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Abstract

:

This paper presents a numerical model for the smart detection of synchronous and parametric roll resonance of a ship. The model implements manoeuvring equations superimposed onto ship dynamics in waves. It also features suited autopilot and rudder actuator models, aiming at a fair depiction of the control delay. The developed method is able to identify and distinguish between synchronous and parametric roll resonance, based on the estimation of encounter wave period from ship motions. Therefore, it could be useful as a smart tool for manned vessels and, also, in the perspective of unmanned and autonomous vessels (in the paper it is assumed a hypothetical remote crew). Once the resonance threat is identified, different evasive actions are simulated and compared, based on course and speed change. Calculations are carried out on a ro-ro pax vessel vulnerable to parametric roll. We conclude that, in roll resonance situations, and in the absence of roll stabilisation systems on-board, course change could be the most effective countermeasure.
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1. Introduction


Recent interest in smart ships brings out new possibilities in vessel operations but, at the same time, involves new challenges [1,2]. Regarding the smart tool development for supporting crew decisions on manned ships, the smart vessel concept extends to unmanned and autonomous ships with several levels of automation. The unmanned ship is expected to be operated by remote actions since there would be no crew on-board. Therefore, the vessel has to be equipped with an extensive set of sensors concerning videos, acceleration and motion tracking, accounting for redundant tools [3,4]. The decision-making processes performed by the crew, conventionally based on physical perceptions, have to be moved to a digital perception of the reality. The autonomous ship is expected to operate without any human action, independently from the presence of crew on-board. The vessel is provided with smart tools capable of elaborating sensor signals and making decisions on ship routing and operation, autonomously. This is particularly relevant for decision-making processes, conventionally performed by humans, and the resulting choices.



One of the main concerns about smart vessels regards the assessment of ship safety [5,6,7], with the development and establishment of dedicated rules. Such regulations on autonomous/remote ships are currently under development by the classification societies [8]. The ship usually faces several troublesome situations during navigation. This paper focuses on excessive motions arising from parametric and synchronous roll, that are responsible for large accelerations with severe consequences for ship safety. Parametric roll resonance depends on the variation of the immersed hull in waves and can happen mainly in head/following seas, but even in oblique waves. The most severe condition for triggering parametric resonance is characterised by an encounter wave period that is half of the natural roll period. Weaker parametric resonance also can be observed for an encounter wave period equal to a natural roll period, although this might be confused with synchronous roll resonance, especially in oblique seas. Indeed, synchronous roll resonance, depending on the agreement of encounter wave period and natural roll period, can happen for oblique and beam waves, while for head and following seas no roll motion is expected. Herein, weaker parametric resonance scenarios (characterised by a natural roll period equal to the wave period) are not under investigation, nevertheless, the developed method is expected to identify them as synchronous roll threats. Specifically, ships prone to parametric roll could develop large roll motions and, thus, lead to dangerous scenarios such as cargo shifting [9,10] or even capsizing. Nevertheless, synchronous roll, which indeed can happen more frequently and for all ship types, could lead to unpleasant consequences [11,12].



Considering the perspective of a smart ship, according to the guidelines developed by DNV-GL [8], a breakdown of ship functions involves the following features: condition detection, condition analysis, action planning and action control (i.e., execution). Route planning is an important aspect to take care of since it aims at critical scenario forecasting before setting out to sea. Regarding the avoidance of excessive roll motions and accelerations, route planning mainly employs polar diagrams or similar methods [13,14,15,16,17]. However, it has been recognised that real-time applications of such tools for condition detection and analysis would be difficult [18], especially when a ship navigates in unexpected or accidental operational conditions not covered by the diagrams. Several methods were developed and presented by the authors of [19,20,21,22] mainly for the detection of parametric roll resonance, aiming at providing on-board decision support systems during navigation. However, they disregard the synchronous roll. Dealing with roll resonance phenomena, the measurement and identification of the wave period and heading during navigation are crucial. One of the novel aspects of this paper is the development of a reliable autonomous system, able to replace the crew perception of the sea state, aiming at the detection and analysis of the resonance threats. The research focuses on three different approaches for determining encounter wave periods in irregular waves, based on the measurements of heave and pitch motions. This follows the idea of exploiting ship motions as estimators of sea state characteristics [23,24]. These three approaches refer respectively to: FFT (Fast Fourier Transform) analysis, time-domain assessment, and Hilbert transform. Except for the Hilbert-based approach, the first two were already introduced in a previous research paper [25], where they were applied separately. Herein, all three proposed approaches are simultaneously applied and compared, aiming at the evaluation of a more reliable prediction. Therefore, the current paper concerns the enhancement of an autonomous routine for condition detection and analysis; moreover, it also aims at providing novel insights regarding action planning and control execution that, for the purpose of the paper, are assumed up to the crew. Indeed, in the reference paper [25], the analysis was limited to the identification of the excessive roll motion threats once the whole time history was achieved from the numerical simulations, with no possibility of controlling the speed and heading of the vessel during the run. The first part of the current research deals with the implementation of the method for condition detection and analysis within the time domain simulations for real-time threat identification. The investigation of action planning and control execution features the development of a numerical model that includes the main ship control systems for executing the evasive action by modifying the speed or course. The latter requires the implementation of the rudder actuator and autopilot models [26]. This implementation aims at enhancing the estimation of ship behaviour once the control is executed. The outcomes of selected case studies, involving the detection of parametric and synchronous roll resonance, followed by the executions of different evasive actions, provide novel knowledge on the best countermeasure to different critical scenarios.



The ship under study is a ro-ro pax ferry named Seatech-D. Despite the smart tool developed herein being intended for both manned and unmanned ships, it might be questioned that a passenger ferry is not a realistic candidate for becoming an unmanned or autonomous vessel for near-future industrial applications. Indeed, in this research, the hull is mainly used for testing the developed method: regarding Seatech-D, experimental campaign data regarding a self-propelled turning circle in irregular waves and straight runs in oblique irregular waves are available [27,28]. Therefore, for the scope of the current applications, it is considered appropriate.



The paper is structured as follows. First, a brief description of the numerical model for ship dynamics is given, with particular relevance to the rudder and steering actions. Then, the parametric and synchronous roll detection routine is applied to the numerical simulations. Once a threat is identified, the control of the vessel is performed and the obtained results on evasive actions are further discussed. Finally, conclusions are drawn.




2. Numerical Model for Ship Control in Irregular Waves


The numerical model is based on a combination of sea-keeping and manoeuvring motions in irregular seas, as presented by the authors of [29,30], accounting for all the pertinent non-linearities. The previous researches employed the computer program LAIDYN coded in Fortran [29], well known in the technical literature and validated through several benchmark studies [31,32,33]. Differently, the current numerical model is implemented in a Matlab/Simulink environment and it features novel approaches regarding autopilot and steering actions, thus aiming at a more realistic application of ship control attitude in adverse sea states.



A suitable superposition of sea-keeping and manoeuvring motions guarantees a fair agreement of the numerical outcomes with the available experimental data. This is carried out by assuming that the added mass coefficients for an infinite frequency are valid for both sea-keeping and manoeuvring models; while the damping coefficients, corresponding to the sway–yaw motions, refer only to the manoeuvring derivatives (i.e., radiated wave effects are excluded). The damping actions, in the remaining degrees of freedom, are implemented by the convolution integral technique [34]. Rudder forces develop in agreement with the instantaneous angle of attack and speed at the blade location, as explained by the authors of [29,30]. Differently from the reference papers, the effects of propeller action on the rudder flow are disregarded herein. This would induce an error on the velocity at the rudder blade, while in the current simulations no appreciable differences were found by comparing the numerical and the experimental turning circle results. Concerning the scope of the research, the small approximation regarding the propeller action on the rudder flow is considered tolerable.



The propeller thrust is achieved by a fixed revolution approach, which involves a modification of the ship speed due to the wave actions. The obtained wave resistance in the numerical simulation (i.e., all wave actions in the x-axis, body reference frame), does not account for second-order effects. The current numerical model gives the possibility to modify ship heading (through rudder deflection) and propeller revolution during the simulation. Particularly, the rudder angle changes accounting for a realistic delay in both the autopilot and the steering control laws.



The main objective of ship manoeuvring is to control the heading angle of the ship. This is conventionally carried out, in the majority of vessels, by rudder actions that ensure course keeping and course change. The control system must alter the control surfaces to a desired heading angle; the rudder deflection angle can be set manually (as usually done by the helmsman) or autonomously employing an autopilot. The current model implements a PID (proportional, integral, derivative) autopilot, capable of controlling rudder deflection to achieve the desired heading angle. The proportional, integral and derivative constants are set by the “trial and error” approach, to ensure a suitable control action in waves; the integral action is almost negligible compared to the others.



It is important to underline that the desired rudder angle, as required by the autopilot, cannot be achieved instantaneously due to the damping (provided by the surrounding fluid) and the inertia (due to the rudder shape and weight distribution). Thus, the torque for turning the rudder, provided by a hydraulic actuator, has to compensate for several effects and the rudder turn dynamics are modelled by a second-order linear system. This aims at a more realistic control approach [26].




3. Case Study


The ship under investigation is a monohull ro-ro pax ferry, named Seatech-D, whose main particulars are given in Table 1. This hull was developed and investigated at the Aalto University in terms of resistance, stability, and sea-keeping tests. Additional details can be found in Stigler and Matusiak [28,29]. Particularly, for section plans and ship drawings refer to Stigler [28].



Concerning this hull, experimental data regarding straight runs in oblique seas and turning circles in irregular waves are available [27,28]. The hull model is not equipped with bilge keels.



The comparisons with the straight runs in oblique waves have been already presented [11], showing a fine match of the results (assessed by superposition of the numerical and experimental data, checking the agreement of the overlapping curves). Figure 1 shows a turning circle simulation, carried out by the numerical model under development herein. Irregular sea refers to JONSWAP spectrum with a zero-crossing period TZ = 5.5 s, and significant wave height HS = 4.8 m, and it is discretised by N = 30 wave components; ship speed is set Vs = 8.40 m/s and rudder deflection is δ = 20° (in ship scale). Turning path results are in model scale 1:39, the remaining outcomes refer to ship scale. There is an overall fair agreement between the turning diameter and the roll motion behaviour, as observed from the reference experimental and numerical data [27,28].



All details about the turning circle conditions are given (in ship scale) in the Figure 1 caption. The ship performs three turns in less than 1200 s and, consequently, she experiences three times an amplification of the roll motions due to the resonance between the natural roll period (TN = 17.5 s) and encounter period TE. The latter accounts for the variation of wave heading and ship speed during the turn. This test ensures the reliability of the implemented models for rudder actions (for a constant deflection) and ship manoeuvring, superimposed onto the vessel dynamics in irregular waves.



The rudder actuator model implements inertia, damping, restoring and PID coefficients that are needed for the rudder turn execution, derived from design considerations. These coefficients are assumed to ensure that the time to deflect the rudder in still water from δ = −30° to δ = 35° remains below 28 s [35], in the absence of detailed data. A numerical application of this deflection test for Seatech-D is shown in Figure 2: rudder deflection starts from δ = −30° at 101 s and reaches approximately δ = 35° at 127 s. The rate of turn   δ ˙   does not exceed 7.5 deg/s.



Despite the simplifying assumptions adopted herein, the outcomes of the turning circle and rudder deflection tests provide a satisfactory behaviour of the numerical model in representing ship dynamics and the steering action in a realistic manner.



3.1. Autonomous Detection of the Excessive Roll Motions


The autonomous detection system for excessive roll threats in severe seas features a constant monitoring of the sea state, i.e., it estimates the wave encounter period through measurements and analysis of heave and pitch motions. The system measures roll motions alongside, focusing on average roll amplitude, and all data are processed every 90 s. Once the estimated wave encounter period falls within 40–60% (or 80–120%) of the known natural period (TN) of the ship, and mean roll amplitude exceeds a certain threshold, the autonomous detection system forwards an alert signal of parametric (or synchronous) roll. This alert could be sent to an on-board crew or a remote one, depending on a manned or unmanned ship (in the remaining of the paper it is assumed a hypothetical remote crew). This resembles the first part of the approach developed by Acanfora [25], i.e., autonomous detection and alert identification.



Following the alert signal, the crew examines the ship behaviour and operational condition and, consequently, it takes an evasive action by changing the speed (controlling the propeller revolution) or by changing the heading (setting the autopilot and, thus, affecting rudder deflection). The simulation of the countermeasure actions and the corresponding effectiveness analysis represent the novel aspect of this research. Besides, in the current applications, it is assumed that the crew always takes an evasive action once a roll resonance threat is detected, although it could decide not to intervene.




3.2. Techniques for Monitoring Encounter Wave Period and Roll Amplitude


The need for a reliable assessment of the encounter wave period is directly correlated to a correct interpretation of the reason behind the development of large roll motions. When the encounter period of the waves and the natural roll period of the ship fall close to the ratio 1:2 (that is TE = TN/2), with large roll amplitudes even in relatively moderate wave heights, then a parametric resonance could reasonably be identified. Pitch and heave motions are adopted as indicators of sea state by processing the time history samples every 90 s with a frequency of 5 Hz. Indeed, these are two signals that exhibit a well-established linear behaviour, related to the encounter wave period. The peak periods of each sample of pitch and heave (    T ¯  θ    and     T ¯  ζ    respectively) are assumed as the current encounter wave period     T ¯  w   . The adoption of three techniques for each signal, listed and briefly explained below, can help in identifying the most reliable approach and can improve redundancy. FFT analysis (    T ¯  θ    and     T ¯  ζ    are the peak values of the pitch and heave spectra, obtained by the 90 s samples of pitch and heave, respectively). Mean period of the peaks from the time history (M is the number of the peaks, referring to heave-subscript ζ and pitch-subscript θ respectively, within the 90 s samples):


   {        T ¯  ζ  =  1   M ζ      ∑ 1   M ζ      T  ζ , i             T ¯  θ  =  1   M θ      ∑ 1   M θ      T  θ , i            











Hilbert transform analysis of pitch θ(t) and heave ζ(t) samples [36]:


   z θ  = θ ( t ) + i H [ θ ( t ) ] = θ ( t ) + i  1 π  P . V .    ∫  − ∞   + ∞      θ ( τ )   t − τ      d τ =  A θ  ( t )  e  i  k θ  ( t )      










    T ¯  θ  = 1 / T   ∫  T    2 π   d  k θ   ( t )  / d t   d τ  










   z ζ  = ζ ( t ) + i H [ ζ ( t ) ] = ζ ( t ) + i  1 π  P . V .    ∫  − ∞   + ∞      ζ ( τ )   t − τ      d τ =  A ζ  ( t )  e  i  k ζ  ( t )      










    T ¯  ζ  = 1 / T   ∫  T    2 π   d  k ζ   ( t )  / d t   d τ  








where A is the signal instantaneous amplitude and k is the signal instantaneous phase, referring to heave-subscript ζ and pitch-subscript θ respectively, within the 90 s samples.



Along these lines, three values of the period for each motion sample are available. Redundant values of     T ¯  w  ,   estimated utilising     T ¯  θ    and     T ¯  ζ  ,   can be achieved. A single value of the period is obtained as a mean value among the three; however, in the case of a large disagreement among them, they are considered separately.



The parametric roll (PAR) alert is set as follows:


  P A  R  i n d e x   =  {      1     i f    ϕ A    ≥    ϕ  a l e r t     a n d   0.4   <    T ¯   w  /  T N  < 0.6       0   i f    ϕ A  <  ϕ  a l e r t          








where  ϕ A is the average value of roll amplitude, estimated from the measurement of roll motion in the same time range of heave and pitch. Thus, the Hilbert transform approach is employed:


    z ϕ  = ϕ ( t ) + i H [ ϕ ( t ) ] = ϕ ( t ) + i  1 π  P . V .    ∫  − ∞   + ∞      ϕ ( τ )   t − τ      d τ =  A ϕ  ( t )  e  i  k ϕ  ( t )        ϕ A 2  = 1 / T   ∫  T   A ϕ 2   ( t )  d τ   











When there is a scenario involving synchronous (S) roll resonance, the corresponding alert index is set as:


   S  i n d e x   =  {      1   i f    ϕ A  ≥  ϕ  a l e r t     a n d   0.8 <    T ¯   w  /  T N  < 1.2       0   i f    ϕ A  <  ϕ  a l e r t          











Regarding an alert scenario, a threshold value between 10–15° should be expected [25]. Since this alert refers to possible developments of roll resonance in an early stage, a moderate roll amplitude is considered adequate for setting the alert. During the current simulation, it is set to ϕalert = 12.5°, as a mean value between 10–15°.





4. Results and Discussions


4.1. Parametric Roll Scenario


The autonomous detection technique operates on two redundant wave period values (one on the heave, one on the pitch, as mean values among the three techniques introduced above); therefore, two alert indexes are provided. When at least one of these two values becomes equal to one, then the system forwards the alert signal immediately to the remote crew. Once the alert is sent, the reaction time would depend on the preparedness of the remote crew, while the control action would depend on its expertise and experience.



The following applications show an example of the autonomous detection of large parametric roll motions together with some possible remote crew actions. The case study involves an irregular sea state modeled by a JONSWAP spectrum with HS = 4.5 m and TZ = 9.5 s (peak period TP = 12.2 s). It is implemented by exploiting the technique proposed by Acanfora [11], adopting N = 30 wave components. This irregular sea scenario, together with a ship sailing in the head sea direction with a speed of VS = 8.4 m/s (that is around 16 knots), can lead to the development of parametric roll. The initial ship heading in the simulation, is set at ψ = 175° to introduce a small perturbation (for a faster development of parametric resonance within the numerical model). The autonomous detection technique applies to the sample critical scenario, regarding which the remote crew might intervene with three different actions to modify the operational condition: change of heading of 15°, change of heading of 30° or speed reduction of 5 knots. Concerning a fair comparison between the outcomes, each numerical run is based on the same wave realisation. Figure 3 shows the effects on ship dynamics when changing the vessel course of 15°. Figure 3A (left-hand side) regards ship dynamics and control actions, while Figure 3B (right-hand side) focuses on the alert detection and on the effects of the control application. It is possible to observe that large roll motions, in head sea, start developing after 12 min of navigation (i.e., around 720 s). The PARindex becomes equal to 1, i.e., the alert signal is sent to the remote crew, with 90 s of delay. This corresponds to the sample time that the system takes to assess the current alert state of the ship.



Regarding these applications, in the absence of precise and dedicated data, it is assumed that the remote operator reacts within 30 s after the alert signal and quickly sets the autopilot to change the course by 15°. The ship change of heading to ψ = 160° does not produce any appreciable change to roll motions i.e., the hull is still within the parametric resonance condition. An additional change of course by 15°, leading to ψ = 145°, is effective in bringing the hull out of resonance, with moderate roll motions. Under such circumstances, it takes time to judge that the first change of heading was ineffective, thus, parametric roll lasts quite a long time before moving out from the resonance range. The best approach, in terms of incisive countermeasures to parametric roll, is the immediate change of course by 30°, soon after the alert is identified (see Figure 4). Once the command is fed to the autopilot, the PARindex returns to zero after 4 min, which means that the parametric roll extinguishes after 2.5 min (i.e., 90 s in advance of the PARindex). However, this choice would result in a quite significant re-scheduling of the ship route, although it guarantees a quick and effective action.



Another feasible approach, to avoid route modification, is the action involving a speed reduction, thus tolerating a slowdown due to the adverse weather conditions. Seen in Figure 5, a speed reduction of 5 knots is adopted as a countermeasure against parametric roll. However, the results in Figure 5A (left-hand side) and Figure 5B (right-hand side) show that this approach is not fully effective. The roll motion mitigates, but it does not extinguish completely. This is supported by the evidence that the PARindex does not remain equal to zero after the speed reduction (especially the PARindex related to pitch motion). Therefore, among the proposed actions, the speed reduction appears the least reliable and the least safe. A further reduction in speed would not guarantee a feasible alternative, not only from a routing point of view, it would be detrimental for vessel directional stability and course keeping, also leading to less dampened ship motions.




4.2. Synchronous Roll Scenario


Large roll motions can generally arise in the event of synchronous resonance. This phenomenon is critical for all ship types and it is a more frequent issue during ship navigation than parametric roll resonance. Therefore, the autonomous detection system has to provide alerts also in the case of synchronous roll threats.



Synchronous resonance is found for the operational condition in irregular sea characterised by TZ = 5.5 s (peak period TP = 7.1 s), HS = 6 m, with ship speed VS = 8.40 m/s and heading ψ = 45°. While for parametric roll case all three techniques provided comparable periods, thus improving the redundancy of the system, actually this is not confirmed by the outcomes of synchronous resonance case. Figure 6 yields an overview of the accuracy of the wave period estimation related to the alert index Sindex. It appears that     T ¯  w   , obtained as the mean value among FFT, Hilbert and Peak calculated periods, leads to underestimated alert conditions. Indeed, if we evaluate the Sindex separately for every single period, the FFT-based value is the most effective in alert detection, although it shows a larger variation in time. Conversely, the Peak-based value does not provide any alert signal in the whole time range. However, all approaches fail around 200–300 s, when  ϕ A exceeds 12.5°, and none of them identifies the alert. This issue also could be linked to the heading corresponding to the case study. The parametric resonance case was investigated in the head sea range, where heave and pitch motions are predominant, while the synchronous resonance case was investigated in the stern-quartering sea, where all motions develop. Moreover, the latter case also included larger autopilot actions for course keeping in oblique waves, characterized by low-frequency manoeuvring motions. All this might affect the fine development of heave and pitch motions in accordance with the wave period, when the ship operates in the stern-quartering sea. Nevertheless, these considerations bring out some limits in the proposed techniques that should be further analysed for assessing the most robust approach.



Alternatively, the alert could be assessed by focusing on roll amplitude only, leaving the autonomous detection of Sindex versus PARindex as discretionary indicators. Thus, the remote crew should judge between synchronous or parametric resonance by looking at the different weights of     T ¯  w   . Nevertheless, based on the application outcomes for the Seatech-D hull, the identification of the type of resonance has a great relevance in the type of countermeasure to adopt.



Particularly, once the alert is provided (around 1200 s) it appears that synchronous roll resonance extinguishes more easily than parametric resonance. Indeed, small changes in the heading (see Figure 7) and a modest reduction in ship speed (see Figure 8) guarantee the resolution to large roll motions. Figure 7 shows the dynamics of the ship to a course change of 15° given at 1230 s: roll amplitudes reduce significantly.



It is possible to observe that the oblique sea navigation requires a demanding rudder control for the course keeping in waves. This also is appreciable in Figure 8, where no course change is expected, but the rudder still has to operate to keep the initial heading. Moreover, Figure 8 points out that a speed reduction of around 3.5 knots is as effective as a course change in mitigating roll motions. Small deviations to initial operational conditions appear sufficient to react to synchronous resonance.





5. Conclusions


In this paper novel techniques for the smart assessment of large roll motions were implemented by a numerical simulation model trained to idealize the influence of evasive actions on ship dynamics. Parametric and synchronous roll resonance threats were investigated as applied to a ro-ro pax ship.



The estimation of the wave encounter period exploited the use of the ship as a floating buoy: short records of pitch and heave motions were processed in three different ways for monitoring their periods that, in our analysis, correspond to wave periods. The differences among the three adopted techniques appeared more pronounced for the synchronous roll, while for a parametric roll comparable results were obtained. However, the numerical simulation outcomes suggest that the most effective technique was the one based on FFT. The results of the applications pointed out that a proper discernment of the resonance mechanism between synchronous and parametric rolls is a key factor for choosing and executing an effective countermeasure. It is worth underlining that this paper did not account for the effects of active roll stabilisation devices; clearly, in case they were available on-board, their adoption could help in mitigating roll motion amplitude. During the simulations, a sufficient change of ship course that corresponded to an adequate modification of the heading angle, appeared more appropriate than the speed reduction in evading resonance phenomena. Particularly, for extinguishing large roll motions induced by a parametric resonance, the speed reduction approach was completely ineffective. Indeed, a course change of 30° was necessary to evade large roll amplitude, while for the synchronous roll case a change of course by 15°was sufficient.



The numerical model provided fairly accurate results, however, a further step of development should involve towing tank simulations on a scaled ship hull, to test the applicability of the proposed detection method and to check experimentally the more reliable approach for the estimation of the wave period.



The proposed method was developed keeping in mind future industrial applications on unmanned cargo ships prone to parametric and/or synchronous roll, to help a remote crew work against excessive roll motions and accelerations. Nevertheless, the method currently could be applied to manned ships as a smart tool for supporting crew decisions in distress situations involving roll resonance phenomena.
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Figure 1. Turning circle in irregular waves (JONSWAP TZ = 5.5 s, HS = 4.8 m, N = 30 wave components, Vs = 8.40 m/s, δ = 20° in ship scale). Turning path on the left-hand side (model scale); Roll and sway angles on the right-hand side (ship scale). 






Figure 1. Turning circle in irregular waves (JONSWAP TZ = 5.5 s, HS = 4.8 m, N = 30 wave components, Vs = 8.40 m/s, δ = 20° in ship scale). Turning path on the left-hand side (model scale); Roll and sway angles on the right-hand side (ship scale).



[image: Jmse 08 00415 g001]







[image: Jmse 08 00415 g002 550] 





Figure 2. Example of a rudder deflection test from −30° to 35° at operational speed in still water. 
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Figure 3. Parametric roll and course change of 15° plus 15° in irregular waves (JONSWAP TZ = 9.5 s, TP = 12.2 s, HS = 4.5 m, N = 30, VS = 8.40 m/s, ψ = 175°). (A) Ship dynamics outcomes; (B) Alert and control outcomes. 
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Figure 4. Parametric roll and course change of 30° in irregular waves (JONSWAP TZ = 9.5 s TP = 12.2 s, HS = 4.5 m, N = 30, VS = 8.40 m/s, ψ = 175°). (A) Ship dynamics outcomes; (B) Alert and control outcomes. 
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Figure 5. Parametric roll and speed reduction in irregular waves (JONSWAP TZ = 9.5 s, TP = 12.2 s, HS = 4.5 m, N = 30, VS = 8.40 m/s, ψ = 175°). (A) Ship dynamics outcomes; (B) Alert and control outcomes. 
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Figure 6. Synchronous roll and comparison of alert based on wave period estimation; irregular waves (JONSWAP TZ = 5.5 s, TP = 7.1 s, HS = 6 m, N = 30, VS = 8.40 m/s, ψ = 45°). 
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Figure 7. Synchronous roll avoidance by a course change of 15°; irregular waves (JONSWAP TZ = 5.5 s, TP = 7.1 s, HS = 6 m, N = 30, VS = 8.40 m/s, ψ = 45°). 
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Figure 8. Synchronous roll avoidance by a speed reduction of 3.5 knots; irregular waves (JONSWAP TZ = 5.5 s, TP = 7.1 s, HS = 6 m, N = 30, VS = 8.40 m/s, ψ = 45°). 
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Table 1. Principal particulars of Seatech-D.
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	Dimension/Hull
	Seatech-D





	Length between perpendiculars, L (m)
	158.00



	Breadth, B (m)
	25.00



	Depth, D (m)
	15.00



	Draft forward, TF (m)
	6.10



	Draft aft, TA (m)
	6.10



	Displacement, Δ (tons)
	13,766



	Center of gravity above keel, KG (m)
	11.834



	Long. coordinate of the center of gravity measured from aft perpendicular, LCG (m)
	74.77



	Transv. radius of gyration in air, kXX (m)
	10.06



	Long. radius of gyration in air, kYY (m)
	39.36
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