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Abstract

:

The upcoming autonomous vessel voyage is promising future in the maritime sector. However, so far, the contemporary route decision making technologies rely on human intervention. Therefore, this manuscript proposes the two newly developed speed algorithms: the modified fixed speed control and the wave feed forward speed control in the route decision making procedure for the autonomous vessels. These two algorithms can control the vessel’s speed without human intervention in eco-friendly and economic manner. The first algorithm is the wave feed forward speed control that can predict the speed change according to wave loads and compensate it to reduce the fluctuation of speed, power, and fuel consumption. To develop this algorithm, the real time modeling of the wave added resistance and the wave real time effect on propulsion are analyzed. The efficacy of the developed wave feed forward scheme is validated using the in-house route optimization simulation program through comparisons with the results of conventional speed governor control case. The developed schemes are applied to a 173 K LNG (Liquefied Natural Gas) carrier with twin propulsion. The other proposed speed control algorithm is the modified fixed control algorithm. This algorithm improves the conventional fixed power control algorithm by adding a time marching module to satisfy the required time arrival of the voyage. The two proposed methods are analyzed in the various simulations—ideal environmental conditions and real voyage environments: The Pacific and the Atlantic cases. Based on the results, the suggested methods can reduce fuel oil consumption, gas emission, and wear and tear problem of the propulsion devise of ship. In the study, it is clearly demonstrated that the developed wave feed forward speed control and modified fixed power scheme perform much better than the conventional speed governor control case.
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1. Introduction


1.1. Motivation


Digitalization, decarbonization, and autonomy are the upcoming technology improvement in a maritime industry. The maritime industry is focused on this efficiency improvement by using these emerging technologies. In the case of decarbonization, these technologies help the international organization and the local country government drive to minimize and regulate the green-house-gas emission. In addition to the Paris and Kyoto convention, the recent IMO 2020 sulfur limitation regulation is among the evidence of environment change agreements. The United States will be back in the protocol then it is one of primary agenda for the global community. The maritime time industry is relatively carbon-efficient in terms of gas emissions compared to the air and road transportation sector. According to IMO GHG (Green House Gas) study [1], a maritime industry contributes to almost 15% of the global gas emission in transportation. IMO has strict non-compliance regulations for the new CO2 reduction regulation. Additional penalties would be imposed to the vanned company. Accordingly, it adds to the operating cost expenditure. Maritime transport generates about one billion ton of CO2 annually. The freight competition in the shipping market has been intensified due to the worsened economic situation due to the COVID-19 pandemic and it is expected to prolong on that account. It is only natural for shipping companies to improve their operation efficiency in terms of navigation, including fuel efficiency and gas emission efficiency.



In 2018, the IMO (International Maritime Organization) adopted the MASS (Maritime Autonomous Surface Ship) that is the autonomous vessel for the ocean-going vessel. Until 2025, the IMO will conduct the regulation change scoping work that the autonomous vessel fits to the regulation. Autonomous vessel voyages by themselves without any human intervention. They plan their own route and avoid collision situation. An autonomous vessel routing algorithm needs to be designed as the controllable form of the autonomous vessel because the current route decision making tech relies on it.



This manuscript aims to improve the deficit of the existing speed control algorithm by proposing a new speed control method for autonomous vessel voyage. The algorithm of the current speed control requires human intervention to satisfy the time constraint of the voyage. Due to environmental loads, the gap between ETA (Estimated Time of Arrival) and RTA (Required Time of Arrival) occurs but the current route decision making cannot satisfy time constraints. The representative ways of the current state of the arts are speed governor control and fixed power scheme. At this moment, the problem is that the current route decision making algorithm does not consider autonomous vessel steering, but it is designed to be controlled by human decision-making. There is a huge gap that the current route decision making algorithm applies to the autonomous vessel. This paper aims to propose the route speed control method that achieves both the efficiency and the robustness at the same time by the attenuation of the unnecessary power fluctuation during a voyage. Moreover, the developed method can be applied to autonomous vessels because it is designed so that it is able to control itself in real-time. Two novel speed control methods for autonomous vessels are developed in this study: the modified fixed power and the wave feed forward speed control method. This paper compares the routing efficiency of the proposed methods to that of the conventional human-based steering route decision making.




1.2. Phenomenon and Contribution


In this section, the research question and the phenomenon of the problem that will be solved in the whole manuscript is explained.



1.2.1. Phenomenon


The conventional routing algorithm assumes that the speed command will be maintained as the route commands during the stage that is the unit segment of the route optimization [2]. This assumption is made when selecting the route candidate evaluation and the final speed command. However, in real-world scenarios, the speed is always stumbled without the speed controller due to the environmental load fluctuations such as wave loads. Therefore, the speed governor control is applied to maintain this speed commands that are determined by the routing decision making algorithm. This speed governor controller, basically, does the bull’s eye control scheme therefore the controller keeps the change of the speed even there is a small difference current speed and the target speed. During this procedure, the speed governor controller continuously variates the speed and the power. In consequence, the additional fuel oil consumption, and tear/wear problem in the propulsion component occurred. The difference between the speed governor control and fixed power control method is explained in Equation (1)


    ∑  i = 1  n   Δ V   ( i ) =     ∑  i = 1  n    (   V  c o m m a n d    ( i )  −  V  s p e e d   l o s s     d u e   t o   e n v i r o n m e n t    ( i )   )     



(1)







	
Speed governor control: regulate power based on Vcommand, power = Phull + Penvironment



	
Fixed power control: regulated power based on Pcorresponding then V becomes V = Vcommand – Vspeed loss due to environment






As seen in the Figure 1, the speed governor control continuously causes fluctuations in speed and propeller rpm. You [3] proved this phenomenon by the measuring of the 173 K LNGC (Liquefied Natural Gas Carrier) voyage. Therefore, the most ships adopt the fixed power control rather than the speed governor control. However, the disadvantage of the fixed power is that the fixed power method cannot satisfy the required time arrival constraint of the voyage due to the fluctuation of the speed. Generally, the fixed power control schemed needs the captain catch up in the last few voyage stages. This catching up operation also consumes additional fuel. Therefore, the current navigation route decision making procedure has two main disadvantages. Generally, the captain covers this grey zone. This phenomenon needs to be improved to enhance the efficiency of conventional vessels and the applicability to autonomous vessels. For autonomous vessels, the routing algorithm has the key steering algorithm that controls the vessel’s heading and speed during the navigation. Therefore, it is necessary to investigate the best approach to develop a routing algorithm that controls the vessel’s navigation in an efficient manner and the navigation constraint satisfaction. This study investigates the best way to control speed for autonomous vessel and how much the ship’s key performance change according to the speed control schemes. This research proposed two new speed control methods that target autonomous vessel voyage. The voyage performance of the two proposed speed controls is compared to the state of the arts: speed governor control. In 1.3, the state of arts for the vessel speed control is reviewed and the proposed methods are described.




1.2.2. Contribution


This research contributes in two respects compared to previous route optimization algorithm. First, the two speed control algorithms, i.e., modified fixed speed control and wave feed forward speed control, are proposed. These methods can save more fuel and satisfy the arrival time constraint without human intervention for autonomous vessel operation. Second, this study models and analyzes the time domain effects of the environmental loads on propulsion performance of the ship. In Kim’s [4,5], Paratap’s [6], and Pacheco’s [7] research on conventional routing algorithms, the routing algorithm is based on the assumption that the command speed will be maintained in the unit’s stage of the route. This assumption can be achieved when a speed governor control is employed. However, the speed governor control consumes more fuel, emits more green-house gas, and causes a wear and tear problem in the engine and shaft. Although a fixed power fixed speed control scheme is generally adopted in real-world voyages, it cannot satisfy the time constraint of the routing due to speed reduction by the environmental loads.



Additionally, [4,5,6,7] did not consider the variation of the propulsion performance due to time domain effects of the wave loads. In other words, the previous research threats thrust deduction, wake, thrust, and torque as the averaged value without considering the environmental loads. Conversely, the current research models the time domain variation of the propulsion performance due to the wave loads. This modeling achieves an accurate propulsion performance estimation.





1.3. State of the Arts


1.3.1. Route Decision Making Algorithm


In the last decade, ship route decision making research generated a lot of interest because of high fuel price and the competitive nature of shipping industry. Among the various aspects investigated, researches are categorized in to two main streams, that is, the optimization method and the accurate ship performance prediction in the route decision making procedure [2,4]. The route decision making research presumably gets more intension from researchers’ because the route decision making system of its potential as the navigation algorithm for the impending autonomous vessel.



The mainstream of the route decision making research focuses on the route optimization algorithm development. The state of the arts of routing optimization is three-dimensional dynamic programming that evaluates and simulates the route candidates in three dimensions: latitude, longitude, and speed. The principal of the dynamic programming involves dividing complicated optimization problems into unit small segments and finding the solution of each segment. Accordingly, the combination of each segment gives the solution of whole complicated problem. Kim [5] and Vettor [8] tried to model the ship performance appropriately and improved the 3DDP (Three-Dimensional Dynamic Programming) method. Generally, the route decision making set the single object function as the fuel oil consumption to preserve the efficiency of the voyage while satisfying the safety constraint. Multi-objective route optimization is also researched [9].



The other stream for the routing research is the ship performance modeling research. Generally, almost the whole ship performance is modeled to realize the ship routing problem, such as resistance, propulsion, and environmental loads. Therefore, the route decision making action would be based on the precise ship performance modeling. There are many studies that model the ship performance into route decision making procedures [5]. There are many efforts to consider while evaluating the ship’s routing performance. The research in [7] targets ship’s seakeeping performance. Kwon’s [10] work focused on the ship speed loss due to environmental loads. You [3] proved the difference of the speed estimation prediction based on speed, rpm, and power by using real-measurement data of the voyage [3]. Kim’s work [4] focus on modelling the actual ship performance for routing optimization. Pennino [11] suggests a new method to model weather impact in the route decision making problem. Comparison of the estimation model and the actual measurement by using real-sea operation data is done. Another interesting approach is the ship performance estimation based on the deep learning based by actual measurement data. Yan [12] and Du [13] adopted ANN (Artificial Neural Network) to predict the fuel oil consumption performance based on operation data. These approaches promise the practical way when ship design is hard to get for the analysis.




1.3.2. Speed Control Algorithm in Route Decision Making


The optimal speed for shipping has been studied for many decades. Paraftis [14] present the state of the speed model in maritime shipping, and Venturini [15] propose the speed optimization speed under the multi berth problem. Additionally, Zhang [16] and Zis [17] overview the current routing method in the maritime trade supply chain.



This manuscript focuses how to control the speed of the ship under given speed command of the voyage planning. Conventional control scheme for mechanical propulsion with a fixed pitch propeller involves the control speed as a function of the lever setting. This control scheme sets the speed and the engine generate the power that corresponds to the lever setting however power is always variated due to external disturbances such as environmental loads. Vessel and vessel’s propulsion system would like to maintain a given command speed. The engine’s speed governor generally fulfils this task by using a PID controller. Many studies have conducted speed control that has caused unnecessary engine load disturbances. It is natural that the vessel’s speed remains unstable due to environmental load fluctuations, but the PID-based speed governor continuously works like bull’s eye control. Furthermore, the power and fuel oil consumption endlessly fluctuated when the route decision making algorithm adopts the speed governor control as a result of environmental loads. Faber [18] also argues that the time-varying engine load causes fluctuation in fuel injection leading to changed thermal load, which results in bad fuel efficiency. However, the maritime industry generally uses speed governor control because it guarantees the required time arrival.



Propulsion power steady control is the method that controls power steadily. If the controller keeps the power steady, then the vessel speed is varied due to external disturbances. The advantage of this control scheme is that it reduces unnecessary engine power variation that is the main contributor of additional fuel oil consumption, gas emission, and wear and tear problems in the propulsion system. Especially, the LNGC shaft and propulsion system are not robust in fatigue due to the high frequency operation, thus this control scheme helps to prolong the lifetime of the shaft component. There are many studies that prove this phenomenon. According to Faber’s work [18], the torque and power control can significantly reduce thrust, torque, and power fluctuation in both mechanical and electric drives. Moreover, this power steady control is widely used in the dynamic position control to reduce fuel oil consumption and gas emission. In this study, we selected a steady power control scheme as the one of the possible candidates for the autonomous vessel and smartship routing problem. Accordingly, a comparative analysis with conventional speed governor control method was conducted to explore the applicability of the fixed power control.






2. Materials and Methods


In this section, the theoretical-background, and the overall problem-solving procedure of the proposed speed control scheme for routing is exploited. As a start, the target routing optimization problem is formulated, then the ship performance modeling and the time-varying dynamic effect of the ship are stated. At last, the proposed methods: elucidation of modified fixed power control and wave feed forward control.



2.1. Problem Formulation


In this section, the target problem formulation is described. The target problem is the single objective optimization problem. The objective function is the integral form of the fuel oil consumption, thus this problem attempts to find the solution that leads the time accumulated fuel oil consumption. The target problem is the journey that finds the optimal propulsion command that minimize the unnecessary fuel oil consumption fluctuation. The objective function and design variable of the problem are presented in Equation (2). Fuel oil consumption modeling is illustrated in Figure 2.


  O b j e c t   F u n c t i o n :   M i n m i z e       F u e l   O i l   C o n s u m p t i o n  



(2)







	
Design Variable




	
Speed governor control: vessel speed and vessel heading;



	
Power control: power and vessel heading;



	
Wave feed forward control: power and vessel heading;



	
Hybrid control: power and vessel heading.








	
Constraints




	
Geographical constraints;



	
Maximum power: engine constraints (low and high limit);



	
Power fluctuation;



	
Water depth.











2.1.1. Object Function Modeling


The norm of route evaluation and decision-making procedure is the fuel oil consumption therefore its estimation needs to be precisely predicted. The route optimization result and comparative analysis tends to be closer to the real-world scenario when the fuel oil consumption modeling precision is precisely predicted. In this research, the ship performance modeling is structured based on the state of art ship performance modeling, which is based on the theoretical, the model tests, and the sea trial result. The resistance, propulsion, and environmental loads of ship need to be included in the modeling of the fuel consumption. Generally, precise and extensive studies of the ship’s performance is essential to accurately estimate the fuel consumption of vessel. According to Kim’s work [19], the ship performances that cause high fuel consumption are well illustrated. Moreover, his work clarified the relation between fuel oil consumption, power, and green-house gas emission. According to his work, the fuel consumption and CO2 emission are directly proportion to each other. The authors attempted to make the hydrodynamic model precise enough to estimate the fuel consumption well the actual sea voyage. In this research, the representative 173,000 m3 LNG carrier’s engine, propulsion, ship response and environmental model test data are referred to in [4,5]. This vessel utilized is a standard LNGC plies all ocean routes. Especially, it would be utilized well in the upcoming the LNG exchange between Asia and United States through the Pacific.



Fuel oil consumption is modeled as in Equation (3). Specific fuel consumption is obtained by the characteristic of the engine.


Fuel Oil Consumption(ton) = Required Power × Specific Fuel Oil Consumption



(3)







Figure 2 shows the fuel consumption estimation procedure based on the ISO15016:2015 and Holtrop–Mennen method [19]. The FOC Fuel Oil Consumption prediction modeling is based on the resistance and the propulsion model, not on the maneuvering model. The coefficients in the fuel oil consumption estimation are 173,000 m3 LNG Carrier’s. Propulsion data such as the thrust coefficient (KT), the torque coefficient (KQ), the wake coefficient (w), and thrust deduction coefficient (t) can be calculated from the data of the Section 2.1.4. Wind load coefficients and wave quadratic transfer functions in Equations (6) and (7) can be referred Kim [4] model test data. ηD is calculated from the Holtrop–Mennen method.



The required power is defined by multiplication of the engine efficiency, propulsion, and shaft efficiency with the total resistance. The components of total resistance consist of resistances due to the hull itself, wind, and wave. The efficiency of the propeller and shaft are considered in the power calculation.



The details of the propulsion efficiency are described as in Section 2.1.4. Figure 3 shows the specific oil consumption and gas emission of 173 K LNG Carrier’s engine (Table 1).




2.1.2. Resistance Modeling


The speed variation in route decision making is the prime parameter of the resistance that is the main cause of the fuel oil consumption that is the object function route decision making. Fuel oil consumption is mainly caused by the hull and the environmental loads. This modeling is well described in the Kim’s work [4]. However, the dynamic effect modeling in propulsion and resistance due to wave is rarely investigated in his work. This manuscript expands this research area to the consideration of the dynamic environmental effect in the routing. The way of the consideration is to model the first and second order wave loads which are included in the resistance component first and then consider the dynamic effect in the propulsion is considered.



This manuscript includes the first and second order wave loads into resistance and propulsion modeling. The contribution of this work is mainly that the route decision making can measure the ETA change due to wave load variation in time. Moreover, a new speed controller that can attenuate the wave load variation by modeling real-time estimation is proposed. Using this work, the route decision making can satisfy the RTA and ultimately energy-saving voyage is possible compared to the conventional static wave treated route decision making.



Wave real time contribution in Fuel Oil Consumption can be obtained from the convolution form of the wave quadratic information and the available wave real time height information. It is described in detail as in [20] and the following section. Power and resistance could be modeled as shown in Equations (4)–(7)


Ptotal = Pcalm + Penvironment = (Rcalm + Rwind + Rwave)Vactual



(4)




where Vactual = Vcalm − Vspeed loss due to environment


Pcalm + Penvironment = (Rcalm + Rwind + Rwave)Vtarget



(5)






   R  t o t a l   =  R  c a l m     +  R  w i n d   +  R  w a v e    



(6)




Rtotal: total resistance, Rcalm: resistance in calm water, Rwave: wave-added resistance, and Rwind: wind resistance.


   R  w i n d   = 0.5  ρ A   C  A A    (   ψ  W R    )   A T   V  W R  2   



(7)







	
ρA: 1.2 kg m3 at 25 °C, AT: 1481 m, and CAA: wind load coefficient based on Kim [4].



	
VWR and ψWR: relative wind speed and direction, respectively.







2.1.3. Wave Real Time Dynamics Modeling


The wave second order force is the prime factor that needs to be considered in autonomous RDM (Route Decision Making) speed control because it makes the time difference and additional fuel consumption. If it is possible to estimate the real-time second order slowly varying force, then it can be attenuated by counter acting speed control and vessel ultimately can control ETA and ATA (Actual Time of Arrival) without discrepancies due to wave and measure FOC for better route decision making. The real time second order slowly varying wave force is the prime component that results in additional fuel oil consumption during the voyage because it is not zero mean and steadily pushes the hull opposite with advance, thus the second order slowly time varying wave component modeling is a key part to realizing minimal fuel oil consumption voyage. So far, there is no research that applies this real time domain wave second order slowly varying force to route decision making. First, this paper applies the wave second order force modeling to the speed and the power control module for routing optimization. Conventional method treats the wave second order force as the mean drift force concept. Conventional method wave estimation precision is lower than that of Kim’s method by about 30% total amplitude. Moreover, the conventional method cannot calculate the time-varying real time response wave load that is the most critical factor for the ship’s routing performance. The advantage of Kim’s method is that it can calculate the dynamic real time response of the wave added resistance by using the time domain quadratic impulse function with wave height. Wave second order time varying added resistance can be modeled as Equations (8) and (9).


    W a v e   L o a d = 1 s t   o r d e r   w a v e r   f o r c e   +   2 n d   o r d e r   w a v e   f o r c e     =  F  ( 1 )   ( t ) +  F  ( 2 )   ( t )     =    ∫  − ∞  ∞   h (  τ   ) η  (  t −  τ    )  d  τ   +       ∫  − ∞  ∞      ∫  − ∞  ∞   h  (   τ 1  ,  τ 2   )  η ( t −  τ 1  ) η ( t −  τ 2  ) d  τ 1  d  τ 1           



(8)








	
where F(1)(t): the first order wave force, F(2)(t): the second order wave force.



	
t: the present time, τ: time to calculate memory effect, h(τ): the first order impulse function, and h (τ1, τ2): quadratic impulse function.








The wave QIF (Quadratic Impulse Function) h (τ1, τ2) can be obtained from the double inverse Fourier transform of the wave QTF (Quadratic Transfer Function), as shown in Equation (9) [20].


  h  (   τ 1  ,  τ 2   )  =  1     (  2 π  )   2       ∫  − ∞   + ∞       ∫  − ∞   + ∞    Q T F  (   ω 1  ,  ω 2   )  exp  (  i  (   ω 1   τ 1  +  ω 2   τ 2   )   )     d  τ 1  d  τ 2      



(9)








2.1.4. Fuel Oil Consumption and Propulsion Dynamics Change Due to Environmental Loads


Conventionally, the ship propulsion parameters, such as wake, thrust deduction, thrust, and torque coefficients are regarded as static value that are chronically steady, but the propulsion efficiency is time-varying due to wave. This manuscript aims to include time varying ship propulsion performances effect in the fuel oil consumption. Torque, thrust, and engine acceleration and deceleration are all the time varying value under external disturbances. For achieving this aim, the dynamic modeling of the engine and propulsion performance modeling would be described in this section. Figure 4 presents the ship performances are related to the environment. The fuel oil consumption is the result how the environments affect to the propulsion and the engine dynamics of the ship performances.



In previous work, the relation among the power, the propulsion efficiency, the speed, and the fuel oil consumption are modelled just as the static values and not dynamic values, which are more accurate. Therefore, this manuscript includes the dynamic effect of the propulsion efficiency due to environmental loads. Wave component also affects propulsion parameter, such as wake, thrust, and flow attached in the hull. To consider dynamic effect of FOC in real time, the wave real time variation to propulsion should be included.



First, the engine dynamics is rarely explored for dynamic load variation that causes additional fuel oil consumption during the voyage. During the acceleration and deceleration, more fuel oil is consumed compared to when in steady power state. Generally, this aspect is not considered in the power control. However, the frequent deceleration and acceleration results to consumption of additional fuel; therefore, it is an important parameter to be considered. To consider accumulative value of the time varying engine load change, the integration form of the engine dynamics should be considered as in Equation (10).


        D y n a m i c   S F O C   ( S p e c i f i c   F u e l   O i l   C o n s u m p t i o n )   =   S F O C   a t   s t e a d y   l o a d   +   S F O C       a t   t h e   d y n a m i c   l o a d            F u e l   O i l   C o n s u m p t i o n =    ∫ o t   S F O C  ( t )  P o w e r  ( t )     d t     w h e r e ,   S F O C = S F O  C  c a l m   s e a   + Δ S F O C   ( t )   e n v i r o n m e n t   , P o w e r = R   e q u i r e d   P o w e r     c a l m   s e a   + Δ P o w e r   ( t )   e n v i r o n m e n t         



(10)







To model the dynamic engine load, thrust and torque coefficient variation due to wave load are included. To include the dynamic term of the wake and thrust are included in the power modeling. Wake and thrust are the time varying parameter that are affected by the vessel’s speed. This paper models the time varying effect due to vessel speed variation as in Figure 5. In Figure 5, design and ballast present the design draft and ballast draft condition of the ship, respectively.



Moreover, the dynamic effect of environmental load on propulsion performance is also another dominant parameter that should be considered. Therefore, among the representative environment parameters: wave is the biggest contributor [21]. The torque and the thrust coefficients fluctuate over various load conditions causing additional fuel oil consumption under waves. According to results [21], the thrust coefficient is fluctuated by 10% and torque coefficient is fluctuated by 33% under wave as in Figure 6.




2.1.5. Routing Decision Making Procedures


This study improves the speed control algorithm of conventional routing algorithm—3DDP—by satisfying the required time arrival condition and attenuating the fluctuations in power. For this improvement, two methods are proposed—modified fixed power speed control and wave feed forward control. To elaborate on the proposed speed control method, the conventional 3DDP method’s basic procedure is illustrated as in Figure 7.





2.2. Development Speed Control Strategy for Routing Method’s Description


In this section, two newly developed speed control algorithms for the route planning of the autonomous vessel are suggested and their methodologies explained. These two algorithms enhance the accuracy of the route decision making of the autonomous vessel making it more practicable in terms of timely arrival condition and reduced fuel consumption and gas emissions. The newly proposed algorithms are the modified fixed power control and the wave feed-forward speed control. In Section 2.2.1 and Section 2.2.2, the two proposed methods are described in detail.



2.2.1. Modified Fixed Power Speed Control


The fixed power speed control scheme issues speed control command to the engine, not as speed but as power that corresponds to command speed. If the environmental load becomes zero, then the control speed is equal to the intended speed of route decision making as in Figure 8.



Fixed power control just maintains the power it can save FOC compared to the speed governor control, but it cannot satisfy RTA because of speed reduction due to environmental loads. The accumulated time arrival discrepancy occurs when the fixed power control is employed. If the captain is on board, then he/she compensates for this discrepancy; thus, an additional compensator is necessary for the smart vessel and the autonomous vessel route decision making.



Moreover, the current route decision making does not consider the fixed power speed control scheme. The current route decision making methodology assumes that the command speed will be maintained during the voyage as the speed control. Therefore, the route decision making does not consider the discrepancy between ETA and RTA.



The routing algorithms stabilize the vessel’s speed that naturally fluctuates due to environmental loads. Meanwhile, the fuel oil consumption due to the wave fluctuation are remarkably reduced. Similarly, this steady power control routing cannot satisfy the required time of arrival because the speeds are varied due to environmental loads. This phenomenon results to the difference between the original required time arrival and the required time arrival after the fixed power control is employed. In Figure 9, the red line presents the fuel consumption result due to the adoption of speed governor control and the modified fixed power control. The speed governor control and modified fixed power control are showed by red and blue lines, respectively. In legend, the SGC (Speed Governor Control) denotes speed governor control and the MFPC (Modified Fixed Power Control) denotes modified fixed power control.



The required time arrival difference becomes as seen Equation (11):


  Δ E T A =   ∑  n = 1  m     D i s t a   n c  e      V  c o m m a n d     −      ∫ 0 t     D i s t a n c e    V  a c t u a l         



(11)







The proposed methods add two unique features that calculate the difference between ETA and RTA and allocate this difference into each route stage as like Figure 10. In Figure 10, the required time arrival constraint is evaluated right after the optimal speed is selected. If the required time arrival does not meet, then the routing optimization method selects and optimizes until required time arrival is satisfied. After external disturbances such as wind, wave, and current are calculated, then time marching constraint that judges one more time the agreement of the estimated time arrival and the required time arrival. The calculation of the comparison the optimal routing calculation took 2.7 h by using the author’s computation resources (computation resource: intel i9-10900k CPU, 64 GB RAM).



Figure 11 presents the ETA output result of the proposed method. The line with circular marks represents the developed fixed power control and the line with the asterisk mark represents the speed governor control. FPC with time compensator—modified fixed power control—gradually catch up the ETA of speed governor control original fixed power control cannot satisfy the required time arrival, but the developed method finally catches up the required time arrival as in Figure 11.




2.2.2. Wave Feed Forward Speed Control


Pre-described fixed power control determines the power through the summation of the hull resistance and the environmental loads. Among the environmental loads, the wave-added resistance is modeled as the mean drift force that lasts longer than 6-h. In other words, it is not accurate whether it caused additional acceleration and deceleration to linearly capture the time constraint.



The proposed method in this section, speed control can attenuate time difference between ETA and RTA due to real-time wave load variation estimation. This can make the result to the optimal operation of the vessel. Namely, it can save fuel oil consumption and GHG compare to fixed power control with a time compensator. In other words, the pre-described fixed power control with compensator can be applied to autonomous vessel route decision making, but wave feed forward attenuation speed control can save more fuel consumption and GHG.



This way cannot capture the dynamic response of the engine load variation due to the wave added resistance fluctuation and causes additional fuel consumption. Consequently, this research proposed a wave feed forward speed control for routing that can compensate for the wave added resistance fluctuation in real-time. The original routing method considered the wave added resistance as the average value during the stage. The conventional method cannot consider the real-time wave added resistance variation, but the proposed wave feed forward method can attenuate this wave added resistance time varying value in a pre-emptively manner, so that the fuel oil consumption is reduced. The key feature of this method includes the cost evaluation of the routing to the wave real time prediction model. The environmental load fluctuation is generally caused by the wave second order slow varying force. In the case of the first order force, it is just a zero mean, thus it does not affect the RTA and fuel consumption. The logical algorithm of the wave feed forward speed control method is presented as in Figure 12.



In cost evaluation, the required power and the fuel oil consumption at stage are modeled as in Equation (3). The wind load is assumed to be in the co-linear direction with wave load. The method can estimate real time wave load are the integral and convolution form of the time-domain wave quadratic and single form of wave impulse function (h). h is varied the wave direction and the vessel speed. h functions could be obtained by the motion analysis as in Equation (8) [20].






3. Results


3.1. Target Vessel


The principal dimension of the vessel that is as used in the simulation is presented Figure 13 and Table 2.




3.2. Ideal Environmental Condition


In this section, the performance of the proposed speed control methods, that is, modified fixed speed control and wave feed forward control are discussed under intentionally designed environmental conditions for the verification of the proposed speed control. Three designed environmental conditions are applied to the route candidate to present the proper performance of the speed control method due to variation of weather. These conditions include mild, medium, and adverse condition. The mild condition is based on the Beaufort 3, the medium condition is the Beaufort 5, and the adverse condition is the Beaufort 7. The simulation results show how the proposed speed control scheme react to various intensities of the environments. The direction of the wind and wave is assumed to be collinear.



The response of the proposed speed control methods are intuitively verified in this section. Table 3 shows the weather scenario of the route and the instances of the corresponding speed commands.



Table 4 shows the example data set for the fuel oil consumption calculation under medium environmental load condition case in stage 2. Figure 2 explains the procedure of the FOC estimation that includes the example data of Table 5. Table 5 illustrates how the reader can reproduce the result of the fuel oil consumption modeling for the target vessel—173,000 m3 LNG Carrier.



Figure 14 shows the speed, the instantaneous fuel consumption, and cumulative fuel oil consumption time step according to the stage of the voyage. The X axis represents the stage of the voyage. The red line presents speed governor control, blue colored line represents the modified fixed power control, and black lines represent wave feed forward speed control. As seen in Figure 14, the vessel speed fluctuates due to environmental conditions. The speed governor control clearly shows the effect of the environmental load on the vessel voyage speed. The additional perturbation is found when the speed governor control is employed in the instantaneous fuel oil consumption of the voyage. Consequently, these unstable fluctuations consume more fuel compared to the instance of accumulated fuel.



In the case of the fuel oil consumption, the wave feed forward speed control shows the best performance in the instantaneous and the accumulative value. The speed governor control causes the high fluctuation in the instantaneous fuel oil consumption and results the largest fuel oil consumption in time-accumulative regards. In the legends of Figure 14, FPC, SGC, MFPC, and WaveFF denotes the fixed power control method, the speed governor control method, the modified fixed power control, and the modified wave feed control method, respectively.



Table 6 shows the relative fuel oil consumption due to the application of modified fixed power and wave feed forward control method to the conventional speed governor control method. The absolute value of fuel oil consumption cannot be included because the fuel oil consumption data is confidential. Comparing the speed governor control, the modified fixed power, and the wave feed forward, the latter shows the best performance in reducing the instantaneous and accumulated fuel oil consumption. It achieved a noticeable amount of fuel saving compared to the conventional fixed speed control method. The fixed speed control strategy causes a continuous fluctuation in the fuel oil consumption. Consequently, this frequent fluctuation causes wear and tear problem in the engine and propulsion driving system. In worst cases, wear and tear problem can result to down time for the ship.





4. Discussion


4.1. Pacific Case


To discuss the speed control method performance for autonomous vessel routing, the real-world voyage cases are employed. The first example is the case of the Pacific voyage. The primary feature of the Pacific voyage is the mild weather as compared to the Atlantic and is also less affected by geographical constraints. Furthermore, it is a highly promising route due to the trade between the United States and Asia in regard to energy products, such as LNG and liquid hydrogen. Therefore, it is a route worthy investigating due to the possibility of application to autonomous vessel.



Generally, the voyage time duration of the Pacific is longer; more than ten days, so it is enough time duration to analyze the superiority of the proposed speed control method. Table 7 and Figure 15 present the great circle route of the Pacific voyage case.



Figure 16 shows the speed command, the accumulative fuel oil consumption, and the gas emission. In Regarding the fuel consumption, the wave feed forward controls the speed well compared to the modified fixed power control. The wave feed forward speed power control is considered superior to the modified fixed power control due to the ability of the wave feed forward to pre-emptively estimate the environmental load compared with the modified fixed power control.



Table 8 shows the voyage planning results due to the speed control methods. The wave feed forward method shows the best performance in terms of fuel oil consumption and gas emission. It saves about 15% of fuel oil consumption and gas emission when a speed governor control is employed. On the other hand, the modified also confirmed its superior performance compared to the conventional speed governor control. It consistently saves about 10% compared to the speed governor control.




4.2. North Atlantic


The performance of speed control methods for autonomous vessel routing is presented in the North Atlantic voyage. The case of the North Atlantic Sea is designed to reveal the performance variation of the proposed speed control method according to the adverse weather. Table 9 and Figure 17 present the sample route and the voyage information summary.



Figure 18 and Table 10 shows the speed command, the accumulated fuel oil consumption and gas emission. According to results, the wave feed forward and the modified fixed power control reduce the fuel oil consumption and the gas emission compared to the original speed governor control. As the weather became adverse, the ability of wave feed forward and the modified fixed power control performance to save on fuel oil consumption tended to supersede that of the speed governor control scheme. The reduction in amount of fuel consumption and gas emission become larger compared to the Pacific voyage case. The wave feed forward saves more on fuel oil consumption than in the Pacific case.





5. Conclusions


In this manuscript, two newly developed speed control algorithm for autonomous vessel is proposed. Two speed control algorithms are modified, that is, fixed power control and wave feed forward control method. Both methodologies satisfy the required time of arrival condition and reduce fuel oil consumption and gas emission compared to the existing state of the art speed governor control. The conventional speed governor control is the method that controls the vessel voyage based on the ship speed. It accurately satisfies the required time of arrival. Meanwhile, fuel oil consumption and power of the speed governor control naturally fluctuates due to the environmental disturbances as it tries to maintain its speed in variated environments.



The two proposed methods reduce the fuel oil consumption and the gas emission notably compared to the speed governor control, because the scheme of the proposed method reduces engine acceleration, deceleration, and operates in optimal engine conditions. The proposed methods can save the fuel oil consumption and simultaneously, the engine’s component wear and tear problem. The superiority of the proposed method is also investigated in mild and adverse weather scenarios in real seagoing cases.



Regarding the instantaneous fuel oil consumption and the frequent load variation, they are totally alleviated with the application of the modified fixed power control method and the wave feed forward speed control method. The wave feed forward speed control method shows the best performance and its superiority strengthen in adverse weather conditions. The wave feed forward speed control method shows the best performance in the regards to the fuel oil consumption and gas emission. Situational awareness and local wave height measurement are currently available in the vessel, therefore this technology (proposed method) is also applicable in real voyages.



This paper only considers the marine diesel oil engine operation. There are various engine types, such as dual fuel engine, and a combination of re-liquefaction equipment. This presents a very interesting topic that is worthy to be investigated in the future.



Specifically, fuel gas supply system and partial liquefaction system modeling for ship routing problem will be studied in the future works. There are port berthing optimization studies (Iris et al., [21,22,23]) that consider ship speed as a decision variable and suggest for speeding up. In the future work, port decision making platforms can communicate with ship speed controllers and optimize the overall voyage.
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	ATA
	Actual Time of Arrival



	RTA
	Required Time of Arrival



	ETA
	Estimated Time of Arrival



	FOC
	Fuel Oil Consumption



	SFOC
	Specific Fuel Oil Consumption



	QIF
	Quadratic Impulse Function



	QTF
	Quadratic Transfer Function



	SGC
	Speed Governor Control



	FPC
	Fixed Power Control



	MFPC
	Modified Fixed Power Speed Control



	WaveFF
	Wave Feed Forward Speed Control
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Figure 1. Fuel oil consumption time series due to different speed control methods. 
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Figure 2. Fuel Oil Consumption estimation procedure (ISO 15016:2015 and Holtrop–Mennen method). 
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Figure 3. Specific fuel oil consumption and gas emission. 
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Figure 4. Environmental effects on ship fuel oil consumption modeling. 
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Figure 5. Wake and thrust deduction variation. 
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Figure 6. Torque and thrust coefficients under waves. 
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Figure 7. Conventional state of the art (3DDP) routing algorithm. 
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Figure 8. Speed change according to speed control method. 
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Figure 9. Fuel oil consumption time history according to speed control methods. 
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Figure 10. Schematic diagram of the modified fixed power control. 
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Figure 11. Estimated time arrival (modified fixed power control vs. speed governor control). 
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Figure 12. Wave feed forward control algorithm. 
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Figure 13. Target vessel—173 K LNG Carrier. 
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Figure 14. Speed, fuel oil consumption, and gas emission. 
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Figure 15. Pacific route case. 
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Figure 16. Pacific voyage planning results. 
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Figure 17. The Atlantic Route Case. 
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Figure 18. The Atlantic voyage and Pacific voyage planning results. 
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Table 1. 173 K LNG Carrier engine specification.
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	Spec
	Type





	Model
	5G70MEGI



	Propulsion
	Twin



	Operation Mode
	Fuel & Gas



	Capacity
	12500 kW at MCR










[image: Table] 





Table 2. Principal dimension of 173 K LNG Carrier.
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	Item
	Unit
	Value





	LBP
	m
	283.0



	Breadth
	m
	46.4



	Draft
	m
	11.5



	Propulsion Type
	-
	Twin



	Propeller Diameter
	m
	8.3
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Table 3. Weather condition at voyage stage.
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	Stage
	Speed Command (K)
	Weather





	1
	5
	Mild



	2
	7
	Medium



	3
	9
	Adverse



	4
	8
	Adverse



	5
	6
	Mild



	6
	4
	Adverse



	7
	9
	Medium



	8
	10
	Adverse



	9
	6
	Adverse



	10
	4
	Medium



	11
	5
	Mild



	12
	7
	Medium



	13
	9
	Adverse



	14
	8
	adverse



	15
	6
	Mild



	16
	4
	Adverse



	17
	9
	Medium



	18
	10
	Adverse



	19
	6
	Adverse



	20
	4
	Medium
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Table 4. Example data set for the fuel oil consumption estimation at stage 2.
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	Value (Unit)
	
	Value (Unit)





	Sea State
	Medium (-)
	t (thrust deduction)
	0.1900 (-)



	Speed
	7 (Knot)
	w (wake)
	0.2500 (-)



	Rwind
	28 (Kilo Newton)
	Powercalm
	273.25 (KW)



	Rwave
	18 (Kilo Newton)
	Powerenvironment
	49.18 (KW)



	Rcalm
	259 (Kilo Newton)
	ηR
	0.973



	KT
	0.2827 (-)
	ηH
	1.08



	KQ
	0.0403 (-)
	FOC
	204 ton



	η0
	0.4598 (-)
	CO2
	283 ton
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Table 5. Designed environmental condition (mild, medium, and adverse condition).
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	Beaufort
	Wind Speed(m/s)
	Significant Wave Height (m)





	3 (Mild)
	4.4
	0.6



	5 (Medium)
	6.8
	2.0



	7 (Adverse)
	9.4
	4.0
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Table 6. Voyage results according to speed control methods.
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	Speed Governor
	Modified Fixed Power
	Wave Feedforward





	Fuel Oil Consumption
	100%
	91%
	85%
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Table 7. The Pacific route conditions.
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	Unit
	Value





	Departure Port (Latitude, Longitude)
	Degree
	26°12′ N, 127°76′ E



	Arrival Port (Latitude, Longitude)
	Degree
	21°84′ N, 160°24′ W



	Season
	-
	Winter



	Required Time Arrival
	Day
	10
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Table 8. Pacific case—accumulated FOC and gas emission results.
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	Fuel Oil Consumption (%)
	Gas Emission (%)





	Speed Governor
	100.00
	100.00



	Modified Fixed Power
	90.34
	90.24



	Wave Feed Forward
	84.99
	85.22
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Table 9. The Atlantic route conditions.
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	Unit
	Value





	Departure Port (Latitude, Longitude)
	Degree
	49°49′ N, 0°11′ E



	Arrival Port (Latitude, Longitude)
	Degree
	41°28′ N, 70°10′ W



	Season
	-
	Winter



	Required Time Arrival
	Day
	7.5
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Table 10. The Atlantic case—accumulated FOC and gas emission results.
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	Fuel Oil Consumption (%)
	Gas Emission (%)





	Speed Governor
	100.00
	100.00



	Modified Fixed Power
	87.83
	91.74



	Wave Feed Forward
	84.18
	85.64
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Set Great Circle Route
as the initial route

1

Generate Grid along the initial
route in spatial(longitudinal,
latitudinal, and speed axis)

Load All Weather

Information(wind, wave, and

current) on the corresponding
Grids

I

Evaluate the combination of
the route candidates

Collect the minimal cost route
and set as the final route

No

Satisfy RTA,
Geography, and
Mechanical
Constraints?





media/file4.png
Estimation of Additional Resistance according to sea state

(Ryave + Ryina) (equation (6).equation(7)) «—— |

R

wind

=05p,C,, (‘//rr'R )ATVITE'R

where,C . h(7),and h(t,,7, )arerefferred[4]

R,..= fx h(t)n(t—rt )dr +I_i LC h(r.t,)np(t=1)n(t-1,)drdr,

v

Estimation of Reduced Speed
according to additional resistance

Figure 6: Ky, and 10K,

Figure 5 Wake and Thrust Deduction Variation

v

Estimation of Increased Power
to compensate reduced speed (equation(4))

I

= Power at calm sea (P_,,,,)+ Power Increased due to environmental

Required Power Total (P,,,)

load (_Pem'ironment) (_equation (5 ))

Power Delivered = Power Required /77 , «—

Propulsion Co I'h ient under Wave

]

AL
sl URDRRACRAL)

Wake . Thrust Deduction

et
et

el
-

__k_t:trh ust deduction

Ship Speedi knot

v
J(t) K, (7 1-¢(7)
1o (7) = 1601805 = 27 KT(r T1-w(7) X
(¢}

FOC =P

feqmredx ><2.‘7me( I')

Ny - hull efficiency, and , t : time

1 is calculated from Holtrop Mennen (2 shafi case)

where,n, : propulsiveefficiency.n, : propeller effieincy,

#'k'Wh)

Estimation of Fuel Oil Consumption and Gas Emission
according to increased power (equation (3))

SFOC(g/kWh) and ExhaustGas(kg's) due to Engine Load

—— SF(X
. GAS +
.
B

20 30 40 50 60 70 80 90 100
Engine Load(%s)

Figure 3- SFOC and Gas Emission of 173K LNGC






media/file30.png





media/file18.png
Fuel O1l Consumption(ton)

Fuel Oil Consumption(ton)
RS : e e

—'_ l-.-: ‘l‘ "l EBE B e
=
: SGC
' WM ME BB MFPC
*ousl & :
- L -
-
- H
- .’...' ‘.'-
= i .,
- L 2
- =
- =
- =
- i 3
- -
| - - -
- - L2 -
CE A ot :
- =
: : ..o .“. :
- = Yy st = .'.o.t
: > : = 5 :
= = > = = oy
= = = - = «* tan
- = ...."." = " =
e o LS T - =
Taw = :..
-
-
S

2 4 6 8 10 12 14 16 18 20
Stage





media/file35.jpg
Spoed Commaind(kaot)

(3) Alantic Voyage's Speed Command

(6) Atlantic Accumulated Fuel Ofl Consumption

(0 Alloniic Aconisiviited Gai Sinkoalony





media/file21.jpg
10

—+—scc

10
Stage

2

4

16

8

20





media/file26.png
MARAN GAF






media/file27.jpg
g O 0 2 0
(3 Specd Conmaindenor)

g v o 2 o
) nstantancous Fuel O Conusmption(ion)

I
O v 0 0 o 0 0 E)

© Accumulated Fel Oil Consumption(on)

O O 0 2 T 0 0 E)
@) s Emissiontion)
et
=== 7
==

(@ Accumulated Gas Emission(ion)





media/file3.jpg
T

e

e e Y

et

[ —

i

g st pove cgun (5






media/file22.png
10

feq

20

18

16

14

12

10

Stage





media/file19.jpg
S Grear Ciele Rowte
s the intia roue

“Generate Grid slong the initialroute i 3D
‘Dimension(Latiude, Longitude, Speed)

I

Load wind, wave, and current info
arids(route candidtes)

1

Optimize and Seect Speed and Heading(sx)
Ve G where s the mumber of stage

sty RTA,

Geography, and
‘Mechanicsl

Constrsiats,

Vi O

I

Selecttp ., based on thrst, torque, and.
engine characteistics

fii

Extermal Distubances
(Wind, Wave, d curent)

Distance, Ao

Alocate Tiwe and Reopimize
Speed Each Stage
3

(R il

T the sum of

ETA equil 0
RTA?

Recalculae Fuel Oil Consumption
a0d Gas Enmission

3

Finalize V.. 0u i






media/file7.jpg
Thow
Dedton

Vol
vy
Spend Redocton

T
-y






media/file28.png
=
T T T N—
,Eé— 10 MFPC
= gl WaveFF l
= SGC
E 6
G
—53 4 1 | || | |
&} 2 4 6 8 10 12 14 16 18
(a) Speed Commaind(knot)
15 T T T T T T T T T
E —e
]
C —
s
0 1 1 1 | | | | 1 1
2 4 6 8 10 12 14 16 18 20
(b) Instantaneous Fuel O1l Conusmption(ton)
10,000 . . . . ' T T T u ~a——
5 —6—SGC [

—f— MFPC
—O— WaveFF N

FOC(ton)

B 6 8 10 12 14 16 18 20

(¢) Accumulated Fuel Oil Consumption(ton)

40 :
()
=, 20
C
O
0 | | | | | | | | |
12 14 16 18 20

2 4 6 8 10
(d) Gas Emission(ton)

e~ A
- —6—SGC H
= —¥— MFPC
5 —O— WaveFF
“l -
<
O
|
2 - 6 8 10 12 14 16 18 20

(¢) Accumulated Gas Emission(ton)





media/file10.png
CoelTicent

0.3

0.29

0.28

0.27

0.26

0.25

Wake

—%— Design
—&—Ballst

10 12 14 16 18 20

Ship Speed(knot)

(a) Wake Variation

Coelficent

0231

=
ma
]

=]

2%

-t
&5

0.199%

0.18
10

Thrust Deduction

—%— Design
—O— Ballst

B i

12 14 16 18 20
Ship Speed(knot)

(b) Thrust Deduction Variation





media/file33.jpg





media/file32.png
25

Speed Command(Knot)

Speed Commaind( knot)
T T

MFPC
WaveFF
S0

15
4 G 8 10 12 14 16 18 20
Stage
(a) Pacific Voyage’s Speed Command
Accumulated Fuel O1l Consumption{%s)
100 T T T | | | | |
“E' a0 -
=
E 60 —&5—SGC |
z —%— MFPC
ﬁ 40 —&— WaveFF| |
=
2 20 1
S
0 | | | I | | | |
4 G 8 10 12 14 16 18 20
Stage
(b) Pacific Voyage’s Accumulated Fuel Oil Consumption
Accumulated Gas Emission(%)
100 I T | | T T | T
80 -
£ 60 —5—SGC 7
= —4— MFPC
~ 40 —O— WaveFF| _
20 -
~ 1 1 | | 1 1 | |
u
4 6 8 10 12 14 16 18 20
Stage

(c) Pacific Voyage’s Accumulated Gas Emission





media/file14.png
Set Great Circle Route
as the 1nitial route

'

Generate Grid along the initial
route 1n spatial(longitudinal,
latitudinal, and speed axis)

Load All Weather
Information(wind, wave, and
current) on the corresponding

Grids

l

Evaluate the combination of
the route candidates

Satisfy RTA.,
Geography, and
Mechanical
Constraints?

v

Collect the minimal cost route
and set as the final route






media/file11.jpg





media/file6.png
SFOC(g/kWh)

30

SFOC(g/kWh) and ExhaustGas(kg/s) due to Engine Load

-
-
o

-
-
=

165

160

10 20 30 40 50 60 70 B0 a0 100
Engine Load(%)

155

Exhaust(kg/s)





media/file36.png
25

Speed Command( Knot)

100

80

a0

40

20

Fuel O1l Consumption(%)

100

80

60

CO, (%)

40

20

Speed Commaind( knot)
T T

MEFPC

S0

WaveFF

6 8 10 12 14 16 18 20
Stage
(a) Atlantic Voyage’s Speed Command
Accumulated Fuel Oil Consumption(%)
| | | | | | |
—&—SGC Al
—%— MFPC
—&— WaveFF
| | | | | | |
6 8 10 12 14 16 18 20
Stage
(b) Atlantic Accumulated Fuel Oil Consumption
Accumulated Gas Emission(%)
. J= ;. I B | £
—&—SGC )
—%— MFPC
—&— WaveFF| |
| | | | | | |
(5} 8 10 12 14 16 18 20
Stage

(c) Atlantic Accumulated Gas Emission





media/file15.jpg
‘Speed Command(Knot)

|
L!Hf“ :: {Hs"l al

s 0 g E
Suge

(a) Speed Change without Environmental
Toads

Specd Command(Knon)

|
s [ g »
Suge

(b) Speed Change with Environmental Loads





nav.xhtml


  jmse-09-00583


  
    		
      jmse-09-00583
    


  




  





media/file16.png
Speed Command(Knot)

s
T

FPC
Command Speed

O 1 1
5 10

Stage

15

20

(a) Speed Change without Environmental

Loads

10

Speed Command(Knot)
9)]

FPC
————— Command Speed | -

|
ixl fttA
TG
LA
| Il

10 15 20
Stage

(b) Speed Change with Environmental Loads





media/file2.png
Fuel Oil Consumption(dollar/unit time)

180

Estimated Fuel Oil Consumption

—— Measured FOC

— Speed Governor

Power Following | -

L 1 1

1 i 1 L A

6 7 8
Time(day)

9 10 11 12 13

14





media/file20.png
| Set Great Circle Route |
as the initial route

Generate Grid along the initial route in 3D
Dimension(Latitude, Longitude, Speed)

v

Load wind, wave, and current info on the ‘

grids(route candidates)

Optimize and Select Speed and Heading(nx)
Vux» @nx, Where nx is the number of stage

Satisfy RTA,
Geography, and
Mechanical
Constraints?

v

| V1~n.\v Plonx

v

Select rpm,_,, based on thrust, torque, and
engine characteristics

No

External Disturbances
(Wind, Wave, and current)

Distance,, _AETA, J
(o7 |

~nx actual _l~actual _nx )

| Allocate Time and Reoptimize
Speed Each Stage
v

Is the sum of
ETA equal to
RTA?

No

Recalculate Fuel Oil Consumption
and Gas Emission

v

Finalize Vnx, , @, rpm,, <






media/file23.jpg
SerGrest Clele R
s the injal rute

‘Generate Grd along the il roue a 3D
Dimension(Laitude, Longitud, Speed)

3

Tond wind, wave,and corent nfo on he
eridatrowe candidares)

¥

Wave Real Tme Second Order
Wave Added Resttance
Feedforward Control 1o atemate
“power/FOC Disturbances

e[ [ r)n- - r)dn dry

M

ViewOim

Select rp ., based o thruat, orque, and.
eagine character

%

Exteaal Disvrbances
(Wi Wave, and currnt)

Disance,
== AETA,
(R
M
loeste Time a8 Reoprimizs he sum of
e ETA cqulto

Speed Fach
3

Recalulate Fuel il Consumption

and Gas Emission No

r3

Finalize V.. 0, 10

RTA?

Yes

<Environment Canceling (Attenuation) Control>





media/file5.jpg
SFOC(g/kWh)

SFOC(g/kWh) and ExhaustGas(kgs) due to Engine Load

190

185¢

180

>

3

165

160

—6—sroC
*: GAS

*

2

155T
10

20 30 40 50 60 70 80 20
Engine Load(%)

Exhaust(kg's)





media/file24.png
Set Great Circle Route |
as the initial route

Generate Grid along the initial route in 3D
Dimension(Latitude, Longitude, Speed)

¢ Wave Real Time Second Order

. . T 5
Load wind, wave, and current info on the Wave Added Resistance
grids(route candidates) Feedforward Control to attenuate

# power/FOC Disturbances

minimize IF oC (V... )dt 4—’afx fx h(r.1,))ntt—t)n(t-r,)drdr,
0
‘ J No
= J

| Vl——nx! Q1nx |
Constraints

Satisfied?

I‘

Select rpm;_,, based on thrust, torque, and
engine characteristics

; \

External Disturbances
(Wind, Wave, and current)

Distance,,
= AETA,
(I/l-m' o Vacnm‘_l-acmcﬁ_m‘ )

Allocate Time and Reoptimize Is the sum of
Speed Each Stage ETA equal to

RTA?
Recalculate Fuel Oil Consumption
and Gas Emission No

v

Finalize Vnx, , @,, rpm,, <

<Environment Canceling (Attenuation) Control>






media/file29.jpg





media/file1.jpg
g8

180

3
3

it time)

un
2

150
140
130
120
110

Consumption(dollar/

=i

80
70

i}
S
[

50

Estimated Fuel Oil Consumption

——— Speed Govemnor

Measured FOC
Power Following

o 1 2 3 4 % 6 71 8
Time(day)

9 10 11 12 13 14





media/file31.jpg
%

¥

i

Spood Commaimdioo)

(@) Pacfic Voyage's Sped Command

Acumlsd Pl O Consurpion

() Pacific Voyage's Accumulated Fuel Ol Consumpton.

At o Eminionts

(€) Pacific Voyage's Accumulated Gas Emission






media/file25.jpg





media/file12.png
Propulsion CoelTicient

0.3

0.25

0.2

0.15

0.1

0.05

(1

il

Propulsion Coeflicient under Wave
T T T

By

i, o

A

W






media/file9.jpg
L

& ol
I ER
(a) Wake Variation (b) Thrust Deduction Variation






media/file0.png





media/file8.png
[

Ship in
Environments

| -y

( Wave
Added

. Resistance )

s \

Wake Change

\ y,
( Thrust h
Deduction
 Change

Increased
Propeller Load
4 ™

Time Varying
Engine Load

N

(" Thrust, Torque A
Characteristic
. Change |

Voluntary,
Involuntary
Speed Reduction

~

-

Effects on
Fuel Oil
Consumption






media/file34.png





media/file17.jpg
Fuel Oil Consumption(ton)

15

_Fuel Oil Consumption(ton)

8

10
Stage

12

14

16

18

20





