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Abstract. Ship course-keeping plays a vital role in navigation safety, especially when a ship is 
operating under windy conditions. A method to control ship movements through rudder-system 
configuration is necessary to stabilize a ship’s course. This paper describes the twin-rudder-system 
configuration design’s impact on a ship’s course-keeping ability under windy conditions. A time-
domain simulation using the MATLAB-Simulink program was developed for this purpose. A 
proportional integral derivative (PID) controller was used to adjust the ship‘s heading angle 
according to the desired path. Several parameters—such as relative wind velocity and directions—
were accounted for in the simulation. The result shows that, at a wind direction of 88o, the ship’s 
course-keeping speed decreased; however, increasing wind velocity caused a large deviation in the 
ship’s heading angle. Meanwhile, the ship‘s course-keeping speed increased with rising windspeed 
directions of 219o. The ship’s course-keeping time, at around 219o under the simulation’s wind 
direction, was 11.84% lower than during a previous sea-trial. A possible reason for this difference 
is that the simulation excluded waves and currents. 
 
Keywords: Course-keeping; Proportional integral derivative controller; Ship-tracking; 

Simulation 
 

1. Introduction 

Course-keeping quality is significant in ship navigation due to time-saving and reduced 
fuel consumption (Prpic-Orsic et al., 2016). To achieve quality ship course-keeping and 
generate accurate heading angles, a controller that considers ship hydrodynamics—
including both internal and external disturbance parameters—should be installed (Lee et 
al, 2009). Keeping a ferry ship on course differs from sea-going ships due to navigation 
environments and ship particulars (Prpic-Orsic et al., 2016). The navigation environment’s 
complexity, and especially wind-load forces and moment, makes ferry ships with large 
superstructures more susceptible to marine accidents (Fujiwara and Ueno, 2006). Many 
studies have related wind effects to ship maneuvering; wind’s load-force and moment have 
significantly affected transversal and lateral projections of windage areas due to ships’ large 
superstructures, as well as wind velocities and directions relative to ships (Fujiwara and 
Ueno, 2006).  Paroka et al. (2016)  simulated  wind’s  effect  on  ferry  ships’  maneuvering, 
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explaining that ship-speed changes caused by wind highly depend on wind velocity and 
direction. When the wind blows from the bow direction and passes to the ship's starboard 
(0 to 100o), ship speed tends to decrease. The corresponding decrease in ship speed is 
insignificant when the wind blows from a starboard direction and passes to the ship’s stern 
(100 to 180o). Meanwhile, when the wind blows from the side of a ship (20 to 140o), it tends 
to change the ship’s direction. A ship’s directional deviations due to wind vary by ship type, 
and a steering response is required. Ohtsu et al. (1996) reported that a wind blowing from 
starboard-bow quarters (45o) made a ship’s steering becomes less sensitive, but steering 
became more sensitive when the wind came from the port-stern quarters (135o). Increasing 
a ship’s speed as wind directions change is crucial (Ohtsu et al., 1996; Paroka et al., 2016). 
The information informing this behavior is essential to improve ships’ course-keeping 
quality—especially when ships must take appropriate action to handle wind disturbances. 
The improving quality of a ship’s course-keeping ability in windy conditions is strongly 
influenced by steering responses to wind-blowing loads through an appropriately 
configured rudder system design (Hasegawa et al., 2006). Steering control plays an 
essential role in responding to external forces to a ship’s yaw motion stability and course-
keeping ability during maneuvers (Paroka, 2020). 

Many efforts to improve ships’ maneuvering have been conducted using twin-rudder 
ship controllers. Yoshimura and Sakurai (1989) investigated the effect of a ship-fitted, twin-
rudder, twin-propeller configuration on ships’ maneuvering. They found that a twin-
rudder, twin-propeller configuration’s hydrodynamic characteristics did not differ 
significantly from the corresponding characteristics of a single-propeller, single-rudder 
ship. Khanfir et al. (2008) proposed predicting a mathematical model coefficient on ships’ 
maneuvering when fitted with a twin-propeller, twin-rudder configuration. Furthermore, 
Khanfir et al. (2011) conducted captive model tests and free-running tests with a single-
propeller, twin-rudder ship and a twin-propeller, twin-rudder ship. These tests aimed to 
evaluate drift angles’ effect on rudder forces and the peculiar phenomena concerning a 
normal rudder force for twin-rudder ships. 

Other parameters that affect ships’ maneuvering performance include the distance of 
spacing between single rudders in twin-rudder ships. Gim (2013) conducted a twin-rudder 
performance test in a circulating water channel using particle image velocimetry (PIV). He 
set the distance between two single rudders to 0.5–1.0 times the chord length of the rudder. 
He found that this spacing distance between rudders in twin-rudder configurations was 
also affected by interactions between rudders, and he also found that this critical distance 
should be less than 1.0 times the chord length of the rudder in order to decrease the 
turbulence flow and vortices. This result was similar to the findings of Chen et al. (2018), 
who used numerical simulation to confirming the excellent characteristics of twin-rudder 
ships compared to single-rudder ships. Chen et al. (2018) concluded that a ship fitted with 
a twin-rudder configuration would operate very well at 15o rudder angles. Additionally, the 
twin rudders’ effective performance stopped at a lateral spacing equal to 1.3 times the 
chord length of the rudder. 

These previous studies have shown that a rudder system’s configuration is the most 
crucial feature in achieving ship controllability goals. A rudder system must alter ship 
control to the desired heading angle, due to both internal and external disturbance 
parameters. The current paper focuses on applying the twin-rudder system to improve 
ferries’ course-keeping quality under windy conditions. By simulating fluctuating wind 
velocity and directions according to a ship’s operating route, quality course-keeping and 
accurate heading angles may be achieved, increasing the ship’s safety. 
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2. Methods 

2.1.  Mathematical Model 
This study’s ship maneuvering analysis used computer simulation to employ modular 

mathematical models, including a consideration of hydrodynamic derivatives. This study’s 
models were based on surge, sway, and yaw motions (Equation 1) using the coordinate 
system shown in Figure 1. 

 

 

Figure 1 Coordinate ship system 
 

𝑚(�̇� − 𝑟𝑣) = 𝑋𝐻 + 𝑋𝑃+𝑋𝑅 + 𝑋𝑊

𝑚(�̇� − 𝑟𝑢) = 𝑌𝐻 + 𝑌𝑃+𝑌𝑅 + 𝑌𝑊   

𝐼𝑍𝑍�̇� = 𝑁𝐻 + 𝑁𝑃+𝑁𝑅 + 𝑁𝑊          

             (1) 

The notations u, v and r, are velocity components at the ship’s center of gravity (G). m 
and IZZ represent the ship’s mass and moments of inertia. X, Y, and N represent the 
hydrodynamic forces and moment. The subscript H, P, R, and W refer to the ship’s hull, 
propeller, rudder, and wind. In principle, the force and moment induced by hull (XH, YH, and 
NH) approximate β and r’ polynomial function. These equations were expressed by 
Yoshimura (2001) as Equation 2: 
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where β is the drift angle at the midship position by tan-1(v/u) and r’ non-dimensionalized 
yaw rate by rL/U. X’0, X’ββ, X’βr, X’rr, X’ββββ, Y’β, Y’r, Y’βββ, Y’ββr, Y’βrr, Y’rrr, N’β, N’r, N’βββ, N’ββr, N’βrr 
and N’rrr is the hydrodynamic derivatives on the ship’s maneuvering. The force and moment 
induced by twin-propeller configurations (XP, YP, and NP) were expressed by Khanfir et al. 
(2011) in Equation 3: 
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where tP is the thrust deduction coefficient in straightforward moving, KT is the thrust 
coefficient of the propeller force, and nP is the propeller revolution. DP is the propeller 
diameter, wP is the effective wake fraction coefficient at the propeller’s location, and JP is 
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the advance coefficient, while k0, k1, and k2 are the constants for an open-water propeller. 
The sub-subscript (S) and (P) refer to starboard and portside. 

Force and moment due to twin-rudder configurations (XR, YR, and NR) can be expressed 
by Equations 4–8 (Khanfir et al., 2011). 
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where  is the rudder angle, xR is the rudder’s location, and tR, aH, and xH are the interactive 
force coefficients for the hull, propeller, and rudder as functions of the propeller’s advance 
constant. The rudder’s normal (FRY) acting on the rudder stock can be expressed by 
Equation 5: 
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where AR is the rudder area, and f is the gradient of the rudder’s lift coefficient, which can 
be approximated by the function of the rudder’s aspect ratio (f = 6.13/(2.25). The 
effective inflow velocity to the rudder (UR) and the effective angle of attack of the inflow 
velocity to the rudder (αR) can be expressed by Equation 6: 
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The effective inflow velocity (uR) to the rudder in the surge direction can be expressed 
by Equation 7: 
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Here, , , R, and lR are the parameters describing the rudder inflow velocity angle, while 
(1-wR) and  are the propeller wake fraction and effective efficiency, respectively. (DP/HR) 
is the ratio of the propeller diameter to the rudder height. 

The effective inflow velocity (vR) to the rudder in the sway direction can be expressed 
by Equation 8: 
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Here, R is the rudder angle, βR is the effective drift angle at the rudder, and LR is the flow-
straightening coefficient of the yaw rate. For the case of a ship operating under windy 
conditions, the force and moment (XW, YW, and NW) acting on the ship were expressed by 
Equation 9 (Fujiwara and Ueno, 2006): 
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CAX, CAY, and CAN are the wind load forces and moments’ coefficients, respectively, as a 
function of the wind direction relative to a ship (A). UT and  are wind velocity and 
direction angles with reference to the coordinate system, qA is wind pressure, qT is wind 
pressure due to the elevation of the center of a windage area, and qS is the wind pressure 
induced by wind velocity, without an elevation effect. AF and AL are the transversal and 
lateral projections of the windage area, respectively. 

2.2.  Autopilot Ship Steering 
The rudder is the most critical feature in achieving controllability goals (Lee et al., 

2009). The control system must alter the control surfaces to the desired heading angle. The 
schematic equation of the PID control system that a ship tracks can be expressed by 
Equation 10 (Lee et al., 2009). 

𝛿 = 𝐾𝑃(𝑒) + 𝐾𝑑(�̇�)+𝐾𝑖 ∫ 𝑒(𝑡)𝑑𝑡
𝑇

0
 and  )( PTe  −=      (10) 

where δ is designed rudder angle; Kp, Kd, and Ki are proportional gain, derivative gain, and 
integral gain respectively; and e is an error between the heading target (T) and the actual 
heading angle (P). Furthermore, the line-of-sight (LOS) method (Fossen, 2002) helps 
control ships reach target headings through reference heading angles. The reference 
heading angle equation and target zone correction can be expressed by Equation 11: 

))()((tan)( 1 txxtyyt kkref −−= −  and 2

0
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where xk and yk are the track-point coordinates, x(t) and y(t) are the ship’s coordinates 
position, and R0 is the target zone’s radius. 

2.3.  Simulation Program 
According to IMO (2002) criteria for ship maneuvering, a swept path should be used to 

analyze a ship’s course-keeping prediction. A ship’s swept path can be obtained by double-
integrating the ship motion mathematical model’s acceleration, including hydrodynamic 
derivatives. A numerical integration of the Dormand–Prince method (Maimun et al., 2013; 
Muhammad et al., 2015) then solved the equations of motion in this time-domain 
simulation using the MATLAB-Simulink program. The coefficient of hydrodynamic 
derivatives for the acting hull force and moment in Equation 2—and the interaction force 
coefficient among the hull, propeller, and rudder—were predicted using the derived 
regression equation developed by Yoshimura and Masumoto (2012). This regression 
equation is among the models used by Sukas et al. (2019) in developing the SINMAN 
Program to predict turning circles and zigzag maneuvering for ships with twin-rudder and 
twin-propeller systems, as well as validation through model testing or free-running tests. 
In many cases, the regression equation has been used to predict ferry ships’ maneuvering 
under active wind and wave conditions (Paroka et al., 2015, 2016, 2017b). A ship’s 
resistance coefficients for simulation were predicted using the Holtrop method (Holtrop 
and Mennen, 1982; Holtrop, 1984). The propeller thrust coefficient (KT (JP) = 0.4061 - 0.3034 
JP - 0.1178 JP

 2) was predicted using polynomial regression, based on the open water test’s 
statistical data for the B-series propeller (Carlton, 2007). The coefficient of the wind load 
force and moment in Equation 9 was predicted using the methodology proposed by 
Fujiwara and Ueno (2006). The control method used in the simulation was a proportional 
integrated derivative (PID) controller. The designed rudder angle (=±35 deg.) was 
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calculated using Equation 10 with a PID gain (Kp = 2.208; Ki = 0.027 and Kd = 45.372), and it 
was selected using the pole placement method with the second-order linear Nomoto model 
of the ship (Nomoto et al., 1957). The methods used by Paroka et al. (2017a) in developing 
an automatic control system to predict and avoid ferry-ship collisions were compared using 
a free-running experiment. 

2.4.  Ship and Sea-Trial Data 
The study’s object was the KMP Bontoharu ferry ship (1053 gross tonnage), owned by 

PT. ASDP Indonesia Ferry. The ship has twin propellers and twin rudders, and the distance 
between the rudders and propellers is 2.3 m. The ship’s particulars are presented in Table 
1. The ship’s sea trial on the Selayar-to-Bulukumba route was 15.385 nautical miles long, 
involving a 7,268-second traveling time, around a 6.03 m/s wind velocity, and a 254o wind 
direction. The trial data were taken on September 20, 2015. 

 

Table 1 Ship particulars 

Hull Value 
Super 

structure 
Value 

Propeller and 
rudder 

Value 

Loa, m 
Lbp,m 
B, m 
H, m 
T,m 

V, m/s2 
Δ, Ton 

54.00 
47.45 

14 
3.4 

2.45 
6.618 
1148 

AL, m2 
AF, m2 
AOD, m 

C 
HC, m 
HL, m 
HBR, m 

182.87 
129.20 
218.23 

-0.44 
2.70 
3.38 

10.48 

Z 
D, m 

Ae/Ao 
Pitch, m 

n 
Span, m 
Chord, m 

AR, m2 
BHP, HP  
RPMME 

24 
1.450 
0.645 
1.320 
8.784 
1.550 
0.900 

21.395 
21000 

1850 

 
2.5.  Wind Data 

Monthly wind velocity data were obtained from ERA-Interim reanalysis data from the 
European Centre for Medium-Range Weather Forecasts (ECMWF) for 10 years, from 2006 
to 2018, at six-hour intervals. The model provided wind speed data with a resolution of 0.25 
 0.25 degrees. This model was validated by Dee et al. (2011). Furthermore, it was validated 
locally by Lina et al. (2015) using data from eight buoys deployed in the Yellow Sea and the 
East China Sea. This study’s coordinate for its observation data was at 5.75oS and 120.5oE. 
 

3. Results and Discussion 

The wind speed trend peaked in January, with a maximum of 10.06 m/s (88o), as Figure 
2 shows. Meanwhile, April’s monthly wind speed trend decreased, with a minimum of 6.41 
m/s (219o). The monthly wind speed movements varied, depending on the month occurring 
during the west or east monsoon seasons. 

  

Figure 2 Significant wind velocity and direction on the Selayar–Bulukumba route 
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Based on the wind data characteristics in Figure 2, the KMP Bontoharu’s course-
keeping was simulated for three conditions of wind direction parameters—the starboard 
bow (88o) and the portside stern of the ship (219o and 268o)—using the time domain 
simulation program of MATLAB-Simulink. This information is essential to ship navigation 
due to time-savings and reduced fuel consumption by controlling a twin-rudder 
configuration design. Figure 3 shows the historic result of the simulation for the course-
keeping trajectory of the KMP Bontoharu (Selayar to Bulukumba) under wind velocities’ 
effect.  

 

 

Figure 3 Ship trajectory with different wind speeds (UT) at 88o 

 
The horizontal axis expresses the time, while the vertical axis expresses the heading angle 
(ψ), rudder angle (), and ship speed (u), respectively. The wind blew from the starboard 
bow (88o) at wind velocities of 10.06 m/s for the initial ship speed (U) of 6.618 m/s. We 
found that the course-keeping trajectory slowly deviated from the initial track with a low 
heading with significant course-keeping time compared to conditions without winds (UT = 
0 m/s). Meanwhile, the ship’s course-keeping trajectory with increased wind velocities 
caused more deviations and low ship speeds. 

Figure 4 shows the simulation results for the KMP Bontoharu’s course-keeping with the 
wind blowing from the portside stern (219o) at a wind velocity range of 0–20 m/s for the 
initial ship speed (U) of 6.618 m/s. We found that the course-keeping trajectory quickly 
deviated from the initial track with a high heading and short course-keeping time at each 
blown wind velocity, compared to conditions without winds (UT = 0 m/s). These 
characteristics differed when the wind blew from the starboard side (88o). The wind 
direction angle caused these differences, as Ohtsu et al. (1996) found, relating to changes in 
a ship’s heading and rudder angle as a result of wind velocity and ship direction in course-
keeping.  
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Figure 4 Ship trajectory with different wind speeds (UT) at 219o 

 
Figure 5 shows the historic results of the simulation for the course-keeping trajectory 

of the KMP Bontoharu with the wind blowing from the portside stern (268o) at a wind 
velocity range of 0–20 m/s for the initial ship speed (U) of 6.618 m/s. At a wind velocity of 
8.71 m/s, the ship’s speed was 0.27% reduced compared to conditions without wind (UT = 
0 m/s), while the ship speed increased by 5.96% increases at a wind speed of 20 m/s. These 
changes in ship speed were caused by the ship’s directional movements. 

 

Figure 5 Ship trajectory with different wind speeds (UT) at 268o 
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Figure 6 shows the sea-trial simulation results for the ship course-keeping trajectory 
with a 6.03 m/s wind velocity and a 254o wind direction at an initial ship speed of 3.98 m/s. 
We found that the traveling time under these conditions stood at 6,407 seconds. The 
simulation’s traveling time was 11.84% higher than the sea-trial result. A possible reason 
for this difference is that the simulation excluded waves and currents. 
 

 

Figure 6 Sea-trial simulation result for ship trajectories with different initial ship speeds (U) 
 
Figures 3, 4, and 5 also show the effects of winds velocity and direction on ship speed, 

with a course-keeping trajectory for an initial ship speed (U) of 6.618 m/s. We found that, 
when the wind blew from the starboard bow (88o) with a wind velocity of 20 m/s, the ship 
speed was 6.36% lower compared to conditions without wind (UT = 0 m/s). Meanwhile, 
when the wind blew from the portside stern (219o and 268o), the ship speed was increased 
by 10.74% and 5.96%, respectively. The two latter speeds were beneficial because the track 
trajectory times were minimal.  

 

Figure 7 Tracking ship speed trajectories with different wind velocities and directions 
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In general, when the wind blew from the starboard and portside to the stern (98o to 268o), 
the ship’s track trajectory time tended to benefit compared to conditions with the wind 
blows from the bow to the starboard and portside, as the simulation results in Figure 7. The 
ship’s reduced speed when the wind blew from the bow to the starboard (less than 100o) 
was similar to the findings of Paroka et al. (2016) related to ship-speed changes caused by 
wind speeds and directions’ influence on ferry maneuvering. 
 
4. Conclusions 

This study has analyzed a twin-rudder-system configuration’s influence on a ship’s 
course-keeping ability under various wind speeds and directions through the MATLAB-
Simulink computer-simulation program. The results indicated that applying a twin-rudder 
system to ferry ships’ to improve their course-keeping ability under windy conditions is 
very effective using a PID controller, reducing ship deviation and increasing ship speed by 
adjusting the ship's heading angle to the desired path. The track trajectory time in the 
ferry’s course-keeping highly depends on wind velocity and direction. When the wind 
blows from the starboard and portside to the stern (98 to 268o), a ship’s travel time tends 
to benefit compared to when the wind blows from the bow to the side. This research shows 
that the PID controller method can be applied to assist ships’ movements due to other 
environmental influences, such as waves and currents. However, ships’ course-keeping 
quality highly depends on the selected PID parameters. 
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