], an improved version of SiL is adopted, emulating, in addition to the rotor thrust, the aerodynamic and gyroscopic yaw and pitch moments. The emulator is composed of four drone propellers equally distributed around a drone chassis located at the hub height, as shown in Figure 1 (right). The calibration and the performance of the SiL system on the CENTEC-TLP are detailed in [43]. This configuration produces an approximate force range of 0-24N.



A schematic of the system is illustrated in Figure 4. Each propeller is powered by a brushless motor and fed with an AC/DC power supply. The thrust forces are controlled by the motor rotational speed set by the electronic speed controller (ESC), which is regulated by a pulse width modulation (PWM) signal generated by the LabVIEW control software, using servo libraries for Arduino. FAST [61] is used to simulate the turbine aerodynamics in real-time taking into account the measured motions. FAST’s output contains all loads from the rotor, including the applied aerodynamic, gravitational, and inertial loads. The loads are fed to the propellers via a calibration curve relating the requested force to the required PWM signal.



Concerning the tower, the first bending mode is set as a goal for the scaling. The first set of tests is conducted when the tower is cantilevered on a stable base (Figure 5), with the mass on its top representing the RNA. Bending tests are conducted, and the fore-aft and side-side periods are 4.25 s, roughly equal to the actual design period of 4 s. Tower identification test when fixed on the platform, is presented in Section 4.1.






3. Operational Criteria and Experimental Matrix


3.1. Criteria


The experimental campaign focuses on operational, extreme, and fault conditions. The wind and wave conditions represent the installation environment in Ribadeo, Spain, selected within the ARCWIND project [11,62]. The results are examined and compared to the criteria discussed by DNV [63,64,65] and API [66,67] and summarized in Table 8.



Ideally, tension leg platforms should limit the surge motion to stay below a five-degree mooring angle limit at the anchors [68]. This condition is given for steel tethers with limited flexibility. However, CENTEC-TLP utilizes flexible wire rope lines. Still, this recommendation was considered in the design process. Hence, the 5-degree anchor angle safety limit is equivalent to a 9 m surge displacement.



On the other hand, breaking the mooring lines is an ultimate limit state for the TLP. Hence, this value needs to be observed in all conditions. The line-breaking tension (Fbreak) is 12,000 kN for each of the 12 tendons [15]. The experimental prototype has four lines, each mimicking the behavior of three tendons, as described in Section 2.2.3. Thus, the breaking tension in this assessment is set to 36,000 kN.



Finally, the line tension should stay above 20% of the pretension (i.e., 2182 kN) to avoid a case considered slack [64]. Once the mooring line tensions drop below a certain value, they enforce high dynamic loads when they come back into tension, causing a series of failures.




3.2. Experimental Matrix


Several tests were conducted at UPM to evaluate the operational and survivability criteria. The experimental test matrix is summarized in Table 9. The evaluated cases are classified into two categories, including controlled and stochastic environments. Controlled scenarios involve identification cases of free decays, regular waves, and steady wind conditions. The stochastic conditions serve to evaluate the operational performance in irregular waves and turbulent wind environments, in addition to the survivability in extreme and fault scenarios. The system is designed for Ribadeo, in the north of Spain, with the scatter diagram shown in Table 10. Accordingly, the tested conditions are selected from the scatter diagram using the waves with the highest probability in the installation site.



3.2.1. Decay Tests


Identification tests as free decays are made to evaluate the system’s natural periods. This testing is conducted by displacing the model from its static equilibrium position in a particular DoF, and then releasing it to oscillate in free motion. The system is observed to swing around the equilibrium position with a smaller amplitude after every oscillation because the damping forces remove mechanical energy from the system, whereas there is no excitation force. Theoretically, the angular frequency of this oscillatory motion may differ from the natural frequency; however, the values will be close to identical when damping forces are relatively weak. Accordingly, the natural period is obtained by averaging the results of the Fourier analysis applied to the motion signals from different runs. Another set of surge and pitch decays, including steady wind loads, is made to assess the aerodynamic damping effects on the system. The wind scenarios represent the below-rated (8.65 m/s), rated (11.4 m/s), and the above-rated (20.17 m/s) wind speeds.




3.2.2. Steady Wind and Regular Waves


The second set of tests includes steady wind conditions are summarized in Table 11. The steady wind loads were emulated via CENER’s SiL system. The offsets in the motions and mooring line tensions are assessed according to operational criteria (Table 8), highlighting the contribution of wind loads to the system dynamics.



In the third set of tests, the system was subjected to only regular head waves and regular head waves combined with steady wind loads. The regular waves combined with steady wind conditions are summarized in Table 12. The first wave was selected to identify the problems that may occur close to the resonance conditions. The limit and forced-limit tests represent the operational scenario bounds in the installation site, and the 50-years test refers to the extreme sea state. The analysis was then carried out according to the ITTC recommendations [69]: the response amplitude operators (RAOs) are estimated using the Fourier analysis of the motions, mooring tensions, and wave signals. Only the steady part of the signal, excluding the time when the refracted waves reach the model, was analysed, and a minimum of 10–20 cycles were taken to obtain the RAOs. The example in Figure 6 shows the TLP unique behavior in heave when excited by regular waves. Due to the taut tendons, both positive and negative surge induce a downward heave motion (i.e., a set down). That is, the heave motion has spikes at twice the surge motion frequency. In this case, only the spikes occurring at the wave frequency are considered for the RAOs.




3.2.3. Stochastic Environments


The operational performance in stochastic wind and wave environments and the survivability in extreme conditions are also evaluated. Wind speed scenarios covering all the turbine states were selected for this analysis (Table 13). The wind and waves are aligned and have a 180-degree heading (i.e., head waves). The JONSWAP spectrum with a peak parameter of 1 is used for the irregular waves in operational conditions and 1.45 in extreme scenarios. Statistical analysis of the motions and mooring lines was made to assess the system dynamics and examine them against class society rules.



The last test sets assess the dynamics in fault conditions. DNV recommends testing emergency shutdown scenarios since mooring slack does not necessarily occur in extreme events but may occur in emergency stop cases [64]. In addition, controller error (i.e., one blade pitch angle set incorrectly) may cause platform yawing in operational conditions [70]. Accordingly, emergency shutdown tests in four conditions (Table 14) in the rated and above-rated steady wind conditions (i.e., 11.4 and 20.17 m/s) are examined.






4. Results in Controlled Environment Settings


4.1. Decay Tests


The system’s natural periods are identified with decay tests. The measured values are recapped in Table 15. The surge and sway periods are within the design target surpassing 25 s (Table 8) and read 27.4 s and 27.8 s, respectively. The roll and pitch also respect the design criteria and reside below the 5 s limit. The deviations compared to the design are less than 5% for most measured periods.



Due to the high stiffness of the mooring lines, heave decay tests were difficult to carry out. Displacing the model in heave resulted in tendon tension loss or rapid decays with limited oscillations. In both cases, the signal has noise due to the mooring responses. While the white noise wave spectrum test can provide an estimate of the heave period, the physical limitation of the wave maker did not allow for testing waves below a 5 s period. In this case, the analysis from the white noise test did not provide a clean signal to identify the heave natural period. Since the mass and the line stiffness were correctly scaled and other modes, such as surge, had deviations under 5 percent, it was considered close to the design value (i.e., approximately 2 s). Compared to pitching and rolling periods, this value is farther away from the first-order wave period. Hence, heave is unlikely to be excited without the second-order loads.



Table 16 shows the results of the surge and pitch decays in steady wind. The aerodynamic damping effect is seen by the slight change in the periods. The SiL system used for the wind load generation is connected to the wind turbine simulator “FAST”. All phenomena captured by FAST are reproduced by the SiL actuators, including the aerodynamic damping.



Regarding the tower, the first-mode period was measured with bending tests. The period in the cantilevered configuration (i.e., 4.25 s in Section 2.1) increased to 4.7 s when the tower was clamped to the floater. This variation is also seen in other testing campaigns [10,71,72]. The increase in the tower’s first-mode periods is related to the floater flexibility and the rigidity of the clamping between the tower and the floater. The value of 4.7 s is accepted as it lays outside the first-order wave excitation range of 5 to 25 s [65].




4.2. Steady Wind Responses


Steady wind tests (Table 11) are made to check the system response against the wind in operational and extreme conditions. The primary influence of wind is on surge and pitch since only 180-heading wind is used. Table 17 and Table 18 show the mean offsets of motions and line tensions, respectively. The results fulfil the operational and survivability criteria (Table 8) and leave a sufficient margin for wave loads. The maximum surge noted at the rated wind scenario is 3.65 m; the value is below the maximum allowed surge displacement (9 m). The rotational motions are also negligible, as expected from a TLP. The tendon tensions are situated in the allowed range (i.e., above 2182 kN and below 36,000 kN) and avoid the breaking and slacking phenomenon.




4.3. Regular Wave and Steady Wind Responses


The tested steady wind and regular waves are summarized in Table 12. The turbine is parked when only subjected to waves. It operates when the wind is introduced. Figure 7 and Figure 8 illustrate the motions and the line tensions RAOs, respectively. As a TLP, the system responds minimally to waves in most degrees of freedom. The amplitudes stay below 0.02 deg/m in roll, under 0.045 deg/m for pitch, and less than 0.05 deg/m in yaw. In surge, a longer wave period induces a higher response. While heaving is small in term of motion dynamics, it mainly affects the mooring response of the TLP.



As for the moorings, the tendons T3 and T4 are attached to the upwind columns, while T1 and T2 are the downwind ones. T3 and T4 behave identically in most of the tested waves. The case is the same for T1 and T2. However, the resonance test case (i.e., 5 s wave period) shows different behaviour. T1 and T3 have a higher response compared to T2 and T4. The roll motion seen in Figure 7 (i.e., 0.014 deg/m) may be causing this difference. In addition, the mooring RAOs are roughly identical in both regular waves and the combined regular waves and steady wind conditions. While the heave RAOs show some discrepancy due to wind (i.e., at 8.65 and 11.4 m/s), the discrepancy almost vanishes in the mooring response.



The 50-year extreme condition result is highlighted in green (i.e., at 15.38 s). The response is nearly linear with respect to the operational conditions. The system responds minimally to waves and wind, as reflected in the mooring lines. In this case, the rotational motions are more affected, recording the highest peaks. The tests with wave and wind are roughly identical to those with waves only in most scenarios. These results show that the RAOs depend mainly on the wave frequency and direction.





5. Results in Stochastic Environment


5.1. Stochastic and Extreme Wind and Wave Conditions


The operational and extreme conditions are recapped in Table 13. In all scenarios, the wind and waves are unidirectional. The JONSWAP spectrum was used for the waves. The peak parameter is 1 and 1.45 for the operational and 50-years cases, respectively. The wind loads are emulated using CENER’s SiL system. The match between the wave height and the wind speed is done using the scatter diagram of the Ribadeo installation area.



Figure 9 and Figure 10 show the maximum, minimum, and standard deviation of the motions and mooring line tensions. The maximum surge motion is 6.3 m, occurring in the above-rated condition. The maxima are close for the rated, above-rated, and limit conditions. They are lower than 9 m, keeping the anchor angle below the 5-degree safety limit. Compared to the above-rated wind case, the rated wind case introduces a higher turbine trust. At the same time, wave forces increase, given the wind speed and wave height correlation. These results show that the change in wind and wave forces are similar.



The maxima for heave and sway motions may be considered small. However, the minimum for heave can reach 20 centimeters. While the absolute values may look negligible, they are not direct indicators of the TLP’s performance. They will reflect as changes in mooring line tensions. This relation is further discussed when presenting the mooring line tensions.



The rolling and pitching motions stay below approximately 0.05 and 0.16 degrees, respectively. The existence of rolling motion signifies that the model is not entirely symmetrical regarding its setup, which can be confirmed by checking the initial mooring line tensions. In all cases, the motions are limited, as expected from a tension leg platform.



The primary advantage of these smaller motions is that the reflection on the aerodynamics is limited as the platform never pitches to a point where it can alter the aerodynamic response of the blades. Higher platform pitch eventually affects the blade geometry that encounters the wind. A study by Tran & Kim [22] shows that platform pitching significantly affects power generation. Also, Li et al. [24] showed that any increase in the platform pitching increases the fluctuations in the generated power and main shaft bearing forces. At the given angles, these cases are not factors that should be considered for a TLP.



Despite their low absolute values, it is understood from Figure 10 that motions still reflect in the mooring line performance. While the TLP provides a behaviour close to a fixed platform, it requires matching two criteria to ensure structural integrity: no loss of mooring line tension and no mooring line breaking should occur. The mooring line-breaking tension is 36,000 kN, while slack tension is 2182 kN.



In Figure 10, the maximum line tension (15,000 kN) reaches below half of the breaking limit. The minimum line tension is 5800 kN, proving that no slacking has occurred. Thus, the line tensions stay within the criteria range and respect the DNV and API rules [63,66] for mooring line safety. The behavior of individual lines clarifies that tension relies on the mooring line location. The turbine thrust causes the tensions in lines T3 and T4 to be higher than lines T1 and T2. The difference between the values is approximately 2000 kN, showing that this margin cannot be overlooked.



As for the 50-year scenario, the motions and mooring tensions statistics are summarized in Table 19 and Table 20. In 3 h of testing, 98% of the surge displacement belongs to the safety margin of 9 m (Figure 11). While the surge safety limit is surpassed, the maximum value (i.e., 11.45 m) is still acceptable since wire rope has higher flexibility compared to steel tendons, for which the 5-degree recommendation was given.



As for yawing, 98% remains below a half degree, and the maximum is 2.3 degrees. Pitch reaches a maximum of 1.1 degrees while 97% stays lower than 0.5 degrees. The platform heaves mostly between −30 and 20 cm and attains 63 cm at some point. While heaving directly influences the moorings, no slacking or breaking occurs. The peak in the heave (i.e., −63 cm) effect is seen in the mooring line tensions with a minimum of 2544 kN in line T4. The lines T3 and T4, respectively T1 and T2, present roughly identical behavior. The slight discrepancy in their behavior can be related to sway and roll, attaining a maximum of 1.2 m and 0.8 degrees, respectively. Mooring statistics (Figure 12) show that the tensions remain in the acceptable range, and the maximums (i.e., 23,000 kN) are rarely attained.




5.2. Emergency Shutdown


The shutdown scenarios involve both regular and irregular waves with steady and turbulent wind, respectively. The tests comprise rated and above-rated wind speeds detailed in Table 14. The motion data at the shutdown, including the line tensions, are summarized in Table 21 and Table 22, respectively. The results show that the surge remains below 9 m, so the anchor angle is below 5 degrees. The heave and rotational motions are also restricted to a few centimeters and 0.15 degrees. Regarding the mooring lines, no slacking nor breaking occur. The minimum tension is 6460 kN far enough from the tension limit of a slack line (i.e., 2182 kN). The maximum tension seen in tendon T4 (i.e., 14,670 kN) has a sufficient margin (22,000 kN) till the breaking limit



The emergency shutdown causes a maximum surge of 5 m (Figure 13) which leaves the anchor angle below 5 degrees. While the fault controller may result in high yawing for semis [70], the yaw for the CENTEC-TLP remains limited to 0.2 degrees with the defective controller. In addition, the line tensions (Figure 14) remain in the margin where no slacking nor breaking occur.





6. Conclusions


This work presents the hydrodynamic performance of the CENTEC-TLP in operational, extreme, and fault conditions. The objective is achieved by experimental testing of a scaled prototype. The natural frequency of the system validates that the system is replicated with high accuracy. Response amplitude operators obtained from regular wave tests present a minimal system response when subjected to waves. The surging due to steady wind loads remains within acceptable limits.



Stochastic wind and wave tests in operational conditions prove the model’s robustness in these scenarios. The minimal response in pitching emphasizes the advantages of the TLP in capturing the aerodynamic power. In addition, the motions remain restricted in the 50-year extreme condition when examined against the survivability criteria.



The mooring lines’ tensions are also verified as part of the operational and survivability criteria. The tensions remain within the acceptable range, leaving sufficient margins to slack mooring and breaking limits. The same conclusion applies to the emergency shutdown and controller error cases where the motions remain restrained, and the moorings tensions stay within limits.
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Figure 1. The CENTEC-TLP design (left) and prototype (right). 
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Figure 2. Lower columns’ reinforcements. 
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Figure 3. The mooring line used in the experiment. 
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Figure 4. Schematic of the software in the loop technique. 
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Figure 5. Tower bending test. 






Figure 5. Tower bending test.
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Figure 6. Example of heave and wave signals in regular wave conditions. 
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Figure 7. Response amplitude operators of the motions in regular wave conditions. The green markers (at T = 15.38 s) represent the 50-year extreme condition. 
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Figure 8. Response amplitude operators of the moorings in regular wave conditions. The green markers (at T = 15.38 s) represent the 50-year extreme condition. 
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Figure 9. Maximum, minimum, and standard deviation of the motions in operational conditions. 
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Figure 10. Maximum, minimum, and standard deviation of the mooring tensions in operational conditions. 
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Figure 11. Histogram of the motions in the 50-year condition. 
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Figure 12. Histogram of the mooring tensions in the 50-year condition. 
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Figure 13. Motion signals in emergency shutdown case. 
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Figure 14. Mooring tensions signals in the emergency shutdown case. 
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Table 1. Specifications of the DTU 10MW WT.
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	Parameter
	Value
	Units





	Cut-in wind speed
	4
	[m/s]



	Cut-out wind speed
	25
	[m/s]



	Rated wind speed
	11.4
	[m/s]



	Rated power
	10
	[MW]



	Min–max rotor speeds
	6–9.6
	[rpm]



	Rotor diameter
	178.3
	[m]



	Rotor mass
	227,962
	[kg]



	Nacelle mass
	446,036
	[kg]



	Tower mass
	628,442
	[kg]



	First tower mode frequency
	4.02
	[s]
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Table 2. Mass details of the tower model and the moments of inertia about its center of gravity.
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	Parameter
	Value
	Units





	Tower mass
	628,442
	[kg]



	Ixx
	6.52 × 108
	[kg m2]



	Iyy
	6.52 × 108
	[kg m2]



	Izz
	7.84 × 106
	[kg m2]



	CoG (x,y,z)
	0, 0, 57.6
	[m]
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Table 3. Mass details of the nacelle and rotor assembly.
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	Parameter
	Value
	Units





	Total mass
	673,998
	[kg]



	Center of gravity
	[0.61, 0, 131.56]
	[m, m, m]
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Table 4. Mass details of the tower, rotor, and the nacelle combination.
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	Parameter
	Value
	Units





	Total mass
	1,302,440
	[kg]



	CoG (x, y, z)
	[0.32, 0, 95.9]
	[m, m, m]



	Ixx
	2.43 × 109
	[kg m2]



	Iyy
	2.45 × 109
	[kg m2]



	Izz
	2.24 × 107
	[kg m2]



	First fore–aft natural period
	4.02
	[s]
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Table 5. Design and prototype properties (full scale).
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	Parameter
	Design
	Prototype
	Deviation





	Draft [m]
	20
	20
	0%



	Total mass [t]
	3490.6
	3499.2
	0.24%



	ZCoG [m]
	28.47
	25.82
	9.3%



	Ixx [kg m2]
	1.25 × 1010
	1.42 × 1010
	13.6%



	Iyy [kg m2]
	1.25 × 1010
	1.42 × 1010
	13.6%



	Izz [kg m2]
	1.05 × 109
	1.68 × 109
	60%
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Table 6. Design and prototype mooring pretensions.
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	Tendon
	Design

[kN]
	Measured

[kN]
	Deviation





	T1
	10,910
	10,920
	0.09%



	T2
	10,910
	10,770
	1.28%



	T3
	10,910
	11,070
	1.46%



	T4
	10,910
	10,970
	0.5%
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Table 7. Design and prototype mooring stiffness.






Table 7. Design and prototype mooring stiffness.





	Tendon
	Design

[kN/m]
	Measured

[kN/m]
	Deviation





	T1
	9.47 × 104
	9.44 × 104
	0.32%



	T2
	9.47 × 104
	9.32 × 104
	1.58%



	T3
	9.47 × 104
	9.57 × 104
	1.06%



	T4
	9.47 × 104
	9.51 × 104
	0.42%
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Table 8. Operational and design criteria for the CENTEC-TLP.






Table 8. Operational and design criteria for the CENTEC-TLP.





	Requirement
	Target





	Surge, sway, and yaw period
	>25 s



	Roll, pitch, and heave period
	<5 s



	Anchor angle limit
	5°



	Max surge displacement
	9 m



	Mooring line breaking
	FLine < Fbreak = 36,000 kN



	Mooring line slack criteria
	FLine > 20% Pretension = 2182 kN



	Pitch
	RMS < 2°
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Table 9. Experimental test matrix.






Table 9. Experimental test matrix.









	Controlled Environments
	Stochastic Environments





	Free decays
	Irregular waves and turbulent wind



	Regular waves
	50-year extreme



	Regular waves and steady wind
	Emergency shutdown



	Steady wind
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Table 10. Scatter diagram of Ribadeo showing the probabilities of wave height and period combinations [12,62].






Table 10. Scatter diagram of Ribadeo showing the probabilities of wave height and period combinations [12,62].
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>18




	
Hs (m)

	






	
0.5

	
0.00

	
0.00

	
0.00

	
0.00
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0.00
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0.00

	
0.00

	
0.00

	
0.00

	
0.00
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0.00




	
1
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0.00

	
0.01
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Table 11. Steady wind conditions.






Table 11. Steady wind conditions.





	Condition
	Uw [m/s]





	Cut-in
	4



	Below Rated
	8.65



	Rated
	11.4



	Above rated
	20.17



	Limit
	23.06



	Cut-out
	25



	50-year
	50
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Table 12. Regular wave and steady wind conditions.






Table 12. Regular wave and steady wind conditions.





	Condition
	H [m]
	T [s]
	Uw [m/s]





	Resonance
	1.5
	5
	4



	Below rated
	1.5
	10.5
	8.65



	Rated
	2
	12.5
	11.4



	Above rated
	3.5
	13.5
	20.17



	Limit
	4
	14.5
	23.06



	Forced-limit
	8
	16.5
	23.06



	50-year
	10.81
	15.38
	50
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Table 13. Stochastic and extreme wind and wave conditions.






Table 13. Stochastic and extreme wind and wave conditions.





	Condition
	Hs [m]
	Tp [s]
	Uw [m/s]





	Below rated
	1.5
	10.5
	8.65



	Rated
	2
	12.5
	11.4



	Above rated
	3.5
	13.5
	20.17



	Limit
	4
	14.5
	23.06



	50-year
	10.81
	15.38
	50
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Table 14. Wind and wave conditions for emergency shutdown tests.






Table 14. Wind and wave conditions for emergency shutdown tests.





	
Wave Type

	
Wind Type

	
Condition

	
Hs [m]

	
Tp [s]

	
Uw [m/s]






	
Regular

	
Steady

	
Rated

	
2

	
12.5

	
11.4




	
Steady

	
Above rated

	
3.5

	
13.5

	
20.17




	
Irregular

	
Turbulent

	
Rated

	
2

	
12.5

	
11.4




	
Turbulent

	
Above rated

	
3.5

	
13.5

	
20.17
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Table 15. Natural Period of the system.






Table 15. Natural Period of the system.














	
	Surge [s]
	Sway [s]
	Roll [s]
	Pitch [s]
	Yaw [s]
	Tower [s]





	Exp
	27.4
	27.8
	4.9
	4.9
	15.3
	4.7



	Ref
	29
	29
	4.8
	4.8
	16.8
	4



	deviation
	4.1%
	4.1%
	2%
	2%
	8.9%
	17.5%
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Table 16. Natural periods of the system with steady wind loads.






Table 16. Natural periods of the system with steady wind loads.











	
	Wind Speed [m/s]
	Surge [s]
	Pitch [s]





	Below rated
	8.65
	28.17
	5.11



	Rated
	11.4
	28.65
	5.09



	Above rated
	20.17
	27.85
	5.03
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Table 17. Motions in steady wind conditions.






Table 17. Motions in steady wind conditions.















	
	Cut-In
	Below Rated
	Rated
	Above Rated
	Limit
	Cut-Out
	50-Years





	Surge [m]
	0.45
	1.73
	3.65
	1.19
	1.08
	1.06
	0.21



	Sway [m]
	−0.02
	−0.038
	−0.06
	−0.02
	−0.024
	−0.026
	−0.004



	Heave [m]
	−0.001
	−0.017
	−0.067
	−0.01
	−0.007
	−0.005
	−0.001



	Roll [deg]
	0.001
	0.007
	0.005
	0.001
	0.0
	0.003
	0



	Pitch [deg]
	−0.013
	−0.058
	−0.113
	−0.036
	−0.034
	−0.029
	−0.006



	Yaw [deg]
	0.0
	0.03
	0.06
	0.013
	0.01
	0.01
	−0.005
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Table 18. Line tensions in steady wind conditions.






Table 18. Line tensions in steady wind conditions.















	
	Cut-In
	Below Rated
	Rated
	Above Rated
	Limit
	Cut-Out
	50-Years





	Line T1 [kN]
	10,262
	9246
	7777
	9641
	9745
	9823
	10,470



	Line T2 [kN]
	10,195
	9188
	7691
	9590
	9695
	9734
	10,359



	Line T3 [kN]
	11,171
	12,190
	13,695
	11,771
	11,666
	11,622
	10,991



	Line T4 [kN]
	11,256
	12,292
	13,826
	11,892
	11,790
	11,715
	11,044
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Table 19. Maximum, minimum, and standard deviation of the motions in 50-year conditions.
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	Surge [m]
	Sway [m]
	Heave [m]
	Roll [deg]
	Pitch [deg]
	Yaw [deg]





	Max
	11.45
	1.20
	0.16
	0.34
	1.1
	2.3



	Min
	−8.40
	−0.81
	−0.63
	−0.8
	−0.53
	−0.59



	Std
	3.15
	0.26
	0.08
	0.17
	0.23
	0.20
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Table 20. Maximum, minimum, and standard deviation of the line tensions in 50-year conditions.
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	T1 [kN]
	T2 [kN]
	T3 [kN]
	T4 [kN]





	Max
	17,494
	17,227
	22,227
	23,372



	Min
	4977
	4057
	3440
	2544



	Std
	1537
	1756
	2127
	2352
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Table 21. Motion statistics in emergency shutdown scenario.
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Regular Wave–Steady Wind

	
Irregular Wave–Turbulent Wind




	

	
Rated

	
Above Rated

	
Rated

	
Above Rated




	

	
Max

	
Min

	
Max

	
Min

	
Max

	
Min

	
Max

	
Min






	
Surge [m]

	
5.5

	
−3.4

	
2.8

	
−2.7

	
4.6

	
−2.33

	
3.9

	
−1.95




	
Sway [m]

	
0.09

	
−0.1

	
0.15

	
−0.22

	
0.2

	
−0.19

	
0.14

	
−0.13




	
Heave [m]

	
0.002

	
−0.14

	
0.002

	
−0.04

	
0.006

	
−0.1

	
0.001

	
−0.7




	
Roll [deg]

	
0.018

	
−0.016

	
0.012

	
−0.01

	
0.016

	
−0.017

	
0.013

	
−0.014




	
Pitch [deg]

	
0.04

	
−0.15

	
0.056

	
−0.058

	
0.044

	
−0.13

	
0.03

	
−0.1




	
Yaw [deg]

	
0.12

	
−0.06

	
0.08

	
−0.048

	
0.13

	
−0.06

	
0.12

	
−0.05
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Table 22. Line tension statistics in emergency shutdown scenario.






Table 22. Line tension statistics in emergency shutdown scenario.





	

	
Regular Wave–Steady Wind

	
Irregular Wave–Turbulent Wind




	

	
Rated

	
Above Rated

	
Rated

	
Above Rated




	

	
Max

	
Min

	
Max

	
Min

	
Max

	
Min

	
Max

	
Min






	
Line T1 [kN]

	
11,880

	
6720

	
12,140

	
9040

	
12,050

	
7170

	
12,130

	
7840




	
Line T2 [kN]

	
11,650

	
6460

	
12,140

	
8810

	
11,850

	
7130

	
11,620

	
7060




	
Line T3 [kN]

	
14,450

	
9560

	
12,170

	
9335

	
14,510

	
9300

	
13,470

	
9900




	
Line T4 [kN]

	
14,500

	
9230

	
12,530

	
9020

	
14,670

	
9550

	
13,450

	
9560
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